Extending Hindley-Milner Type Inference with
Coercive Structural Subtyping (long version)

Dmitriy Traytel, Stefan Berghofer, and Tobias Nipkow

Technische Universitat Miinchen
Institut fiir Informatik, Boltzmannstrafle 3, 85748 Garching, Germany

Abstract. We investigate how to add coercive structural subtyping to a
type system for simply-typed lambda calculus with Hindley-Milner poly-
morphism. Coercions allow to convert between different types, and their
automatic insertion can greatly increase readability of terms. We present
a type inference algorithm that, given a term without type information,
computes a type assignment and determines at which positions in the
term coercions have to be inserted to make it type-correct according to
the standard Hindley-Milner system (without any subtypes). The algo-
rithm is sound and, if the subtype relation on base types is a disjoint
union of lattices, also complete. Also, a sound but incomplete exten-
sion of the algorithm to type classes is given. The algorithm has been
implemented in the proof assistant Isabelle.

1 Introduction

The main idea of subtype polymorphism, or simply subtyping, is to allow the pro-
grammer to omit type conversions, also called coercions. Inheritance in object-
oriented programming languages can be viewed as a form of subtyping.

Although the ability to omit coercions is important to avoid unnecessary clut-
ter in programs, subtyping is not a common feature in functional programming
languages, such as ML or Haskell. The main reason for this is the increase in
complexity of type inference systems with subtyping compared to Milner’s well-
known algorithm W [7]. In contrast, the theorem prover Coq supports coercive
subtyping, albeit in an incomplete manner. Our contributions to this extensively
studied area are:

— a comparatively simple type and coercion inference algorithm with

— soundness and completeness results improving on related work (see the be-
ginning of §3[and the end of , and

— a practical implementation in the Isabelle theorem prover. This extension is
very effective, for example, in the area of numeric types (nat, int, real etc),
which require coercions that used to clutter up Isabelle text.

Our work does not change the standard Hindley-Milner type system (and hence
leaves the Isabelle kernel unchanged!) but infers where coercions need to be
inserted to make some term type correct.
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The rest of this paper is structured as follows. In §2|we introduce terms, types,
coercions and subtyping. §3] presents our type inference algorithm for simply-
typed lambda calculus with coercions and Hindley-Milner polymorphism, while
§4] examines the extension of this algorithm to type classes. In we provide a
proof of the total correctness of our algorithm. Further, §6|discusses restrictions
on the subtype relation that are needed to ensure completeness of the algorithm
without type classes and provides a proof of completeness. An outline of related
research is given in

2 Notation and terminology

2.1 Terms and types

The types and terms of simply-typed lambda calculus are given by the following
grammars:

T=al|T|CT ... T
t=a|casq | Ax:7.8) |t 1

A type can be a type variable (denoted by «, 8, ...), a base type (denoted by
S, T, U, ...), or a compound type, which is a type constructor (denoted by
C, D, ...) applied to a list of type arguments. The number of arguments of a
type constructor C, which must be at least one, is called the arity of C. The
function type is a special case of a binary type constructor. We use the common
infix notation 7 — o in this case. Terms can be variables (denoted by z, y, ...),
abstractions, or applications. In addition, a term can contain constants (denoted
by ¢, d, ...) of polymorphic type. All terms are defined over a signature X' that
maps each constant to a schematic type, i.e. a type containing variables. In every
occurrence of a constant ¢, the variables in its schematic type can be instantiated
in a different way, for which we use the notation cp_,7, where @ denotes the
vector of free variables in the type of ¢ (ordered in a canonical way), and 7
denotes the vector of types that the free variables are instantiated with. The
type checking rules for terms are shown in Figure

z:Tel Y()=0o
—  TY-VAR —— Tvy-CoNSsT
'kFxz:t I'F cgor s ola— T
Nx:7Ht:o I'Ft1:7—o0 I'Eto:T
Tvy-ABs Tvy-Aprp
I'FXe:7.t:7T— o0 'ty ty:o

Fig. 1. Type checking rules
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2.2 Subtyping and coercions

We write 7 <: 0 to denote that 7 is a subtype of o. The subtyping relation that
we consider in this paper is structural: if T <: o, then 7 and o can only differ in
their base types. For example, we may have C'T' <: C U, but not C'T <: S. Type
checking rules for systems with subtypes are often presented using a so-called
subsumption rule

I'=t:r T<:0

I'+t:0o

allowing a term ¢t of type 7 to be used in a context where a term of the supertype o
would be expected. The problem of deciding whether a term is typable using the
subsumption rule is equivalent to the problem of deciding whether this term can
be made typable without the subsumption rule by inserting coercion functions
in appropriate places in the term. Rather than extending our type system with
a subsumption rule, we therefore introduce a new judgement I' F ¢ ~» u : T
that, given a context I' and a term t, returns a new term w augmented with
coercions, together with a type 7, such that I' - w : 7 holds. We write 7 <:. o
to mean that c¢ is a coercion of type 7 — o. Coercions can be built up from
a set of coercions C between base types, and from a set of map functions M
for building coercions between constructed types from coercions between their
argument types as shown in Figure [2| The sets C and M are parameters of our
setup. We restrict M to contain at most one map function for a type constructor.

Definition 1 (Map function). Let C be an n-ary type constructor. A function
[ of type

’7'1—>"'—>Tn—>0a1 an—>Cﬁ1 ﬂn
where 7; € {a; = Bi, Bi = «;}, is called a map function for C. If 1, = a; — B,
then C' is called covariant in the i-th argument wrt. f, otherwise contravariant.

X(e)y=T—>U ceC
GEN-REFL
T <id T T <::U

GEN-BASE

T<:, U U<y, S

T <:Ax1TAC2 (c1 x) S

GEN-TRANS

maps : (01 = p1) == (0n = pn) > Car...an > C B1...Bn € M
O={a—7,—05} VI<i<n 0(8) <k 0(p:)

C1i...Tn <9(mapo c1 ... cn) C O1...0n

GEN-CONS

Fig. 2. Coercion generation

For the implementation of type checking and inference algorithms, the sub-
sumption rule is problematic, because it is not syntax directed. However, it can
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be shown that any derivation of I' - ¢ : ¢ using the subsumption rule can be
transformed into a derivation of I' - ¢ : 7 with 7 <: o, in which the subsumption
rule is only applied to function arguments [13, §16.2]. Consequently, the coer-
cion insertion judgement shown in Figure |3| only inserts coercions in argument
positions of functions by means of the COERCE-APP rule.

z:T7el’ Y(e)=0o
—— COERCE-VAR —
I'Fz~2x:71 It cmom] ~ Claom oo — T)

COERCE-CONST

Nzx:7Ht~u:o
COERCE-ABS

't Xe:m.t~Xv:7u:7—o0

I'Ft1~up 711 — 712 'ty ~>us 1 T2 <ic T11

COERCE-APP
'ty ta ~ ur (cus): T2

Fig. 3. Coercion insertion

2.3 Type substitutions and unification

A central component of type inference systems is a wunification algorithm for
types. Implementing such an algorithm for the type expressions introduced in
§2.7)is straightforward, since this is just an instance of first-order unification. We
write mgu for the function computing the most general unifier. It produces a type
substitution, denoted by 0, which is a function mapping type variables to types
such that fa # « for only finitely many «. We will sometimes use the notation
{a1 = 71,...,a, — 7,} to denote such substitutions. Type substitutions are
extended to types, terms, and any other data structures containing type variables
in the usual way. The function mgu is overloaded: it can be applied to pairs of
terms, where 07 = 0o if 8 = mgu(r, o), to (finite) sets of equality constraints,
where 07; = 0o; if 6 = mgu{r = 01,...,7n = 0}, as well as to (finite) sets of
types, where 01 = --- = 07, if 0 = mgu{r,..., 7}

3 Type Inference with Coercions

In a system without coercions, type inference means to find a type substitution
0 and a type 7 for a given term ¢ and context I" such that ¢ becomes typable,
i.e. 0I' = 0t : 7. In a system with coercions, type inference also has to insert
coercions into the term t in appropriate places, yielding a term wu for which
OI' =60t ~ u : 7 and OI' - u : 7 holds. A naive way of doing type inference in this
setting would be to compute the substitution # and insert the coercions on-the-
fly, as suggested by Luo [6]. The idea behind Luo’s type inference algorithm is to
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try to do standard Hindley-Milner type inference first, and locally repair typing
problems by inserting coercions only if the standard algorithm fails. However,
this approach has a serious drawback: the success or failure of the algorithm
depends on the order in which the types of subterms are inferred. To see why
this is the case, consider the following example.

Example 1. Let ¥ = {leq : « = a — B,n : N,i : Z} be the signature containing a
polymorphic predicate leg (e.g. less-or-equal), as well as a natural number constant n
and an integer constant ¢. Moreover, assume that the set of coercions C = {int : N — Z}
contains a coercion from natural numbers to integers, but not from integers to natural
numbers, since this would cause a loss of information. As shown in Figure[4] the terms
leqioyp @ n and leqp,, 4 n ¢ can both be made type correct by applying the type
substitution {8 — Z} and inserting coercions, but the naive algorithm can only infer
the type of the first term. Since the term is an application, the algorithm would first
infer (using standard Hindley-Milner type inference) that the function denoted by the
subterm leg|,, .5 7 has type Z — B with the type substitution {B — Z}. Similarly,
for the subterm n the type N is inferred. Since the argument type Z of the function
does not match the type N of its argument, the algorithm inserts the coercion int to
repair the typing problem, yielding the term leg|,, 7 i (int n) with type B. In contrast,
when inferring the type of the term legj,, 5 n 7, the algorithm would first infer that
the subterm leqy,, 4 n has type N — B, using the type substitution {8 — N}. The
subterm 1 is easily seen to have type Z, which does not match the argument type N of
the function. However, in this case, the type mismatch cannot be repaired, since there
is no coercion from Z to N, and so the algorithm fails.

