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Abstract

There are two standard ways of specifying a type system
for ML: an orthogonal presentation and a syntax-directed
presentation. The former allows implicit generalisation and
instantiation anywhere in a program, and is thus not syntax-
directed. The latter fuses generalisation with let-bindings
and instantiation with variables, and is thus non-orthogonal.
By introducing explicit syntax for generalisation and instan-
tiation, that is, semi-explicit polymorphism, we obtain a
presentation of Explicit ML, a mild variant of ML, which is
both orthogonal and syntax-directed. Moreover, we recover
the usual implicit version of ML as syntactic sugar.
FreezeML is a small extension of ML providing first-class
polymorphism and sound and complete type inference of
principal types, whose typing rules are non-orthogonal. We
show that Explicit ML extends naturally to Explicit FreezeML,
an orthogonal syntax-directed presentation of an explicit
variant of FreezeML. We recover the usual implicit version
of FreezeML as syntactic sugar. Explicit FreezeML is a con-
servative extension of both Explicit ML and System F.

1 Introduction

The design of ML is motivated by a desire to write polymor-
phic programs without laboriously spelling out details of
type abstraction and type application. A remarkable feature
of ML is that, due to its restricted form of polymorphism, it
is unnecessary to write any polymorphism, or indeed any
types, at all. The usual orthogonal (or declarative) presenta-
tion of ML [2] exploits this property by not even providing
syntax to mark where generalisation and instantiation oc-
cur. The usual syntax-directed presentation of ML [1] takes
advantage of the fact that it is sufficient to only generalise
let-bindings and only (and always) instantiate variables.

As ML programmers we, the authors, prefer the determin-
ism of the syntax-directed presentation, and would argue
that it is closer to the intuitive model we use in practice
when writing and reasoning about ML programs. However,
the syntax-directed presentation is non-orthogonal exactly
because it fuses generalisation with let-binding and instan-
tiation with variables. By adding explicit syntax for gen-
eralisation and instantiation, we obtain an orthogonal and
syntax-directed language, Explicit ML. Moreover, we recover
the usual implicit version of ML as syntactic sugar.

Explicit ML is no more expressive than implicit ML, and
on the face of it may seem like a superficial conceptual im-
provement. However, as we shall see, where it really shines
is when we extend ML with first-class polymorphism.
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The prenex polymorphism of ML only allows top-level
quantifiers and only allows quantifiers to be instantiated
with monomorphic types. FreezeML [4] is a small extension
of ML providing first-class polymorphism and sound and
complete type inference of principal types. It is part of a large
design space of systems bridging the gap between tractable
type inference and first-class polymorphism [5-10, 12-16].
FreezeML adds optional type annotations on bound variables
and a construct for freezing variables, preventing them from
being implicitly instantiated. Whilst the previous formula-
tion of FreezeML is not orthogonal, we introduce Explicit
FreezeML, a natural extension of Explicit ML, which is both
orthogonal and syntax-directed. We may recover FreezeML
as syntactic sugar for Explicit FreezeML.

We distinguish three forms of polymorphism.

implicit implicit generalisation + instantiation
semi-explicit explicit generalisation + instantiation
explicit type abstraction + type application

Prior systems with semi-explicit polymorphism include
IFX [10], Poly-ML [5], and QML [12]. They distinguish ML-
like type schemes and System F-style explicit polymorphism,
whereas (Explicit) FreezeML has only System F types.

The perspective we take in this work is that Explicit ML
(or Explicit FreezeML) is the programming language, and ML
(or FreezeML) is merely syntactic sugar. Figure 1 illustrates
the path from syntactic sugar (first column) to programming
language (second column) to core language (third column).

The rest of this extended abstract outlines the design of
Explicit ML and Explicit FreezeML, desugaring rules, and a
succinct equational theory that dictates elaboration to Sys-
tem F. Full details appear in the appendix.

