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Extending Dylan's Type 
System for better Type 

Inference and Error Detection
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Compiler overview
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Frontend - AST

abstract syntax tree

2 + 3 tokenizer (lexical)

 literal 2
 operator +
 literal 3

parser (syntactical)
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Backend
compiler metadata (saved during 

compilation of other libraries)

intermediate language 

(semantical)

definition of +

control/data flow graph

<integer>

optimizer

binary generator

smaller/better graph

object
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Compiler

• Input: intermediate language

• Output: intermediate language

source
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Typing
• Types are information of variables at compile time

• Errors can be detected earlier (at compile time)

• Static typing: you’ve to write down types everywhere 
(including up/downcasts; Java, Haskell, C, C++)

• Type information only available at compile time

• Dynamic typing: errors are detected at runtime; you 
don’t have to write any type (Scheme, Lisp, Python, 
Ruby)

• Type information at runtime (tag bits/boxed types)
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Dylan overview
• Object-oriented (class-based, mutable state)

• Algol style syntax (contrast to Lisp)

• Metaprogramming (DSL, macros)

• Strictly & dynamically typed (and optional type annotations)

• Classes and methods first-class objects

• Generic functions, multiple dispatch, multiple return values

• Functional aspects (higher order functions)

• Separation of compile and runtime (contrast to Lisp)
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Intermediate language
• application (call)

• binding (temporary-transfer)

• abstraction (make-closure)

• loop

• if

• assignment

• check-type, multiple-value, slot-getter/-setter, unwind-protect, 
bind-exit, etc.
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Assignment - SSA
let a = 42;
let b = a + a;
a := “foo”;
let c = concatenate(a, “bar”);

let a = make(<cell>, type: <top>);
a.value := 42;
let b = a.value + a.value;
a.value := “foo”;
let c = concatenate(a, “bar”);

let a0 = 42;
let b = a0 + a0;
let a1 = “foo”;
let c = concatenate(a1, “bar”);

Problem: what type has a?

Former solution (cell)

Single static assignment

10



Single Static Assignment
let a = 1;
if (b == 2)
  a := 2;
else
  a := 3;
end;
let c = a + a;

11

SSA converted:
merge of variables after loop, 
if branches (with phi nodes)

let a0 = 1;
if (b == 2)
  let a1 = 2;
else
  let a2 = 3;
end;
let a3 = phi(a1, a2);
let c = a3 + a3;

Original source



Optimizations

• Inlining

• Constant folding

• Dead code removal

• Common subexpression elimination

• Tail call elimination

• Call upgrading (GF/polymorphic)

12



Inlining

• would expect:

• direct call to primitive * with two integer values, “a” and “2”

• -> faster binary (fewer calls)

define method double
 (a :: <integer>)
   2 * a
end;

• If method known 
and small enough

13



Constant folding

• let foobar = 42 * 42;

• Computation side-effect free

• => let foobar = 1764

• -> faster (smaller binary, computations already done)
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Dead code removal

• if path known to be not taken

• -> smaller binary size

define method dead ()
  if (#f)
    23;
  else
    42;
  end;
end;
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Common subexpression 
elimination

• compute subexpression only once

• side-effect free

• => let x = 42 + a; values(x, x * 2)

define method cse
 (a :: <integer>)
  values(42 + a, (42 + a) * 2)
end;
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Tail call elimination

• instead of call, jump

• thus, loop!

