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—— Abstract

When we extend a type system, the relation between the original system and its extension is
an important issue we want to understand. Conservative extension is a traditional relation we
study with. But in some cases, like coercive subtyping, it is not strong enough to capture
all the properties, more powerful relation between the systems is required. We bring the idea
definitional extension from mathematical logic into type theory. In this paper, we study the notion
of definitional extension for type theories and explicate its use, both informally and formally, in
the context of coercive subtyping.
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1 Introduction

In the studies of type theory, sometimes we extend a type system with some notions and rules.
We are interested in what power the extension systems can bring to us, and we also want to
know the relations between the systems. Understanding the relations between the systems
tells us some of the properties the new system should hold. The most common property we
always think of is conservativity, or put in anther way, whether the extension is a conservative
extension. For example, Hofmann showed the conservativity of extensional type theory over
intensional type theory with extensional concepts added [4]. Informally, conservativity means
that the new system maybe more convenient than the original system but it cannot prove any
new theorem within the old language. It requires that all the theorems in the old language,
which are provable in new system, are also provable in the old system.

Subtypes are introduced into type theory and studied in many works [1, 2, 14, 15].
Coercive subtyping [7] is one approach of studying subtype in type theory. Unlike the
traditional way of dealing subtype with subsumption rule

a:A A<B
a:B

which is very common in the study of functional programming languages [13], coercive
subtyping is an abbreviation mechanism. We consider a unique coercion ¢ between two types
A and B, written as A <. B. Intuitively, for every place we require a term of type B, we can
use a term a of type A instead, and it is just an abbreviation of using the term c¢(a). This
simple mechanism is quite powerful, one recent use is in the study of linguistic semantics
[9, 19].

Since we take coercive subtyping as an abbreviation mechanism, we don’t want it to
increase any power of the existing system. Soloviev and Luo [17] studied the relationship
between a type system and its coercive subtyping extension and called it “conservativity”. In
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fact, the relationship is not quite the same as the traditional notion of conservative extension
and it turns out that it can better be characterized as an definitional extension in a more
general sense. In this paper, we will give a definition of this notion of definitional extension
and explicate it, both informally with a simple example and formally for coercive subtyping.

Soloviev and Luo’s previous work [17] was based on a notion of basic subtyping rules
which turns out to be unnecessarily general. It does not exclude certain “bad” subtyping
rules which cannot be used normally but can be applied once we introduce coercive subtyping.
This would destroy the consistency of the whole system. Recently, we fix the problem by
considering coercion sets rather than coercion rules and, furthermore, the latter can be
captured by the former [11, 18]. In this paper, our treatment of coercive subtyping is based
on this new framework.

The paper goes in the following way. We give the motivation of introducing definitional
extension in Section 2 by showing that coercion mechanism cannot be expected as a conservat-
ive extension. In Section 3, we present a definition of conservative extension and definitional
extension in type theory. We use a simplified example to demonstrate the relation between
a system and its coercion extension in Section 4 and give a sketch on the full study of the
relation in Section 5.

2 Motivation: coercive subtyping

Coercive subtyping [7] is an approach to introducing subtypes into type theory and it considers
subtyping by means of abbreviations.

The basic idea of coercive subtyping is that, when we consider A as a subtype of B, we
choose a unique function ¢ from A to B, and declare ¢ to be a coercion, written as A <. B.
Intuitively, the idea means anywhere we need to write an object of type B, we can use
an object a of type A instead. Actually in the context, the object a is to be seen as an
abbreviation for the object c(a) : B. More precisely, if we have f from B to C, then f can
be applied to any object a of type A to form f(a) of type C, which is definitionally equal
to f(c(a)). We can consider f(a) to be an abbreviation for f(c(a)), with coercion ¢ being
inserted to fill the gap between f and a. The idea above could be captured by means of the
following formal rules:

fiB—>C a:A A<.B fiB—>C a:A A<.B
fla): C© fla) = f(c(a): C

As an extension of a type theory, coercive subtyping is based on the idea that subtyping
is abbreviation. On the one hand, it should not increase any expressive power of the
original system. On the other hand, coercions can always be correctly inserted to obtain the
abbreviated expressions as long as the basic coercions are coherent *.

In the study coercive subtyping, Soloviev and Luo tried to think it be a conservative
extension [17]. But we find that conservativity is not accurate to capture the relation. In
the expressions of coercive subtyping, there are “gaps” introduced by the coercions. Given
f:B — Canda: A, although f(a) : C is well-formed with coercive subtyping A <. B, we
can still image that there is a “gap” in f(a) between f and a. As mentioned above, we want
to show that all the “gaps” in the expressions caused by coercions can be correctly inserted.

L Informally, coherence in coercive subtyping means there is unique coercion between two different types,
further details are discussed in Section 5.



T. Xue

For example, let’s consider types Nat = 0|succ(Nat), Bool = true|false and coercion
Bool <. Nat. With coercive subtyping, we can have terms:

succ(true), succ(false), suce(suce(true)), suce(suce(false)), . ..

As we have emphasised that coercive subtyping is just abbreviation, these terms should
actually be equivalent to the following terms:

succ(c(true)), suce(c(false)), suce(suce(c(true))), suce(suce(c(false))), . ..

