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Abstract

We propose Frost, a novel approach to bidirectional type
inference for first-class polymorphism. Conventional bidi-
rectional typing usually considers unidirectional information
flow between functions and arguments, typically from the
former to the latter. Frost allows local type information to
flow back and forth between functions and arguments via
pattern inference. A freezing operator is used to control the
direction of information flow when there is no best choice.
The flexible information flow of Frost enables expressive
and predictable inference of polymorphic instantiation and
implicit type abstraction. We conjecture that Frost admits a
simple, sound and complete type inference algorithm and
generalizes to type inference for modal types.
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1 Introduction

ML-style type inference [5, 17] has enjoyed great success in
programming languages for inferring rank-1 polymorphic
types without any user annotations including type abstrac-
tion and instantiation. Nonetheless, polymorphic types are
treated as second-class, since quantifiers must be top-level
and instantiated with monomorphic types. Many approaches
to type inference for first-class polymorphism, which allows
quantifiers to appear anywhere and be instantiated with
polymorphic types, have been proposed in the past thirty
years [1, 10, 11, 14-16, 18, 20, 21]. These approaches make
different trade-offs between user-provided annotations, pre-
dictability, and complexity of the type inference algorithms.
However, first-class polymorphism still remains one of the
most challenging problems of type inference.

Bidirectional typing [6, 7, 13, 19, 26] for higher-rank poly-
morphism (which allows quantifiers to appear anywhere but
restricts instantiation to monomorphic types) has enjoyed
great success. Key to this success is the property that when re-
stricting to monomorphic instantiation, we can easily guess
monotypes and solve them via unification. There are two
modes in bidirectional typing: a checking mode which checks
a term against an input type, and a synthesis mode which
synthesises an output type from a term. The local type infor-
mation provided by the checking mode helps with inferring
implicit type abstraction and polymorphic arguments.

We start from the observation that local type information
also provides valuable guidance on polymorphic instantiation
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for first-class polymorphism. However, traditional bidirec-
tional type systems place rather severe restrictions on the
flow of local type information. We extend bidirectional typ-
ing with expressive information flow and a freezing operator
to control flow directions inspired by FreezeML [10]. We
propose Frost!, a novel type system for first-class polymor-
phism based on bidirectional typing. Frost follows the prin-
ciple shared by many existing systems that polymorphism
should never be guessed. Frost only instantiates a type with
a polymorphic type when the local type information requires
such a type; otherwise it guesses a monomorphic type.

Local type information in Frost mainly serves three pur-
poses: implicit type abstraction, polymorphic arguments,
and polymorphic instantiation. However, theses purposes
typically require different directions of information flow be-
tween functions and arguments. Consider the application
M N. When type information flows from M to N, we can
type check N and infer potential implicit type abstraction.
When type information flows from N to M, we can instan-
tiate M with the information provided by N. To support
both directions simultaneously, we first infer a pattern for
the argument N. A pattern is a type skeleton with holes
and only provides the type information independent of the
surrounding context. That is, no matter where a term is, its
type must be consistent with its pattern. The pattern of N
always flows to M before the type information provided by
M flows back to N. To control which information flows from
arguments to functions, we introduce a term-level freezing
operator. Freezing a term makes its type independent of the
surrounding context and thus can be collected in patterns
and used for synthesising the type of other terms.

In summary, Frost has the following main advantages.

o Predictability. Frost has a clear declarative presentation.

o Simplicity. Frost does not require new type syntax and
admits a sound and complete algorithmic type system
with simple constraint solving (work in progress).

o Expressiveness. Compared to QuickLook [20], which also
uses local type information for first-class polymorphism,
the pattern inference and freezing of Frost enable more
fine-grained control over local information flow, allowing
more programs to be synthesised and checked.

The remainder of this extended abstract gives an overview of
Frost with examples and illustrative typing rules. For space
reasons, we do not discuss the specification of Frost in this

IFrost forms when vapour flows to cold surfaces and freezes into ice crystals.
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extended abstract. Frost is still work in progress. We are
working on formalising the type inference algorithm and
proving its soundness and completeness. We also plan to ex-
tend Frost to type inference for modal effect types, inferring
implicit modality introduction and elimination [23].

2 Frost
2.1 Flowing from Functions to Arguments

Most bidirectional type systems [4, 7, 8, 12, 27] infer the
type of the function first, instantiate the type, and use its
argument types to type check each argument. The local type
information flows from functions to arguments as illustrated

in the following informal rule.
FunToARG

r''rM= A A<A — B

I''rMN=B

We write = for synthesis mode and < for checking mode.
We write A < B if A can be instantiated to B. As a result,
the argument N is in checking mode, allowing us to infer an
implicit type abstraction for it. When N is a lambda Ax.N’,
the checking mode also gives us the type of the parameter x.
For instance, consider the function application poly (Ax.x)
where poly : (Va.a — a) — Int. Using the argument type
Va.a — a of poly to type check Ax.x, we can infer that there
is an implicit type abstraction Aa wrapping the argument
Ax.x, and the parameter x should have type a.

