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Abstract

BitC is a call-by-value language that supports unboxed hilitta This enables us to allow some freedom in
the compatibility of types with respect to their mutabildycopy boundaries — that is, the type of the copy of a
value might differ in mutability with respect to the originalue. However, this kind of compatibility interacts
with type inference in surprising ways, because there isongér a unique way to type an expression. This
introduces a trade-off between the degree of freedom in-tygmepatibility vs. the amount of user annotations
we require, as well as the amount of polymorphism we can pres&his document explores these trade-offs
and their implications as a matter of theory and practice.
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1 Introduction

Modern programming languages such as ML [8] or Haskell [@vde newer, stronger, and more expressive type
systems than traditional systems programming languages &si C[7, 5] or Ada [4]. These features improve the
robustness and safety of programs, and it is highly degrabincorporate them into languages that can be used for
high-performance “systems” codes. The key missing featfoethis are state (mutability) and low-level representa-
tion. Languages such as C# support for state and representait do not support type inference, higher-order types,
or mathematically well-founded mechanisms for abstractio

While there have been recent efforts to integrate low-leepresentation features into Haskell [10], modern lan-
guages do not provide effective support for low-level reprgation management, or value types, and explicitly seek
to discourage the use of “state” (mutable locations). Assaltethese languages are ill-suited to the development
of operating systems and high-performance “systems” coB#€ is an attempt to unify all of these features into a
single, consistent language framework.

A key feature of the newer languagegype inference a mechanism by which the compiler automatically assigns
the proper types to variables with minimal programmer aatioh. Type inference preserves all of the consistency
advantages of static typing, but lowers the burden on thgraramer, which facilitates more rapid prototyping and
development.

The integration of mutability introduces some subtle anckyrissues for type inference. In particular, first-class
language support for mutability introduces the need foryaopmpatibility rules (e.g. a mutable object of typecan

be assigned a value that is copied from an immutable objagpefT). These rules weaken the unification constraints
that allow type inference to proceed, and introduce the ipiigg that the inference mechanism may not be able
to automatically infer a type. The problem here is pragmettber than ideological: we do not view programmer
specification of types as bagger se(indeed, in certain places Bit@&quiresannotations), but ease of prototyping
requires that these annotations be minimized. Copy cotmipigtirules entail a loss of principal typings. This note
examines the possibid hocresolution rules, and identifies why the rule we have setkftieBitC is both formally
sound and pragmatically practical.

For the same reason, we would like to automatically inferolhrariables are mutable so that the type inference
mechanism knows to assign monomorphic types to these Vasi@bhich is necessary to eliminate some very obscure
and confusing errors). The BitC compiler provides a limitejree of inference for variable mutability. The issues

and tradeoffs involved in achieving this are discussed.here

This paper defines the typing rules for the BitC programmamguage, and the mechanisms used to infer types in BitC.
Once a soundness proof has been constructed, the rulesi@eébere will be integrated into the BitC specification.

The program examples in this document are written in the yamogning language BitC. Readers may find it helpful to
refer to the BitC language specification[11].



2 Notation

2.1 Expressions

A complete specification of BitC expressions is providechia BitC language specification [11].

2.2 Types
T Any type.
a, 3,7, ... etc. Type Variables.
uni t,bool,int8,.. Primitive types.
#X1, #Xo, ... Dummy types.
® Any structure type with no type arguments.
®° The structure ‘s’ with no type arguments.
®°(T) Any structure type with type arguments
@, &Y, &“(T) Union types, notation as described for structures.
S) (Meta-syntax for) either structure or union type.
Rgr Doy O, Value structure / union types.
R, D,, O, Reference structure / union types.
arr (1) Array of T.
vec(r) Vector of 7.
I The type:(ref 7).
T1 — To The type: Function fromr to 7.
Ur The type:(mut abl e 7) This represents the mutability of tleitermostype constructor only.
Tr The type:(maybe- nut abl e 7). Similar toWwr, but mutability status undecided.
7\ C Constrained type with the set of constraints.
[[71, Al 71, With a set of type& ashintsto resolve the mutability status of .
13 Exception type.
(m) Same as, used for explicit paranthesization.

The typeYr is referred to in English text as maybe-mutabler simply mayber (interchangeably) in the rest of
the document. Collections of such types shall be referregistmaybe mutable-types” or simply “maybe types”
(interchangeably).

2.2.1 Examples

First, we introduce some commonly used composite typesitirout the the document.

(defstruct (pair "a '"b):val fst: "a snd: 'b)
struct pair: (pair "a 'b)

pair: @2 (ar, f3)

(defunion (list "a) nil (cons car:'a cdr:(list "a)))
union list: (list "a)

list: @Yt (a)

(defunion (optional "a):val none (sone it:’a))

uni on optional: (optional ’a)
optional: 2P " (o)

As an example of the shallowness of mutable and maybe mutabfructors¥ 2" (i nt 32, Yhool ) denotes the
type: (nut abl e (pair int32 (maybe bool))). Thatis, a mutable structure of value type ‘pair’, parame-
terized over immutable int32 and maybe mutable bool.



2.3 Type Expressions

This section introduces some operators that work on typhks.rifeaning and purpose of these operators will become
clear in the later sections of the document. All of the foliogv operators have lower precedence than the type-
constructors defined in the previous section.

T =To Equality of types.
71 =79  Copy compatibility of types.
71 — 79 Unification Linkage between two types.

3 Location Arguments and Returns

In BitC, the following expressions accept locations (addes of cells) at positions indicated lasc, and return
locations as their result (excepet !, which returnsuni t ):

id

(array-nth [ oc ndx)
(vector-nth e ndx)
(rmenber | oc ident)
(deref e)

(set! loc e)

Location semantics check ensures that there can (deeplyd b@n-location as the first argument ofat ! . This
ensures that the programmer’s intuition of what is besety! ed is not violated by compiler transformations (example:
by the introduction of temporaries due to transformatido ian SSA form). All other forms can have an expression
that returns a non-location at location positi@my if they are not (deeply) within aet ! expression.