2 Explicit ML

We let S, T range over monomorphic types and E, F range
over type schemes. Typing judgements have the form A;T
M : E, stating that term M has type scheme E in type context
A (a sequence of type variables ranged over by a,b) and
term context I'. (Traditional presentations of ML often elide
which type variables A are in scope; we prefer to track these
explicitly.)

Generalisation. In ML, implicit generalisation is intro-
duced by the following rule.

I-GEN-LAx
AAN;TFM:S
A;THM:VAS
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orthogonal desugars to orthogonal elaborates to orthogonal polymorphism
| syntax-directed & syntax-directed & syntax-directed
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D)
FreezeML ——  Explicit FreezeML ——— System F first-class
syntax-directed desugars to orthogonal elaborates to orthogonal i
polymorphism

& syntax-directed

implicit polymorphism

semi-explicit + explicit polymorphism

& syntax-directed

explicit polymorphism

Figure 1. Desugaring and Elaboration of ML and FreezeML

It allows terms to be given arbitrarily general types. For
instance, the generalised identity function Ax.x may be typed
as Int — Int, as Ya.a — a,as Yab.(a — b) — (a — D), or
as infinitely many other types. As it will become necessary
later, we adopt a stricter notion of generalisation.

I-GEN

AAN;TFM:S principal(A,T, M, A’, S)

A;THM:VA'S

The principal constraint (Appendix E.2) ensures that general-
isation yields the unique most general type. For instance, the
generalised identity function Ax.x may now only be typed
as Ya.a — a. Explicit ML adopts a variant of I-GEN in which
generalisation is explicit in the syntax of terms.

GeEN
AAN;THM:S principal(A, T, M, A", S)

A;T - Ao M :VA'S

The astute reader may be concerned about circularity in
the definition of principality. Fortunately, we may give a
mutually inductive definition of typing and principality by
indexing both judgements by the untyped term [3].

Instantiation. The implicit instantiation rule of ML, sub-
stitutes monomorphic types for the body of a term.

I-INsT
ATHM:VA'S

AT HM:0o(S)

Aro:N =

The judgement A + 0 : A’ = A” defines a type instantiation
o mapping type variables in (A, A’) to types with free type
variables in (A, A”’), such that o(a) = a for every a € A.
Explicit ML adopts a variation of I-INST in which instanti-
ation is explicit in the syntax of terms.
InsT

A;THM:VA'S
AT F Me : 5(S)

Aro:N = -

Variables and let-binding. We write variables as [x]
and let-binding as let [x] = M in N. We say that such
variables are frozen as they are not implicitly instantiated.

Similarly, we say that such let-bindings are frozen as they do
not implicitly generalise M.

We now define implicit instantiation of variables and im-
plicit generalisation of let-bindings as syntactic sugar.

[x]e
let [x] = Ae.M in N

x
letx=Min N

2.1 Explicit Polymorphism

In addition to the semi-explicit polymorphism we have al-
ready seen, we also include fully explicit polymorphism in
Explicit ML. This requires a little care. Suppose we allow
explicit type abstraction. Now consider the term Aa.Ax.x.
It is not immediately clear whether this term should have
principal type Ya.a — a or Yab.b — b. Exactly the same
problem occurs with the term: Aa.id where id : YVa.a — a.

We adopt an approach that ensures that the body of a type
abstraction has a unique typing. We do so by dividing the
syntax of Explicit ML terms into two classes.

ITerm > MTerm >
L] == x] M, N :=[x]

| A(x:S8).I|IN | AM(x:S).M|MN

| AaI|IS | Aal|MS

| let[x]=TinJ | let [x]=Min N
| Ax.M

| Ae.M | Ae.M
| Me

The ITerm class consists of Prenex System F extended with
(frozen, i.e., non-generalising) let-binding and generalisa-
tion. The body of a generalisation need not be an [Term as
generalisation always yields the unique most general type.
Similarly, the argument of a function application need not
be an ITerm as the type of a function uniquely determines
its return type. The MTerm class adds unannotated lambdas
and implicit instantiation, these being the only two sources
of non-determinism in type inference.