Y(leg)=a—a—DB Yi) =%
I'tleqoyz) ~ leqiayz) 1 Z > Z — B I'Fivwi:Z Z<:qZ Y(n)=N mt:N—ZeC
I'tleqaz i~ legig gy 1 Z— B I'tn~n:N N <tint Z
I'Fleqoyzy i~ leqpa gy @ (int n) : B
Y(leg)=a—a—B XY(n)=N mt:N—>ZecC
I leqpaz ~ leqiamz : Z—2Z — B I'tn~n:N N <tint Z X)) =7
' leqpoyzy 1~ legpa gy (int n) : Z — B I'ti~i:Z Z<:44l

I'Fleqoyzy i~ leqpa, gy (int n) i:B

Fig. 4. Examples for coercion insertion

The strategy for coercion insertion used in the Coq proof assistant (originally
due to Saibi [16], who provides no soundness or completeness results) suffers
from similar problems, which the reference manual describes as the “normal”
behaviour of coercions [3, §17.12]. Our goal is to provide a complete algorithm
that does not fail in cases such as the above.
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3.1 Coercive subtyping using subtype constraints

The algorithm presented here generates subtype constraints first, and postpones
their solution as well as the insertion of coercions to a later stage of the algorithm.
The set of all constraints provides us with a global view on the term that we are
processing, and therefore avoids the problems of a local algorithm.

The algorithm can be divided into four major phases. First, we generate
subtype constraints by recursively traversing the term. Then, we simplify these
constraints, which can be inequalities between arbitrary types, until the con-
straint set contains only inequalities between base types and variables. The next
step is to organize these atomic constraints in a graph and solve them, which
means to find a type substitution. Applying this substitution to the whole con-
straint set results in inequalities that are consistent with the given partial order
on base types. Finally, the coercions are inserted by traversing the term for the
second time. A visualization of the main steps of the algorithm in form of a
control flow is shown in Figure

term ¢,
context I’

generation
S weakly unifiable?
ret:rp> 8 J - 7

Constraint simplification
(S7 w) :>’%mp (S/7 esimp)

¥
Build constraint graph

(G(S/)7 asimp) :>!cyc (G7 QC?IC)

( Constraint f Weak unification test

-
12
f Constraint resolution
(G790y0) :>Lol (leeé‘al)
- ¥
Coercion genera- ( Unification
term u, tion and insertion |«

! / !
type 0, L T F 0t = 5. 00 J \(G [TV(G)],0501) = uuniy ((@,@),9)/
context 61"

Fig. 5. Top-level control flow of the subtyping algorithm

3.2 Constraint generation

The algorithm for constraint generation is described by a judgement I' ¢ : 7>
defined by the rules shown in Figure [6] Given a term ¢ and a context I', the
algorithm returns a type 7, as well as a set of equality and subtype constraints
S denoted by infix “=” and “<:”, respectively. The equality constraints are
solved using unification, whereas the subtype constraints are simplified to atomic
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constraints and then solved using the graph-based algorithm mentioned above.
The only place where new constraints are generated is the rule SUBCT-APP for
function applications t; to. It generates an equality constraint ensuring that the
type of t; is actually a function type, as well as a subtype constraint ensuring
that the type of t5 is a subtype of the argument type of ¢;.

z:TeTl Y()=o0o
SuBCT-VAR

- — SuBCT-CoONST
I'Fx:7>0 I'tcaomof@—7>0

Nzx:1tkHt:o> S
'FXe:7m.t:7T—o0o> S

SuBCT-ABS

I'Fti:7> 5 I'Fto:o> S5 a, B fresh
'btita: B> S1USU{r=a— 8,0 <:a}

SuBCT-AprpP

Fig. 6. Constraint generation rules

Note that as a first step not shown here, the type-free term input by the user
is augmented with type variables: Az. t becomes Az : 5. t and ¢ becomes Clamsh)
where all the 8s must be distinct and new.

3.3 Constraint simplification

The constraints generated in the previous step are now simplified by repeatedly
applying the transformation rules shown in Figure [7} The states that the trans-
formation operates on are pairs whose first component contains the current set of
constraints, while the second component is used to accumulate the substitutions
computed during the transformation. As a starting state of the transformation,
we use the pair (9, 0). The rule DECOMPOSE splits up inequations between com-
plex types into simpler inequations or equations according to the variance of the
outermost type constructor. For this purpose, we introduce a variance operator,
which is defined as follows.

Definition 2 (Variance operator). Let map~ be a map function for the type
constructor C of arity n in the set M. We use the abbreviation

T <:0 if C is covariant in the i-th argument wrt. mapq

vars(t,0) = {

o <:7 if C is contravariant in the i-th argument wrt. mapo
for 1 <i <mn. If there is no such mapo, then we define for 1 <i < mn:
vars(t,0) =71 = 0.

Thus, if no map function is associated with a particular type constructor,
it is considered to be invariant, causing the algorithm to generate equations
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instead of inequations. Equations are dealt with by rule UNIFY using ordinary
unification. Since our subtyping relation is structural, an inequation having a
type variable on one side, and a complex type on the other side can only be
solved by instantiating the type variable with a type whose outermost type
constructor equals that of the complex type on the other side. This is expressed
by the two symmetric rules EXPAND-L and EXPAND-R. Finally, inequations with
an atomic type on both sides are eliminated by rule ELIMINATE, provided they
conform to the subtyping relation.

DECOMPOSE ‘
{Cm ... m<:Cor ... o} WS, 0) = simp ({varlc (13,04) | i = ln} US,H)

UNIFY

{r=0}ws,0) = simp  (0'S,6 00)
where 0 = mgu(r, o)

EXPAND-L

{a<:Cm ... WS, 0) —simp (0 {a<:Cm ... 7,,}US),0 00)
where 0/ = {a— C a1 ... an}
and a1 ... a, are fresh variables

ExpPAND-R

{Cm ... m<:a}ws,6) =simp (0 ({C 11 ... T <:a}US),0 00)
where 0’ = {a— C a1 ... a,}
and a1 ... a, are fresh variables

ELIMINATE

{U<:T}wS,0) = simp  (5,0)
where U, T are base types
and U <: T

Fig. 7. Rule-based constraint simplification = gimp

We apply these rules repeatedly to the constraint set until none of the rules
is applicable. Therefore, we use the notation :>!simp.
Definition 3. (Normal form) For a relation = we write
X ='x
if X =* X’ and X' is in normal form wrt. =.

Definition 4 (Atomic constraint). We call a subtype constraint atomic if it
corresponds to one of the following constraints («, 8 are type variables, T is a
base type):

a<:f a<:T T<«
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If none of the rules is applicable, the algorithm terminates in a state (S, Osimp ),
where S’ either consists only of atomic constraints, or S’ contains an inequation
C1 T <: Cy 7 with Cy # Cy or an inequation T" <: U for base types T and U
such that T is not a subtype of U or an equation 7 = ¢ such that 7 and o are
not unifiable. In the latter three cases, the type inference algorithm fails.

An interesting question is whether such a state or a failure is always reached
after a finite number of iterations. It is obvious that the simplification of the
constraint & <: C' a will never terminate. Bourdoncle and Merz [2] have pointed
out that checking whether the initial constraint set has a weak unifier is sufficient
to avoid nontermination. We provide a proof for this statement in Weak
unification differs from standard unification in that it identifies base types, which
is necessary since two types 7 and ¢ with 7 <: ¢ need to be equal up to their
base types.

Definition 5 (Weak unification). A4 set of constraints S is called weakly
unifiable if there exists a substitution 0 such that [07] = [0o] for allT <: 0 € S,
and 0T = 0o for all T =0 € S, where

[o] = «
[T] = Tp
[CT1 ... 7] = C 1] ... [7a]

and Ty is a fixed base type not used elsewhere. In this case, 0 is called a weak
unifier of S, and mgu[S] is called weak most general unifier of S.

Weak unification is merely used as a termination-test in our algorithm before
constraint simplification (see Figure |5)).

3.4 Solving subtype constraints on a graph

An efficient and logically clean way to reason about atomic subtype constraints
is to represent the types as nodes of a directed graph with arcs given by the
constraints themselves. Concretely, this means that a subtype constraint o <: 7
is represented by the arc (o,7). This allows us to speak of predecessors and
successors of a type.

Definition 6 (Constraint graph). For a constraint set S, we denote by

G(S) = (U{{T,U} |7 <:0€ S8} {(r,0)|T<:0€S8})
the constraint graph corresponding to S.

Given a graph G = (V, E), the subgraph induced by a vertex set X C V is
denoted by G[X] = (X, (X x X)N E). The set of type variables contained in the
vertex set of G is denoted by TV (G).

In what follows, we write o <: 7 for the subtyping relation on base types
induced by the set of coercions C, which is defined by

< ={TU)|c:T—>UecC}
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Definition 7 (Solution). A type substitution 0 is a solution of the constraint
set S iff for all T =0 € S it holds 01 = 0o and for all T <: 0 € S there exists a
coercion ¢ such that 07 <:. 8o holds.

Moreover, we say that a type substitution 6 is a solution of the constraint
graph G = (V, E) iff for all (o,7) € E it holds that O <: 0.

Lemma 1 (Equivalence of the solution notions). 6 is a solution of the
atomic constraint set S iff 0 is a solution of G(S).

Proof. S is an atomic constraint set. Hence, it does not contain unification con-
straints. By the definition of G(S) the edges of G(S) corresponding exactly to
the subtype constraints in S. Thus, both notions of a solving substitution are
equivalent. a

Graph construction Building such a constraint graph is straightforward. We
only need to watch out for cycles. Since the subtype relation is a partial order
and therefore antisymmetric, at most one base type should occur in a cycle. In
other words, if the elements of the cycle are not unifiable, the inference will fail.
Unifiable cycles should be eliminated with the iterated application of the rule
CycLE-ELIM shown in Figure [§

CycLeE-ELIM
((V,E),0) =y (VNKU{rxh, E'UP x {1} U{TK} x S),0K 00)
where K is a cycle in (V, E)
and 0x = mgu(K)
and {TK} = QKK
and E' = {(r,0) € E| 7 ¢ K,0c ¢ K}
and P={r|3Jo € K. (1,0) € E}\ K
and S={o|3Ir € K. (1,0) € E}\ K

Fig. 8. Rule-based cycle elimination ==y,

Figure [J] visualizes an example of cycle elimination. We call the substitution
obtained from cycle elimination 6.y..