Such equivalence is the most important property of the extension with coercive subtyping.
We want to show that all the judgements or derivations in the system with coercive subtyping
can be translated into the equivalent ones in the original type system. “conservative extension”
is not enough for our use, it only talks about whether the derivable judgements in new system
are still derivable in the original one, it doesn’t ask for such equivalence connection. We find
the idea of “definitional extension” in first-order logic theories contains a translation between
the formulas of the theories. Hence, we think that such notion of definitional extension is a
suitable option to describe the relation between a type system and its coercive subtyping
extension.

3 Conservative extension and definitional extension

To build a definition for the definitional extension, we should give definitions for the equival-
ence between judgements and equivalence between derivations first. Such definitions depend
on the forms of judgements. In this paper, we will consider the type systems formalised in
Luo’s logical framework? [6]. For other cases, we should be able to consider them in a similar
way.

3.1 Luo’s logical framework

Luo’s logical framework [6] is a typed version of Martin-Lof’s logical framework [15]. In
Luo’s logical framework, the functional abstractions of the form (z)k in Martin-Lof’s logical
framework are replaced by the typed form [z : K]k. We will simply call it LF in the rest
part of this paper.

LF is a type system with terms of the following forms:

Type, El(A), (z: K)K', [z : K|k, f(k)

The kind Type denotes the conceptual universe of types; El(A) denotes the kind of objects
of type A; (z: K)K’' denotes a dependent product; [z: K]k’ denotes an abstraction; and
f(k) denotes an application. The free occurrences of the variable z in K’ and k' are bound
by the binding operators (z : K) and [z : K]. There are five forms of judgements in LF:

I' - valid, which asserts that I' is a valid context.

I' - K kind, which asserts that K is a valid kind.

I' F k: K, which asserts that k is an object of kind K.

'~k =k : K, which asserts that k and &’ are equal objects of kind K.

I' - K = K’, which asserts that K and K’ are two equal kinds.

Figure 7 shows the LF rules. It contains the rules for context validity and assumptions,
the general equality rules, the type equality rules, the substitution rules, the rules for kind
Type and the rules for dependent product kinds.

2 Tt is different from the Edinburgh Logical Framework [3].
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3.2 Conservative extension

In mathematical logic, when we say a logical theory Ss is an extension of a theory S, it
means that the syntax of Sy includes all the syntax of S; and every theorem of S is a
theorem of S5. We call Sy a conservative extension of Sy, if S is an extension of S and we
have a further condition that any theorem of Sy in the language of S is a theorem in 5.

When we talk about such extensions, it is important to point out that the syntax of So
contains all the syntax of S;. We can have two labels of the theorems, one is proposable,
another is provable. Proposable means the theorem can be written down in the language,
not necessary be proved. Provable means the theorem can not only be written down but also
be proved. In conservative extension, we don’t care those theorems which are proposable in
So but not proposable in S;. However, we will see later that in definitional extension we
need to think of them.

We can consider the idea similarly in type theory. Instead of thinking of the theorems,
we would like to think of the judgements. If a judgement can be derived through the rules
in the system, we call it a derivable judgement. We say type system T5 which includes all
the syntax of system Tj is a conservative extension of Ty , if for any proposable sequent
(judgement) t of the system T3, t is derivable in T5 implies that ¢ is derivable in T7. If a
sequent is not proposable in T; (only proposable in T5), its derivability does not matter.

More precisely, let’s use 1 for the derivable judgements in system T'. T5 is an extension
of Ty requires that, T5 includes all the syntax of 77 and for any judgement I' - ¥ in T (it
may not be derivable):

T l_Tl ¥ = T |_T2 by

For such an extension to be conservative, we also require:
r FT2 b)) = r FTl b))

» Definition 1 (conservative extension). Type theory T» is a conservative extension of 717,
if Ty includes all the syntax of T; and for any proposable judgement J in 77, there’s a
derivation of J in 77 if and only if there’s a derivation of J in T5.

3.3 Definitional extension

Sometimes, conservative extension is not powerful enough to describe the relation between
the systems. In some cases, like the study of coercive subtyping [11], we not only want to
show the conservativity, but also want the systems to keep a stronger relation. We want the
formulas, judgements or derivations in one system could be translated to corresponding ones
in another system. Definitional extension describes such kind of relation.

Traditionally, the notion of definitional extension was formulated for first-order logical
theories [5]: a first-order theory is a definitional extension of another if the former is a
conservative extension of the latter and any formula in the former is logically equivalent to
its translation in the latter. More precisely, a definitional extension S’ of a first-order theory
S is obtained by successive introductions of relations(or functions) in such a way that, for
example, for an n-ary relation R, the following defining axiom of R is added:

Vr1.Ve,. Rz, ... xn) <= ¢(x1, ..., Tn),

where ¢(z1,...,x,) is a formula in S.
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For such a definitional extension S’, we have:

for any formula v in S’, ¢ <= ¢* is provable in S’, where ¢* is the formula in S
obtained from 1 by replacing any occurrence of R(t1, ..., t,) by ¢(t1, ..., t,) (with necessary
changes of bound variables).

S’ is a conservative extension of S.

Taking the idea of definitional extension, especially the translation between formulas, we
are going to consider a similar relation in type theory. The notion of definitonal extension
in first-order logic is characterised in terms of translation on formulas. In our type theory,
we have at least two options to present the translation on: judgements and derivations.
Intuitively, derivable judgements and derivations are very close related to each other. In
analogy to the formulas in logic, it sounds even more natural to use judgements in type
theory. However, we will choose derivations to formalise our definition. Let’s consider the
type systems with coercive subtyping. Translating a judgement with coercive subtyping into
a judgement without coercive subtyping requires us to point out all the “gaps” introduced
by coercion in the judgement. They are not simply marked in the syntax, and due to the
congruence rules of subtyping, the insertion might not be syntactically unique. We have
to look up the derivations to find the coercions out. More generally, in intensional type
theories, the non-syntax-directed use of the conversion rule makes the connection between
the judgement and derivation non-structural. When we have the mechanisms like coercion,
the choice of rules by which to refine a judgement becomes no more free. Based on these
reasons, it is necessary to give the definition in term of derivations.