4 Copy Compatibility

Unlike ML, BitC supports unboxed mutability — that is, mulalalues need not be wrapped by a “ref cell.” Since
BitC is a call-by-value language, it is desirable that wewlsome freedom in the compatibility of types with respect
to their mutability at copy boundaries (ex: new bindinguatt/s formal arguments). That is, the type of the copy of a
value might differ in mutability with respect to the originalue. This kind of type-compatibility shall hereinaftes
called as copy compatibility, denoted By

For example:

(define (plusl x:(rmutable int32)) (set! x (+ x 1)) Xx)
val plusl: (fn (nutable int32) int32)

(define vl (plusl 10:int32))
val vl: int32

Note: In the applicatior{ pl us1 10:i nt 32) above, the type of the actual argumégtis i nt 32 and that of the
formal argumenk is Wi nt 32, and @i nt 32) = (i nt 32).

However, this freedom must be constrained at a ref-bourdiémge only the reference is getting copied and the type of
the thing referenced cannot differ. It is imperative thatmaintain the invariant thavery location must have exactly
one typeat all times (see Appendix A). In this sense, mutability ituatly an attribute of théocationin question,
rather than the type associated with that location.

1 Ref-boundary refers to the fact a type is encapsulated nvithieference type constructor (exec(7)).



4.1 Definition

When a value is copied ontoreew locationas the result of a copy operation, the type of the value storéte new
location isonly required to be copy compatible with the type of the origirellie. Therefore, we defire as:

e U7 = 7 —shallow top level mutability compatibility.

e arr (¥r) = arr (1) —since arrays are value types, and the entire array is ddpiealue.

e O () 2o, () iff 711 =721 andTi2 = 723, WhereTy €77, T21 €73 are the set of type arguments that act
used within another reference type-constructor,&ad=71, 725 €75 are the rest of the type arguments.

The mutability at the fields of structures and unions arerdgteed by their corresponding definitions. How-
ever, we do have some freedom with the compatibility of tigetarguments ofalue structures and unions.

For exampleb®" (11, 72) = QL (U1y, 72) =2 @5 (71, Ury) = L (¥ry, ¥Ts). However, we cannot

allow copy compatibility if the type-argument is used anymin the definitiorwithin another reference type.
For example, for the following structure,

(defstruct (St "a "b):val fl: a f2:(vector 'bh))
struct St: (St "a 'b)

Two values whose types are parametrized over this struetereopy compatible if and only if their first type-
arguments (that satisfya above) are copy compatible and the second type-arguméatssitisfy’ b above)
are strictly compatible.

4.2 Application
In theory, it issufficientto require (only) copy compatibility at:
e A new binding.
e The argument and return positions of any expression that dog(respectively) expect or return a location.

The value returned by an expression returning a non-locatiti will invariably end up in an expression that does
not expect a location, and will thus (in turn) invoke the campmpatibility rule. The main reason to allow copy
compatibility here is to allow explicit type-qualificatiarf the return values of applications with a different but gop
compatible type. For example:

(define (id x) x)
val id:(fn ("a) 'a)

(define xyz (id 10:int32):(nutable int32))
val xyz: int32

5 Impact on Type Inference

Freedom in compatibility of types with respect to mutaliéit copy-boundaries means we can no longer infer a unique
type for an expression that involves copy compatibilityr Ekample, in the following expression,

(let ((p 10:int32)) ... )

we know that the type of the literl0 on the RHS is nt 32, but what is the type gb? It could either be nt 32 or
Wi nt 32.

When we cannot ascertain the mutability status of a type,iveigthe typeY , which means that it isndecidedas
to whether the actual type iB7 or the immutable type. Y7 can later resolve t@7 or 7 due to further unification.



5.1 Unification

This section provides the algorithm for type unification fire oresence of copy compatibility. The Unify() function
will either fail with an error (L), or will succeed with a set dinkagesof the unified types. These unification linkages
are denoted by, — 75, which can be understood to mean ‘resolves tor, due to unification.”

Unify(r, 7) ={}

Unify(Ur, 7) =L

Unify(TTl, \I/TQ) = Unify(n, 7'2) U {TTI — \I/TQ}
Unify(TTl, 72):Unify(7'1, TQ)U{TTl‘—>T2}
Unify(\I/Tl, \I/TQ) = Unify(n, 7'2)

Unify(TTl, T72)=Unify(71, TQ)U {TTl — TTQ}

Unify(a, 7) ={a — 7}

Unify(fi71, fi72) = Unify(71, 72)

Unify(ry — 72, 73 — 74) = Unify(7y, 73) U Unify(72, 74)
Unify(ar r (1), arr (r2)) = Unify(ry, 72)

Unify(vec(r1), vec(rsz)) = Unify(ry, 72)

Unify(e?(7), ©P(75)) = U Unify(r;, 7;)

Unify(ﬁ, 7'2) =1

All Unification rules are commutative. The unification lirdes are just a mechanism of accumulating equality con-
straints among types. They are represented as (uni-diredjilinkages so that it is easy to visualize the type olethin
as the result of unification by just following the unificatitimks. Moreover, we don’t have to solve any equality con-
straints after unification — they are instead “solved” imsemtally, each time we form a linkage. If the set of linkages
obtained as the result of unification has two linkages— 7o andr, <— 73 wherers # 73 it is a contradiction, and
hence a type errér

Note the order and manner in which maybe types are handled tyjpesYr; and Y72 must be linked even after
andr, have unified, in order to ensure that their mutability alssotees the same way. Otherwise, all we have said
is that the inner types must be strictly equal, and we mighé @@ further unification) end up in a situation where we
infer 7 — 7 or 7 — Wr. We can, if we prefer, introduce such linkages for all othgress as well. The mutability
wrappers must be processed even before type-variablej@skare processed. Otherwise, we can end up having types
like YW, that is,( maybe (mut abl e 7)), which can later “legally” form the typéi nmut abl e (nut abl e

7)), which is a contradiction.

If the type of thevalueargument of et ! has typeYX r, we will infer the constraint (rather, the linkag®)r — Wr.

We will now define a function UnifiedType(), that unifies twgés, and returns tHeal type obtained as the result of
unification. That is, it returns the type obtained by trawmsly following linkages produced as a result of unification
or returns. if unification fails.