Explicit ML subsumes both Prenex System F and ML: the
former directly and the latter via syntactic sugar.
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3 Explicit FreezeML

The extension of Explicit ML to Explicit FreezeML is modest.
Types may now be fully polymorphic. We let A, B range over
System F types. Some care must be taken to manage the sep-
aration between monomorphic and polymorphic types. To
control where polymorphic instantiation takes place Explicit
FreezeML adds a third class of terms.

ITerm > I, J == [x]

| AMx:A)MI|IQ
| Aal|IA
| let [x]=TinJ
| Ae.P
MTerm > PTerm >
M, N ::= [x] P,Q == [x]
| Ax:A).M|MQ | A(x:A).P|PQ
| Aal|MA | Aal|PA
| let[x]=Min N | let [x]=MinQ
| Ax.M | Ax.P
| Ae.P | Ae.P
| Mo | Pe
| Px

The PTerm class extends MTerm with a polymorphic instan-
tiation operator Px. The key place where it is important
to restrict terms to use monomorphic instantiation is in let-
bindings. This restriction prevents “guessing polymorphism”,
keeping type inference tractable [11, 17]. For the same rea-
son, the typing rule for unannotated lambda abstractions
is restricted to monomorphic argument types. The Explicit
FreezeML typing judgement has the form A;T + P : A.

We now define the implicit instantiation of variables and

implicit generalisation of let-bindings as syntactic sugar.

x
letx=PinQ

[x]%
let [x] = Ae.Pin Q

Moreover, using intermediate syntactic sugar for type-annotated

terms and in turn type-annotated generalisation, we define
the type-annotated variant of generalising let from FreezeML
as syntactic sugar.

(P:A)
(Ae.P : VA.G)
let(x:A)=PinQ

(A(x : A).[x])) P
AA.(P:G)
(Alx : A).Q) (Ae.P : A)

Here G ranges over guarded types, that is, types whose outer-
most type constructor is not V. We also define syntactic sugar
for non-generalising variants of let in which the let-binding
is not syntactically restricted to be an MTerm.

let' x=PinQ let [x] = (Ae.P)e in Q
let’' (x:A)=PinQ (A(x: A).Q) P
In the unannotated case the term (Ae.P)e has the effect of

ensuring that all instantiations inside P are monomorphic.
We can now implement the value restriction [18] by deciding

whether or not to generalise a let-bound term depending on
whether it is a syntactic value or not (Appendix G).

Explicit FreezeML subsumes both System F and FreezeML:
the former directly and the latter via syntactic sugar.

The type inference algorithm for Explicit FreezeML is a
minor adaptation of the one for FreezeML [4], which is itself
a routine extension of algorithm W [2].

Equational Reasoning. The equivalence P ~ Q on terms
P and Q is defined only when P and Q have the same type
in the same context (i.e., A;T + P: Aand A;T + Q : A). The
following rules are the usual § and n-rules of System F.

P-rules (A(x : A).P)Q =~ P[Q/[x]]
(Aa.)A ~ J[A/a]
n-rules Ax:A).P[x] ~ P
Aada ~ ]

The following rules elaborate the additional constructs of
Explicit FreezeML into plain System F terms.

let[x]=MinQ =~ (A(x:A).Q)M
Ax.P ~ Mx:S).P
Ae.] ~ AAT

Pe = PSl e Sn
Px ~ PA; ... A,

Let bindings and unannotated lambdas are expressible us-
ing type-annotated lambda abstractions. The last three rules
witness the correspondence between generalisation and type
abstraction and between instantiation and type application.
The third rule applies only once the body of a generalisa-
tion has been elaborated. The translation in Appendix E.4
lifts the elaboration rules to a translation on derivations and
in so doing proves that we can systematically apply them
left-to-right to elaborate to System F.