Before giving a formal definition of definitional extension, we need to define the equivalence
between derivations first. The equivalence between the derivations can be defined by the
equivalence between derivable judgements and the equivalence between the judgements
intuitively means that the corresponding parts of two judgements are equal formulas. In LF,
the judgements are of form:

F'kFwvalid, ' K kind, 'Fk: K, 'k =ky: K and T'HF Ky = Ky
Hence, we can define the equivalence between the judgements in the following way:
» Notation 2. In a type system S specified in LF, let I'; and I's be
T'h=x1:Ky,20: Ko,--+ ,x 0 Ky
I'o=2y: My,xo: Mo, -+ ,x,, : M,
The equality I' = T'; = I'y is an abbreviation for the following list of n judgements:

I F Klel;
F, £L’12K1 H KQZMQ;

Tyzy: Ky, s o1 Kper B Ky = M,

With the LF rules, we can proof the following propositions of our equality abbreviation in
type system S specified in LF. Then, we can use them to define equality between judgements
and between derivations in S.

» Proposition 3. In a type system S specified in LF.
1. IfT'y is a valid context, then - T'y =T'.
2. IfF - Fl = Fg, then I' F FQ = Fl.
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3. IfTHFT =Ty and T Ty =T3, then T HT; =T43.
4. If T'’Tv F J and T' =Ty =Ty then T,T2 + J. (J is of form valid, K kind, k: K,
k’lzngKO’l“KlzKQ)

Proof. See appendix B. <

» Definition 4. (equality between judgements) Let S be a type theory specified in LF.

The notion of equality between judgements of the same form in S, notation J; =, Jo, is

inductively defined as follows:

1. (T'y F valid) =5 (T's F valid) iff - T'; = T is derivable in S.

2. (1 F K; kind) =, (Ty F K> kind) iff - Ty =T and T'; B K; = K, are derivable in S.

3. (Fl H kli Kl) s (FQ "kg: KQ) 1ff}—1"1 :F27 1—‘1 l_Kl =K2 and Fl H ]{?1 == kg: Kl are
derivable in S.

4. TiFK=K))=s(ToF Ko =K})iff -rT1 =T, 1+ K; = Ky and T'y - K] = K}, are
derivable in S.

5. (Fl l_k‘l :k‘llKl) s (FQ |_k‘2 :k‘IQKQ) 1ff|—F1 :FQ, Fl l_Kl :KQ, Fl l_k‘l =
ky: Ky and Ty F k) = kf: K3 are derivable in S.

The equivalence between the derivations can be given as follows:

» Definition 5. (equality between derivations) Suppose d is a derivation in type system S,
let conc(d) denote the conclusion of derivation d. Given two derivations d; and da, we call
dy and dg equivalent derivations in S and write dy ~g do iff cone(dy) =5 conc(ds) in S.

» Theorem 6. Let S be a type theory specified in LF, =5 and ~4 are equivalence relations.

Proof. Straight with Proposition 3 and LF rules in Figure 7. |

When no confusion may occur, We will omit S and simply write = and ~ for the
equivalence between judgements and derivations in system S.

» Definition 7. (definitional extension) We call Ty is a definitional extension of 77, if we
have:
for any derivation d in Ty, we can translate d into a corresponding derivation d’ in T3, d
and d’ are equivalent derivations in T5.
T5 is a conservative extension of T7.

4 A simple example

In Section 2, we have proposed our motivation of introducing definitional extension: con-
servative extension is not enough to capture the properties when we extend a system with
coercive subtyping. However, we find that coercive subtyping is not a definitional extension
either. The reason is that terms like succ(true) are proposable but not derivable in the
original system. With the help of coercive subtyping, they are derivable. It doesn’t satisfy
the definition of conservative extension, hence not definitional extension. To figure out what
exactly the relation is, we have to employ some intermediate systems to help us.

The complete description of the relations between a type system, its coercive subtyping
extension and intermediate systems is complex and includes some tedious proofs [18]. We
will give a sketch of it in the next section. In this section, we try to give an example with
coercive subtyping to tell such story in a simple and informal way. Through this trivial
looking example, we would like to show the following points: 1) why definitional extension is
still not enough (or why we introduce a intermediate system); 2) how to introduce a proper
intermediate system; 3) the relations between the systems.
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Li———1
conservative

Figure 1 Relations between I., I, and I.

We will consider three systems in the example, a type system I and two of its extensions.

I is a very simple type system with only two constant types Nat and Bool. We extend it
into system I. with one coercion Bool <. Nat. We also introduce system I, as extension of
I with * calculus, such * plays a role of gap holder when we apply the coercion. Through
the relations between the judgements of these systems, we can draw a picture for the links
between these systems as Figure 1 (definitions of ®, &', ¢ and ¢’ are shown in the later parts
of this section).

We will use some informal notions in this example section for the purpose of a simple

description. We only have subtyping in the example, while in LF we shift them into subkinding.