UnifiedType:, 72) = TheTypef:, Unify(r1, 72))
and

TheTypefy, 71 — 72 U L) = TheTypefs, 71 — 72 U L)
TheTypelr, L) = YTheTypef, L)

TheType('r, £) = YTheTypef, L)

TheType(r, £) = TheTypef, L)

TheTypef, — 72, £) = TheTypet:, £) — TheType(s, L)
TheTypeér r (1), £) =arr (TheTypef, L))
TheTypevec(r), £) =vec(TheTypef, L))
TheTypeCP(7), L) =oP(TheTypef, L£)*)

2 The Union operation on constraint sets must be careful tegove this property.



TheTypef, £) =1
TheTypef, L)=_1

All functions that operate on types (including the Unifieseif)® shall be understood to operate on types that are
obtained after all unification linkages are followed. Tt&ff{r) is a shorthand for f, £), wherein thdirst rule of the
function is:

f(Tl,Tl f—>72U£)=f(TheTypeQ‘1, 71(—>T2U£),T1 ‘—>7'2U£)

These details are not shown in subsequent functions in teeest of brevity. Also, the operation on constrained types
is not explicitely shown. Application (of a function) on ar@irained type is the same as applying the function on the
unconstrained type, because following unification linksagrél have the effect of performing resultant substitugon

the constraint set as well.

5.2 An Example

In this section, we illustrate our inference mechanism whinhelp of an example. Consider the following definition:

(define p:(pair (nmutable int32) bool)
(pair (the int32 1) #t))
val p:(pair (rmutable int32) bool)

In order to illustrate the types obtained after every stepfafrence, we will annotate this expression witlumbers]
and then indicate the unification performed (if any) and yijpetobtained at each step. The annotations that use quoted
numbers as ifin’] indicate the type inferred for theopyof the value at the corresponding unquoted annotatipn

[12] (define [6] [1]p: [5](pair [3](rmutable [2]int32) [4]bool)
[11'] [11](pair [9'] [9](the [8]int32 [7]1) [10"] [10]#t))

1] =«

[2] =i nt 32
[3] = Wi nt 32
[4] =bool

[5] = @5 (Wi nt 32, bool )
[6] = UnifiedType(1], [5]) = ®5*"(¥i nt 32, bool )
[7] =B\ {IntLit(5)}

[8] =i nt32

[9] = UnifiedType(7],[8]) =i nt 32
[97 =Tint32

[10] =bool

[10] =Tbool

[11] = @E“"(Yi nt 32, Thool )
[117] = Y@Z*"(Ti nt 32, Tbool )
[12] = UnifiedType(6], [11]) = ®*" (¥i nt 32, bool )

5.3 Principality of Inferred Types

The main idea of maybe types is to keep the mutability statugpes “open” to further unification, and thus infer
most-general (or principal) types at every step of infeeendowever, at a let-bounddryit is no longer possible to

3 Except, of course, the function TheType().
4 Let-boundary refers to the point where we have typed theibgsdof al et , | et r ec, ordef i ne expression, and are about to generalize the
types of the bound identifiers to obtain a (possibly) polypiic type.



keep the mutability status of types “open” to further unifica — at least in the case of universally quantified types
— due to the value-restriction [12]. That is, in the case efélpression:

(let ((p nil)) ... )

we cannot givep the type: Ya. Y@t (a) due to the value restriction. We can either gjvéhe polymorphic type
Ya.®' (o), or the monomorphic typ& @'st(a). That is, in this system, there is poincipal typethat we can infer
for p. Given this, we must “default” these maybe types to eithetaile or immutable at a let-boundary. In the next
section, we will identify some choices for defaulting thesaybe types, and discuss their merits and limitations.

In contrast, ML infers principal typ€salthough it does not infer principal typings[6]. In orderaohieve principality

of inferred types, ML imposes the restriction thuatly references can be mutated, aidreferences must be mutable.
This leaves the inference engine with exactly one choicéh@type to infer) when it looks at an expression. In BitC,
we trade principality of inferred types in preference to arenexpressive language (and type system). Section 5.5
deals with the various issues that arise due to this norcipatfity of inferred types.

It might be useful to note that this is not the only case in Wwhi@ run into the non-principality problem in BitC. We
do not infer structure types automatically from the fielddishin the case of expressions like

s.fld

We cannot infer the type of because, in BitC, we do not require field labels to be unigueth8re is no principal
type we can infer for the above expression, and it fails t@tgipeck. This problemis similar to SML's record selection
using the# operator.

5.4 Interaction with “Relaxed” Value Restriction

In BitC, we adopt theelaxedValue Restriction proposed by Jacques Garrigue[1], whiates that even in an ex-
pansive expression, type variables that occur purely inrgmriravariant (non-argument) positions can be genemaliz
More formally, this means that, in saxpansiveexpressiore with type , the generalizable type variables are given

by:
fov(r) \ ftv(T) \ V(1)
where:

ftv(7) is the set of all the free type variablessin

ftv(I") is the set of all the free type variables captured in theremvhent’, and

V~(7) is the function which returns the set of "dangerous” typgalzes to be removed from the set of
generalizable ones, and is defined (in the context of BitC) as

V= (a) ={}

V= (¥r) =ftv(r)

V(71 — 72) =ftv(T1) UV (72)
V=(©@)=UV ()

However, in a language that has unboxed mutability and uadbaomposite values, this restriction turns out to be
insufficient to ensure soundness. For example:

(define p:(nutable bool, "a) (#t, none))
val p: (mutable bool, (optional 'b)) ??

5 Except in some cases of operator overloading in SML.



According to the above algorithm, we see that the value cocstirnone has the types2**"*(a), and the type vari-
ablea occurs in non-contravariantposition, and can thus be gdimed. Now, if we give p the typea.@5*" (Tbool ,
@rtional(n)), we can then write:

(let ((rl:(optional int8) p.snd)
(r2:(optional double) p.snd)) ... )

which is clearly not OK becaugel andr 2 have different sizes and this requires the polyinstamtigt. snd and
thus its containep, which has other mutable components. Therefore, we cariv@pga polymorphic type here. In
Section 6.1.3, we will describe a revised version of Gaeiguestriction, that is sound in the presence of composite
value types. The idea is to make the value restricharpagateto enclosing container type until we reach a ref-
boundary.