• space and time (register save/restore, stack frame)

define method tail-call
 (x :: <integer>)
  if (x == 0)
    1
  else
    tail-call(x - 1)
  end;
end;
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Call upgrade (GF)
• choose direct method 

instead of generic 
function

• GF dispatch expensive 
at runtime (iterate 
through all methods of 
GF and compute 
distance, find most 
specific)

define method \+ (x :: <integer>, y :: <integer>)
 => (result :: <integer>)
  primitive-+(x, y);
end;

define method \+ (a :: <string>, b :: <string>)
 => (result :: <string>)
  concatenate(a, b);
end;

let foobar = “foo” + “bar”;
let bar = 42 + 42;

18
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Type vs Class

• Every class is a type (<integer>)

• Data structure

• But not every type is a class (false-or(<integer>))

• Arguments to algorithms

• element (key, table :: <table>) => (value :: false-or(<value>))

20



Types

21

• lambda calculus

•  abstraction, application, binding

• tuple, record types

• subtyping

• gradual typing

• [dependent types]



Type systems
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35

have highlighted; more often they will have a combination of features which positions them somewhere

between two or more highlighted points.

At the bottom we have simple first-order type systems, with Cartesian products, disjoint sums and

first-order function spaces, which can be used to model records, variants and first-order procedures,
respectively. A ° sign indicates an incomplete use of a more general type operator.

First-order type systems have evolved into higher-order type systems (on the left) and inheritance-

based type systems (on the right). On the left side we could find Algol 68, a higher-order monomorphic

language. On the right side we could find Simula 67, a single-inheritance language, and multiple-

inheritance languages higher up (again, these allocations are not so clear-cut). These two classes of type

systems are dominated by higher-order inheritance systems, as in Amber [Cardelli 85].
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Figure 2: Classification of typ systems.
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Gradual typing

• Integration of dynamic typing into formal type system

• Typed lambda calculus

• Dynamic type ?, type known at run time, not compile time

23

both types are defined (i.e. not ?). Here are a few examples:

int ∼ int bool "∼ int ? ∼ int int ∼ ?

? ∼ int→ bool int→ ? ∼ ?→ int int→ ? ∼ int→ bool

int→ ? "∼ bool→ ? int→ int "∼ int→ bool

The following is the inductive definition of the consistency relation.
Here we limit the definition to function types but it can be extended
to other type constructors such as object types [48]. We use the
metavariable τ to range over arbitrary types and γ to range over
ground types such as int and bool.

Type Consistency

γ ∼ γ τ ∼ ? ? ∼ τ
τ1 ∼ τ3 τ2 ∼ τ4

τ1 → τ2 ∼ τ3 → τ4

The consistency relation is reflexive and symmetric but not tran-
sitive. The consistency relation is symmetric because we want to
allow implicit coercions both to and from ? as explained above.
The lack of transitivity is necessary for the gradual type system to
still have a static flavor and reject some programs. For example,
because bool "∼ int, the gradual type system properly rejects the
function call add1(true) in the above example.

At first glance, the consistency rule for function types may seem
strange because it is not covariant and contravariant in the same
way as a subtype relation. Because consistency is symmetric, it
does not make sense to talk of covariance and contravariance: flip-
ping τ1 ∼ τ3 to τ3 ∼ τ1 does not make a difference.

The syntax of the gradually typed lambda calculus (λ?
→) is shown

below and the type system is reproduced in Figure 1. The gradual
type system uses type consistency where a simple type system uses
type equality. For example, the (APP2) rule in the gradually typed
lambda calculus requires that the argument type τ2 be consistent
with the parameter type τ1.

Syntax for λ?
→

Variables x, y ∈ X
Ground Types γ ∈ G ⊇ {bool, int, unit}
Constants c ∈ C ⊇ {true, false, succ, 0, (), fix[τ ]}
Types τ ::= ? | γ | τ → τ
Expressions e ::= x | c | e e | λx :τ. e

λx. e ≡ λx :?. e
let x : τ = e1 in e2 ≡ (λx : τ. e2) e1

(VAR)
Γ(x) = τ1
Γ %g x : τ1

Γ %g e : τ

(CNST) Γ %g c : typeof (c)

(APP1)
Γ %g e1 : ? Γ %g e2 : τ

Γ %g e1 e2 : ?

