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1 INTRODUCTION

Bidirectional typing and constraint-based type inference are common approaches to deducing types
for partially annotated programs. Bidirectional typing is a simple algorithmic system with type
information propagating from the outside in [Dunfield and Krishnaswami 2019]. This produces
clear error messages at the cost of requiring explicit type annotations in certain situations, e.g.
top-level functions. Type inference allows programmers to omit most or all type annotations, but
requires complex constraint solving for type checking, making it difficult for users to reason about
types and producing complex error messages [Loncaric et al. 2016]. This paper develops type hole
inference, which combines the benefits of bidirectional typing and type inference.

In recent work on the Hazel programming environment, Omar et al. [2017] assign formal meaning
to incomplete programs, i.e. programs with holes, by developing a bidirectional type system with
support for expression and type holes. Type holes operate as the unknown types from gradual type
theory [Siek and Taha 2007]. Our approach takes this type system and adds constraint solving as a
layer on top to suggest type hole fillings, without making constraint solving necessary for typing.
Take the following Hazel programs extended with type hole inference as examples:

Ax:f.{x (x + 1)}

RESULT OF TYPE: Int RESULT OF TYPE: >
(a) Example of static error (c) Example of constraint solving failure
AX: Ax o+ 1} Ax:Int.{x + 1}
RESULT OF TYPE: > Int RESULT OF TYPE: Int - Int
(b) Example of constraint solving success (d) Example of filling type holes

Fig. 1. Programs in Hazel environment

Figure 1a fails type checking at bidirectional typing, so our system reports a static error. Bidirec-
tional judgements easily trace back the error and indicate the source in the editor with a red box,
showing that the operand should be Int type.

Figure 1b is an example succeeding in both static checking and constraint solving. The bidirec-
tional typing requires that a type annotation be provided on the lambda, but it is left as a hole. The
system synthesizes the "? — Int" type, with "?" standing for hole type. The constraint solver then
generates a solution, [(?, Int)], for the hole. Hence, the type hole is filled with a gray "Int" in the
editor. The programmer can use a keyboard shortcut to replace the type hole with the suggested
type as shown in Figure 1d, and the expression is synthesized to "Int — Int" after replacement.

Figure 1c is an example failing in constraint solving. Constraints, (? ~ Int) and (? ~? —7?), conflict
since the type hole can not be Int and arrow type at the same time. In this case, the expression
still remains well-typed since x is of hole type. The system postpones type-checking to runtime.
However, the failure to infer a type is visually reported to indicate the issue.
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2 Zhiyi Pan

Type hole inference has a simple typing algorithm, simple error messages, and explicit annotations
in the same situations that bidirectional typing does. However, programmers don’t have to actually
fill out those explicit annotations, most of which are type holes inserted and filled by the type hole
inference automatically as shown in Figure 1b. The algorithm treats type holes as unknown types,
and regards expressions well-typed no matter how constraint solving goes.

Contributions. The contributions of this paper are: (1) a new bidirectional typing system
extended with type constraints in section 2; (2) a type inference algorithm to handle type holes in
section 3.

2 TYPESYSTEM FOR TYPE HOLE INFERENCE

Figure 2 defines the syntax of H-types and H-expressions. We start from the definition given in
Omar et al. [2017] except two modifications. First, we add an annotated lambda. Second, we attach
a unique type hole identifier, drawn as a superscript capital letter, to each type hole, such as ()*.
In this way, type holes are identified as type variables. There are two types of expression holes:
empty holes, (), standing for missing parts of an incomplete program, and non-empty holes, (e),
operating as membranes around static and dynamic type inconsistencies [Omar et al. 2019].

num| 7 — 7| ()4

x|(Ax.e)|(Ax:t.e)|e(e) |n|(e+e)|e:z]| ()] (e)
Fig. 2. Syntax of H-types, H-expressions, and Type Constraint Set