In SML, all type variables in expansive expressions are mmorphed. While this will solve our problem, we did
not adopt this solution because we wanted to preserve as puolginorphism as possible (especially in the case of
reference types). Many use cases for adapting the relag@ttt®n including the need for polymorphism in accessor
functions can be found in [1]. Cyclone solves this problenirbgosing a stricter rule (rather reminiscent of Haskell's
monomorphism restriction[3]) thainly functions are given polymorphic types[2]. This is a reasd@shing to do in
cyclone where most values are mutable, and where there &iaalion betweeffunctionsandfunction valuesbut, is

too restrictive for our purposes.

5.5 Inference Trade Offs

As we have seen in the previous section, we introduced mayles in order to provide freedom of copy compatibility.
However, in doing so, we “lost” precise mutability inforn@at about these types. This, combined with the fact that
we must default these maybe types at a let-boundary, caift iesaferred types that are quite surprising to the
programmer. In this section we will consider the variousiéssin the trade-off between freedom and precision. In an
ideal scheme, we should have:

e SoundnessThe inferred types must be correct.
e Completenesdt should be possible to infer all possible sound types,ialli¢h qualifications.

e Less programmer annotation$he inference must be useful, and must not require exceanivetations in the
“common case.” Since the “common case” is a subjective lisalsisue, we can approximate this to say: “it
must retain as much available information as possible.”

e Contained mutability:The inference engine must not infer mutable types in waysdat&“too surprising” to
the user. From the standpoint of good programming pradtiie might be stated as “mutability should not be
promiscuously inferred.”

5.5.1 Fixing Maybe Types

This section explores the different possible “fixes” to déffahe maybe mutable types at a let-boundary. We will
illustrate their effects using the example:

(let ((p (pair n:(rmutable int32) (lanbda (x) x)))

(q #f)) body)
[Internmedi ate] p: (maybe (pair (maybe int32) (maybe (fn ('a) 'a))))
[Internmedi ate] g: (nmaybe bool)

where we have obtained the types:

p: TR (Yi nt 32, (Ya — «))
g: Thool



and are now at the step of generalization.

e FIX1: Fix all maybe types to immutable types deeply. This is in some sées@ost “conservative” approach.
It preserves as much polymorphism as possible at the costiafing programmer annotation feverymutable
definition.

Using this fix, we obtain:

p: Vo.@2"" (i nt 32, o — )
g: bool

Any attempt taset ! p orq in body will fail to type-check.

e FIX2: In the case ofocal definitions, fix all maybe types to immutable types deepily if the type is polymor-
phic. This method preserves all of the polymorphism in FIKat also the mutability of fully-concrete types
undecided (and thus open for further unification). The daget using FIX2 of course, is that it tends to allow
mutability in ways the programmer might be caught by sugoris

Using this fix, we obtain:

p: Vo.@2"" (i nt 32, v — )
g: Thool

Any attempt toset ! p in body will fail to type-check, but sset! onq will work fine, giving q the type
Whool

e FIX3: Same as FIX1, except that iflacally defined identifier is used as the target (LHS) cdet !, it is
given a shallowly mutable type. Since this fix infers shallowtability, it will reduce the need for explicit
type qualifications by the programmer in the common caseiferators). However, it also has the problem of
unintentional mutability (as in FIX2), but the spread of athitity is contained shallowly in this case.

Using this fix, ifp andqg areset ! ed inbody, we obtain:

p: UREY(i nt 32, a — a)
g: Ybool

otherwise:

p: Vo.@2"" (i nt 32, v — )
g: bool

Any attempt toset ! p orq in body will succeed, but an attemptset ! p. f st will fail.

e FIX4: Fix all maybe types to whatever they were obtained frdthis does not completely resolve all maybe
types, they are resolved to their immutable variants asabterésort. This requires a little more sophistication
in the inference engine and the unifier. The idea here is tegpve the mutability information as a matter
of “natural” flow of inference, but will allow the possibijitof the user overriding these decisions by explicit
annotations.

Using this fix, we obtain:

p: @Y (Ti nt 32, a — a)
g: bool

Any attempt toset ! p orq in body will fail, but an attemptteset ! p. f st will succeed.

10



FIX2 and FIX3 mustonly be used in the case tdcal definitions. If we allow the types of top-level forms to be
determined by their use cases, it will create a lot of indateism problems as the top level definitions have unlimited
scope. Interfaces will no longer be definitive, and progravillsstart influencing the types of the libraries they use,
making the order in which units-of-compilation are pro@sssignificant. Even within the same unit of compilation,
the order in which top-level forms are written will influenttee outcome of types in unpleasant ways. Therefore, in
the interest of programmer sanity, we freeze type of a teptmrm by the end of the definition.

FIX4 can be used in conjunction with FIX2 to obtain the types:

p: TR (Ui nt 32, a — q)
g: Thool

or, in conjunction with FIX3 to obtain (in the presence of atign):

p: URLY (Ui nt 32, a — q)
g: Ybool

5.5.2 Where to Introduce Copy Compatibility?

We have already stated that, in principle, we can introdwg compatibility at the argument or return position of

any expression that does not (respectively) expect ormetlmcation. However, in practice, we may want to constrain
this freedom to a smaller subset in favor of tighter inferferom a usability standpoint, we must individually make
a decision regarding type compatibility about each of tHiefang kinds of expressions:

e Newl et bindings.

Introducing a new binding is one of the most natural forms rh&py compatibility can be invoked. For
example:

(define p:(nutable bool) #t:bool)
val p: (nutable bool)

e Arguments of function applications.

Passing arguments to a function is the the other natural fehere we think about copy compatibility. For
example:

(define (getFalse false:(mutable bool)) (set! false #f) fal se)
val getFalse: (fn (nutable bool) (nutable bool))

(define q (getFal se #t))
val q: bool

e Return values of function applications.

Strictly speaking, copy compatibility is not necessaryedtirn locations as the return result must invariably
end up in a position that will in turn invoke copy compatityili The main reason to preserve this is to write
expressions like:

(define (id x) x)
val id: (fn ("a) 'a)

(define xyz (id n:(nutable int32)):int32)
val xyz: int32

11



where we explicitly qualify the result of an application tdi&erent but copy compatible type. The other reason,
of course, is to preserve intuition and symmetry betweenraegnts and return types.

