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Abstract. The purpose of this paper is to present a number of directions
for future research in type error diagnosis. To be able to position these
open problems, we first discuss accomplishments in the field without
trying to be exhaustive.
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1

Introduction

Individual lives as well as entire economies now depend on the reliability of
software. However, it is a major challenge to ensure that software is safe and
correct: it is estimated that programmers make, on average, 15 to 50 errors
per 1,000 lines of code [35], and these errors may lead to bugs, system failures,
security leaks, or even major catastrophes [8, 15, 18, 45, 52]. There are many
approaches to increase the reliability of software, ranging from manual code
inspection, via testing, to formal methods such as program verification, model
checking, and static typing. In this paper we only consider the light-weight formal
method of static typing.
A static type-based approach integrates the verification of program properties
tightly with the program source. A program type is effectively an automatically
and independently verifiable certificate that the stated property holds for a specific program fragment, module, or the complete program. These properties can
then be verified efficiently and effectively by a compiler using mathematically
verified techniques, thereby improving the quality of software during its production. Compared to other formal methods it is lightweight, and can therefore be
easily embedded into the software development loop. It is not surprising then
that most of the recent developments in industrial cutting-edge programming
languages draw heavily on types, e.g. Facebook’s Hack [5], Google’s Go [4], and
Mozilla’s Rust [7].
The guarantees that types provide are typically not complete: the type of the
sorting function may guarantee that it returns a list, but not that the output
?

Copyright c 2020 for this paper by its authors. Use permitted under Creative Commons License Attribution 4.0 International (CC BY 4.0).

Solved and Open Problems in Type Error Diagnosis

63

list is indeed sorted, or even that the input and output list are of the same
length. What can and cannot be verified depends on the expressiveness of the
type system that is part of the programming language definition. Along this
dimension dependently-typed languages such as Agda [1], Coq [2] and Idris [6]
are considered to be the most expressive.
Expressiveness and power do come at a price. It seems that the more advanced type level features a language and its implementations support, the more
incomprehensible type error messages become, decreasing programmer productivity and hindering the uptake of these features, features that were intended by
their designers to increase the number and precision of the guarantees that the
compiler can provide for a given application. Martin Odersky, in private communication, called this problem the “type wall”, and not addressing the issue
may well lead to developers turning their backs on statically typed languages,
and flocking to dynamic languages instead.
In this paper, we want to propose a number of challenges within the field of
type error diagnosis, embedding these challenges in discussions of the state of
the art. We do not try to be comprehensive; there seems to be enough interesting
work to be done. Note that the earlier sections consider concrete challenges in
rather specific contexts, while later sections are more speculative.
Before we go on: in the literature, some researchers explicitly distinguish
between two theoretical extremes: type checking (all types are given and we
only need to check these) and type inference (no types are given, the process
discovers all types on the go). In practical settings, the distinction is less extreme.
Certainly, we do not expect in any programming language that the programmer
annotates every single part of his/her program with types, so there will always be
some amount of inference (note that inference goes beyond choosing the types of
identifiers and also includes coming up with inferred types for all expressions and
statements in the program). The extent to which types can be omitted depends
intimately on the language and its implementation. Below, we do not distinguish
between the two, and use type inferencing to refer to this combined process.