Constraint resolution Now we must find an assignment for all variables that
appear in the graph G = (V, E). We use an algorithm that is based on the
approach presented in [20]. First, we define some basic lattice-theoretic notions.

Definition 8. Let S,T,T’ denote base types and X a set of base types. With
respect to the given subtype relation <: we define:

— T ={T"|T =:T'}, the set of supertypes

— T ={T"]|T" =:T}, the set of subtypes
- TUuSeTnNS andVU e TNS. TUS <X:U, the supremum of S and T
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Fig. 9. Collapse of a cycle in a graph

-TnsSelT'nSandvVL e T NS. L=:TNS, the infimum of S and T
- X e ﬂ T andVU € (| T. | |X X:U, the supremum of X
TeX
NZLL
Tex

-MXe ﬂ T and VL € =:[1X, the infimum of X.
TeX
Note that, depending on =<:, suprema or infima may not exist.
Given a type variable o in the constraint graph G = (V, E), we define:

— PY ={T | (T,a) € ET}, the set of all base type predecessors of a
— 8¢ ={T| (a,T) € E*}, the set of all base type successors of a.

E7 is the transitive closure of the edges of G.

The algorithm assigns base types to type variables that have base type successors
or predecessors until no such variables are left using the rules shown in Figure [I0}
The resulting substitution is referred to as 6.

The original algorithm described by Wand and O’Keefe [20] is designed to be
complete for subtype relations that form a tree. It only uses the rules ASSIGN-
INF and FAIL-INF without the check if S is empty. It assigns each type variable
« the infimum [] Sf of its upper bounds, and then checks whether the assigned
type is greater than all lower bounds PS. If [ S does not exist, their algorithm
fails. If SG is empty, its infimum only exists if there is a greatest type, which
exists in a tree but not in a forest. In order to avoid this failure in the absence
of a greatest type, our algorithm does not compute the infimum/supremum of
the empty set, and is symmetric in successors/predecessors.

After constraint resolution, unassigned variables can only occur in the result-
ing graph in weakly connected components that do not contain any base types.
As we do not want to annotate the term with unresolved subtype constraints, all
variables in a single weakly connected component should be unified. This is done
by the rule UNIFY-WCC shown in Figure |11} and produces the final substitution
0.

FEzample 2. Going back to Example we apply our algorithm to the term leq,, o, 7 @
Figure [T2] shows the derivation of the initial constraint set. Simplifying the generated
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ASSIGN-SUP
(G,0) = ({a— LIPSYG, {a — |_|Pf}o€)
ifaeTV(G)APS #0A3|PEAVT € SS. | |PSE =T
FaiL-Sup
(G, 9) =50l FAIL
ifacTV(G)APS 0N FUPS v3IT €SS LIPS £4:T)
ASSIGN-INF
(G,0) = ({a—=T1SS1G, {a—[155}00)
ifa e TV(G)ANSS #OAN3[NSSAVT € PS. T <: 5§
FarL-INF
(G,0) = FAIL
ifacTV(G)ANSS A0 FSS vIT € PS. T £:T155)
Fig. 10. Rule-based constraint resolution =>4,;
UNIFY-WCC
(G,0) = unir  (G[V \ W], mgu(W) o )

where W is a weakly connected component of G = (V, E)

Fig. 11. Rule-based WCC-unification = uniy

constraints yields the substitution Osmp = {1 — as, as — as, f1 — B, B2 — az — B}
and the atomic constraint set {N <: as,Z <: as}. This yields the constraint graph
shown in Figure The constraint resolution algorithm assigns as the least upper
bound of {N,Z}, which is Z. The resulting substitution is 0,0y = {01 — Z,a2 —
Z,as — Z,p1 — B,B2 — Z — B}. Since there are no unassigned variables in the
remaining constraint graph, UNIFY-WCC is inapplicable and 6, the final result, is 05,;.

Y(leg) =a—a—B Y(n)=N
I'Fleqia oy i a3 — az = B> 0 I'tn:Np>@ ag, B2 fresh X)) =7
I'Fleqyag i B> {as = az = B =az2 — B2, N <t az} 'ti:Z>0 at, B1 fresh

I'Fleqpoyay ni: P >{as s> a3 =>B=ay = f2,82=a1 — f1,N<t a2, Z <: a1 }

Fig. 12. Example for constraint generation
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as

N Z

Fig. 13. Constraint graph of leqj,, o, 7 ¢

In we will see that the constraint resolution algorithm defined in this
subsection is not complete in general but is complete if the partial order on base
types is a disjoint union of lattices.

3.5 Coercion insertion

Finally, we have a solving substitution #. Applying this substitution to the initial
term will produce a term that can always be coerced to a type correct term by
means of the coercion insertion judgement shown in Figure [3] We inspect this
correctness statement and the termination of our algorithm in

4 Interaction with type classes

4.1 Type classes in Isabelle

The type system of the Isabelle proof assistant is a simply typed lambda calcu-
lus with Hindley-Milner polymorphism and type classes. Our extension of type
inference with subtyping interacts in a rather subtle way with the type class
system of Isabelle. The type class system is described in [10] and [21]. For our
purpose it suffices to abstract the system to the following facts.

Type classes represent sets of types. The intersection of finitely many type
classes is called a sort. Sorts are quasi-ordered (we call the relation “C”) and
a maximal sort T exists. T contains all types. All type variables are annotated
with sorts. We use the notation « :: § for this. A type T can be tested for
membership in a sort 8 via the judgement by, T : 8. Further, a function
arity(C, 8) is given. arity takes a type constructor C' of arity n and a sort 8
as input and returns a tuple of n sorts (81,...,8,). The interpretation of this
function is that 4oy C 71...7, : 8 holds only if Fp¢ 7 : §; holds Vi = 1...n.
arity(C,8) can fail if C' constructs types that do not belong to sort 8. Also, a
unification algorithm that respects the type classes is required[IT]. For example,
« :: 8 and X are not unifiable if F,,+ X : § does not hold and the unifier of « :: 8§
and [ :: T is a type variable annotated with the intersection of the sorts § and
T.

4.2 Interaction with constraint preprocessing

The constraint generation rules are not dramatically affected by type classes. We
only need to pass the variable annotations around. Fresh variables get annotated
with T.
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As we use the weak unification test only to ensure the termination of con-
straint simplification we will not need to check sort consistency at this point.
So, exactly the same test on subtype constraints as in §3]is enough.

During constraint simplification we need to ensure correct sort annotation
when we replace a variable with a constructed type. Therefore, we update the
simplification rules EXPAND-L and EXPAND-R as shown in Figure

EXPAND-L

{au8<:Cm ... m}WS,0) =gimp (O {au8<:Cm ... 7m}US),0 006)
where §' = {a+— C (a1 ::81) ... (an :8n)}
and arity(C,8) = (81,...,8x)
and a1 ... a, are fresh variables

ExXpPAND-R

{Cm . Th<tau8WS,0) =gimp (O ({Cm ... T <ta:u8}US),0 00)
where ' = {a— C (a1 :81) ... (an :8n)}
and arity(C,8) = (81,...,8n)
and a1 ... an are fresh variables

Fig. 14. Rule-based constraint simplification, extended to handle type classes

4.3 Interaction with constraint resolution

Assuming a new unification function that respects sort annotations, the process
of building the constraint graph and eliminating cycles works the same way as
before. Constraint resolution is more problematic. Here, every assignment must
be “sort-correct”.

FEzxample 3. Consider the following two examples in Figure In example (a) our
algorithm would try to assign the type N to « :: Field. This, however, is wrong since N
does not belong to the sort Field. Instead, the “smallest” supertype of N that is of sort
Field should be assigned to « . In our case this is R. Example (b) demonstrates another
kind of influence of sorts on the assignment of variables. In this case « is annotated
with T which would not contradict the assignment of N to «. Still this assignment is
wrong because N does not have any subtypes that belong to the sort Field which is
required for the assignment of g :: Field. To get the right assignment we need to find
a supertype of N that has a subtype of sort Field. Again the solution is R.

We integrate the observations in our algorithm by defining a new supremum
and infimum that depend on the sort of the variable to be assigned and a set of
sorts belonging to the predecessors/successors of this variable.

Definition 9. Let S, T,T',T" denote base types, X a set of base types, 8 a sort
and X a set of type variables. We define wrt. the given subtype relation =<::
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Fig. 15. Examples for type class-subtype interference

— Ta ={T" | T =T Faore T : 8,

VBT e X. 3T, (VU € P§.U =: T") T = T b gore T 2 T},
the set of supertypes that are of sort 8 and have valid subtypes for every
type variable in X

- I%C = {Tl ‘ T =: T)'_SOT't A Sa

VBT eX. 31", (VU € Sp. T" =:U), T' 2T Fgory T" : T},
the set of subtypes that are of sort 8 and have wvalid supertypes for every
type variable in X

-TuES e Tg mﬁg and YU € T;C még. TUE S <: U, the supremum of S
and T
- TﬂgSezgﬂﬁg and VL ezgmgg“. L j:TI‘I?S the infimum of S and
TX il i X
-Us X e N Ts andVYU e (| Ts. |ls X =: U, the supremum of X
TeX Tex

~MeXe N T andVLe (| Te. L=:[Ts X, the infimum of X .
TeX TeX

Further let « be a type variable in the constraint graph G = (V, E). We denote
the transitive closure of edges of G by Et and define:

PG ={T|(T,a:8)€ E*,T base type}
the set of all base type predecessors of a :: 8
— 8¢ ={T|(a::8,T) € E*,T base type}

the set of all base type successors of a :: 8
—P¢={B:T|(B:T,a:8)cEt}

the set of all type variable predecessors of a :: 8
-8 ={B:T|(a::8,8:T)c Et}
the set of all type variable successors of « :: 8.