However, we can end up in some interesting situations beaafusis freedom. For exampfe:

(inport Is bitc.list)
(define (list->vector |st)
(make-vector (length Ist)
(lambda (n) (Is.list-nth Ist n))))
val list->vector: (forall ((copy-conpat 'a 'b))
(fn ((list "a)) (vector 'h)))

The type ofl i st - >vect or appears to be'’*!(a) — vec(«). However, because of the copy compatibility
at the return of the inner lambda, the type is actualli*(a) — vec(3) \ {a = 3}.

Then if we write:

(define (lvmlst:(list (nutable bool))) (list->vector Ist))
val lvm (fn ((list (mutable bool))) (vector bool))

the type ofl vmis @t*(¥bool ) — vec(bool ) and notdb's*(¥bool ) — vec(¥bool )! (because we must
default the maybe types at top-level).

The fix for this — as we would expect — is additional programmenotations in order to clamp the type of
l'ist->vector to®!(a) — vec(a), as in:

(define (list->vector |st)
(make-vector (length Ist)
(lambda (n) (Is.list-nth Ist n))):(vector "a))
val list->vector: (fn ((list "a)) (vector 'a))

e Arguments/return values of value constructors — strudtumien constructors, vector, array,
make- vect or.

It is actually tempting to allow copy compatibility at argent and return positions of constructor applications
also, because a copy is anyway being performed, and it wautdde to write things like:

(defstruct St f1:(nutable bool) f2:(mutable int32))
struct St: St

(let ((p (St #t 25)))
(set! p.f1 #f))

That is, even though the structure constructor is expeetiagguments of typ&bool and¥i nt 32, it can be
satisfied by literal arguments #t and 25 with tyfesl andi nt 32 respectively. Otherwise, we will have to
write:

(let ((mfrue: (mutabl e bool) #t)
(m25: (rmut abl e i nt 32) 25)
(p (St nmTrue nk5)))
(set! p.f1 #f))

or, we will have to accept mutable type qualification on dter and then write:

(let ((p (St #t:(mutable bool) 25:(nutable int32))))
(set! p.f1 #f))

6 copy- conpat is an internal typeclass that relates any two copy compatifges.
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However, if we allow copy compatibility at constructor argents, the inference of parametrized types becomes
a little surprising.

(define nifrue: (nmutabl e bool) #t)
val nmirue: (mutable bool)

(define p (cons nifrue nil))
val p: (list bool)

As a result of copy compatibility, the type of the RHSYs»!***(Thool ). Note that we lost the mutability
information to allow freedom of compatibility even though*!(r) is areferencetype. Now, if we default
maybe types to immutable, we will obtain the typ&st(bool ) for p, which does not “seem” like what the user
intended. Here, we can argue two ways:

— Constructors actually accept a location but internally enalcopy of the argument, for which we do not
invoke copy compatibility.

— Just because the list was constructed from a mutable valdees not mean that the user intends to make
a list of mutable elements. So, we must invoke copy comiyilbiere.

In expressions that contain a deep nesting of construatopy, compatibility will lead to rather ugly qualifica-
tion requirements. For example:

(define r:(vector (list (mutable "a))) (vector (cons nifrue nil)))
val r: (vector (list (mutable bool)))

If the needed mutability is not shallow, the user will havevidte out the detailed type up to the level in which
the mutability is desired (as in the above example), whialoisvery pleasant.

Having said this, there is actually another possibilityjehtis to allow copy compatibility at constructor bound-
aries, but default the maybe types to what they were befdeegdnce threw away their mutability status. The
next section explores this case.

Arguments/return values of other non-location returningressions like conditionals +f, swi tch,
try/ catch,and,or,not, ... etc.

Allowing copy compatibility at these positions will allowsuo write expressions like:

(define p:int32 (if #t 1:int32 n:(nmutable int32)))
val p: int32

The rationale here is that the result of these expressiansot@ppear in any position expecting a location, and
it is therefore “safe” to think of them as if an applicationtke functioni f had happened.

However, as is usual, this will lead to further loss of muligbinformation. For example:

(define (vectorizerl x) (vector Xx))
(define (vectorizer2 x) (vector (if #t x x)))

;; Types obtained without copy conpatibility at constructor argunents

val vectorizerl: (fn ('a) (vector ’'a))
val vectorizer2: (forall ((copy-conpat "a 'b)) (fn ("a) (vector 'h)))

Here,vect ori zer 1 has the typex — vec(«) vect ori zer 2 has the typex — vec () \ {a = 3} even if
we say that constructor argumedis notinvoke copy-inference.
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5.5.3 How Much of Copy Compatibility to Accept?

We have already stated that, in theory, we can infer a copypetitvie, but different type for every new value created
due to a copy-operation. However, in practice, we may chtmakow onlytop-most level of mutability-compatibility
in favor of a more precise inference.

5.5.4 Compatibility of Function Types

Consider the following function definition:
(define (mut-c c) (set! c #\a) c)

From the implementation of the functiomit - ¢, we infer the typelchar — Wchar forit. However, as the caller of
this function, it is reasonable to think oiit - ¢ as having the typ&char — Wchar or Wchar — Wchar, due to
the copy compatibility at function argument and return poss. Moreover, while writing a proclamation, we would
like to write the type from the caller’s perspective withdligclosing the mutability information of thaternal copy
of the arguments or return types. For example:

(proclaimmut-c: (fn (char) char))

We will hereinafter refer to the type of a function from theglamentation viewpoint as the “internal type” and the one
from the caller’s viewpoint as the “external type” of a fuioct. The external type can be obtained by simply dropping
all mutable wrappers at copy compatible positions.

Now, when the user explicitly writes a function type, shotlis be taken as the internal type, or the external type of
the function? That is, should the following definition:

(define mut-c: (fn (char) char) (lanmbda (c) (set! c #\a) c¢)

be type correct? Similarly, camut - ¢ be supplied as an actual argument when the formal argumpatexthe type
char — char?

(defstruct St fnxn: (fn (char) char))
(define xyz (St nut-c)

In other words, this leads to a notion of compatibility of &tion types in terms of the copy compatibility of their
argument and return types. It may not be good to call this ampypatibility because it is not compatibility created
due to the copy of the function value, but is a consequencemf compatibility at argument and return positions.