2

Type error diagnosis for functional languages

Although it is hard to say why, languages in the functional programming paradigm
have received much more attention when it comes to type error diagnosis. Possibly this is because it is much easier to make mistakes when higher-order functions
and parametric polymorphism are used on a daily basis. Some researchers in the
field have published a manifest that details what properties one may want type
error messages to have [58].
The earliest work on type error diagnosis aimed at improving the now classic
algorithm W [16]. Researchers quickly discovered that any implementation that
solves unifications during the traversal of the abstract syntax tree was bound to
have some form of bias, derived from the particular traversal. For example, the
folklore algorithm M was known to discover mistakes “sooner”, that is, having
looked at fewer unifications [32]. From an efficiency point of view, this may well
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be good, but not for type error diagnosis. The reason is that when you look at the
type error diagnosis that can be provided, comparing algorithms M and W, the
latter can provide more context about the error, having seen more unifications.
As it happens, when all unifications are equality constraints, the order of
solving is irrelevant, and we are in fact free to choose the order in which constraints are solved. This is why algorithm G was defined [32], providing external
control of the various orderings it supports. However, whatever the chosen ordering, there will always be programs for which that ordering leads to a type
error message that has some bias. If only the solving order could in some ways
be dictated by the program itself.
A different way of implementing the type inference process was proposed
by various authors [27, 28, 43]: as a constraint solving problem. This implies
that type inference consists of an abstract syntax tree traversal that maps the
program to some kind of constraint program (some use a constraint set, others
a constraint tree, again others a single constraint in a more elaborate constraint
language), which is later “interpreted” by a solver. If the solver succeeds, it
returns a substitution as evidence that it did, and otherwise it typically returns
a (set of) constraint(s), the solver deems responsible for the error. This separation
of concerns has been followed by many others and may now be considered the
standard approach 1 . In the case of the Helium compiler [21,22,25,28], constraints
were used to decouple the type system from the solving order by mapping the
program to a constraint tree. That constraint tree could then be flattened into a
list of constraints that were then fed to a solver. The benefits were that when you
were unsatisfied with the type error message, you could (1) choose a different
ordering, and/or (2) choose a different solver. Various orders were predefined
(including the orders of W and M) as well as various solvers. Typically, the
compiler uses a fast greedy solver for equality constraints as long as no error
occurs, but when a type error does occur, it starts a more complicated solving
process for the binding group where the type inconsistency arises. Such a binding
group is typically small compared to the size of the program, and using a more
complicated solver did not harm performance very much. In the case of Helium,
heuristics were developed to provide tailormade error messages. Helium does
this by means of a special datastructure called the type graph that can model
inconsistent constraint sets over which heuristics, looking for clues, have been
defined [21]. For example, we may define a heuristic that depending on how a
literal is used, will provide a suggestion to use a different literal (examples taken
from [11]).
Given the following simple Haskell program
shout :: Show a ⇒ a → String
shout x = show x +
+ 0 !0
a recent version of Helium that is based on OutsideIn(X) [55] returns the following message
1

The approach is also followed in implementations of realistic functional languages
such as Haskell [3,20], in the case of ghc, a constrain-based formulation also became
necessary to be able to deal with complexity of the language and its many variations.
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(2,21): Type error in literal
expression
: '!'
type
: Char
expected type
: String
probable fix
: use a string literal instead

In this case, the character literal should be a string literal since it is passed
to the (+
+) append operator that expects two lists (in Haskell lists of characters
are synonymous with strings).
Another example is a heuristic that addresses faulty function applications by
suggesting to rearrange, insert or delete arguments. For example,
g :: [Int ] → [Int ]
g xs = map (+1)
leads to the following type error message:
(2,8): Type error
expression
term
type
does not match
probable fix

in application
: map (+ 1)
: map
: (Int -> Int) -> [Int]
: (a
-> b ) -> [a] -> [b]
: insert a second argument