Figure|16|shows the constraint resolution rules updated according to the new
notion of the supremum/infimum.
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ASSIGN-SUP
G pG

(G.0) = ({om LEY PEYG {a — LI P9} o0)

ifa:8eTV(G)APS £0A3| S PS AVT € 5C. |25 PG <: T
FamL-Sup
(G,0) =, FAIL

ifa:8eTV(G)APS £0A @S PSvIT € 5C. |25 PS £:T)
ASSIGN-INF

SS el SS el

(G,0) = sol ({a — ﬂs Sq G, {o— |_|s Sa}o 0)

. G ¢ «c G el

fa:8eTV(G)ANSS #OANI[ ™ Sa AVT € Py T <: 15> Sa
FAIL-INF
(G,0) =, FAIL

ifa8eTV(G)ASE £0ABMES SEvIT € PS. T 2: [ 56)

Fig. 16. Rule-based constraint resolution (type classes) =0

After integrating those extensions, the algorithm still always terminates and
is sound. However, completeness can not be reached even with very strong re-
strictions of the base type poset, without further assumptions about the sort
quasi-order. We discuss some examples for incompleteness in

5 Total correctness

To prove total correctness, we need to show that for any input ¢ and I', the
algorithm either returns a substitution €, a well-typed term u together with its
type 67 or indicates a failure. Failures may occur at any computation of a most
general unifier, a sort arity, during the weak unification test, or explicitly at
the reduction steps FAIL-SUP and FAIL-INF in the constraint resolution phase.
Below we discuss correctness and termination. Since the reduction rules in each
phase are applied nondeterministically, the algorithm may output different sub-
stitutions for the same input term ¢ and context I'. By AlgSol(I',t) we denote
the set of all such substitutions.

Theorem 1 (Correctness). For a given term t in the context I', assume 6 €
AlgSol(I',t). Then there exist a term u and a type T, such that 0T b 0t ~ w : T
and O - u : 7.

Instead of working with the notion AlgSol and the whole algorithm as a
black box, we reformulate the correctness theorem to give names to the inter-
mediate results. Then, we can show correctness statements about each phase of
the algorithm separately.
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Theorem 2 (Correctness). Suppose that a given term t in the context I’
passes the phases of the presented algorithm without failure:

I'tt:7> 8, (1)
(Sv (Z)) :>!simp (Slv gsimp)v (2)
(G(Sl)a 0simp) :>!cyc (Ga gcyc)a (3)
(G, acyc) :>Lol (Gla esol)a (4)
(G'[TV(G)] Os01) =iy ((0,0),0) ()
Then there exists a term u, such that
O F 0t ~ u : 07, (6)
O - w: 07, (7)

Proof. In Lemma we prove that @ follows from @

In order to prove @, we observe that any solution of the constraint set S
produced in , has the needed property. This is shown in Lemma Thus, we
need to show that 6 is a solution of S. We achieve this by proving that each
reduction phase results in a substitution that solves a certain part of the restric-
tions induced by the constraint set. More precisely, there exists a substitution
d4 such that 6 = §4 004, and 4 solves G'[TV (G")] provided , which is shown
in Lemma [8] Clearly, d, also solves G, since in G’ there are no edges between
simple types and a type variables.

Further, in Lemmawe show that implies the existence of a J3 such that
Oso1 = 03 00y and 3 extends a solution of G’ to a solution of G, Lemma@ and
Lemma [I] show that there exists a substitution do such that 0.y, = 02 © Oimyp
and 02 extends a solution of G to a solution of S’ provided , and finally
Lemma [5| shows that 6, extends a solution of S” to a solution of S provided
. Concatenating these results implies the fact that § = 4008300920604, solves
S. O

Lemma 2 (Correctness of coercion generation). If 7 <:. o then § - ¢ :
T—=o0.

Proof. A straightforward induction on the derivation of the coercion generation
T <.0. O

Lemma 3 (Correctness of coercion insertion). If I' - t ~ u : T then
I'Fu:T.

Proof. A straightforward induction on the derivation of the coercion insertion
I'+t ~ u: 7 additionally using Lemma [2| O

Lemma 4 (Non-failure of coercion insertion). Given a term t and context
I, if C'Et:7> 95 and 0 is a solution of the constraint set S, then there exists
a term u such that 0I' = 0t ~~ u : O7.
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Proof. A straightforward induction on the derivation of the constraint generation
I'kFt:7> 8. O

Lemma 5 (Correctness of =, ). Assume (S,0) =>,,,, (5',0'). Let 6" be
a substitution that solves S’. Then there exists a substitution § such that @' = 600

and 0" o § solves S.

Proof. First, we prove a related property for a single application of a simplifica-
tion rule, from which the above property follows by an induction on the number
of simplification steps.

Assume (S,0) = gimp (57,0) and 0” is a solving substitution for S’. We
show that in that case there exists a substitution § such that 8 = §o6f and 8" 0§
is a solving substitution for S by case distinction on the rules for =g

DECOMPOSE In this case 6/ = 6 implies § = (). Therefore, we need to show that
0" 06 =46"is a solution for {C' 7 ... 7, <:C o1 ... o} WS. As we know, 6"
solves the constraints {varl (r;,03) |[i=1...n}US.

If there is a known map function m for C, then for all i = 1...n there exists ¢;
such that either 6”71; <:., 8”0; or 8" 7; <:., 8”c; holds according to the variance
of the constructor C. Hence, 8" (C 11 ... T) <im ¢1...c, 0" (C o1 ... 0,) holds.

Otherwise, if no map function for C is known, the fact that 6" solves

vart, (1;,0;) implies 0”7; = 0”0, for all i = 1...n. Hence, 0" (C' 711 ... Tn) <td
0" (C o1 ... 0,), because the constructed terms are equal after the application
of 6”.

Thus, 6" solves {C 1y ... 7, <:C oy ... o,} W S.

UNIFY It is easy to see that § = mgu {7,c}. Therefore, we have to prove that
6" 0§ is a solving substitution for {7 = o} WS, provided that 6" solves §S. Then,
there must be only already ”solved” constraints in 6”(8S) = (6" 06)S. It follows
that 6” o ¢ solves the constraints in S

Since § is the most general unifier of 7 and o, it holds: (8" o §)7 = 0" (07) =
0" (6c) = (0" o §)o. Hence, 8” o § also solves the constraint 7 = o.

ExXPAND-L and EXPAND-R Both rules, EXPAND-L. and EXPAND-R, behave in
the same way.

We observe that § = {a— C a1 ... an}ﬂ and S’ = §5. Since 6" is a solving
substitution for S, 8”(4S) = (8" 04)S contains only “solved” constraints. Thus,
6" o § is solution for S.

ELIMINATE This step is eliminating already solved constraints. With § = (),
0" 0§ = 0" still solves S together with the eliminated constraint U <: T' since
"U=U and 0"T =T. O
Lemma 6 (Correctness of =, .). Assume (G,0) =, (G',0'). Let 0" be a
substitution that solves G'. Then there exists a substitution § such that 8’ = §o6
and 6" 0§ solves G.

Lor {aw C (a1 ::81) ... (an :: 8,)} in the case with type classes
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Proof. The proof idea is the same as in Lemma [5| with a degenerate case dis-
tinction for the only rule.

CycLE-ELIM  Assuming that 6#” is a solving substitution for
(VANKU{rx},E'UP x {tx} U{rk} x S), we need to show that 6" o O
is a solution for (V, E) with 0 = mgu(K). That is, for all (7,0) € E it must
hold: (6" o Ok )T =: (6" 0 Ok )o.

To prove this statement, we distinguish between four different edge categories.
Note that it holds Vr € K. 07T = 7 and V7 € V' \ K. 07 = 7 since there are
only variables and base types in V.

1. 7e V\K,o0 € V\ K. Then (1,0) € E’, such that:
(0" 00x)T=0"(0rgT)=0"71 2:0"0 =0"(0k0o) = (0" 0 Ok)o.
2. 7€ K,0 € V\ K. Then (1,0) € {Tx} x S, such that:
(0" 0bx)T=0"TK =:0"0 = (0" 0 0K)0.
3. Te V\K,o € K. Then (7,0) € P X {Tk }, such that:
(0" 00r)T =0"1 <:0"1c = (0" 0 Ok )0.
4. 7 € K,0 € K. Then it holds:

(9// o eK)T = G/ITK = (6‘// o 6‘[{)0.
O

Lemma 7 (Correctness of =" ). Assume (G,0) =", (G',0). Let 0" be a

sol
substitution that solves G'. Then there exists a substitution & such that 0’ = 600

and 0" o § solves G.

Proof. Once again, the proof idea is the same as before. =>,,; has two non-
failing cases, but since they are symmetric to each other, we consider only
ASSIGN-SUP rule of the case with type classes.

G
ASSIGN-SUP We write in the following, ¢ for the substitution {a — |_|gDcx PSY.
Assuming that 6” is a solving substitution for 6G and the given side conditions

G Pd pa G | (%e pc
a8 e TV(G), Py # 0, 3 s> PS, and VT € S5 . | g~ Py =: T, we need
to show that 6" o § is a solving substitution for G = (V, E). Therefore, we we
distinguish between three categories for the edge (1,0) € E.

1. eV \{a},oc € V\{a}. Then (1,0) € 6G, such that:
(0" 08)T=0"1 <:0"0 = (0" 0 )0.