Finally, should the user be ever allowed to write the intetyyae of a function? One possible solution to this problem
is given in Section 6

5.5.5 Type Class Instances

With regard to type class method declarations, it is redslern@a expect that they should also declare external types
without constraining the internal types (and this the impdatation) of the instances supplied for these methods.

Due to copy compatibility, at method argument and returntjwoss, the compiler must only accept those instances
whose methods have different external type signaturesefample:

(deftypeclass (CL1 ’a)
fnl: (fn ("a) 'a))
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(definstance (CL1 bool)
(lanmbda (x:bool) x))
(definstance (CL1 (nutable bool))
(lambda (x: (rmutable bool)) x))

cannot be permitted because the two instance€lfdr are in-differentiable from the caller’s perspective. Howe
we can allow:

(deftypeclass (CL2 ’a)
fnl: (fn ((vector "a)) 'a))

(definstance (CL2 bool)
(lambda (x) (vector-nth x 0)))

(definstance (CL2 (nutable bool))
(lambda (x) (vector-nth x 0)))

6 Proposed Solution

Keeping in mind, the various trade-offs raised in the presisection, we shall now propose a particular policy for
handling copy compatibility. This is by no means “the” saduatto the problem, but reflects our aesthetic judgment of
the best way to capture the programmer’s intuition aboufltive of types in the language.

e Allow copy compatibility to the full extent, up to a ref-bodary.

e Allow copy compatibility to be invoked at arguments of allpegssions that do not expect a location. Similarly
for return types of expressions that do not return locations

e In order to fix the maybe types, we adopt a hybrid of FIX4 andZEIX

— The topmost (shallow) mutability is determined by the FIX®Zerin the case of local definitions. In the
case of global definitions, any unresolved topmost mutghdiset to immutable.

— In the case of any other unresolved-mutability, we will toyrésolve it by unifying it with — a simplified
form of — the original type, so that we can preserve the oagimutability information. Intuitively,
this does means that we will restore the original mutabdtgtus. However, it is done through unification
because, in cases liké st - >vect or above, we must also ensure that the copy compatibility caimss
on new type variables created for the sake of copy compigyilite turned into equality constraints. The
next section explains this rule more formally.

— Ifthere are any residual unresolved maybe types even gipdyiag the above rules, fix them to immutable.
e Allfunctiontypes(fn ...) referto the external typ€By construction, this means that all functions that are

copy compatible at function argument and return positiorggual The copy compatibility of function types
refers to the compatibility of shallow mutability with resgt to the entire function’s type.

Function types that declare mutable types at copy comggtiiitions will be rejected as an error. For example:

(define abc: (fn ((rmutable bool)) "a) (lanbda (x) x))
ERROR!

However, any type-qualifications on the arguments of a foncwithin its body (as opposed to within the
function’s type) are understood to reflect the internal tyfpar example, the following definition is type-correct.

7 This is a syntactic restriction that does not yet appearérsirecification.
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(define abc (lanmbda (x:nmutable bool) (set! x #t) x))
val abc: (fn (bool) bool)

Declarations (proclamations) are required to declare a tipt will exactly match external type inferred for the
corresponding definition.

6.1 Formalization
6.1.1 Introducing Maybe Types

We need a new enhancement to our notation of types. The pdir; [ h]] stands for the typé', with the under-
standing that the maybe-nessli; maybe resolved by unifying with one of the types in thiat-seth if necessary.
Only maybe types are permitted to have hints.

At a copy-boundary, if the type of the original expression,isve give the type TypeOfCopy] to the value that was
created due to the copy. TypeOfCopy is defined as:

TypeOfCopy@'7) = [[TypeOfCopy(r), {¥7}]]
TypeOfCopy([[Y'7, A]]) = [[Core(TypeOfCopyf)), {[[ Y7, Al]}]]
TypeOfCopy) = [[3, {a}]] \ {a =3}

TypeOfCopy(r) = [ Y17, {7 }H]

TypeOfCopyf; — 72) = [T (71 — 72), {11 — 72}]]
TypeOfCopyér r (7)) = [ Yar r (TypeOfCopy()), {arr (1)}]]
TypeOfCopyvec(r)) = [[Yvec(r), {vec(r)}]]

TypeOfCopy€, (7)) = [[Te,(7), {&,(M}]

TypeOfCopyE, (7)) = [[ Yo, (TypeOfCopy(r), 7). {S.(7)}]] where,7; € T are the set of type argu-
ments that areot used within another reference type-constructor, ané 7 are the rest of the type
arguments.

TypeOfCopyf) = [[ Y7, {7}]]
and:
[[Yr, All=T"T

The function TypeOfCopy) increases the maybe-ness of a tyjge the maximum permissible limit, so that the type
of the copy can unify with a different but copy compatiblegyp

We will also have to change our unifier to suite the new systétypes. Instead of the rule:
Unify(Y71, ¥r9) =Unify(rq, o) U {YT71 — Uro}
we now have:

Unify([[ Y71, All, WT2)=Unify(ry, 72) U{[[T71, Al — ¥7s}
Unify([[ Y71, ]l [[ Y72, holl) = Unify(71, 72) U{I[Y71, Ml = [T72, holl = [[T71, fn U holl}
Unify([[ Y71, AIl, 72) = Unify(71, 72) U{[[T71, All — 72}

and instead of
TheType('r, £) = YTheTypef, L)
we have:

TheType([[C'71, hll. £) =[[TTheType(.), All

Note that the unifier preserves as much hint information asipte. When time comes to resolve these maybe types,
we can pick the most “appropriate” hint according to any ekbspolicy.
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6.1.2 Resolving Maybe Types

At a let-boundary, if we have an expression like:

(let (([1]p:[2]qual [3]expr)) body)
and if we let:

[1] 7 be the type op beforegeneralization.
[2] 71 be the type obtained from explicit qualificatiqual
[3] 72 be the inferred type for theopy ofexpr,

then, we have:
7 = adjMaybe(TopMutAdj(UnifiedType(;, 72)))
where:

adjMaybe([[Y 71, Al]) = Ground(UnifiedType(adjMaybe(), o([[YT71, Al])))
adjMaybe([lV7, 7:]]) = YadjMaybe()

adjMaybe([fr1, 72]]) = adjMaybef:)

adjMaybef) = «

adjMaybefr) = fadjMaybef)

adjMaybef; — 72) = adjMaybef;) — adjMaybe(-)

adjMaybear r (7)) = ar r (adjMaybef))

adjMaybeyec(7)) = vec(adjMaybef))

adjMaybe@” (7)) = ©P(adjMaybe()*)

adjMaybef) =7

and:

o([[ Y71, A]]) = 72 if 3animmutabletype 5 in map( g, h); 73 if 3 a maybe types in map( g, h); the
mutable typer, otherwise.

p(¥T) = Vp(7)

ple) =a

p(fi7) = v

p(r1 = T2)=a— 3

p(arr (r))=arr (a)

p(vec(r)) =vec(a)

p(eP(7) = &P (a)

p(r) =7

and:
Ground@r) =¥t
Ground(X'r)=r1
Groundf) =7
and:
TopMutAdj(¥r) = U if this is a local definition that is mutated body, = otherwise.