We will omit the contexts of judgements and use judgements to formalise translations for
definitional extension. It is worth pointing out that using judgements for the translations
doesn’t violate our previous settings with derivations in this example. Because in the syntax
of judgements, the applications of succ on true or false indicate the use of coercion application
rule in the derivation clearly.

4.1 System [

In I, we only have two basic types Nat and Bool with their constructors, and a term c of
type Bool — Nat:

Nat: Type, 0: Nat, succ: Nat — Nat,

Bool: Type, true: Bool, false: Bool, c: Bool — Nat

And, we have the following rules:

fiM—N a: M a: M a; =ag: M a1 =ao: M ay=a3: M
f(a): N a=a: M as=ay: M ap=asz: M

In this system, the judgements are of form:
a: M and a3 =as: M

We can easily list out all the derivable judgements in I, they can only be of the following
cases:

0: Nat, succ: Nat — Nat, succ(...succ(0)): Nat,

true: Bool, false: Bool, c¢: Bool — Nat, c(true): Nat, c(false): Nat,
succe(...succ(c(true))): Nat, succ(...succ(c(false)): Nat,

0 = 0: Nat, succ(...succ(0)) = suce(...succ(0)): Nat,

true = true: Bool, false = false: Bool,

succ = succ: Nat — Nat, ¢ = c: Bool — Nat,

suce(...succ(c(true))) = succ(...suce(c(true))): Nat,

succe(...succ(c(false))) = succe(...suce(c(false))): Nat

257
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» Remark. For the judgements like succ(...succ(c(true))) = succ(...succ(c(true))): Nat, the
left and right term of the equal mark have the same number of succ. It’s the same case for
the other similar judgements in rest of this section.

4.2 System I

Let’s enrich the system I with coercive subtyping. We extend I into system I. with coercion
Bool <. Nat and coercion application rules:

fiB—=C a:A A<.B fiB—=C a:A A<.B
J(@: C 7(@) = f(c(@): C
The judgements in system I.. are of form?:
a: M and ay=as: M

We can get all the derivable judgements in system I.. Besides all those we have in system
I, we can derive the following judgements:

succ(...succ(true)): Nat, succ(...succ(false)): Nat,
succ(...succ(true)) = suce(...succ(true)): Nat,
succ(...succ(false)) = succ(...suce(false)): Nat,
succe(...suce(c(true))) = suce(...succ(true)): Nat,
succe(...succ(c(false))) = succ(...suce(false)): Nat,
succe(...succ(true)) = suce(...succ(c(true))): Nat,
succ(...succ(false)) = succ(...suce(c(false))): Nat

4.3 Relation between / and I,

Now, let’s consider the relation between I and I.. We want to show that every derivable
judgement in I, is equivalent to a corresponding derivable judgement in I. To achieve this
goal, we define a translation ® from every derivable judgements in system I. to derivable
judgements in I. ® inserts all the gaps caused by coercion with term ¢ (since we only have
one subtyping relation). The definition of ® is as follows :
1. ®(t) =t, if the ¢ is the judgement in I,
2. O(t) = succ(...succ(c(b)) : Nat, if t = suce(...succ(d)) : Nat, b is either true or false,
3. &(t) = succ(...suce(ce(b))) = suce(...succ(c(b))) : Nat,

if t = succ(...suce(b)) = suce(...suce(b)) : Nat, b is either true or false,

(b)) : Nat,
)

4. P(t) = succ(...suce(e(b) = suce(...suce(e(b
) : Nat, b is either true or false,
(
) :

if t = succ(...suce(b)) = succe(...suce(c(b)
5. &(t) = succ(...suce(e(b)) = suce(...suce(

¢(d))) : Nat,
if ¢ = suce(...suce(c(d))) = suce(...suce(b)

Nat, b is either true or false.

It is easy to prove that @ is total. In order to show the equality between the judgements
in I, and their translations in I, we can prove @ is holding the following property.

» Proposition 8. For any derivable judgement t in system I., ®(t) and t are equivalent
judgements in system I

3 We do not consider subtyping relation as a judgement in this example section. But in full study of
coercive subtyping in LF, we will think them as judgements. See the discussion in Section 5.
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Although we have shown certain relation between system I and I., it just satisfies the
first condition of definitional extension. We cannot say I. is a definitional extension of I,
because definitional extension requires conservativity. Unfortunately, I. is not a conservative
extension of I.. A simple counter example is that, succ(true) : Nat is a judgement but not
derivable in I, however it is derivable in I.. It doesn’t satisfy the definition of conservative
extension.

The reason for this problem is that the abbreviation with “gaps” mechanism of coercive
subtyping makes such non-well-formed sequences to be well-formed. If we consider an
intermediate system with an extra place holder for the “gaps”, we may get rid of the problem.

4.4 System I,

To make a more specific study for the relations, we will introduce another system I,.
Intuitively, I, means that for any place we want to use a coercion, we insert a symbol * to
fill the gap, it equals to the term where the coercion applied. Similarly like I.., I, extends
system I with the following rules:

fiB=>C a:A A<.B fiB=>C a:A A<.B
fxa:C fra=f(ca): C
In system I, the judgements are also of form:
a: M and a1 =as: M

We can list all the derivable judgements in system I, as follows, besides all those in
system I:

...succ * true) : Nat, succ(...succ * false) : Nat,
...suce * true) = succ(...succ x true) : Nat,

...succ * false) = succ(...succ * false) : Nat,

..succ(c(false))) = suce(...suce * true) : Nat,

(
(
(

succ(...suce(c(true)) = succe(...suce * true) : Nat,
(
(...succ * true) = succ(...succ(c(true))) : Nat,
(

..succ * true) = succ(...succ(c(false))) : Nat

4.5 Relation between [ and I,

It is trivial to show that I, is a conservative extension of I. Since judgements like succ*true :
Nat are not judgements in I, we don’t need to consider them, all the other derivable
judgements in I, are exactly the same judgements in I.