G
2. 7 =a,0 € V\{a}. Then, because of the side condition V7' € SS. |_|g‘* P& <:
T and 0" being a solving substitution, it holds:

:PG
(0" 0d)T = |_|Sa PS¢ <:0"0 = (0" 0 ).
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3. 7€ V\ {a},o = a. Then, because of the definition of the supremum of PS¢
and 0" being a solving substitution, it holds:

.:PG
(0" 0 d)r =0"1 <: U “PY = (0" 0d)o.
s
O
Lemma 8 (Correctness of = ). Assume (G,0) ="' .. ((0,0),6'). Then,

unif unif
there exists a substitution § such that 8’ = 600 and 6 solves G.

Proof. This proof uses again the very same technique as the previous ones. As
in the proof of the correctness of :>!cyc, there is only one rule.

Unify-WCC Assuming that 0” solves G[V\W], we need to show that 6" omgu (W)
solves G = (V, E). Remembering that W denotes a weakly connected component
of G, we distinguish between two categories for the edge (7,0) € E. It holds
V1 e W. mgu(W)T =: 7y and V7 € V \ W. mgu(W)1 = 7.

1. 7e V\W,0 € V\W. Then (1,0) € G[V \ W], such that:
(0" o mguW))T =0"7 <:0"0 = (6" o mgu(W))o.
2. 7 € W,o0 € W. Then it holds:

(0" o mgu(W))T = 0"y = (8" 0 mgu(W))o.
O

Thus, we know that if the algorithm terminates successfully, it returns a well-
typed term. Moreover, it terminates for any input:

Theorem 3 (Termination). The algorithm terminates for any inputt and I

Proof. The derivations using constraint generation and coercion generation and
insertion typing rules clearly terminate since these rules are compositional, that
is depending only on their subexpressions.

The termination of the weak unification test follows from the termination of
the standard unification algorithm.

Less obvious is the termination of the repeated application of the reduction
rules. We show that in the non-failing case the normal form is reached after a
finite number of reduction steps by specifying a measure for each phase that
decreases with every application of any rule belonging to this phase.
Termination of :>13imp assuming the weak unifiability of the original constraint
set S (Proof based on the proof of lemma 13 in [2])

First of all, we show that after the application of any rule the resulting
constraint set is weakly unifiable if the original constraint set was weakly unifi-
able. Let S; be the constraint set in step 4, and 6; be a weak unifier for S;.
If we apply rule DECOMPOSE or rule ELIMINATE, 6, is still a weak substitu-
tion for the resulting constraint set. The application of rule EXPAND-L to the
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subtype constraint a <: C 7y 7 ... 7, introduces new variables «q,...,q,
and applies the substitution {a& — C a3 a2 ... a,} to the whole constraint
set. Since a« <: C 74 79 ... 7, € S; and 6; is a weak unifier of 5;, it fol-
lows that 0,0 = C 01 ... 0y, where 0; = [6;7;] for all 1 < j < n. Thus,
Oiv1 ={a1 — 01,...,an > 0y} 00; is a weak unifier of S; ;1. By a similar argu-
ment, it can also be shown that the rule EXPAND-R preserves weak unifiability.
It is part of the algorithm to test whether the initial constraint set is weakly
unifiable. We will only start simplifying the constraints if they pass the test. By
induction, we obtain weak unifiability for every subtype constraint set produced
by our simplification algorithm.

Now, we can define the decreasing measure. Let #(7) be the following recur-
sively defined number:

1 if 7 is a type variable or base type

— n
HO =V 14 S ) ifr=Crim o7
i=1
Furthermore, we define two measures for a weakly unifiable subtype con-
straint set S;:

1Sil =Y #(r)+#(0) and |Silry = > #(6ix)

TIoES; z€TV(S;)

where 0; is a weak most general unifier for S;, TV (S;) denotes the type variables
occurring in S;, and < stands for either <: or =.

Consider the lexicographic order on tuples (|S;|rv, |S;|) for the coercion sets
S; in any step i. If rules DECOMPOSE or ELIMINATE are applied, then |S;|ry =
|Sit+1|7v holds because TV (S;) = TV (S;+1) and 0; = 6,41 obviously hold. Note
that 6; and 6,11 (weak most general unifiers for S; and S;11) must exist, since
S; and S;y1 are weakly unifiable. On the other hand, |S;| = |S;+1] + 2 holds
because the rules are either removing exactly two type constructors or exactly
two base types.

If ExpAND-L is applied to the constraint o <: C' 11 75 ... T, we notice
that the weak unifiers 6; and 6,1 only differ in the variables o and aq, ..., a,.
Furthermore, since 6; and 6;;1 are weak most general unifiers, it holds that
O;ac =0;11(C a1 az ... ap). Now, we can conclude

#(Hia) = #(9i+1(0 aq Qg ... Oén))

=1+ Z #(0i+1045)
=1

n

> #(0i10)
j=1

which together with the fact TV (S;41) = (TV(S:) \ {a}) U {a1,...,an}
implies |S;|rv > |Sit1|rv. The reasoning for rule EXPAND-R is similar.
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If rule UNIFY is applied, we first consider the case where no variable is as-
signed during unification. Then TV (S;) = TV (S;+1) and 6; = 60,11 hold and
imply |S;|rv = |Si+1|rv. Furthermore, |S;| > |S;+1] holds because a constraint
gets removed. The other case is that some set of variables & gets assigned. Then
TV (Si41) =TV (S;) \ @ and the fact that 6; and 6,11 only differ concerning the
variables from the set @ implies |S;|7v > [Sit+1]7v.

In all cases it holds either |S;|7v > |Sit1|lrv or [Silrv = |Si+1|rv and
|SZ| > |Si+1|. Thus Vi > 0. (|Si|TV> ‘SZD > (‘Si+l|TV; |Sz+1|) holds.
Termination of :>Icyc The application of the CYCLE-ELIM rule decreases the
number of cycles of the constraint graph. The normal form is reached when this
number is zero, that is the graph is a DAG.

Termination of :>LOl The application of the ASSIGN-SUP and ASSIGN-INF rules
decreases the number of unassigned variables in the constraint graph. The normal
form is reached when type variables only occur in weakly connected components
of the constraint graph that don’t contain base types.

Termination of :>!um-f The application of the UNIFY-WCC rule decreases the
number of vertices of the remaining constraint graph. The normal form is reached
when the remaining graph is empty. a

6 Completeness

In this section we provide a completeness result for the algorithm described in
For the extension to type classes, described in §4] we don’t have a similar result,
without certain assumptions on the quasi-order of sorts. Since our goal was to
build the coercion inference on top of Isabelle without changing the underlying
type system, we will not embed such assumptions on the sort structure in our
reasoning about the algorithm.

6.1 Some examples for incompleteness

So far, we have only made statements about termination and correctness of our
algorithm. It is equally important that the algorithm does not fail for a term
that can be coerced to a well-typed term. An algorithm with this property is
called complete. As mentioned earlier, our algorithm is not complete for arbitrary
posets of base types. This is shown by some simple examples. First, we consider
the algorithm for the language without type classes as described in §3]

FEzxzample 4. Figure |17 shows a constraint graph and base type order where our algo-
rithm may fail, although {a — C, 8+ N} is a solving substitution. If during constraint
resolution the type variable « is assigned first, it will receive value R. Then, the as-
signment of 8 will fail, since the infimum R MN does not exist in the given poset. The
fact that our algorithm does find the solution if 8 is assigned before « is practically
irrelevant because we cannot possibly exhaust all nondeterministic choices.
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7 X

Constraint graph Partial order on base types

Fig. 17. Problematic example without type classes

Before we reason about a possible solution of the completeness problem we
consider a second example now involving type classes.

Ezample 5. Some problems also occur in the solvable constraint graph in Figure
{a — Q} is a solving substitution. The presented algorithm tries to assign « to

gicld{N}. This supremum does not exist, since R A: Q and Q A: R. Thus, the al-
gorithm fails.

______________

Field type class

| I

I
| |
; C I
: :
| I
" R Q|

N Z
N P
Constraint graph Partial order on base types

Fig. 18. Problematic example with type classes

In both cases, the problem is the non-existence of a supremum or infimum.
The solution to this problem in the case without sorts is to require a certain
lattice structure for the partial order on base types. Alternatively we could try
and generalize our algorithm, but this is unappealing for complexity theoretic
reasons.

6.2 Complexity and completeness

Tiuryn and Frey [T9/4] showed that the general constraint satisfaction problem
is PSPACE-complete. Tiuryn [19] also shows that satisfiability can be tested in
polynomial time if the partial order on base types is a disjoint union of lattices.
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Unfortunately, Tiuryn only gives a decision procedure that does not compute
a solution. Nevertheless, most if not all approaches in the literature adopt the
restriction to (disjoint unions of) lattices, but propose algorithms that are ex-
ponential in the worst case. This paper is no exception. Just like Simonet [18]
we argue that in practice the exponential nature of our algorithm does not show
up. Our implementation in Isabelle confirms this.

All phases of our algorithm have polynomial complexity except for constraint
simplification: a cascade of applications of EXPAND-L or EXPAND-R may pro-
duce an exponential number of new type variables. Restricting to disjoint union
of lattices does not improve the complexity but guarantees completeness of
our algorithm because it guarantees the existence of the necessary infima and
suprema for constraint resolution.

6.3 Proof of completeness in the case without type classes

In the following proof we assume that the base type poset is a disjoint union of
lattices.

To formulate the completeness theorem, we need some further notation.

Definition 10 (Equality modulo coercions). Two substitutions 0 and 6’ are
equal modulo coercions wrt. the type variable set X, if for all x € X there exists
a coercion ¢ such that either 6(z) <:. 0'(x) or 0'(x) <:. 6(z) holds. We write
0 ~x 0.

Definition 11 (Subsumed). The substitution ¢’ is subsumed modulo coer-
cions wrt. to the type variable set X by the substitution 0, if there exists a sub-
stitution 0 such that 6 ~x §o0. We write 0 <x ¢’.

Definition 12 (Invariant). The constraint set S is invariant under the sub-
stitution 0 if for all T <o € S it holds 0T = T and 0o = 0.

The constraint graph G is invariant under the substitution 0 if for all o €
TV (G) it holds o = a.