TopMutAdj([[71, 72]]) = [[TopMutAdj(71), 72]]
TopMutAdj(r) =7
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6.1.3 Value Restriction

The previous section explained how to calculate a type thatdandidate for generalization. In this section, we will
actually explain the generalization step, and the algoritor value-restriction. We will have a new function vV
which takes a type and a mode parameter. The mode can be onenuive” or “keep” depending on whether we
come from a value type or a reference type context.

Now, in an expressioa with type T, the set of generalizable type variableg-iis given by:

ftv(r) \ ftv(T) if e is avalue and
ftv(r) \ ftv(T") \ V~ (7, remove) ife is expansive,

where:

V= (a, remove) ={a}

V= (a\ {IntLit(«)}, remove) ={ o}
V= (a\ {FloatLit(«)}, remove) ={«}
V= (a, keep) ={}

V== (Y7, mode) =ftv(r)

V== ({7, mode) =V~ (7, mode)

V™~ (r1 — 72, mode) =ftv(71) UV~ (72, mode)
V~—(arr (7), mode) = V"~ (7, remove)
V~~(vec(r), mode) =V ~ (7, keep)
V~—(&,(7), mode) =V~ (r;, remove)
V= (6,(7), mode) =J V=~ (;, keep)

Note that the+ does noexplicitly pass the keep-mode. This is because such typektar beder ef ed, exposing
the inner value (recall that deref returns a location, andancopy). Thereforepnly those type variables which are
enclosed in reference types that can never be dereferenesdfe to be generalized in an expansive expression. The

IntLit and FloatLit rules above (only) expressively statattthese primitive integer/floating point types are unlobxe
value types.

6.2 Some Examples

In this section, we will illustrate our scheme with some epéas.

(define xyz: (nmutable int32) 10)
val xyz: (nutabl e int32)

(define p:(nutable "a) (pair xyz #t))
val p: (rmutable (pair (nutable int32) bool))

Inn the above exampleyyz clearly has the typ&i nt 32. Here is the annotated expression for the definitiop of
followed by the types inferred at at every step of inference:

[10] [9] [8](define [4] [1]p:[3](nutable [2]’ a)
[7°] [7](pair [5"] [5]xyz [6"] [6]#t))

Here are the types obtained after each step of inference:

[1] =
(2] =5
[8] =¥p
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[4] = UnifiedType(1],[3]) =¥

[5] = Vi nt 32
[5] = TypeOfCopy[5]) = [[Ti nt 32, {¥i nt 32}]]
[6] =bool

[6'] = TypeOfCopy[6]) = [[Tbool , {bool }]]

[7] = 8" ([[Ti nt 32, {Wi nt 32}]], [[ Tbool , {bool }1])

[71 = TypeOfCopy[7]) = [[YT®5"([[Yint32, {W¥int32}]], [[Yhool, {bool }I)),
{@E“"([[Ti nt 32, {Wi nt 32}]], [[ Tbool , {bool }]])}]]

[8] = UnifiedType(4],[7]) = ¥4 ([[Ti nt 32, {W¥i nt 32}]], [[ Tbool , {bool }]])

[9] = TopMutAd;j([8]) = 5" ([[Ti nt 32, {W¥i nt 32}]], [[ Tbool , {bool }]])

[10] = adjMaybe[9]) = Y @5 (¥i nt 32, bool )

In the rest of the examples, we will only show the expressansthe final type obtained. In the following expression:

(define r (vector (cons mirue: (rmutable bool) nil)))
val r: (vector (list (nutable bool)))

r gets the “expected” typeec (&1t (¥bool )). However, it is still possible to get the typec (¢!***(bool )). forr
through explicit qualification if one desires so.

(define r:(vector (list bool))
(vector (cons nmilrue: (nutable bool) nil)))
val r: (vector (list bool))

Finally, ourl i st - >vect or also gets the “correct” type, without any type qualificaton

(inport |Is bitc.list)
(define (list->vector |st)
(make-vector (length |Ist)
(lambda (n) (Is.list-nth Ist n))))
val list->vector: (fn ((list "a)) (vector 'a))

The type inferred forl i st->vector is @!*(a) — vec(a), as is apparent from the definition, and not
L (a) — vec(B) \ {a =5}

We will now give some examples that illustrate our valuesieon scheme. In these examples, we will explicitly
write the universal quantification of type variables in tlase of polymorphic types. First, the example we considered
in Section 5.4:

(define p:(nutable bool, "a) (#t, none))
val p: (pair (nutable bool) (optional #X255))

is now well typed, because is now given the non-polymorphic typel®" (Tbool , @' (#X455)) and not
Va.@2% (Whool , &P ().

All the permissible cases in original (Garrigue) restoctare still preserved for reference types :

(define q: (nutable bool, (list "a)) (#t, nil))
val q: (pair (nutable bool) (list "a))

q: Vo.@B¥" (Whool , @list(a))
Type-variables wrapped in a reference type are OK evenyflibavithin an encompassing value type.

8 Monomorphic types are forced to dummy types at top-level.
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(define r:(nutable bool, 'c) (#t, (nil, nil)))
val r: (pair (nutable bool) (pair (list "a) (list "h)))

r: Vo S\@E"" (Fbool , @2 (&% (a), & (8))).
Type-variables wrapped in a value type must be removed étkayi lie within an encompassing reference type.