In this case, the type signature provides evidence that xs has type [Int ] and
that the type of the right-hand side should also be [Int ]. Alas, map takes two
arguments, a function and a list, of which only one is provided. Therefore the type
of the right-hand side is [Int ] → [Int ]. The heuristics detects this, and suggest
to add a second argument. It does not suggest to use xs for that argument,
however. Another way to fix the issue is to remove xs as an argument, so writing
g = map (+1), but that would assume that xs is in fact the missing argument
to map. This is not unlikely in this particular case, but what if we add another
argument of type [Int ]?
Other research approaches to type error diagnosis are possible too, however,
and it makes sense to discuss these at this point before we move on.
The idea of type error slicing is inspired by that of program slicing [57]. In
program slicing, a slicing criterion is chosen, e.g., a variable used at a particular
line in the program, and then the (backward) slicing removes parts of the program that cannot affect the value of the variable at that program point. This
can be used to simplify programs while debugging. In the case of type error
slicing, programmers are provided with a program in which all the parts that
may contribute to a type error are highlighted; all other parts of the program
can be ignored when trying to resolve the inconsistency. Skalpel [44] (a continuation of [19]) implements type error slicers for Standard ML, supporting
advanced SML features like modules, which are somewhat related to GADTs in
Haskell. [46] adapts this idea to Haskell 98. The advantage of slicing is that the
actual location that causes the problem is highlighted, a disadvantage is that
many other locations are highlighted as well.
Because type error slices can be large, many researchers prefer to blame one
or maybe a few constraints. For example, SHErrLoc [59] uses a graph-based
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structure to encode the solving process, and then ranks the likeness of a constraint being to blame using a Bayesian model. Their work considers type error
reporting for modern Haskell, including local hypotheses. [12] explains type errors in Haskell programs using counter-factual typing, a version of variational
typing in which they keep track of the different types that an expression may
take. Although computationally somewhat costly, they can propagate type inconsistencies from one binding group to another. [38] achieves something similar
by using an iterative deepening approach, in which the body of a binding is
inlined in its usage site if a conflict is detected between both. This allows the
inferencer to blame a location in the body of a (type correct) function if an application of that function is type incorrect, at the expense of repeatedly calling
an SM solver with a growing set of constraints. These papers only address the
problem of error localization, and they can do little to explain what went wrong,
and how to fix the error (by suggesting changes to the source code). This information is available when type graphs are used. Work, beyond Helium, that uses
type graphs includes [39] and [56]. In the former type graphs were extended with
type classes and row types in the setting of Elm; in the latter heuristics were
defined to explain confidentality errors. Type graphs were extended recently to
OutsideIn(X), so that existential types and GADTs could be modeled [11].
Some authors use a more complicated structure to diagnose type errors: [40]
and [53] expose the trace of the type checker to the programmer (for Scala
and OCaml, respectively), and [13] defines an explanation graph for HindleyMiler type systems, which summarizes the information involved in type checking.
LiquidHaskell [54] uses SMT solving as part of type checking. In those cases,
reverse interpolation [36] can be used to derive a simpler explanation.
From a didactic point of view, some researchers thought it a good idea to let
the type inference process, for a type incorrect program, to be best modeled as
an interaction between programmer and compiler. The most important research
line in this direction is that of Chameleon, although it seems work has been at
a standstill for quite some time [50, 51].
For the case that we have no control over the compiler infrastructure, [33]
presents an approach in which the compiler is iteratively queried for the welltypedness of modified versions of the programmer input, which are then ranked
to present a solution to the type error. A big advantage of this approach is it
treats the type inference process as a black box.
Now that the reader should have some idea of the work that has been done
in this area, we can now list some challenges within this (narrow) field, including
some reflections on the problems at hand.
Open Problem: advanced type level features and their interactions
The Haskell implementation ghc contains many type system features that have
never been considered from the type error diagnosis perspective. The only exception seems to be GADTs and existential types [11]. Although others have made
implementations that can work in the presence of some of Haskell’s advanced