» Proposition 9. System I, is a conservative extension of system I.

Like what we have done for the relation between I. and I. We can introduce a total
translation ®' from judgements of system I, to judgements of system I. Intuitively, it
substitutes all the appearance of * with our only coercion c:

1. ®'(t) =t, if the ¢ is a derivable judgement in I,
2. P'(t) = succ(...succ(c(b)) : Nat, if t = succ(...succ = b) : Nat, b is either true or false,
3. P'(t) = suce(...suce(c(b)) = suce(...suce(c(b))) : Nat,
if t = succ(...succ * b) = suce(...suce * b) : Nat, b is either true or false,
4. 9'(t) = succ(...suce(ce(b) = succe(...suce(c(d))) : Nat,
if ¢ = succ(...succ * b) = succ(...succ(c(b))) : Nat, b is either true or false,
5. 9'(t) = succe(...suce(c(b)) = suce(...suce(c(b))) : Nat,
if t = succ(...suce(e(b))) = suce(...suce * b) : Nat, b is either true or false.

TYPES 2013
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Now we have a total translation ® from system I, to system I. Again, it is easy to prove
that for every derivable judgement ¢ in system I, ®'(¢) and t are equal judgements in I,.
Together with the conservative property, we can conclude that I, is a definitional extension
of I.

For any derivable judgement ¢ in I, ®'(¢) is a derivable judgement in I, ®'(¢t) and ¢ are

equivalent judgements in I,.

I, is a conservative extension of I.

4.6 Relation between /. and I,

Now, let’s think of the relation between, I, and I.. The rules and judgements are almost
the same, only different in symbols. Intuitively, they should be equivalent systems. We can
show their equality by introducing two more translations between the systems: ¢ from the
judgement of I, to the judgement of I, ¢’ from the judgement of I, to the judgement of I..

¢ changes every place of succ(true) or succ(false) in system I.. into term succ * true or

succ * false.

¢’ simply removes every occurrence of * in system I,.

It’s trivial to show that ¢ and ¢’ are total, and easy to prove that I, and I, are two

equivalent systems by means of :

» Proposition 10.
For every judgement t in I., ¢'(p(t)) = t.
For every judgement t' in I, ¢(¢'(t')) =1t'.

We can also show that ® is a composition of &' and ¢:
» Proposition 11. For any derivable judgement t in I., ®(t) = ®'(¢(t))

Finally, we can reach the conclusion for the relations between all these systems: I is
equivalent to a system I, which is a definitional extension of I, as shown in the graph
previously (Figure 1):

I. is an equivalent system of I,

I, is a definitional extension of I:

5 Coercive subtyping in LF

Luo formulated coercive subtyping [7] in his LF [6]. Later we find that the extension took a
too general set of coercion rules which may ruin the consistency of the extension system. We
solve the problem by reformulating it with some restriction [11, 18]. In this section, we give
a sketch of reformulated system and proofs to show the definitional extension, further details
could be found in the author’s thesis [18].

We will mainly consider the following systems: an original type system 7T'; an extension of
system T with coercive subtyping (T'[C]); an extension of system T with coercive subtyping
and place holder x (T[C]*); an intermediate system without coercion application rules
(T(Clox).

We introduce coercive subtyping in type level (rules in Figure 2) and then move them
into kind level (rules in Figure 3). The symbol * is introduced as a place holder to fill the
gaps left by the coercions. We call it *-calculus. Following the idea in Section 4, we should be
able to show that T[C]* is a definitional extension over T. Unfortunately, we can not reach
this conclusion yet, because we need to consider the derivations of subtyping and subkinding
judgements (' A <. B: Typeor I' - K <. K’). We didn’t consider them in the simplified
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Base Coercion
I'FA<.B:Typee(C

' A<.B:Type

Congruence

'A<.B:Type THA=A":Type T'HFB=B":Type T'kc=¢:(A)B
'k A <. B": Type

Transitivity
'A<, B:Type I'FB<. C:Type
' A <cyoe, C: Type
Substitution
INz: K,T'F A <. B:Type 'Fk: K
I, [k/x]I" F [k/2]A <4/q)c [k/2]B : Type
‘Weakening

I,['-A<.B:Type I'FK kind z¢ FV(I)UFV(I")
Nz: K,T'"F A<, B:Type

Context Retyping

Nz: K,I'"FA<.B:Type THFK =K'
Iz: K'\T'"F A<, B:Type

Figure 2 The structural subtyping rules of T'[C]o.

example in the previous section, there was only one coercion taken as axiom. In a complete
description in LF, we have derivations of these subtyping and subkinding judgements, we can
hardly match them to any equivalent derivations in T'. To fill this gap, we have to involve the
intermediate system T'[C]ox into the relations between T', T'[C] and T[C]*. T[Clox extends T
as T[C] but without the coercion application rules (rules in Figure 4). We will show that
T|C]* is a definitional extension of T'[Clox, T[Clo is a conservative extension of T' and T'[C]
is an equivalent system of T[C]*.

5.1 System T'[C]

Let T be a type system specified in LF such as Martin-Lo6f’s type theory [12] or UTT [6].