4 Conclusions and Future Work

FreezeML is a pragmatic extension of ML with first-class
polymorphism. In Explicit FreezeML, by making generali-
sation and instantiation explicit, we have obtained an or-
thogonal presentation of FreezeML. More ad hoc aspects of
FreezeML arise as syntactic sugar on top of Explicit FreezeML.

More sophisticated approaches to first-class polymorphism
use heuristics [8, 13, 14] to avoid explicitly marking generali-
sation and instantiation. We plan to investigate the extent to
which we can capture such heuristics via syntactic sugar or
lightweight typing extensions on top of Explicit FreezeML.
We also plan to extend Explicit FreezeML to support Fw and
to adapt Explicit FreezeML to account for features such as
typing constraints and bidirectional typing.

Quite apart from first-class polymorphism, we believe that
ad hoc conveniences such as implicit generalisation and in-
stantiation are best defined as syntactic sugar. The benefits to
designing orthogonal languages with syntax-directed typing
rules are both conceptual and practical.
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A Prenex System F
A.1 Syntax of Prenex System F

Type Variables
Type Constructors
Monotypes

Type Schemes
Type Contexts
Term Contexts
Term Variables
Terms

A.2 Type System of Prenex System F

a,b,c
D:=lInt|List| > | %x]...
S,Tz=a|DS§
E,F :=Va.S
Az=-]Aa
Fa=-|T,x:E
X, Y,z
M,N :=[x] | A(x:S).M|MN | AaM|MS

Well-formed monotypes / type schemes.

arity(D) = n
a€Al A+ E ok --- A+ E, ok
A+ a ok A+ DE ok
Typing. |A;T - M : E
Aprp
VAR ATHFM:S—>T TyLam Lam TyArp
x:EeTl A;TEN:S AaT+M:E AT, x:S+M: T A;T+M:Va.E
ANTr[x]:E ATFMN:T AT+ AaM:Va.E ATHFAX:S)M:S—>T A;T+MS : E[S/a]

A.3 Equational Rules of Prenex System F

As in Section 3 the equivalence M ~ N on terms M and N is defined only when M and N have the same type in the same

context (i.e, ;T + M : Eand A;T + N : E).

P-rules

n-rules

B Explicit ML
B.1 Syntax of Explicit ML
Types.

(A(x: S).M)N =~ M[N/[x]]
(Aa.M)S ~ M[S/a]
AMx:S)M[x] = M
AaMa ~ M

Type Variables  a,b,c
Type Constructors D == Int| List | = | X | ...

Monotypes

S,Tz=a|DS

Type Schemes E,F :=Va.S

Type Instantiation o =0 | ofa > S]
Type Contexts Az=-|Aa
Term Contexts Fa=-|T,x:E

5
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Terms.
ITerm 3 1, J == [x] MTerm > M, N == [x]
| Ax:S)I|IN | Ax:S).M|MN
| AaI|IS | Aal|MS
| let[x]=TIinJ | let [x]=Min N
| Ax.M
| Ae.M | Ae.M
| Me
B.2 Type System of Explicit ML
Well-formed monotypes / type schemes.
ael arity(D) = n A+ Eq ok A+ E, ok A,ar E ok
A+ a ok A+ DE ok A+ Va.E ok

Instantiation. |A+ o : N = A"’

Aro:N =A" AAN+Sok
ArQ:-= A At olar S]: (A, a) = A”

Principality. ’ principal(A, T, M, A, E) ‘

principal(A, T, M,A",E") =
N =ftv(E’)— A and A,A;T+M:E and
(for all A”,E” | if A" = ftv(E"") — A and
AN ;THM:E”
then there exists o such that
Aro: AN = A" and o(E") = E”)