features, as far as this author knows, the benchmarks they employed did not
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include any programs that used such features. It has not yet been established
that good solutions to error diagnosis for these advanced features exist, and even
more so what happens when a given programmer selects a particular set of extensions to use within a single application. Does this change the error diagnosis
at all? Does this depend strongly on the particular combination of extensions?
This is a wide open area with many unanswered questions.
Open Problem: proof assistance In dependently typed languages, such as
Agda, Idris, and Coq, type correctness corresponds to functional correctness.
These languages are usually not used to implement applications, but as proof
tools. This means that “error diagnosis” can take on two forms: the usual type
error messages we also see come up in everyday functional programming (e.g.,
you pass the arguments to this function in the wrong order), and the problem
of proof assistance (e.g., you need to strenghten this lemma for the theorem to
go through). In the former case we can look at research on plain functional languages, in the latter case we find a pretty completely open field of investigation.
Only a few works have addressed the problem of error diagnosis at all in this
setting [14, 17].
Open Problem: error explanation and repair As the above historical
overview suggests, most work in this area is on error localization. The advantage
of work in that direction is that it is relatively easily to validate: the output is
a simple location, not the way a type error message is formulated.
But localization also means we can only point at a location, and not diagnose
the mistake, or make suggestions on how to fix the problem. This does not mean
localization is altogether useless, and in fact such localizers can also be used
in a setting that employs heuristics. Consider a compiler that has any number
of implementations of localizing errors. In addition, we implement a heuristic
approach in which many different heuristics are asked to come up with both a
location and a diagnosis or fix based on that location. A problem when using
heuristics is you may have multiple heuristics, each choosing a particular location
and explanation. Which heuristic is the right one? Well, maybe that is simply
the one that agrees best with the localizers. In other words, the localizers provide
more confidence when choosing the right message (or, if we can have multiple
messages, which one to put at the top).
Open Problem: benchmarks A major problem in all type error diagnosis
endeavors is the absence of suitable benchmarks. The author of this paper has
collected a “large” number (around 50,000) of programs written by students,
that have also been used by others. However, these were collected from second
year undergraduate students and they do not employ any advanced features, just
plain old Haskell 98. There are not many places where students, in sufficiently
large numbers, program using the more advanced features we now will want to
be considering, and for publishing about research on these features, benchmarks
are indispensable.
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Open Problem: aspects of domain-specific type error diagnosis There
is a strand of work by the author that addresses the problem of type error
diagnosis for embedded domain-specific languages, again within the context of
Haskell, and mostly within Helium [24,26,48]; a PhD has been published that has
similar aims but works on Scala [41]. In these works, domain-specific type error
diagnosis is implemented as an external DSL that uses type error specifications
to control the solving order and the delivered diagnosis. The specifications are
automatically checked for soundness with respect to type system.
Some of the ideas of these works have also been implemented in ghc [47].
In this case, we are limited by what can be grafted onto ghc’s type inference
engine. But this approach also has significant advantages: changes to the compiler were minimal, and soundness of the type rules is verified by the compiler
as part of its type system. Moreover, since the rules are written using the type
level programming facilities of Haskell, the methods of abstraction that Haskell
provides there are all available to us. A disadvantage is that the diagnosis of type
level programming itself is not a solved problem (see earlier), and the control we
can exert is less than reported in other work. It is unclear at this time how far
the idea can be taken without having to completely redesign the type inference
engine of ghc.
In a setting with external DSLs, it may well be possible to approach the
problem of type error diagnosis as we do in defining the intrinsic type system of
a general purpose language. In [49], an architecture for such an implementation
is defined and motivated. The full architecture is not something that has been
exhaustively tested, but generally it does seem to be the case that decoupling the
specification of the type system in terms of constraints from the solving process
is a good idea for two reasons: it simplifies the type system implementation, and
it simplifies diagnosis.