Let TV (7) and TV (t) be the sets of type variables that occur in 7 and the
type annotations of ¢. For a context I' = {z1 : 71,...,2n : T}, we denote by
TV(I) the set J TV (7).

i=1

1=

Theorem 4 (Completeness). If 0'T" - 0"t ~ u : 7/, then AlgSol(I',t) # 0 and
for all 0 € AlgSol(I',t) it holds that 0 Sty (ryurv ¢

Again, we reformulate the above theorem to have a closer look at the internals
of our algorithm.
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Theorem 5 (Completeness). Suppose that ' - 0t ~ w : 7" and I' F t :
7> S. Then, there exist S, G, G, Osimp, Ocyc, Uso1, 0 such that:

7! = 0'r, (8)

S is weakly unifiable, (9)

(5,0) =>himp (S, Osimp), (10)

(G(S"), Osimp) =y (G, 0cyc), (11)

(G, Ocye) =0l (G, Os01); (12)
(G'[TV(G)], bs01) = unif ((0,0),0). (13)

Further, for any such S',G, G, Osimp, Ocyc, Oso1, 0, independent of the nonde-
terministic choices of the algorithm, it holds:

0 Srviryurv 0 (14)

Proof. From Lemma |§| and Lemma |10 u we obtain , @D and a substitution §
such that § o 6 solves S. By induction on the transitive closure of =g, we
obtain and substitutions ¢’ and dgimp such that § 0 8 = dgimp © Gsimp and
0’ 05 00" solves S, and therefore G(S’) using Lemma [11| and Lemma [12] for
the induction step. By induction on the transitive closure of =y, we obtain
and a substitution .y, such that ¢’ 0§ 06 = 0cye 0 cye and 6" 050 ¢
solves G using Lemma and Lemma for the induction step. From both
inductions, we also know that ¢ affects only variables that were introduced in
the constraint generation and ¢’ affects only variables that were introduced in
the constraint simplification. Thus, ¢’ 0§06’ restricted to the free variables of the
input TV (I")UT'V (t) equals the substitution §". Thus 6" =y (ryurv (¢) deye©beye-
By induction on the transitive closure of = ,;, we obtain (|12 and a substitution
0501 Such that 5cyc 0 0cyc RTV(I)UTV (1) Os01 © 0501 and dgo; 0 B40; solves G, and
therefore G'[TV (G')] using Lemma and Lemma [16] for the induction step. By
induction on the transitive closure of == ;f, we obtain and a substitution
dunif such that 650100501 ~rv(ryurv(e) Sunif © 0 using Lemma and Lemma
for the induction step. Finally, we have 6’ ~pv (ryurv () dunis © 0, and therefore

). 0

Lemma 9. Suppose that ' = 0"t ~ u: 7 and I' =t : 71> S. Then there exists
a substitution 6 such that ™ = (§ 0 8')7 and & o §' solves S. Moreover, 6 is a
substitution that affects only fresh variables that were generated in the constraint
generation.

Proof. By induction on the constraint generation for an arbitrary 6'.

SUBCT-VAR (z:7 € ') Using 0'T' F 0’z ~ u : 7/, we derive that 7/ = 0'r.
Moreover, every substitution solves the generated empty constraint set. Thus,
the choice § = () proves this base case.

SuBCT-ConsT (¥(c) =0) Using 0'I' & 0'cjg7 ~» u : 7', we derive that
7' = 6 (ola — 7). Again, €' solves the generated empty constraint set. Thus,
the choice § = () also proves this base case.



26 Dmitriy Traytel, Stefan Berghofer, and Tobias Nipkow

SUBCT-ABS (Iiz: 7 Ft:01>S) Since the judgement 0'T" - 0" (Ax : 7y. t) ~
u : 7/ must have been derived via the COERCE-ABS rule, there exist 7o and u’
such that 0'(Iz: 1) F 0t ~ ' : 5 and 7" = 8’7y — 7. From the induction
hypothesis, we obtain a § such that § o 6’ solves the constraint set S and 7 =
(0 0 §)o. The rule SUBCT-ABS does not generate any new constraints. Also,
¢ affects only variables that are introduced by the constraint generation. Thus,
(6001 = @7 Tt follows that 7/ = (§ 0 0')(11 — o) and § 0 8" solves the same
constraint set S that is generated from the term Az : 1. t in the context I'.

SuBCT-App (I'Ff:7> 8, I'Ft:00>S;) Since the judgement ¢'I"' +
0'(f t) ~ u : 7" must have been derived via the COERCE-APP rule, there exist
Tf, Up, T¢, Ug, and c such that O'T'F 0" f ~> up 74 = 7/, 0'T F 't ~> uy : 7 and
Ty <:c T¢. From the induction hypothesis for f, we obtain a §¢ such that ¢ o ¢’
solves Sy, 7y — 7’ = (§;06')7. Since ¢ affects only variables that are introduced
in the derivation of Sy, 6'I" and #'t are invariant under the application of J;.
Thus, (67 00" )" - (65 060')t ~» u; : 7 holds. From the induction hypothesis for
t, we obtain a d; such that 6,007 06’ solves S; and 74 = (§; 095 06’)o. Finally, we
need to solve the newly generated constraints {7 = a« — 3, o <: a} providing an
adequate substitution of the fresh variables a and 3. Let 6 = {a — 74,8 — 7'}
Then, together with the fact that §; affects only variables that are introduced
in the derivation of S;, we know that (§ 0 0, 0 df) 0 6" solves Sy U Sy U {1 =
a — 8, 0 <: a}. This is the case, because d; o 0" already solves Sy, 6; 0 dy o6
already solves S, (608, 00700" )T =7 = 7' = (00600706 )(a — ) and
(006,00700Vo =7, <:c Tf = (006,087 060" )a. Moreover, ((§od;0d7)08)3 =171
such that 0 o d; o ¢ fulfils the needed properties. a

Lemma 10 (Weak unifiability). If S has a solution, then S is weakly unifi-
able.

Proof. Assuming 7 <:. 0, a straightforward induction on the coercion generation
provides the result [7] = [o].

Suppose 6 solves S. Hence, for all 7 <: o € S there exists a coercion ¢ such
that it holds 67 <:. o, and therefore [67] = [fc]. Since 6 also solves all equality
constraints in S, it is a weak unifier of S. a

Lemma 11 (Progress of =>;,,,). Suppose that 6" solves S. Then either S
is atomic or for all 0 there exist S’,0" such that (S,0) = gimp (57, 0').

Proof. Assume S is not atomic. Since our subtyping is structural and S is solv-
able, constraints of the forms, C 71 ... 7, <: T, T <: C 71 ... T, and
Crm ... m<:Dm ... T, where n > 0, m > 0, and C # D do not oc-
cur in S. Thus, there are five kinds of constraints in S, each kind corresponding
to a simplification rule. To prove the possibility of making a reduction step with
= gimp, We have to show that the side conditions of the rules hold. Those are
the existence of the most general unifier of 7 and ¢ in the rule UNIFY and the
compatibility of the base types T and U with the subtype relation in the rule
ELIMINATE. Both hold since S is solvable. ad
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Lemma 12 (Preservation of solvability by =g,,). Suppose that
(S,0) =simp (5°,60), 8" solves S, there exists 6 such that 8" = 600, and
S is invariant under 0.

Then there exists a 8',6" such that 8" = 6" o6, 6" 0 0" solves S’, and S’ is
mwvariant under 6'. Moreover, 6" is a substitution that affects only fresh variables
that were generated in that particular step of constraint simplification.

Proof. By case distinction on the constraint generation.

DEcoOMPOSE Since 6” = §o 6 solves {C 71 ... 7, <: C 01 ... o,} WS,
by definition of war it also solves {wari(r;,o;) | i = 1. n} U S. More-
over, {vart(r;,0;) | i = 1...n} contains exactly the same type variables as
{Cm ... » < C oy ... 0.} such that {wart(r,0;) | i = 1...n}US is
invariant under 6. Finally, with 6’ = 6 the case follows for 6" = 0, §' = .

UNIFY Since 68” = § o8 solves {r = o} WS and {r = o} WS is invariant under
0, it holds 67 = 0" = 0”0 = §o. Thus, § is a unifier for {7,0} and we obtain a
d1 where § = 61 o mgu{r,o} = § o 8'. It follows that 8" =508 = §; o (6 0 ).
We can assume the idempotence of the most general unifier such that 6'S' is
invariant under ¢’. Further, the range of ¢’ is a subset of TV (1) UTV (o), such
that the type variables of §S are a subset of the type variables of {7 = o} W S.
Since {T = o} WS is invariant under 6, ¢S must also be invariant under §. Thus,
0'S is invariant under 6’ o 6.
Moreover, with 8(8'S) = 'S, the idempotence of §' and S = S, it follows:
0"(0'S) = (6106 0 0)(6'S)
d100')(0'S)
51 o} 9 )
1060 06)S
=0"S

(
= (
= (
= (

Hence, as 0" solves S, it also solves 6’S. The case follows for §" =0, §' = J;.

EXPAND-L Since our subtyping is structural, §” = o solves {a <: C' 71 ... 7}
and {o <: C' 71 ... T, } WS is invariant under 6, there exist oy ...0, where
0"a=d0a=C oy ... op. Let 07 be the substitution {a; — o; | i =1...n}. As
the «; are freshly introduced by the algorithm, we can rewrite ¢ as an instance
of = {a— C a1 ... a,. We obtain a dy such that § = d3 0 §; o &', and
therefore 6" = § 06 = §3 081 0 (0’ 08). Further, it is easy to see that d; 08" solves

0'{a<:C 1 ... T,}US) using once again the facts that «; are fresh variables
and 0" solves {a<:C'1y ... T,}WS.
Finally, we have to show that ¢'({a <: C 7y ... 7,} US) is invariant under

0" o . Since the variables in the range of 6’ are fresh, and therefore unaffected
by 6, it is enough to show that ' 0 0({a <: C 71 ... 7,} US) is invariant under
#'. From the fact that {« <: C' 71 ... 7,,} U S is invariant under 6, it follows
that ' c0({a<: C 1 ... T} US)=0{a<:C 7 ... 7,}US). Clearly, 0’ is



28 Dmitriy Traytel, Stefan Berghofer, and Tobias Nipkow

idempotent such that '({a <: C' 71 ... 7,}US) is invariant under 6’. The case
follows for ¢ = 09 0 4; and ¢ = 6;.