HTypr
HExpe

Figure 3 defines a bidirectional typing system extended with type constraint sets. Type constraint
set C is a set of type consistency equations, namely type constraints. Type consistency 7 ~ 7 is a
symmetric and reflective but not transitive relation defined in figure 4 [Omar et al. 2017]. We use a
union operation, C U C, corresponding to mathematical set union operation to generate constraints
inductively through bidirectional propagation. The type constraint set is solved by the unification
algorithm in section 3, but importantly, constraint solving is not necessary for typing to succeed.
The typing context, I', maps a set of expression variables to their types. Rule 1e and 1f synthesize
expression hole to hole type, with premise, (A fresh), indicating generation of a new type identifier.
Rule 2a and 2b have type consistency in their premises, generating new constraints and merging
them into constraint sets in the conclusion. Rule 1h, 2b and 2c have matched arrow type judgements
defined in figure 5. They leave the arrow type unchanged and assign the type hole the matched
arrow type () — ()€ with fresh identifiers and constraint generation [Omar et al. 2017].

3 TYPE HOLE INFERENCE ALGORITHM

Type hole inference takes two steps: (1) use bidirectional typing for type checking, type synthesis
and constraint generation; (2) solve the constraint set by unification to infer types for type holes
[Pierce 2002]. In contrast to type inference, our approach has the following features: (1) we separate
type checking and constraint solving into two steps. The system only does type checking and
triggers static errors at the first step; (2) expressions remain well-typed when the constraint solver
can not find a solution for type variables, for instance when one type variable is equal to multiple
types. The system postpones the remaining type checking to runtime. Since type variables may be
unconstrained after unification, we can generalize those type holes by introducing polymorphism
in the future work.

Constraint Generation. Constraints are generated through bidirectional judgements in figure 3.
Take (Ax : ()*.x + 1) () as an example. We apply rule 1h, 1g, 1b, 2a and 1e to derive a constraint set:
{(0* ~ num; ()2 ~ ()8}, where ()® is a fresh type hole generated in rule 1e.



99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147

Type Hole Inference 3

I'+ e=7 | C|e synthesizes t Fre=>n |G

(1a) L » L Tin = Tour | Co 't ey=rn,|Cs
Ix:trx=1]|{} T'+e(e)=Tour | CtUCL,UCs
- (1b) (1h)
'+ n=num| {} e analyzes against T
I' F eg<=num | Cq T+ eye=num | C, ( )
1c ’ ’
J (61 + ez)=>num | CiUC, [resr | Ci T~ (za)
Ttest|C Trtesr |CU{r ~1}
— (1d)
I't(e:r)=7|C o, Tin — Tour | C1
(A fresh) I,x:Tin F ety | Co
T AT (1e) (2b)
re(=0"1{ T (Ax.e)er | CLUGC
(A fresh) F'te=st|C
y (lf) T » Tin — Tout | Gy
I+ (e)=()"1C T,x:1), F eStour | Ca Tin ~ Tjy

[,x:Tip b e=>Tou | C (1g) 't (Ax:1]/,.e)=t |CLUC U {1y ~ T/,

't (Ax 2 Tp.€)=Tin — Tour | C (2c)

Fig. 3. H-type synthesis and analysis.

7 is consistent to 7

1 ~ T3 Tg ~ T4
_ " " (3a-d)
num ~ num 0*~r T~ () R~
Fig. 4. H-type consistency.
TP Tin = Tout | C ‘ 7 has matching arrow type 7;;, = Tour
(4a) (B fresh) (C fresh) (4b)
Fin = Tour > Tin = Tout | 1) D r= 0% = 0 1HO* ~ 07— 0%}

Fig. 5. Matched arrow types.

Constraint Solver. Type constraint sets are solved by a standard unification algorithm [Robinson
1965]. The solution is a list of pairs, (type hole identifier, H-type), with substituting each type hole
with corresponding H-type unifying a given constraint set [Pierce 2002]. For example, the solution
for the constraint set in the previous paragraph is [("A",num); ("B", num)].

4 CONCLUSION

This paper develops type hole inference which takes advantage of bidirectional typing and type
inference. Type hole inference is based on simple bidirectional typing for straightforward type
checking and clear error messages, then adopts the hole typing system and constraint solving to
insert and fill type annotations automatically. In the future work, the constraint solver will support
returning a list of potential H-types for type holes when unification can not find a solution. This
will be implemented into the Hazel environment, so programmers can make better type decisions
during development.
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