(APP2)

Γ %g e1 : τ1 → τ3 Γ %g e2 : τ2
τ1 ∼ τ2

Γ %g e1 e2 : τ3

(ABS)
Γ(x '→τ1) %g e : τ2

Γ %g λx : τ1. e : τ1 → τ2

Figure 1: The type system for λ?
→.

The dynamic semantics of the gradually typed lambda calculus

is defined by a translation to an intermediate language with ex-
plicit casts and by an operational semantics for the intermediate
language [47]. The translation to the intermediate language infers
where casts, i.e. where the run-time type checks, are needed.

The gradually typed lambda calculus meets the three criteria for
a gradually typed language discussed in Section 1.

1. For programs without type annotations, i.e., every variable
is assigned the ? type, little static checking is performed be-
cause the consistency relation allows implicit coercions both
to and from the ? type.

2. When there are no ?s in the program (either explicitly or im-
plicitly), the type system is equivalent to a fully static type
system because the consistency relation collapses to equality
when there are no ?s, i.e., for any σ and τ that contain no ?s,
σ ∼ τ iff σ = τ .

3. We define a safe region of a gradually typed program to be a
region that only contains safe implicit coercions, that is co-
ercions where the source type is a subtype of the target type.
Implicit coercions are turned into explicit casts in the inter-
mediate language and Wadler and Findler [55] show that, for
a richer intermediate language, safe casts cannot be blamed
for run-time type errors.

2.2 Review of Unification-based Type Inference
Type inference allows programmers to omit type annotations but

still enjoy the benefits of static type checking. For example, the
following is a well-typed Objective Caml program. The inference
algorithm deduces that the type of function f is int → int.

# let f x = x + 1;;
val f : int →int = 〈fun〉 (∗ Output of inference ∗)

The type inference problem is formulated by attaching a type vari-
able, an unknown, to each location in the program. The job of the
inference algorithm is to deduce a solution for these variables that
obeys the rules of the type system. So, for example, the following
is the above program annotated with type variables.

let fα xβ = (xγ +δ 1χ)ρ

The inference algorithm models the rules of a type system as
equations that must hold between the type variables. For example,
the type β of the parameter x must be equal to the type γ of the
occurrence of x in the body of f. The parameter types of + (both are
int) must be equal to the argument types γ and χ, and the return
type of +, also int, must be equal to ρ. Ultimately, the type α
of f must be equal to the function type β → ρ formed from the
parameter type β and the return type ρ. This set of equations can
be solved by unification [43]. A substitution is a mapping from
type variables to types and can be extended to map types to types.
The unification algorithm computes a substitution S such that for
each equation τ1 = τ2, we have S(τ1) = S(τ2).

A natural setting in which to formalize type inference is the sim-
ply typed lambda calculus with type variables (λα

→). The syntax is
similar to λ?

→, but with type variables and no dynamic type. The
type system for the simply typed lambda calculus is reproduced in
Figure 2. The extension of this type system to handle type vari-
ables, given below, is also standard [37].

DEFINITION 1. A term e of λα
→ is well-typed in environment Γ

if there is a substitution S and a type τ such that S(Γ) $ S(e) : τ .

We refer to this approach to defining well-typedness for programs
with type variables as well-typed after substitution.



Type inference input

• Type input:

• Annotations: let foo :: <integer> = bar();

• Calls: method signatures: 

• define method bar () => (res :: <integer>)

• Literals: let foobar = 42;

• Occurence: if (x == 42) x * x else “foo” end;