Frost supports the information flow from functions to ar-
guments. However, only having this direction of information
flow is not enough as we have no guidance when we need
to instantiate the function type. Previous systems adopting
this rule solely mitigate the problem by adopting unifica-
tion [4, 7, 12, 27] on top of the bidirectional typing to allow
undirectional information flow. However, since arbitrary im-
plicit polymorphic instantiation is undecidable [3, 24], they
only consider predicative higher-rank polymorphism where
instantiation is restricted to monomorphic types, In contrast,
Frost enables implicit polymorphic instantiation by allowing
selective reversal of the direction of information flow.

TN <A

2.2 Flowing from Arguments to Functions

Local type inference [19] supports inferring argument types
first and using these types to guide the typing of a function

as illustrated in the following informal rule.
ArGToFun

I'N = Ay 't M= A
A < A; — B guided by argument type A,

'rMN=B

When the function has a polymorphic type, the type infor-
mation from arguments provides useful guidance on how we
should instantiate the polymorphic function type, especially
enabling polymorphic instantiation. For instance, consider
the application head ids where head : Va.List a — a and
ids : List (VYa.a — a). We know that the first argument
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type List a of head should match the type of ids. Thus, a
should be instantiated to the polymorphic type Ya.a — a.
The information flow from arguments to functions is also
useful for assigning types to parameters of unannotated
lambda abstractions. For example, consider inferring the type
of the application (Ax.x) ids. It is clear that the parameter x
should have exactly the type of the argument ids. However,
the ARGToFuUN rule is not powerful enough to cover this case.
Xie and Oliveira [26] propose a special application mode
I' | ¥+ M = A which extends synthesis mode with a
context ¥ collecting the types of arguments that M is applied
to. When an application M N is encountered, the type of the
argument N is first inferred and added to ¥ when typing M

as illustrated by the following rule.
LETARGGOFIRST [26]

T|Y-+N—=A T|A¥Y-M=A—>B
T|¥-MN = B

Their system supports examples like (Ax.x) ids but does
not support polymorphic instantiation.

Frost supports information flow from arguments to func-
tions and uses it for both polymorphic instantiation and
assigning types to parameters of unannotated lambda ab-
stractions. In fact, similarly to application mode, the typing
judgement of Frost has the formI' | p + M = A. The main
difference is that p does not contain types for arguments but
their patterns, the key feature that enables Frost to support
both directions of information flow simultaneously.

2.3 Flowing Back and Forth via Patterns

Naively having both directions of information flow in Sec-
tions 2.1 and 2.2 would require backtracking, which is unre-
alistic for practical type inference. Instead of backtracking or
relying on ad-hoc heuristics, Frost supports both directions
of information flow by first collecting pattern information
from arguments, then inferring the function type guided by
the pattern information, and finally using the argument types
of the inferred function type to type check each argument.
The typing rule for application in Frost is as follows.

T-Arp

'rN==P
' P,p-rM=A—>B rEN&A

T|prMN =3B

The pattern inference judgement I' + N == P infers a
pattern P for a term N under context I'. We add this pat-
tern P to the pattern row p when inferring the type of M,
similar to the LETARGGOFIRST rule. Finally we type check
the argument N, similar to the FUNTOARG rule. A pattern
is a type with holes (for which we use the ghost symbol 1)
representing unknown information. We say that two pat-
terns are consistent if they are equivalent modulo unknown
information [22]. If N has pattern P, every type N must be
consistent with the pattern P. Formally, if ' - N == P, then
for any type A such thatI' + N < A, we have that A is
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consistent with P. In other words, the pattern P gives the
type information provided by N independently of where N
is and which information the context provides.

For instance, the term Ax.x has pattern VA.Q4 — [, which
covers any function type with an arbitrary number of top-
level quantifiers.? As another example, the term ids has
pattern VA.List (Va.a — a). The VL. reflects potential
implicit type abstraction of ids. Note that as with many
other systems for first-class polymorphism, we only care
about shallow instantiation [2] where the polymorphic type
Va.a — a inside List cannot be instantiated.

Back to the example poly (Ax.x) in Section 2.1. The pat-
tern V.21 — 1 of Ax.x does not contribute to the typing of
poly but is harmless since it is consistent with Ya.a — a.

Back to the example head ids in Section 2.2, what really
flows from ids to head is not the type of ids but its pattern
VA.List (Ya.a — a). We still know that we should instanti-
ate head with Va.a — a because the argument type List a
must be consistent with the pattern VQ.List (Ya.a — a).