Typing. |A;T - M : E

Aprp
VAR Lam ANTFM:S—>T TyLam TyApp
x:EeTl AT, x:S+M: T A;TEN:S AaT+I1:F A;T+M:Va.F
ATr[x]:E ATFAXx:S)M:S—>T ATFMN:T AT+ Aad:Va.F A;T+HMS : F[S/a]
LeT U-Lam
A;T+M:E AT, x:E+-N:T AT, x:S+M:T
ATrlet[x]=MinN:T ATFAXM:S—>T
MoONOINST
GEN A,F FM: VAIS
AAN;T+M:E principal(A,T,M,A’,E’) Aro:N =
A;T - Ao M : VA .E A;T + Me : 5(S)

B.3 Equational Rules of Explicit ML

As in Section 3 the equivalence M ~ N on terms M and N is defined only when M and N have the same type in the same
context (i.e., ;T + M : Eand A;T + N : E).

606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657

659
660



661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715

The Virtues of Semi-Explicit Polymorphism

P-rules Ax:S).M)N ~ M[N/[x]]
(Aa.)S ~ [[S/a]

n-rules Alx 2 8).M [x] ~ M
Aa.la ~ ]

elaboration rules let [ x]=Min N =~ (A(x:E).N)M
Ax.M ~ Mx:S).M
Ae.] =~ AAT
MO = M.Sl . Sn

B.4 Translation from Explicit ML to Prenex System F

x:EeT AT, x:ArM: T ANTFM:S—>T ATEN:S
— | = = A(x : S).[M]
AT [x]:E ATFAX:S)M:S—>T ATHFMN:T
AaT+1:E A;THM:Va.E
— |l =Aa[I] =[M]S
AT+ Aad:Va.E A;T+MS : E[S/a]
AN;THM:E A;T,x:E+N:F (e < E). IN]) [M] AT, x:S+M:T A S).[M]
= (Ax: E). =Ax:9).
A;Trlet[x]=MinN:F ATHFAXM:S—>T
AANTHM:E  principal(A,T, M, A", E') ATEM:VALS
= AN [M] Aro:N=- | = [M]aA)
AT+ Ae.M : VA E —_—
A;T + Me : 5(S)
C ML
C.1 Syntax of ML
Types.
Type Variables a,b,c
Type Constructors D == Int | List | = | X | ...
Monotypes S,Tz=a|DS§
Type Schemes E,Fz:=Va.s
Type Instantiation o :=0]|cla— S]
Type Contexts A=A a
Term Contexts la:=-|I,x:E
Terms.
M,N :=x
| Ax.M|MN
| letx=Min N
C.2 Type System of ML
Well-formed monotypes / type schemes.
ael arity(D) = n A+ S; ok A+ S, ok A,a+ E ok
A+ a ok AF DS ok A+ Va.E ok

Instantiation. |A+ o : AN = A’

Aro:N = AN A, A"+ S ok
ArQ: =N Arola S]:(A,a) = AN

H = [M] [N]
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Orthogonal Typing Judgement. | A\;T + M : E

Aprp
VAR U-Lam ATFM:S—>T
x:EeT AT, x:S+M: T A;THEFN:S
A;TrHx:E ATFAXM:S—>T ANTEFMN:T
LeT
ATHM:E I-GEN-LAX I-INST
AT, x:E-N:T AAN:TFM:S A;THM:VAS Aro:N = .
ATrletx=MinN: T A;THM:VA'S AT+ M:o(S)
Syntax-directed Typing Judgement. | A;T - M : S
VARINST U-Lam
x:VAN'.SeT Aro:N = - AT, x:S+M: T
AT Fx:o(S) ANTHFAXM:S—>T
Aprp LETGEN
ANTEFM:S—>T A = ftv(S) - A AAN;TFM:S
ATEN:S E=VA'.S ANT,x:E-N:T
ANTFMN:T ATrletx=MinN: T
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C.3 Desugaring from ML to Explicit ML

D SystemF
D.1 Syntax of System F

[x]e

x
letx=Min N

Type Variables a,b,c

Type Constructors D::

let [x] = Ae.M in N

Int | List] > | x|...