With a set C of coercive subtyping judgements (judgements of form I' - A <. B : Type),
the following basic coercion rules in Figure 2, 3 and coercion application rules in Figure 4,
we can extend 7T into a type system T[C] with coercive subtyping?*.

5.2 Coherence

Coherence is an important issue in coercive subtyping. Informally, it means there’s a unique
coercion between two types. To give a formal definition in our structure, we need to introduce
an intermediate system T[C]o.

4 Rules in Figures 2, 3, 4 and 5 are only the subtyping and subkinding rules. Figure 7 contains the rest
LF rules.
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Basic subkinding rule

'A<, B:Type
'+ ElI(A) <. El(B)

Subkinding for dependent product kinds

T-K| <. Ki Do K| Fe(e)/2]ks =K, T,o:K, F K, kind
IE (z: Kq1)Ks <. (2 : K{)K]}

where ¢ = [f : (z: K1) Ko|[2' : K{]f(c1(2"));

T-K| =K, D, :K K<, k, T,o:K FK,kind
Tk (z: Kq1)Ks <. (2 : K{)K}
where ¢ = [f : (z: K1) Ko][2' : K{]eaf(2');

'+ K| <. K; I,z : Flei(a!) /2] K <., K} I'z: K1 F Ky kind
I (x K1)K3 <. (2 : K1)K)
where ¢ = [f : (x: K1) Ks][2' : Ki]ea(f(e1(2'))).
Congruence for subkinding

FFKl <CK2 FFKliK{ FFKQZKQ FFC:C/I(Kl)KQ
T+ K| <, K}

Transitivity for subkinding

TFK <, K' TFK <. K"
TFK <woo K"

Substitution for subkinding

T KT FK < Ky TrHE:K
L [k/2] F [k/2] Ky <(p)q)e [k/7] K

Weakening for subkinding

VK <. Ky THK kind z¢ FV(I)UFV(IY)
Iax: K\I"E Ky <. Ko

Context Retyping for subkinding

To:KI'FK <. Ky THFK=K'
Do: K T'F K, <, Ko

Figure 3 The subkinding rules of T'[Clox
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Coercive application rule

F"f(iEK)K, I'kky: Ky I'-Ko<. K

(CA1) L' f(ko) : [e(ko) /] K’

ThHf=f:(z:K)K' Trhky=k):Ky TFEKy<.K
I'F f(ko) = f'(kp) : [e(ko) /2] K’

(CA2)
Coercive definition rule

ThHf:(z:K)K' Trko:Ky TrFKo<. K
I'F f(ko) = f(c(ko)) « [c(ko) /2] K

(CD)

Figure 4 The coercive application and definition rules of T'[C].

T[C]p is a system extending T with set C of coercion subtyping judgements, subtyping
judgements I' H A <. B : Type and basic subtyping rules (Figure 2).

» Definition 12. (coherence) C is called a coherent set of coercive subtyping judgement, if

in T[C]o we have:

1. TH A<, B: TypeimpliesI' - A: Type, ' - B: Type, I' b ¢ : (A)B are derivable
inT.

2. We cannot derive I' - A <. A : Type, for any I'; A, c.

3. TFA<, B:TypeandI'+ A <., B: Type imply that I' - ¢; = ¢o : (4)B is derivable
inT.

In fact, we can prove that any two coercions between two given kinds are equal in T[C].
Let ¢ and ¢’ be two different coercion from K to K', K <, K’ and K <. K':

ke = [z:K](c(2)) (n rule)
= [z:K]([y: K'ly)e(z) (B rule)
= [z:K|([y: K'ly)(x) (¢ and coercive definition)
[z: K]([y: K'ly)(c'(x)) (¢ and coercive definition)
z: K|(d(x)) (B rule)
= ¢ :(K)K' (n rule)

This fact implies that without the coherence condition, in T[C] we can prove some result
that we can’t get in T'. That’s the reason why we define coherence before introducing the
coercion application rule. And we have to use a coherent set of C, otherwise the conservativity
cannot hold.

5.3 Relation between T'[C] and T

Now, we would like to consider the relation between system T'[C] and T. The example in
Section 4 gives us the basic idea of dealing their relation. However, it is more complicated in
LF, there are several extra things we need to consider.

We need to extend the form of judgements. As we have rules of subtyping and subkinding
and derivations of them, we consider the subtyping and subkinding as judgements as well.
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Coercive application rule

Fkf:(z: K)K' T'Fkoy: Ko I'FKo<. K
I'E fxko: [c(ko)/x]K'

Tf=f:(x: K)K’ I'kko=kj: Ko T'FEKo<.K

Dk fxko=f/*k|:[c(ko)/z]K’

(CA*1)

(CA*2)
Coercive definition rule

I'kf:(z: K)K' T'Fko: Ko ' Ko< K
Tk fxko= f(c(ko)) : [c(ko)/x] K’

(€D7)

Figure 5 The coercive application and definition rules of T'[C]*.

So we introduce two new forms of judgements:
I'FA<.B:Type and T'FK; <.Ky

Since we have two new forms of judgements, we need to consider the equivalence between
these judgements as well. We can extend the Definition 4 with the following two cases:

» Definition 13. (equality between the subtyping and subkinding judgements) Let S be a

type theory specified in LF:

1. (Fl F A < Bi: Type) =3 (PQ F Ay < Bs: Type) if - Ty = FQ, ' A =
As: Type, 't By = By: Type, I' - ¢1 = co: (A1)By are derivable in S.