ExPAND-R Analogously to the EXPAND-L case.

ELIMINATE Since " = § o6 solves {U <: T} WS, it of course also solves just S.
Further, with §’ = 0 the case follows for §" = (), §' = 6. O

Lemma 13 (Progress of =>.,.). Suppose that 8" solves G. Then either G is
a DAG or for all 0 there exist G',0" such that (G,0) =>cye (G',6).

Proof. Assume G is not a DAG. Thus, there is a cycle K = {r...7,} in G.
Since 0" solves G, it must hold 6”7 =<: ... =<: 0”7, =<: 0”7, and therefore
0" =...=60"7,. From this, we know that the computation of mgu(K) in the
CvycLE-ELIM rule will not fail and we obtain the transformed graph G’ and the
new substitution §' = mgu(K) o 0. O

Lemma 14 (Preservation of solvability by =.,). Suppose that
(G,0) =>cye (G',0"), 0" solves G, there exists § such that 8" = § 00, and
G is invariant under 6.

Then there exists a &' such that " = ' o0, 8" solves G', and G’ is invariant
under 6'.

Proof. By a degenerated case distinction on the cycle elimination.

CycLE-ELIM Let K = {7y ...7,} be the eliminated cycle in G. As 8" solves G,
it must hold 6”71 = ... = 0"1,,. Then, it follows that #” is also a solution for G’
by construction of E', P and S.

Since G is invariant under 6, " = § o 0 and it holds "7 = ... = 0"1,, we
have 71 = ... = 67,. Hence, § is a unifier for K. For the most general unifier
0k = mgu(K) we obtain a ¢’ where § = 6’ 0 0. Thus, 8” =dof =" 000 =
0 ob.

Finally, we have to show that G’ is invariant under 6’ = 0 0. G’ is invariant
under 6, since TV(G') C TV(G) and G is invariant under 6. Moreover, G’ is
invariant under 0, since O T = Tx by idempotence of the most general unifier
and for all @« € TV(V \ K) it holds g = «. The latter is the case, because
there would be a more general unifier than 6y, if it would affect variables that
are not in K. Ultimately, it follows that G’ is invariant under 6. O

Lemma 15 (Progress of =>,,;). Suppose that G is a DAG and 0" solves G.
Then either for all type variables o € TV (G) it holds PS U SS =0 or for all 0
there exist G', 0" such that (G,0) =501 (G',0").

Proof. Assume that there is an « such that PS¢ U SS # . Without loss of
generality, we may assume that PS¢ # (). Since §” is a solution for G, for all
T € SG and for all S € PS it holds 0"« <: T and S <: 6" . It follows that "« €

( T. Then, all types in () T must belong to a single weakly connected
TePS$ TePg
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component of the base type poses, because otherwise this would contradict the
existence of common subtypes in Pf . Together with our assumption about the

base type poset being a disjoint union of lattices, () 7 must have a smallest
TepPS

element. Hence, | | PS exists. Further, for all T € S$ it holds | | PS <: 0"a <: T.
Thus, the rule ASSIGN-SUP and not FAIL-SUP is applicable and provides us the
necessary G’ and 6'. O

Lemma 16 (Preservation of solvability by =—,,). Suppose that
(G,0) =501 (G',0), 6080 solves S and G is invariant under 6.

Then there exists a 0’ such that 00 ~x ¢ 00, ' 00" solves G’ and G’ is
mvariant under 0'.

Proof. By case distinction on the constraint resolution.

ASSIGN-SUP For the assigned variable a € TV(G), we know that PS # (),
3| | PS¢ and for all T € S¢ it holds | | PS¢ <: T.

Clearly, ¢’ = {a + || PS¢} is idempotent, and therefore §’G invariant un-
der #'. Further, 'G is invariant under 6 because G is invariant under 6 and
TV (6'G) C TV(G). Thus, 0'G is invariant under 6’ o 6.

Since G is invariant under € and § o 8 solves G, d also solves G.

Let G = (V, E). We define the substitution ¢’ as following:

55 = s8N PS if (B,a) € E*
148 otherwise

This definition makes sense, because the types §38 and |_|PaG belong to the
same weakly connected component of the base type poset (which is, as we re-
quired, a disjoint union of lattices), and therefore their infimum exists.

From the definition of the supremum and the fact that (6 o §)a must be an
upper bound for P¢ to solve the constraint graph, we have (8’06’ 0f)a = | | PS <:
(0 0 O)a. Together with the definition of ¢’, for all X it holds o8 ~x ¢’ 06 0.

Furthermore, we claim that ¢’ o § o § solves G’. To prove this, it is enough
to show that §’ solves G'. §’ operates on constraints between vertices of G, that
do not contain a type variable predecessor of « in exactly the same way as 9,
such that for those the solvability is preserved.

Assume that 3 is a type variable predecessor of o, i.e. (3,a) € ET. Now we
show that all the constraints involving 3 are fulfilled. There are four different
kinds of constraints that we have to consider: constraints between the new as-
signment of o and 3, constraints between predecessors of «, i.e. (8',8) € ET,
constraints between 3 and a base type predecessor T of 3, i.e. (T, 3) € ET, and
constraints between 8 and successors T of 3, i.e. (8,7) € ET, where 7 is either
a base type U or a type variable v that is not a predecessor of a. Constraints of
the form (B,a) € E* are solved by ¢, since « is assigned the type | | PS¢, and
§'B=3BMN||PS =:||PY. To see why constraints of the form (5',3) € E* are
solved by ¢’, note that 3" =<: 63, otherwise § would not have been a solution of
G. Therefore, we have that 68’ 1| | PS¢ <: 63| | PS¢ by monotonicity, which, by
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definition of &, is equivalent to §’3" <: §’3. Constraints of the form (T, 3) € ET
still hold, because T' € Pg" C P¢, and therefore T' <: | | PS. Since § is a solu-
tion of the original constraint set, we also have that T" <: §3, so it follows that
T =: 81| | PY. Finally, constraints of the form (3,7) € E* are still solved by
¢’, because 8’8 =<: 63, and either 68 <: U if 7 = U, or 'y = §v and 68 =: §v if
T =1, s0 & =<: 87 trivially holds.

Thus, our defined ¢’ proves this case.

AsSIGN-INF Analogously to the ASSIGN-SUP case. a

Lemma 17 (Progress of =,,i¢). Suppose that all vertices of G are type
variables and 0" solves G. Then either G = (0,0) or for all 6 there exist G', 6’
such that (G, 0) =01 (G',0').

Proof. Assume G # (0,0). Then, there exists a non-empty weakly connected
component W of G. W is unifiable, because it consists only of type variables.
Thus, the application of the rule UNIFY-WCC does not fail. a

Lemma 18 (Preservation of solvability by ==,,y). Suppose that
(G,0) =>unis (G',0"), 600 solves G and G is invariant under 6.

Then there exists a &' such that 600 ~x ¢ 0o0', § 00 solves G’ and G’ is
invariant under 0'.

Proof. By a degenerated case distinction on the unification of weakly connected
components.

UNIFY-WCC G’ = G[V \ W] is invariant under 6, since G is invariant under 6.
Moreover, G’ is invariant under mgu(W), since mgu(W) only affects variables
in W. Thus, G’ is invariant under ¢’ = mgu(W) o 0.

Let {aw} = mgu(W)W. Then, ay € W must hold. Since our subtyping is
structural and & solves W and the base type poset is a disjoint union of lattices,
either all types in §W are equal to a single type variable from W or they are all

base types. Define
g Lo ot oW =aly)
LJ(6W) otherwise

Now, we can show that for all X it holds dof =~x §od’of’. Assume that o € X.
If & ¢ W holds, then (d08)a = o = (d06’ 06 )a holds using the above invariance
statements. Otherwise, it holds (dof)a = dav and (§0d' 08" )a = 6(8 aw ). Now, if
OW = {ajy, } holds, then §(6’aw) = aj = da holds for all « € W by definition
of §’. Otherwise, §(6'aw ) = | |(dW) =<: da holds for all @« € W by the definitions
of ¢’ and the supremum. Thus, d 00 ~x (60d') o 0.

Further, using the above invariance statements once again, we have (§ o ¢’ o
"G = (606 omgu(W) o 0)G[V\ W] = (§00)G[V \ W]. Together with the fact
that § o 0 solves G, and therefore G[V \ W], this implies that (§ o 6") o 6 solves
G'. O
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It is instructive to consider a case where our algorithm is not able to reconstruct
a particular substitution but only a subsumed one.

Example 6. Let X = {id : « — o, n : N, sin : R — R} be a signature and let C = {int :
N — Z, real : Z — R} be a set of coercions. Now consider the term sin (idjqsa,) ) in
the empty context. The constraint resolution phase will be given the atomic constraints
{N <: ai,a1 <: R} and will assign a the tightest bound either with respect to its
predecessors or its successors: AlgSol(0, sin (idjaa,) 7)) = {{e1 — N}, {a1 — R}}.

The substitution {a1 — Z} is also solution of the typing problem, i.e. {1 — Z}0 I
{on = Z}(sin (idjasar) ) ~ sin (real (id[az) (int n))) @ R. It is itself not a pos-
sible output of the algorithm, but it is subsumed modulo coercions by both of the
substitutions that the algorithm can return.