[x] | AMx:A).M|MN|AaM|MA

A,atr+ Aok
A+ Va.A ok

TyArp
A;T+M:Va.B

A;T,x:ArM:B

Types AB:=a|DA|Va.A
Type Contexts Auz=-|Aa
Term Contexts Fue=-|T,x:A
Term Variables X, Y, 2
Terms M,N ::=
D.2 Type System of System F
Well-formed types.
arity(D) = n
a€cl ArA ok --- A+ A, ok
A+ a ok A+ DA ok
Typing. |A;TFM: A
App
VAR ATEFM:A— B TyLaMm Lam
x:A€eT ATEFN:A ANaTFM:A
ATE[x]:A A;THMN :B AT FAaM:Va.A

8

ATrHAMx:A).M:A— B

A;T+MA: B[A/a]
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879
880
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D.3 Equational Rules of System F

As in Section 3 the equivalence M ~ N on terms M and N is defined only when M and N have the same type in the same

context (i.e., ;T + M : Aand A;T + N : A).

P-rules Ax : A).M)N =~ M[N/[x]]
(Aa.M)A ~ M[A/a]
n-rules Ax:AM[x] =M
Aa.Ma ~ M
E Explicit FreezeML
E.1 Syntax of Explicit FreezeML
Types.
Type Variables a,b,c
Type Constructors D:u=Int|List| > |x]...
Types AB:=a|DA|Va.A
Monotypes S,T:=a|DS$S
Guarded Types Gu=a|DA
Monomorphic Instantiation ¢ =0 | o[a > 5]
Polymorphic Instantiation du:=0]|6la— A]
Type Contexts Az=-]Aa
Term Contexts Fae=-|Tx:A
Terms.
ITerm > I, ] == [x] MTerm > M, N == [x] PTerm > P,Q == [x]
| AMx:A).I|IQ | Ax:A).M|MQ | Ax:A).P|PQ
| Aal|IA | Aal|MA | Aal|PA
| let[x]=TIin]J | let [x]=Min N | let [x]=MinQ
| Ax.M | Ax.P
| Ae.P | Ae.P | Ae.P
| Me | Pe
| Px
E.2 Type System of Explicit FreezeML
Well-formed types.
a€i arity(D) = n A+ A; ok A+ A, ok A,at+ Aok
A+ a ok A+ DA ok A+ Va.A ok

Monomorphic instantiation. ’ Aro:N =N

ArQ: =, N

Polymorphic instantiation. |[A+ 6 : N =, A”

ArQ: =, N

Aro: N =.AN’ A, A" + Sok
Arola— S]: (A, a) = A"

ArS: AN =, N’ A, A"+ Aok
Ardflar— Al: (A a) =4 A’
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Principality judgement. | principal(A,T, P, A", A")

principal(A,T,P,A’, A”) =
AN =ftv(A’) = A and A,A’;T+P:A" and
(forall A”,A” | if A” = ftv(A”") — A and
AN ;THP:A”
then there exists § such that
Ard:N =, AN and 6(A") = A”)

Typing judgement. | A;T P : A

Arp
VAR Lam ATHP:A— B TyLam TyApp
x:AeT A;T,x:A+rP: B ATHQ:A A,a;T+I:B A;T+M:Va.B
AT H[x]:A ATHAMx:A.P:A— B ATHPQ:B AT+ Aall:Va.B N;T+MA: B[A/a]
LET U-Lam
ATHFM:A AT, x:Ar N:B AT, x:S+M:B
A;Trlet[x]=Min N : B ATHAXM:S — B
MONOINST PoryINsT
GEN ATHP:VA .G ANTHP:VAN .G
AN:TFM:A principal(A, T, M, A", A") Aro: N =, Aré:N =, -
AT HAeM: VA A A;T + Pe : 6(G) AT+ Px : 5(G)

E.3 Equational Rules of Explicit FreezeML

As in Section 3 the equivalence P ~ Q on terms P and Q is defined only when P and Q have the same type in the same context
(e, A;sTHP:Aand A;T Q1 A).