The above examples essentially only use one direction
of information flow. We give another example which uses
both directions of information flow. Consider a higher-rank
polymorphic function poly’ : Va.(Vb.b — b X a) — a.
Frost infers the type List (Va.a — a) for the application
poly’ (Ax.(x, ids)). First, the pattern information Y1.Q —
Ax(VA.List (Va.a — a)) of the argument Ax.(x, ids) flows
to poly’. This information tells the function to instantiate a
toList (VYa.a — a). After instantiation, we get the argument
type Vb.b — b X List (Va.a — a), which we use to type
check the argument Ax.(x, ids) and infers that there should
be an implicit type abstraction Ab.

2.4 Freezing Flow

Sometimes the pattern is not as informative as we want. For
instance, consider the application single id where single :
Va.a — List a. For the argument id, the most precise pat-
tern information we could collect is VA.fA — [\ because
of implicit instantiation and type abstraction. This pattern
information does not tell us anything useful for polymor-
phic instantiation of single. In this case Frost would just
guess a monotype consistent with VA.£1 — [ to instantiate
a and finally infer List (r — 7) with some monotype 7 for
single id. This is unsatisfying as List (Va.a — a) is also
a perfectly reasonable type for single id which even more
precisely reflects the point that each element in the list is
itself a polymorphic function. Inferring this type requires
more information from id to flow to the function single
and guides its instantiation.

We introduce a term-level freezing operator to control the
directions of information flow. When a term is frozen, its type
is what we infer from it and cannot depend on the surround-
ing context. As a result, we can directly use the inferred type

2Unlike dynamic types in gradual typing, our ghosts not only appear as
types but also appear as V1. which matches any number of quantifiers.

as its pattern without considering potential implicit type ab-
straction and instantiation. In other words, previously for a
term there are inward and outward information flows, while
freezing a term fixes the direction to outward only. Back to
the example of single id, we could freeze id by writing
[1d]. Frost infers the type List (Ya.a — a) for single [id].
As another example, given fint : (Int — Int) — Int,
the application fint [id] is ill-typed because freezing id
disables instantiation.

Freezing naturally propagates through program structures
such as let-bindings, bodies of lambda abstractions, and
data constructors. For instance, Frost still infers the type
List (Ya.a — a) for single (let x = 42 in [id]).

2.5 More Examples

Since Frost collects patterns of arguments in the typing
judgement, information from multiple arguments can be
used in together to guide polymorphic instantiations. For
instance, given choose : Ya.a — a — a, Frost infers the
type (Va.a — a) X (Va.a — a) for the following term.

choose (Ax.x, [id]) ([id], Ax.x)

For the same reason of collecting argument patterns, Frost
is not sensitive to n-expansion. For instance, -expanding
choose in the above term does not prevent Frost from infer-
ring the type (Va.a — a) X (Va.a — a).

Frost allows instantiation to happen after each step of ap-
plication. For instance, Frost infers type Int for head ids 42.
After the first application head ids we get the type Va.a — q,
which is instantiated with Int before the second application.

Frost also allows information to flow from one argument
to another argument by using the function as a bridge. Con-
sider the application choose [id] (Ax.x). Frost infers that
there is an implicit type abstraction for Ax.x. The informa-
tion flows from the first argument to choose and then to
the second argument. Frost is not sensitive to the order of
arguments and still works for choose (Ax.x) [id].

Frost adopts the ML value restriction [25]: implicit type ab-
straction is only allowed for values. For instance, poly (id id)
is ill-typed because id id is not a value. We can make it well-
typed by freezing: poly (id [id]). Now id [id] directly
gives the type Ya.a — a without implicit type abstraction.

A more thorough demonstration of Frost can be found
in Appendix A including both positive and negative ones,
comparing against QuickLook [20], GI [21], HMF [15], and
FreezeML [10]. Most examples are from Serrano et al. [20, 21],
with some new examples demonstrating Frost’s advantage
on handling bidirectional information flow.
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A Comparison of Type Systems for
First-Class Polymorphism

Figure 1 compares Frost with QuickLook (QL) [20], GI [21],
HMF [15], and FreezeML [10] via examples taken from Ser-
rano et al. [20, 21]. Figure 2 continues the comparison with
new examples demonstrating the expressiveness of flexible
information flow and freezing of Frost. Type signatures of
functions appeared in these tables are given in Figure 3.