3

Beyond type error diagnosis in functional languages

The type system that comes with statically typed languages as part of their
definition is not the only one of its kind. One can implement various extensions
to such type systems. Typical examples include dimension analysis [29, 30], type
based security analysis [42, 56] and pattern match analysis [31, 37]. In the latter
case, we want the compiler to verify that pattern match failures cannot crash the
program, in dimension analysis type are refined by having “floats that represent
meters” and “floats that represent kilograms” and preventing the programmer
from, say, adding two such floats together. Such types have been implemented
in F#. Since we now want to reject more programs, the problem of type error
diagnosis will come up sooner or later, although it will depend somewhat on the
richness of the dimension types.
In the case of security type systems, the type system prevents values of high
confidentiality to end up in variables of low confidentiality. As far as this author
knows, this is the only validating analysis for which type error diagnosis has
been considered [56].

Solved and Open Problems in Type Error Diagnosis

69

Much more speculatively, optimising analyses for functional languages are
often designed as annotated type systems [34]. Examples are too numerous to
mention, and include control-flow analysis, sharing analysis, escape analysis,
binding-time analysis. In such a system, annotations, that describe additional
properties of the type, are attached to types, and the type system implementation
will try to infer the best properties. The above validating analyses actually use
the same approach.
The difference is that an optimising analysis typically will accept exactly all
programs accepted by the underlying intrinsic type system. At this point, error
diagnosis does not play a role. But what if we want to allow the programmer
to express certain properties about his/her programs to communicate to the
programmer that certain optimisations should be made, and to have the compiler
verify that these properties make sense? Then, if the analysis fails, we may want
the compiler to explain to the programmer why this is not the case. This is
currently a wide open field of investigation.

4

Type error diagnosis, elsewhere

What is most striking about type error diagnosis beyond the functional programming languages is that there is almost nothing to report on. A few papers
exist that deal with generic method invocations in Java [9,10], and a PhD thesis
within the context of Scala [41] that tries to achieve something like the specialized type rules of Helium [26], but with much more control over the process by
providing the ability to inspect type inference traces. This increased control does
come at the price of more complexity.
Type error diagnosis in this setting may well be harder, because the type
systems themselves typically combine higher-order functions, parametric polymorphism and some form of subtyping. Therefore, type inference is algorithmically already quite hard, and diagnosis will typically not make it any easier.
Another aspect is that multi-paradigm languages like Scala tend to draw people
from different paradigms, and their needs are likely to be different. For example,
a Haskell programmer may be surprised that types do not propagate as easily
under local type inference in Scala, while Java programmers will not always be
that familiar with type variables. Another complication is that a language like
Java started from an object-oriented core and had various extensions added to
it while having to remain backwards compatible. These grafts on top the language tend to be quite ad hoc, complicating type error diagnosis. To be fair,
Haskell seems to have a similar problem as compared to full dependently typed
languages.

5

What about SLE?

The talk that led to this paper was presented at OOPSLE, which may lead to
the question: how is this topic relevant to SLE? Clearly, the problem is related
to the implementation of programming languages.
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In [49], an architecture is presented for a (Haskell) compiler that has type
error diagnosis as part of its design, not as an afterthought. Although it remains
to be seen whether the architecture is sufficiently rich to be used in all situations,
and whether its features are relevant in every setting, it does tell us that things
aren’t so simple as they may seem at first. The relevance to SLE is that the work
tells us how to organize/structure a compiler to deal with various kinds of tasks
in type error diagnosis.

5.1

Open Problem: analysis of compilation behavior

A paper published at the first SLE in Toulouse presented Neon [23], a library
for analyzing interactions with the compiler in the context of Helium. Helium
has built-in log facilities that could communicate compiled programs to a server.
Programs, collected during class hours while students were working on their
practical assignments, have been used by various authors in the field. The first
attempt with Helium to extract information from these compiles is hampered by
the fact that the programs were collected in vivo. For example, when someone
fixes a mistake after 10 minutes is that because they went for coffee and checked
their phones for messages, or were they working on solving the problem? And
when after a type error the program compiles correctly is that because a teaching
assistant told them how to fix it, did they fix it themselves, or did they delete the
definition altgother? And if we perform these experiments with students, either
in vivo or in vitro, does that tell us anything about professional developers?
Every answer seems to raise only more questions.

5.2

Open Problem: everyone is different

Type error diagnosis is to some extent a matter of taste. The thing is that
depending on where you come from, your level of expertise, your programming
style even, you will be wanting different things from error diagnosis. Maybe, all a
seasoned programmer needs is to get the approximate location of a mistake, but
what if these seasoned programmers start to uses type system extensions they
are not yet familiar with? Do their needs change over time, as they do become
more familiar? Everyone seems to have different needs, and at this time we are
not yet at the level that we can satisfy the needs themselves. The problem to
decide what someone needs and when is likely to be even harder. Some process in
which programming becomes an interaction with a compilation system, so that
that system can accrue some kind of operational profile is likely to be essential
in that case.
Of course, there is a field in computer science that excels at modeling the
ad-hocness of human nature: machine learning. But that will only work if we
have enough data to learn from. And as we explained above, that data is at this
time simply not available.
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Conclusion

The conclusion is simple: there is still an immense amount of work to do.
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