P-rules (Alx : A).P)Q ~ P[Q/[x]]
(Aa.D)A ~ J[A/a]

n-rules Alx : A).P[x] ~ P
Aala ~ ]

elaboration rules let [x]=MinQ =~ (A(x:A).Q)M
Ax.P ~ Mx:S).P
Ae.] ~ AAI
Pe ~PS ...S,
Px ~ PA; ... A,
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E.4 Translation from Explicit FreezeML to System F

x:AeTl AN;T,x:A+rP:B ANTHFP:A— B ATHQ:A
— | =x = AMx : A).[P]

ATE[x]:A ATHA(x:A).P:A— B ATHPQ:B
AaTHI:A A;T+P:Va.B
= Aa.[I] =[Pl A
AT+ Aald:Va.A A;T +PA:B[A/a]
ATHFM:A AT, x:ArQ:B (A A). [0]) [M] A;T,x:S+P:B A ) [P
= (Mx : A). =AMx:S).
A;Trlet [x]=MinQ: B Q A;THAx.P:S — B
AA;T+P:A  principal(A,T,P, A", A') ATrP:VALG
— = AN [P] Ato:AN =, | = [P] o(A)
A;THAeP: VA A D ——
A;T + Pe: 0(G)
ATHP:VA' .G
AF(S‘:AI S = [[P]] 5(A/) =

AT+ Px : 5(G)

F FreezeML
F.1 Syntax of FreezeML
Types.
Type Variables a,b,c
Type Constructors D:u=Int|List| > | X]...
Types A,Bu=a|DA|Va.A
Monotypes S,Tz=a|DS
Guarded Types G:=a|DA
Polymorphic Instantiation  § == 0| d[a — A]
Term Variables X, Y,z
Type Contexts A:z=-|Aa
Term Contexts Fu=-|T,x:A
Terms.

Terms P,Q:=x|[x] | Ax.P
| AM(x:A).P|PQ
| letx=PinQ
| let(x:A)=PinQ

F.2 Type System of FreezeML

Well-formed types.

a€eAl arity(D) = n A+ A; ok A+ A, ok A,a+ Aok
A+ a ok A+ DA ok A+ VYa.A ok

Polymorphic instantiation. ’ ArS§:N =, N

ArS: N =, N’ A, A"+ Aok

ArQ:-=, N ArSla— Al : (A,a) =>4 A
11

H =[P Q]
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Principality judgement. | principal(A,T, P, A", A")

principal(A,T,P,A’, A”) =
AN =ftv(A’)— A and A,A’;T+P:A" and
(forall A”,A” | if A” = ftv(A”) — A and
AAN;THP:A”
then there exists § such that
Ard§:N =, AN and 6(A") = A”)

Typing judgement. | A;T + P : A

In contrast to Emrich et al. [4], we first present a simplified variant of FreezeML that does not incorporate the value
restriction. In Appendix G we describe how to adapt the following to support the value restriction.

VARINST
VAR x:VAN'.GeT
x:A€eTl ArS: AN =, -
ATH[x]:A AT Fx: 5(G)
U-Lam Lam
AT, x:S+P:B AN;T,x:A+rP:B
ATHAx.P:S— B ATHAx:A).P:A—> B
Arp
ATHP:A— B ATHQ:A

ANTHPQ:B

LETGEN
A = ftv(A") - A A=VAN A AN ;TP A AT,x:A-Q: B
principal(A,T,P, A", A”)

A;Trletx=PinQ:B

A-LETGEN
A=VA'G AN;T+HP:G AT,x:A-Q: B

A;Trlet(x:A)=PinQ:B

F.3 Desugaring from FreezeML to Explicit FreezeML

x = [x]x
letx=PinQ = let[x]=Ae.PinQ
(P:A) = (Mx:A.[x])P
(Ae.P:YVA.G) = AA.(P:G)

let(x:A)=PinQ (Alx : A).Q) (Ae.P : A)

G Incorporating the Value Restriction

None of the calculi presented in this work obey the value restriction [18], which is used in ML-like languages to retain type
soundness in the presence of side effects (e.g., mutable references). We revisit versions of ML and FreezeML that do obey the
value restriction (the latter following Emrich et al. [3]), and show how the desugaring to the corresponding explicit calculus
has to be updated to incorporate the value restriction.