(define m(nutable bool, 'b) (#t, (vector none)))
val m (pair (nutable bool) (vector (optional #X143)))

m @27 (Wbool , vec (B " (#X143)))
Otherwise, one could write:

(let ((mil: (optional int8) (vector-nth msnd 0))
(m?®: (optional double) (vector-nth msnd 0))) ... )

Accessor-like functions will work OK for reference typestill not work for value types.

(define (car x:(list "a)) ... )
val car: (fn ((list "a)) 'a)

(define fstElem (car (cons nil nil))
fstElem (list 'a)

car: Ya.d!"(a) — «
fstEl em Va.ol"(a)

(define (fst x:('a, 'b)) x.fst)
val fst: (fn ((pair "a 'b)) "a)

(define fstPart: (fst (nil, nil))
val fstPart: (list #X432)

fst: Va.8\®@2"" (a, f) — a
fstPart: @ (#Xy30)

The right thing to do in this case is to defiiet as atermand not as an ordinary functions whose application will be
considered expansive.

6.3 Limitations

The algorithm proposed above is not a panacea. First, teeagoeculiar kind of generality we have lost, which is
impossible to recover even with explicit qualification (ths with the facilities for qualification present in the cemt
language specification). For example, there is no qualifindor | i st - >vect or that we can use, in order to obtain
the typed!*(a) — vec(3) \ {« = ). Thatis, even if we re-write the definition as

(inport |Is bitc.list)
(define list->vector:(forall ((copy-conpat "a 'b)) (fn ((list "a)) (vector 'b)))
(lanmbda (I st)
(make-vector (length |st)
(lambda (n) (lIs.list-nth Ist n)))))
val list->vector: (fn ((list "a)) (vector "a)))

we obtain the types'’s*(a)) — vec(a) forl i st - >vect or according to the above algorithm since a statement copy
compatibility does not preclude equlity.
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6.4 Future Considerations

Function types can be generalized regardless of whethgcti@ain any mutable or maybe types within them. There-
fore, if an expression is a value (that is, not expansive)etlis no reason to fix the maybe types contained within a
function type in order to retain soundness or polymorphi$his way, we can retain the principality of types for func-
tions definitions. This approach will — among other things esalve the problem with the type bf st - >vect or
identified in the previous section.

(inport |Is bitc.list)
(define (list->vector |st)
(make-vector (length |Ist)
(lambda (n) (Is.list-nth Ist n)))))
val list->vector: (forall ((copy-conmpat 'a 'b)) (fn ((list "a)) (vector 'b)))

The type of list>vector will now beva.3\@"**(a) — vec([[3, al]) \ {a = 3}. Thatis, we obtain the fully generic
type forl i st->vector, but also save a hint to resolve the types at use occurrenthsrefore, any use of
i st->vector will yield “expected” types, as in:

(define (Ivmlst:(list (nmutable bool))) (list->vector Ist))
val lvm (fn ((list (nmutable bool))) (vector (nutable bool)))

However, we musbnly retain those hints that rely on the function arguments. @ifse, this will lead to violation of
abstraction across the function boundary as the typesr@utait application will depend on the implementation of the
function.

There is a further relaxation to the way we fix maybe typesdhatbe considered. Whereas we need to fix the maybe-
ness in the type itself, we may not have to fix the maybe-neffseofonstraints on the type, in order to retain sound
typing. This will facilitate cases like:

(deftypeclass (CL2 'a)
zeroth: (fn ((vector 'a)) 'a))

(definstance (CL2 bool)
(lambda (x) (vector-nth x 0)))

(define p:(vector (nutable bool)) (vector (zeroth (vector #t))))
val p:(vector (nutable bool))

to type-check even though there is no instance @{ol ) because, forp, we initially obtain the type

vec(¥bool )\ {CL2([[Tbool , bool ]])}°, and the constraint CL2([[bool , bool ]]) can be satisfied by the in-
stance CL2§ool ), and we finally get the unconstrained typec (¥bool ).
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8 Conclusion

There is a fundamental conflict of goals between the abiiipfer principal types and to allow freedom of mutability-
compatibility at copy-boundaries. We have identified vasitrade-offs and some design choices in this regard, along

9 Originally, we would have obtained the typec(¥bool ) \ {CL2(¥bool )}.
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with their pros and cons. We have also selected a strateg@glmsour aesthetic judgment of the best way to capture
the programmer’s intuition about the flow of types. By defaoilir strategy infers types based on the “natural” flow of
type information in an expression, but preserves the piisgibf obtaining other permissible types through exglici
qualification in most cases.

A Other Considerations

While we are thinking about the various trade-offs and guesireedom in compatibility of types with respect to
mutability, we might be tempted to relax this rule beyondyagpmpatibility. For example, it feels natural that
any value that has a deeply mutable type must be able to flawaimtargument that expects an immutable value.
For example, if we have a functiorect or - >st ri ng with typevec(char) — st ri ng we would think that it
should be possible to pass a value with tyee (Ychar ) — st r i ng as the actual argument¥@ct or - >st ri ng.
However, this mechanism is not sound.

While thevect or - >st ri ng case will work, it does not generalize. To see the problemsicter the procedure:
(define (vector-return vec: (vector char)) vec)

vect or-return has the typevec(char) — vec(char). If we allow mutable values to arbitrarily flow into
immutable arguments, the applicationvect or - r et urnin

(let ((nv (vector (mutable #\a) (nutable #\b))))
(let ((imv (vector-return nmv)))
(== (vector-nth im 0)
(begin (set! (vector-nth mv 0) #\c)
(vector-nth inv 0)))))

is legal, and the result of this expression#fs!

Sincevec(char ) is a reference type, if we allow this useoéct or - r et ur n, we would end up with mv andnmv
pointing to identical content, but disagreeing about theegyof the cells. If this were allowed, the compiler would
never be entitled to believe that vector cells (or more galhgrthe types of fields within value types) are constant
(even if so declared)! In particular, the compiler canndeleaeliminate the extra index intonv in this example
unless it can determine that the first expression of the legin cannot mutate it — the “constness”iafv is merely

a local aberration rather than a statement of true immutabWVe will in essence, lose the mathematical notion of
constness if we allow this application. Therefore we impthge‘one location, one type” rule.
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