2. MEK <, K{)=s ToF Ky <., K§)iff Ty =T9, T + Ky = K5, T'1 F K{ = K} and
'k c; =cg: (K1)K] are derivable in S.

It is straight to show the relation =4 and ~; are still equivalence relations in coercive
subtyping extensions.

» Theorem 14. Let S be a type theory with coercive subtyping specified in LF, =5 and ~
are equivalence relations.

5.3.1 System T'[Clox

The system T'[C]ox is an intermediate system which extends T' with subtyping and subkinding
rules but no coercion application and definition rules. It is obtained from T' by adding the
new judgement form I' - A <. B : Type, I' - K <. K’ and the inference rules in Figure 2
and 3. Since we don’t have any coercion application rule in T'[C]ox, the coercion judgements
cannot be applied, T[Clox can be trivially proved as a conservative extension of T'.

» Proposition 15. System T[Clox is a conservative extension of system T.

5.3.2 System T'[C]*

We can think T'[C] as a system obtained from T'[C]ox by adding the coercive application and
coercive definition rules in Figure 4. We will extend T[Clox into another system T[C]* with
x as gap holder when we apply coercive subtyping.

TI[C]* is the system obtained from T[Clox by adding the coercive application and coercive
definition rules in Figure 5.

It is easy to find out that all the judgements with * are not judgements in T[Clox. It
means that T[C|* is conservative over T'[Clox

» Proposition 16. T[C|* is a conservative extension of T|Clok -
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5.3.3 Relation between the systems

To describe the relation between the type system T'[C], T[C]* and T[Clok, we introduce four
algorithms ©, ©*, ; and 6> between the systems.
For two type systems T; and T5, we write

f:T:[‘)TQ

if f is a function from the Tj-derivations to Th-derivations.
We describe four algorithms, which are such functions:

e T[C} — T[C}OK
o . TIC = T[Clox
0, - T[C] - TIC)*
]

The algorithms behave in the following way:

The algorithm © replaces the derivations of I' - K7 <. K> in the premises of coercive rules
(CA1)(CA2)(CD) by derivations of I' F ¢ : (K7)K2 and replaces the coercive applications
by several ordinary applications.

The algorithm ©* replaces the derivations of I' - K7 <. K5 in the premises of coercive
rules (CA*1)(CA*2)(CD*) by derivations of I F ¢ : (K7)K> and replaces the coercive
applications by several ordinary applications.

The algorithm 6; replaces coercive applications in T[C] derivations by coercive applications
in T[C]*, by inserting * into appropriate places.

The algorithm 65 replaces coercive applications of the form f * a in T[C]* by coercive
applications f(a) in T[C].

We need to show that our algorithms behave in the right way, they insert the coercions
into where they should be. The following property guarantees that all the coercions are
inserted correctly by the algorithms:

» Proposition 17.
1. For any derivation t in T[C], t and O(t) are equivalent derivations in T[C].
2. For any deriwvation t' in T[C]*, t' and ©*(t') are equivalent derivations in T[C]*.

With the proposition below, we can show that T'[C] and T'[C|* are equivalent systems.
» Proposition 18.

1. For any derivation t in T|[C], t and 02(01(t)) are equivalent derivations in T|C].
2. For any deriwvation t' in T[C]*, t' and 61(02(t")) are equivalent derivations in T[C]*.

Finally, with the propositions above we can conclude the relations between our systems
and intermediate systems. Their relations can be drawn as Figure 6.

T|C] is a equivalent system of T'[C]*.

TI[C]* is a definitional extension of T[Clok-.

T[Clox is a conservative extension of T'.

TIC]* is a definitional extension of T[Clox and T[Clox is a conservative extension of T,
we would like to call that T[C]* is a D-conservative extension® of T.

5 There is a notion of D-conservativity in Luo’s note (8], we have a different meaning with that.
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I

T[C]* T[C]OK conservative T

Figure 6 Relations between T'[C], T[C]*, T|Clox and T.

» Remark. Although we have shown that T'[C]* with #-calculus has a more nature relationship
with T, we still use T[C] as for description of coercive subtyping. T[C] itself is directly
connected to important themes in the study of subtyping: implicit coercions and subtyping
as abbreviation.

6 Conclusion and discussion

During the study of coercive subtyping, we find that conservativity is not enough to capture the
relation between the systems. We borrow the idea of definitional extension from mathematical
logic to describe the relation and formulate it in type theory. With a simple example, we
demonstrate the relations and properties between a type system and its coercive subtyping
extension. Although the example only consists of two basic types and one coercion, it’s a
nice shot containing the idea and key elements of the whole coercive subtyping extension
story. We also give a sketch of the study on coercive subtyping in LF.