For the remaining systems displayed in Figure 1 (Prenex System F, System F, Explicit ML, Explicit FreezeML), incorporating

the value restriction it suffices to restrict the body of the type abstraction and generalisation operators to be syntactic values.

G.1 ML

Syntax. We define the grammar of syntactic values as follows.

Val o V,Wu=x|AxM|letx=VinW
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Typing. We define the following helper function.

ftv(A)— A if M € Val

gen(A, A M) = { otherwise

We then replace the ML typing rule LETGEN of the syntax-directed variant of ML (Appendix C.2) by the following rule.

LETGEN
A =gen(A,S,M) AAN;THM:S
E=VA'S AT,x:E-N:T

ATrletx=MinN: T

To adapt the orthogonal presentation, it suffices to limit the rule I-GEN-LAX to syntactic values.

Desugaring to Explicit ML. We replace the desugaring rule for let with the following:

letx=VinN = let[x]=AeVinN
letx=MinN = let[x]=MinN if M ¢ Val
G.2 FreezeML
Syntax. The grammar is augmented as follows:
Monomorphic Instantiation oc:=0]oclar S]
Values Val 5 V,W == x| [x] | Ax.P | A(x:A).P|letx=VinW |let(x:A)=VinW
Guarded Values GVal > U =:=x | Ax.P|A(x:A).P|letx=VinU |let(x:A) =VinU

Typing. We define the following helper judgements and functions.

ArFo: N =.N’

Aro:N =.AN’ A, A" + Sok

ArQ: =, A Arola S]: (A, a) = A"
(AN P.A) g A
P e GVal Aro:N =, - P ¢ GVal
(A,A',P,A') § VA" .A' (AN, P,A') § o(A)

_ | @, A ifPeGval
gen(A, A, P) = { (, A’) otherwise
where A’ = ftv(A) — A

(A,G)  ifPeGVal

split(VA.G, P) = { (,YA.G) otherwise

(The judgement A + ¢ : A’ =, A” is the monomorphic instantiation judgement of Explicit FreezeML.)
We replace the FreezeML typing rules LETGEN and A-LETGEN with the following rules.

LETGEN’
) = genlA, 5 > s L > L : X F :
A',A") = gen(A, A, P AN, P,A)YFA  AATEP:A ATx:A B
principal(A,T, P, A", A")

A;Trletx=PinQ:B

A-LETGEN’
(A, A”) = split(A, P) AAN;THP:A AT, x:A+rQ:B
ATrlet(x:A)=PinQ:B
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Desugaring to Explicit FreezeML. We replace the desugaring rule for let with the following two rules according to whether
the bound term is a guarded value or not.
letx=UinQ = let[x]=AeUinQ
letx =Pin Q let [x] = (Ae.A().P)e () in Q if P ¢ GVal

Here, () is the usual data constructor of the unit type and thunking enables us to treat P as a value, as per the value restriction.

We replace the desugaring rule for type-annotated let with the following two rules.
let(x:A)=UinQ (A(x : A).Q) (Ae.U : A)
let(x: A)=PinQ (A(x : A).Q) P if P ¢ GVal
We rely on the syntactic sugar for type-annotated terms and type-annotated generalisation from Section 3; the latter being
restricted appropriately to accommodate the value restriction.
(P:A Alx - A).[x]) P
(AU :YA.G) = AA.(U:G)
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