24



Type inference

• Every data flow node has a correspondent type variable

• Constraint generation

• Solver

• Least upper bound

• Propagation of tuples, arrows to their children

• Finally: assignment for each type variable

25

based on Hindley-Milner, solution with Huet type graph



Huet Type Graphs
Constraint Generation

26

Γ(x) = τ

Γ !g x : τ |{}
C-Var

Γ !g c : typeof(c)|{} C-Cnst

Γ !g e1 : τ1|C1

Γ !g e2 : τ2|C2 (β fresh) C3 = {τ1 " τ2 → β} ∪ C1 ∪ C2

Γ !g e1e2 : β|C3
C-App

Γ(x %→ τ) !g e : ρ|C
Γ !g λx : τ.e : τ → ρ|C

C-Abs

1



Huet Type Graphs
Solver

27

Input: Constraints C
while not C.empty

(x ! y) := C.pop
find representative nodes (u and v)
case stype(u) ! stype(v) of:

u1 → u2 ! v1 → v2 ⇒ C.push(u1, v1);C.push(u2, v2)
u1 → u2 !?⇒ C.push(u1, ?); C.push(u2, ?)
τ ! var | τ !? | γ ! γ ⇒ pass
⇒ error: inconsistent types

G = quotient graph by equivalence class
if G is acyclic

return { u $→ stype(u) | u a node in the graph }
else error

1



Dylan - Types
• Classes (multiple inheritance)

• Union (false-or(<integer>))

• Singleton (x == #”foo”)

• Bounded quantification (collections, integers, classes)

• vector of integer, integer between 0 and 16, subclass(<number>)

• Method signatures (also variable arity)

• tuple type (required), record type (optional keyword arguments)

•  => tuple type (required values)

28



Dylan - Additional Types
• Polymorphic type variables (variable arity; identity(A)(x :: A) => (x :: A))

• Bounded quantification (functions)

• foo(x :: <integer> => <string>) => (result :: <string>)

• Occurence typing:

• method returns a boolean, if true, the argument was of a given type

• instance? (O <: <type>)(x, type :: O) = O => (result :: <boolean>) 

29



Dylan - Extensions for Type 
Inference

• Extensions for solver

• Subtyping

• Tuple types

• Record types

• Type variables

• Control flow nodes

• If

• Loop

• Phi-node

• Multiple value

30



Subtyping
• transitive, reflexive

• top type

• function type (co/contravariant)

• tuple

• singleton

• limited

• gradual type

31

S <: S S-Refl

S <: U U <: T

S <: T
S-Trans

S <: ! S-Top

T1 <: S1 S2 <: T2

S1 → S2 <: T1 → T2
S-Arrow

Γ # t : S S <: T

Γ # t : T
T-Sub

1

? <:? S-?

1



Solver Extensions
• Tuple type

• Propagate to children, as arrow

• If variable arity, generate new type nodes of specific type

• Type variables

• Instantiate for each call site, then try to infer type variable

• Subtyping

• Look whether one type is subtype of the other, use more specific

32



Control Flow Extensions
• If

• Taking occurence typing into account

• Loop

• Inferring loop-body with outer type of variables 
which get assigned (and loop variables)

• If outer type equals inner type, use that

• Phi-node

• Merge types of both branches

33



Control Flow Extensions - 
Multiple Values

• Values

• Transformation from input values into single 
multiple value; Tuple type of input values 
equals type of multiple value

• Extract single value

• Extracted value type is equal to corresponding 
node of tuple type from multiple value

34



Polymorphic to 
Monomorphic update

single-map(method(x) x + 1 end, #(1, 2, 3))

35

define method single-map (A, B)
 (fun :: A => B, l :: limited(<list>, of: A))
 => (result :: limited(<list>, of: B))
  if (l.empty?)
    #()
  else
    list(fun(l.head), single-map(fun, l.tail))
  end
end



Conclusion & Further Work
• Implemented formal type system into dynamic 

programming language

• Gap between static and dynamic typing is getting 
smaller

• Global type inference for global variables and slots

• Integration of dependent types (remove bounds 
checks)

• Coercion semantics

• Higher-rank polymorphism

36
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Thank you! Questions?

