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Type inference plays a key role in the practical implementa-
tions of type systems. In the implementations of type infer-
ence, such as those in GHC and the OCaml compiler, various
implementation techniques are often incorporated. While
these implementation techniques can improve algorithmic
efficiency and lead to a more uniform handling of multi-
ple type features, they often exist only as folklore within
the compiler source code, understandable only to a select
group of implementers. Moreover, these techniques are not
always reflected in the formal specifications of type infer-
ence, compromising the theoretical guarantees established
by the formalism.
In this talk, we argue that formalization of type infer-

ence implementation techniques is crucial in its own right. It
exposes folklore to a wider community, and places implemen-
tation techniques on a more secured theoretical foundation,
uncovering subtle bugs in the implementation. A precise
and formal understanding also allows for exploration of a
wider design space with different tradeoffs of the algorithms.
We present our ongoing efforts in bringing various type in-
ference implementation techniques and their formalization
together, under different settings of type system features, in-
cluding bidirectional typing for higher-rank polymorphism
[1, 7], constraint-based type inference for generalized al-
gebraic data types (GADTs) [10], and its generalization to
type classes and type families [11], among other interesting
directions.

Higher-Rank Polymorphism with Levels
Levels, an implementation technique originally proposed by
Rémy [8], have been widely adopted in the modern type in-
ference engines. Moving beyond its original application for
sound and efficient implementation of let generalization [4],
levels have become a crucial concept that governs scope at
the type level in practical type checkers, including checking
if skolem (or rigid) type variables escape their scope, in par-
ticular with the presence of higher-rank polymorphic types
and their subtyping [1, 6, 7]. We present the first formalism
of levels for higher-rank polymorphic type inference and
local data types (aka type regions) with bidirectional typing
[2]. We establish novel level-based properties and invariants
of the algorithm. The soundness and completeness results
between specifications of the algorithm with and without
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levels are mechanized in Rocq. Furthermore, we provide an
implementation of levels for the type inference engine in
Koka [5] with empirical evidence showing that level-based
type inference is indeed more efficient in practice.

GADTs with Levels
Although GADTs bring extra expressiveness to types, type
inference for GADTs [12] is notoriously difficult, as local
type equality assumptions introduced by pattern matching
of GADTs bring ambiguity that risks the existence of prin-
cipal types. OutsideIn [10] is the approach implemented in
GHC for principal type inference with GADTs. By forbid-
ding unification to happen on a set of untouchable type vari-
ables, i.e. those with lower levels from the “outside”, it ef-
fectively prevents local assumptions from leaking out of
their scope. We present an ongoing work on a formalism
of the constraint-based OutsideIn algorithm with levels and
establish its meta-theoretical properties, including principal-
ity of type inference, in the new level-based setting. This
level-based formalism further serves as a foundation for ex-
ploration of the design space of the algorithm, and uncovers
a subtle bug in the implementation of GHC, which caused
loss of principality of the inferred types.

Future Directions
We discuss a few directions we are currently exploring. The
implementation of OutsideIn in GHCmaintains a crucial data
structure called inert set, as the backbone of its constraint
solver based on interactions between constraints, which han-
dles an enriched set of constraints including type class con-
straints and type family axioms [11], and stores constraints
currently unsolvable until further information comes in light.
We are interested in a rigorous formal understanding of it
and its properties, such as termination of the solver, and
its interaction with levels. Moreover, OCaml employs the
ambivalent type [3] approach for principal type inference
with GADTs, implemented by keeping track of an additional
scope number on types. We are interested in its combina-
tion with the constraint-based OutsideIn approach, as hinted
by Rémy [9], in a level-based framework. Furthermore, we
are interested in mechanizing the level-based algorithm for
higher-rank type inference, as levels shed new light on mech-
anization of type inference algorithms, where it is crucial to
ensure well-scoped unification.
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