We hope this work presents a clear description of extending a type system with coercive
subtyping and wish the notion of definitional extension can help with studies on other
extensions in type theory. For example, implicit syntaxz of Pollack [16] is a good candidate.
It starts from LEGO [10] and widely used on today’s systems. We write terms with implicit
arguments omitted and they are not well-typed in the system until the missing arguments
have been inserted. It is not a conservative extension and we wish our notion could help
to figure the exact relation out. More broadly, we can think of elaboration. An elaboration
process maps surface language features to underlying constructions. We would like to see if
elaboration is definitional extension or something more.
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and also thank to the anonymous reviewers for their valuable comments.
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A LF inference rules

Contexts and assumptions

'K kind z ¢ FV(I)

Iz : K,T' F valid

<>F valid e: K +

valid Tx: K\ I"Fz: K

I'["+J THK kind z¢ FV(I')UFV(I')

e K,IVHJ
General equality rules
I' - K kind '-K=K’ K=K TrHK =K"
K=K I'FK' =K 'K =K"
'FEk: K 'k=kK:K '~k=kK:K TFHK=K'':K
'trk=k:K TtFk=k:K ''Fk=k":K

Equality typing rules
l'tk:K THFK=K'

F'tk=k:K THFK=K'

Trk:K' Trk=Fk:K
Iz:KI'+J THFK =K
T,o: K ,I'FJ

where J is of form: valid, Ko kind, k: Ko, K1 = K2 or k1 = k2 : Ko

Substitution rules

Iz:K,I' Fvalid TFEk: K

L, [k/z]I” F valid

Nz:K,I'FK kind TFHEk: K

Nz:K,I'FK:K' TrFEk:K

T, [k/z]I" F [k/2z]K’ kind

U, [k/x]T & [k/z]k' : [k/x] K’

la:KT'FK =K' Thk:K Fa: KT FK =k :K TrFk:K
L, [k/z]I" F [k/z]K' = [k/x] K" T, [k/z)T" & [k/z]k’ = [k/z]k" : [k/z] K’
Nz:K,I'FK' kind TFHk=kK:K Mz:KI'FE K Trk =k:K

L, [k/z]T" F [k/x] K’
The kind Type

[k [x] K’

I'  valid 'HA:

T, [k1/x]T7 F [k1/x]k

ko 2]k« [k1 /2] K’

Type I'HA=DB:Type

I' F Type kind
Dependent product kinds
'+ K kind TI',z:KF K kind

T F EI(A) kind

T - EI(A) = BI(B)

K=Ky, Tyz:Ki+-Ki=K;

TF (z: K)K' kind

Nz:KFEk:K' r

Pk (z: K1)K; = (z: K2)K}

|_K1:K2 F,CC:Kll_kl kQIK

T o Kk @ Bk T

F'Hf:(z:K)K' Trk:K r

Flz: Kilki = [z : Kolko : (z: K1)K
Ff=f @ KK Thkki=k:K

TF f(k): [k/2]K’'

Nz:KFE:K TFE:K

Lk f(ki) = f/(k2) : [ka /2] K

(D)

(- KIR) (k) = [k/alk : [k/d]K

@ LE S KK g FV(f)
! F'kz:K|f(z)=f:(z: K)K'

Figure 7 The inference rules of LF.
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B Proof of Proposition 3

In a type system S specified in LF.

1. If I'y is a valid context, - I'y =17y

2. IfFI—F1 :FQ, thenFl—ngfl.

3. IfFI—F1 :FQ andFl—ngI‘g,thenF}—Fl :Fg.

4. T,y F Jand T'F Ty = Ty then I',T'y - J. (J is of form valid, K kind, k: K,

k’l :kgl K or Kl :K2>

Proof. Suppose
Ih=x:Ky,z0: Ko, ,xp:
Io=xy: My,zo: Mo, -+, :

I's=xy: Ny,x0: Noy-oo Jxy :

FED

1. Straight by definition.
2. Since I' FT'; =T'y, by definition we have:
I' v K;= Mj;

F,IltKl,"',.ﬁEi_ltKi_l }_ K12M7 (222,,71)
For any 1 < < n:

T,ey: Ky, - ,2j_9: Kj_og,0;_1: K;_1+K;=M; T,z1: Ky, - ,24_9: K;_ob K;j_1=M;_1
Toxy: K1, - ,a;_o: Kj_o,x;_1: M;_1 F K; = M;
T,z : Ky,wg: Mg, - ,x;_1:M; 1+ K; =M; 'k Ky =M;
Tyxy: My, @ : Mg, -+ ,@y_q1: M;_q1 - K; =M,
D,@y: My, @g: Mg, -+ ,@;_q:M;_1+ M; =K;

and ¢ = 1 is trivial with %;Al/é Hence, we have I' - 'y = I'; by definition.
3. Since I' F T'y = I's, by definition we have:
r - Mi=M
Dowy: My,--- w1 Myy = My=N; (i=2,---,n)
We have I' H Ky = M7, and from case 2:
F,xl: Ml,”- s Li—1° Mi—l }_Kz ZMi (122, ,Tl)
In the LF, we have transitivity rules for equal kinds, so we can get:
r - Ki=M

Doxy: My, yxi1: My B K;j=N; (i=2,---,n)
For any 1 < < mn:

T,oq: My, - ,@j_o: M;_o,@;_1: M;_1 FK; =N; T,ay: My, - ,@;_o9: M;_o b M;_1 =K;_1
T,e1: My, - ,24_o: M;_o,@;_1: K;_1 F K; = N;
T'yxzy: My,z9: Ko, -+ ,z;_1: K;_1F K; =N; ' Ky =M
ey Ky,20 : Ko,-+- ,o;_1: Kj_1 - K; =N;

We have I'  I'y = I'3 by definition.

T,ey: Ky, @p_1:Kp_1,0n: KnFJ T,e1: Ky, - ,@2p_1: Kyp_1F Kpn =My
T,e1: K1, ,2p_1: Kp_1,@n: My - J
Dyaq: Ky ,@q0 : Mg, -« ,&n : Mp - J '+ Ky =M
T,wy: My, a2q : Mo, - ,xn : Mp - J

Hence we have I', T's F J.
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