All systems included in the comparison table only require
simple constraint solving for type inference, mostly just
unification of polymorphic types. There are other systems
like MLF [1], HML [16], SuperF [18] which introduce new
type syntax and sophisticated constraint solving. The per-
formance of these systems on examples in Figure 1 can be
found in the literature [9, 18, 20].
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459 B Functions on polymorphic lists 514
460 B1 tail ids | head ids | single id () () () ® () 515
461 B2 cons id ids (] { (] ® O 516
462 B3 cons (Ax.x) ids () () () [ ) © 517
463 B4 append (single inc) (single id) [ ) [ () ® ® 518
464 B5 [20]  append (single id) ids () () O O © 519
465 B6 map poly (single id) ° ° @) @) © 520
466 B7 map head (single ids) ® ® () ® () 521
467 B8 head ids true [ ) [ ) [ [ ) © 522
468 C Inference of polymorphic lambda binders and generalisation points 523
469 Cla Af-(f 42, f true) 0O O O o O 524
470 C1b A(f :Ya.a — a).(f 42, f true) ° ° ) ) ° 525
47 Clc [20] g (Af.(f 42, f true)) ) ) O O O 526
472 where g : ((Va.a = a) — Int X Bool) — 1 527
473 C2 r (Ax y.y) ° ° O O © 528
474 where r : (Va.a — Vb.b — b) — Int 529
475 E n-expansion 230
476 Ela k h Ist O O O O O 231
477 E1b k (Ax.h x) Ist [ ) [ () [ © >32
478 where Ist : List (Va.Int — a — a), 533
479 k :VYa.a — Lista— a, h:Int - VYa.a —> a 334
480 E2a [20] Ax.poly x O O O O O 535
481 E2b [20] (Ax.poly x) : (Va.a — a) — Int X Bool [ ) [ ) O [ ) O 236
482 E3a app poly id ® (] ® ® () 237
483 E3b [20] app (Ax.poly x) id © O O O O 538
484 Frost: app (Ax.poly x) [id] 539
485 E4a [20] map poly ids o ® ® ® ® 540
486 E4b [20] map (Ax.poly x) ids [ ) [ ) O O O 241
487 E5a [20] compose poly head ® ® () ® ® 42
488 E5b [20] Axs.poly (head xs) @) @) @) @) @) 43
489 544

490 Figure 1. Comparison of type systems with FCP. Cover all examples in GI [21] and QL [20] (examples from QL are marked). 45

491 @ means well-typed; O means ill-typed; © means well-typed after adding type-free annotations (e.g., the freezing operator). We >46
492 provide the well-typed terms with freezing operators in Frost in the case of ©. 47
493 548
494 549

495 5 550
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Frost QL  GI HMF FreezeML

E n-expansion (new)
E6  (Af.app f) poly id () O O O O
E7  (Af.app poly f) id © O O O O
Frost: (Af.app poly f) [id]
B  p-expansion (new)
B1 (Ax.app) 42 poly id () @) (] ® ()
B2 (let x = 42 in app) poly id [ ) @) ° (] ©
B3  app ((Ax.poly) 42) id () O () () ©
F Freezing and bidirectional information flow (new)
F1  f (Ax.ids) e O e e o
where f : Va.(Int —» a) —> a
F2  f (Ax.(x, ids)) ) O [ ) [ ) ©
where f : Va.(Vb.b > bXxa) —> a
F3  f (Ax.ids) e O O O O
where f : Va.((Vb.b — b) — a) — a
F4  (Af.(f 42, f true)) id © O O O O
Frost: (Af.(f 42, f true)) [id]
F5 pair (Ax.x) 42 : ((Va.a = a) — Int) X Int ® ® @) O O
F6  choose churchNil churchIds o ©) (] [ ) [ )
F7  churchHead (choose churchNil churchIds) © O o o O
Frost: churchHead (choose churchNil [churchIds])
F8a polys (single id) [ ) ® O O ©
F8b let xs = single id in polys xs O @) O @) O

Frost: let xs = single [id] in polys xs

Figure 2. Comparison of type systems with FCP (continued). New examples. 1 means well-typed only without value restriction.

head
nil

single

runST :
argST :

id

ids :

inc

choose

:VYalista—a tail
:VYa.lista cons
:Ya.a — List a length
Va.(Vs.STsa) — a app
Vs.STs Int revapp
:Ya.a—a auto :
[Va.a — a] auto’
:Int — Int poly :
:Yaa—a—a polys :

:VYa.list a — List a

:Va.List a — Int
:VYab.(a—>b) > a—b

:Yab.a— (a—>b) > b

append : Ya.List a — List a — List a

:Va.a — List a — List a map : Vab.(a — b) — List a — List b

compose : Yabc.(b —¢) > (a—b) > a—c
pair:VYab.a—>b—axb
ChurchLista =Vb.b » (a—b—>b) > b

(Va.a — a) — (Va.a > a) churchNil : Va.ChurchList a

:Vb.(Va.a = a) — (b — b) churchlds : ChurchList (Ya.a — a)

(Va.a — a) — Int XBool churchHead : Va.ChurchList a — a

List (Va.a — a) — Int X Bool

Figure 3. Type signatures for functions used in the comparison.
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