The completeness theorem tells us that the algorithm never fails if there is a
solution. The example shows us that the algorithm may fail to produce some
particular solution. The completeness theorem also tells us that any solution is
an instance of the computed solution, but only up to coercions. In practice this
means that the user may have to provide some coercions (or type annotations)
explicitly to obtain what she wants. This is not the fault of the algorithm but
is unavoidable if the underlying type system does not provide native subtype
constraints.

Compared with the work by Saibi we have a completeness result. On the
other hand he goes beyond coercions between atomic types, something we have
implemented but not yet released. Luo also proves a completeness result, but
his point of reference is a modified version of the Hindley-Milner system where
coercions are inserted on the fly, which is weaker than our inference system. In
most other papers the type system comes with subtype constraints built in (not
an option for us) and unrestricted completeness results can be obtained.

6.4 Incompleteness of the case with type classes

Example [f]demonstrates why a stronger restriction is necessary for the algorithm
extended with type classes. In that example, the given poset of base types is a
lattice but the supremum does not exist if we consider only base types that
belong to the sort Field. The first idea to solve this problem is to require any
restriction of our base type poset (P,=:) with any sort 8§ to (Ps,=:) where
Ps = {7 € P |Fsort T : 8} to be a disjoint union of lattices. This restriction
extends Tiuryn’s restriction, since every type belongs to the sort T so that
P = P~ holds.

Unfortunately, this restriction is not strong enough. Example [7] demonstrates
a problem that occurs even though the poset of base types restricted to any sort
is a lattice. The reason for this is the fact that in the algorithm the poset of
assignment candidatesﬂ is not only constrained with a single sort but also to
the types that must have super-/subtypes belonging to some type classes. The
structure of such a constrained poset could be almost random. At least, we can

2 E.g. when we compute |_|§C X the assignment candidates are (| Ty
Tex
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not expect the needed supremum/infimum to exist. In some sense, type class
restrictions cut out arbitraryﬂ type sets from the assignment candidates.

FEzxzample 7. Assume, the constraint resolution algorithm is applied to the following
constraint set: {« :: All_but_rational <: C, « :: All_but_rational <: § :: Rational}

C

{
| Rational
I

P

e

Assignment candidates

Partial order on base types N Igﬁ“ﬁ:’f‘i}mml
Te{C} T

{ Rational}

Fig. 19. Assignment candidates resulting from computation of [}, vationat {C}

Figure shows that the assignment candidates do not have a maximal element.
So, the infimum does not exist and the algorithm fails.

Even if it will not lead us to a completeness result, let us consider a restriction
of the base type poset, that guarantees the existence of a supremum/infimum for
any set of assignment candidates, that can occur in a solvable constraint graph.

Definition 13 (Sort-respecting subtype relation). We call a poset (P, =:)
sort-respecting if for all A, B € P it holds:

— ifbsort A8 and g0y B : 8, then A I_Ig B exists, and for all U such that
Fsort U:T, T#8 and U <: A, U <: B we have that U =<: Al_lg B, and
dually

— ifFsort A: 8 and bsory B : 8, then A I_IQS) B exists, and for all U such that

Fsort U:T, T#S8 and A <X: U, B =: U we have thatAI_IgBj: U.

Lemma 19 (Monotonicity I). Let A,B,X be base types from a sort-respecting
poset with ot A : 8 and Fgore B : 8. Then it holds:

—A=XAB=X=AWB=<X

3 Actually, it is not completely arbitrary. If a type 7 has no supertype in the class
8, then no supertype of 7 has a supertype in the class 8. Nevertheless, the supre-
mum/infimum could be cut out.
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- X=AANXB=X=<AMYB

Proof. If Fsory X : 8 both implications hold because of the minimal-
ity /maximality of the supremum/infimum within a sort. Otherwise the definition
of sort-respecting gives us exactly the required. a

Lemma 20 (Monotonicity IT). Let A,B,X,Y be base types from a sort-respecting
poset with Fgory A: 8, Feort B: 8, Fsore X : T and byore Y : T. Then it holds:

A< XAB=Y=AWB=<: XY

Proof. Obviously, A <: X 112 Y and B <: X U} Y hold. The claim follows
immediately by Lemma ad

Lemma 21 (Unambigousness). In a sort-respecting poset (P, <:), for all sets
of base types X C P, sets of type variables X, and sorts 8 it holds:

—if () T¥ #0 then () T% has a greatest element, and dually

Tex Tex
—if N T;C # 0 then Tg has a smallest element
Tex Tex

Proof. We show only one the first of the two symmetric claims. Assume

N T3 # 0. If () T3 contains only one element, then we are done. Other-
Tex Tex

wise, let A,B € (] T%. By Deﬁnitionﬂ Foort A8, Foore B 8 holds. In a
TeX

sort-respecting poset the supremum AI_Ig B exists. Further, 40,4 AI_Ig B:8and
for all T' € X it holds by monotonicity: Aug B <:T. Moreover, forall g :: T € X
we have base types U,V such that A <: U, B =: Vilsort U : T,bsore V : T. By
Lemma it holds A ng B=x:U ng V. Thus, for all g :: T € X there exists a

supertype of A I_Ig B of sort T, namely U I_I?T V. Hence A I_Ig Be N I?SC. But
TeX
if for any two types from the intersection their supremum is contained in the

intersection, then the intersection has a greatest element. ad

The last lemma assures that in a sort-respecting poset of base types for every
type variable of a solvable constraint set the supremum/infimum of its succes-
sors/predecessors is well-defined. Unfortunately, the local existence of a supre-
mum/infimum, that was enough in the case without sorts, does not establish
completeness of the alorithm with sorts. The following example demonstrates
this.

FEzample 8. If the poset is a disjoint union of linear orders, it is also sort-respecting
because cutting out a set of types from a linear order results again in a linear or-
der that, of course, has a maximal/minimal element. Let us consider the linear or-
der of base types and the constraint graph that are shown in Figure Clearly,
0 ={y—F,B — E,a— D} is a solution of the constraint graph. Now, assume + is the
variable that is assigned first. It is assigned the type U&ﬂ::’aﬂ} {A}, which happens to
be C. Unfortunately, after this assignment the constraint graph becomes unsolvable.
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Fig. 20. Problematic example with a linear order subtype relation

There is no stronger restriction of the base type poset than a disjoint union
of linear orders. Even with this restriction our algorithm is not complete for
arbitrary sort quasi-orders. However, we have seen that our algorithm is complete
if no type classes (i.e. only the type-class T) are involved. Further, in case of a
sort-respecting poset, the algorithm shows a satisfactory behaviour in practice
even on input terms that involve type classes.

7 Related work

Type inference with automatic insertion of coercions in the context of functional
programming languages was first studied by Mitchell [8/9]. First algorithms for
type inference with subtypes were described by Fuh and Mishra [5] as well as
Wand and O’Keefe [20]. The algorithm for constraint simplification presented
in this paper resembles the MATCH algorithm by Fuh and Mishra. However, in
order to avoid nontermination due to cyclic substitutions, they build up an extra
data structure representing equivalence classes of atomic types, whereas we use
a weak unification check suggested by Bourdoncle and Merz [2]. The seemingly
simple problem of solving atomic subtype constraints has also been the subject
of extensive studies. In their paper [5], Fuh and Mishra also describe a second
algorithm CONSISTENT for solving this problem, but they do not mention
any conditions for the subtype order on atomic types, so it is unclear whether
their algorithm works in general. Pottier [14] describes a sound but incomplete
simplification procedure for subtype constraints. Simonet [I8] presents general
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subtype constraint solvers and simplifiers for lattices designed for practical ef-
ficiency. Benke [I], as well as Pratt and Tiuryn [I5] study the complexity of
solving atomic constraints for a variety of different subtype orders. Extensions
of Haskell with subtyping have been studied by Shields and Peyton Jones [I7],
as well as Nordlander [12].

7.1 Conclusion

Let us close with a few remarks on the realization of our algorithm in Isabelle.
The abstract algorithm returns a set of results because coercion inference is
ambiguous. For example, the term sin(n+n), where + : @« — o = a, sin : R - R
and n : N has two type-correct completions with the coercion real : N — R:
sin(real(n + n)) and sin(real n + real n). Our deterministic implementation
happens to produce the first one. If the user wanted the second term, he would
have to insert at least one real coercion. Because Isabelle is a theorem prover
and because we did not modify its kernel, we do not have to worry whether
the two terms are equivalent (this is known as coherence): in the worst case the
system picks the wrong term and the proof one is currently engaged in fails or
proves a different theorem, but it will still be a theorem.

To assess the effectiveness of our algorithm, we picked a representative Isa-
belle theory from real analysis (written at the time when all coercions had to be
present) and removed as many coercions from it as our algorithm would allow
— remember that some coercions may be needed to resolve ambiguity. Of 1061
coercions, only 221 remained. In contrast, the on-the-fly algorithm by Saibi and
Luo (see the beginning of still needs 666 coercions. The subtype lattice in
this theory is a linear order of the 3 types nat, int, real.

We have not mentioned let so far because it does not mesh well with coercive
subtyping. Consider the term ¢ = let f = s in u where u = (Suc(f(0)), £(0.0)),
0:N, Suc: N —= N, 0.0:R, and s is a term that has type o — a under the
constraints {a <: R, o =%: 8, N <: 8}. For example s = \z. if . = 0 A sin(z) =
0.0 then z else x) where = : @ - a — B and sin : R — R. Constraint
resolution can produce the two substitutions {« — N, 8 — N} and {a —» R, 5 —
R}, ie. s can receive the two types N — N and R — R. A simple-minded
extension of our algorithm to let might choose one of the two substitutions to
type v and would necessarily fail. However, if we consider u[s/f] instead of
t, our algorithm can insert suitable coercions to make the term type correct.
Unfortunately this is not a shortcoming of the hypothetical extension of our
algorithm but of coercive subtyping in general: there is no way to insert coercions
into t to make it type correct according to Hindley-Milner. If you want subtyping
without extending the Hindley-Milner type system, there is no complete typing
algorithm for let terms that simply inserts coercions. You may need to expand
or otherwise transform let first.
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