• Visualization: http://visualization.dylan-user.org/

• Graph library (yFiles): http://www.yworks.com/

• Dylan: http://www.opendylan.org

39
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Polymorphism

40

4

positional notation is favored for numbers because it allows arithmetic operations to be easily defined. But
there are nevertheless many possible alternatives in choosing data representations. Breaking the type system
allows a data representation to be manipulated in ways that were not intended, with potentially disastrous
results. For example, use of an integer as a pointer can cause arbitrary modifications to programs and data.

To prevent type violations, we generally impose a static type structure on programs. Types are
associated with constants, operators, variables, and function symbols. A type inference system can be used
to infer the types of expressions when little or no type information is given explicitly. In languages like
Pascal and Ada, the type of variables and function symbols is defined by redundant declarations and the
compiler can check the consistency of definition and use. In languages like ML, explicit declarations are
avoided wherever possible and the system may infer the type of expressions from local context, while still
establishing consistent usage.

Programming languages in which the type of every expression can be determined by static program
analysis are said to be statically typed. Static typing is a useful property, but the requirement that all
variables and expressions are bound to a type at compile time is sometimes too restrictive. It may be
replaced by the weaker requirement that all expressions are guaranteed to be type-consistent although the
type itself may be statically unknown; this can be generally done by introducing some run-time type
checking. Languages in which all expressions are type-consistent are called strongly typed languages. If a
language is strongly typed its compiler can guarantee that the programs it accepts will execute without type
errors. In general, we should strive for strong typing, and adopt static typing whenever possible. Note that
every statically typed language is strongly typed but the converse is not necessarily true.

Static typing allows type inconsistencies to be discovered at compile time and guarantees that
executed programs are type-consistent. It facilitates early detection of type errors and allows greater
execution-time efficiency. It enforces a programming discipline on the programmer that makes programs
more structured and easier to read. But static typing may also lead to a loss of flexibility and expressive
power by prematurely constraining the behavior of objects to that associated with a particular type.
Traditional statically typed systems exclude programming techniques which, although sound, are
incompatible with early binding of program objects to a specific type. For example they exclude generic
procedures, e.g. sorting, that capture the structure of an algorithm uniformly applicable to a range of types.

1.3. Kinds of Polymorphism
Conventional typed languages, such as Pascal, are based on the idea that functions and procedures,

and hence their operands, have a unique type. Such languages are said to be monomorphic, in the sense that
every value and variable can be interpreted to be of one and only one type. Monomorphic programming
languages may be contrasted with polymorphic languages in which some values and variables may have
more than one type. Polymorphic functions are functions whose operands (actual parameters) can have
more than one type. Polymorphic types are types whose operations are applicable to values of more than
one type.

polymorphism

universal

ad-hoc

parametric

inclusion

overloading

coercion

    Figure 1: Varieties of polymorphism.

Strachey [Strachey 67] distinguished, informally, between two major kinds of polymorphism.
Parametric polymorphism is obtained when a function works uniformly on a range of types: these types
normally exhibit some common structure. Ad-hoc polymorphism is obtained when a function works, or
appears to work, on several different types (which may not exhibit a common structure) and may behave in
unrelated ways for each type.

Our classification of polymorphism in Figure 1 refines that of Strachey by introducing a new form of
polymorphism called inclusion polymorphism to model subtypes and inheritance. Parametric and inclusion
polymorphism are classified as the two major subcategories of universal polymorphism, which is contrasted
with nonuniversal or ad-hoc polymorphism. Thus Figure 1 reflects Strachey's view of polymorphism but
adds inclusion polymorphism to model object-oriented programming.

Parametric polymorphism is so called because the uniformity of type structure is normally achieved
by type parameters, but uniformity can be achieved in different ways, and this more general concept is
called universal polymorphism. Universally polymorphic functions will normally work on an infinite
number of types (all the types having a given common structure), while an ad-hoc polymorphic function
will only work on a finite set of different and potentially unrelated types. In the case of universal

Cardelli, Wegner “On Understanding Types, 
Data Abstraction and Polymorphism”


