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Abstract

Our goal is to conservatively extend ML by all the Lisp’s multi-staged programming
constructs. The combination is meaningful because ML is a practical higher-order, impure,
and typed language, while Lisp’s macro system has long evolved complying with the
demands from multi-staged programming practices.

This article presents a polymorphic modal type system and its principal type inference
algorithm for ML + Lisp’s staging constructs (the quasi-quote macro system). Our type
system conservatively extends ML’s let-polymorphism to support all features of Lisp’s
quasi-quote system. It supports open code, unrestricted operations on references, inten-
sional variable-capturing substitution as well as capture-avoiding substitution, and lifting
values into code. We believe our type system is the only one supporting such features
with an inference algorithm.

1 Introduction

Staged computation, which explicitly divides a computation into separate stages, is a unifying
framework for the existing program-generation systems. Partial evaluation [12, 5], runtime
code generation [9, 18, 14, 15], function inlining, and macro expansion [21, 10] are all instances
of staged computation. The stage levels can be arbitrarily large, determined by the nesting
depth of program generations: stage 0 is for conventional non-staged programs, and a program
of stage 0 generates a program of stage 1 that generates a program of stage 2, and so on.

The key aspect of multi-staged languages is to have code templates (program fragments)
as first-class objects. Code templates are freely passed, stored, composed with other code of
any stage, and executed when appropriate.

Our goal is to conservatively extend ML by all the Lisp’s multi-staged programming con-
structs. The combination is meaningful because ML is a practical higher-order, impure, and
typed language, while Lisp has long evolved complying with the demands from multi-staged
programming practices.

This article presents a polymorphic type system and its principal type inference algorithm
for ML + Lisp’s staging constructs. Lisp (or Scheme) has the longest history of staged program-
ming, and has evolved complying with the demands of macro programming practices. Lisp’s
staged programming features are all included in its so-called “quasi-quote macro” system. This
macro system supports open code templates, imperative operations with code templates, in-
tensional variable-capturing substitution (at the sacrifice of the alpha-equivalence) as well as
capture-avoiding substitution (as “gensym” does) of free variables in open code templates, and
lifting values into code templates. Our type system supports all these features.

*This work was supported by Brain Korea 21 of Korea Ministry of Education and Human Resource Devel-
opment, by National Security Research Institute of Korea Ministry of Information and Communication, and by
Samsung Electronics Co.,Ltd.
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Contributions Our contributions are as follows.

we present a polymorphic type system for a higher-order multi-staged language that
supports all features of Lisp’s quasi-quote macro programming;:

— open code: code with free variables can be constructed and composed without a
restriction.

— imperative operations with open code: open code can be stored, dereferenced, and
overwritten without a restriction.

— intensional variable-capturing substitution at stages > 0 (“unhygienic” macros):
hence alpha-equivalence at stages > 0 (i.e., during macro definitions and expansions)
is not preserved. This sacrifice, which may be unacceptable to a purely functional
language, is a feature that Lisp’s macro programmers have long enjoyed for efficiency
and programming convenience.

— capture-avoiding substitution (“hygienic” macros [13]) at stages > 0: the target
language has an explicit new-name generation construct like Lisp’s “gensym.” Pro-
grammers use this construct to rename bound variables at runtime in order to avoid
an unintensional variable-capture.

our type system conservatively extends ML with the Lisp’s quasi-quote macro system.
ML’s let-polymorphism with the value restriction is conservatively extended for impera-
tive staged programs that handle open code templates as first-class objects. Also, ML’s
let-polymorphism is orthogonally combined with a record polymorphism that aims to
allow a single open code template in multiple environments.

we present the type system’s principal type inference algorithm.

We believe our type system is only one supporting open code, unrestricted operations on
references, both hygienic and unhygienic macros, and a type inference algorithm.

Comparisons Our type system differs from existing works as follows:

Alpha-equivalence in our language is preserved only for stage 0 (non-staged) expressions;
we enforce only closed code to be evaluated at stage 0. For higher stages the alpha
equivalence is not preserved. If name change occurs in expressions of stages > 1, the
result program’s semantics becomes different from the original one.

This non alpha-equivalence at stages > 1 (i.e., “unhygienic macros”) has been prevalent in
macro programming, hence, we think, is worthwhile to be supported by our type system.

For alpha-equivalence at stages > 0 (i.e., for “hygienic macros”, or for staged programs
that needs renaming at runtime), programmers can always choose to use the explicit
new-name generation construct (“gensym” in Lisp, A* in our language). The construct
A*z.e uniquely renames bound variable x at runtime whenever a code is plugged inside
e.

For programs that are accepted by existing multi-staged type systems such as A\° [7,
8], AO [6] and A\i[3] without the cross-stage persistence, there exist their semantics-
preserving, translated versions that are accepted by our type system.

Davies and Pfenning’s system [7, 8] does not support open code templates.

Nanevski and Pfenning’s system[16, 17] supports open code, but does not support more
than two stages and has no type inference algorithm.
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e Calcagno et al.’s systems [3, 2] does not support imperative operations for open code
templates. The environment classifiers [23, 3] allow restricted open code templates whose
free variables’ binders should be lexically visible at the same stage level.

e Chen and Xi’s system [4] does not support free named variables inside code templates,
hence it does not support hygienic manipulation of code templates.

e Ancona and Moggi’s system [1] supports open code and imperative operations, but it sup-
ports only two-level stages, does not support intentional variable-capturing subsitution
and has no type inference algorithm.

Examples Our type system’s ideas and notable features in contrast to existing systems are
illustrated with examples as follows. In examples, we use a mixed notation of Lisp’s quasi-quote
syntax [21] and ML-style expressions.

e Our type system allows open code templates irrespective of surrounding environments.
Code template

“(x+1)

has type O({x : int}p>int), meaning that the code template can be executed or composed
in any environment that has at least program variable x of integer type. {z : int}p denotes
a type environment that may have entries other than {z : int}. The postfix p is a row
variables in record typing[20] that ranges over a finite set of field types.

e Our type system supports unrestricted imperative operations for open code templates.
Our type system accepts the following program:

let val a = ref ‘1
val £ = ‘(fn x > ,(a := ‘(x + 1); ‘2))
in !a end

where program variable a has type O({z : int}p > int) ref.

This example is from [2] where it is untypable because their type system[2] restricts
imperative operations only to closed code.

e Our type system supports unhygienic macros, where the programmers intensionally let
free variables in macros be captured at runtime. Unhygienic macros are frequently used
for both programming brevity and performance.

Our type system, for example, accepts the following map function that generates a spe-
cialized code for the list argument:

fun smap [] = ‘[]
| smap (x::r) = ‘“((f ,x) :: ,(smap r))
fun map 1s = eval ‘(fn f => ,(smap 1s))

Note that the smap function generates open code whose free variable £ will be bound
after smap’s recursive calls. When using closed code only, we need as many extra closures
and applications as the length of 1s.

e Our type system supports hygienic macros [13] too that avoid the capture of free variables
of open code templates during macro expansion. Suppose we define the or function as
follows. The definition does not work as expected because of the variable-capture.
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fun or a b =
‘(let val v = ,a in if v then v else ,b end)

When invoking (or ‘false ‘w), we obtain an unintended code
‘(let val v = false in if v then v else v end).

Since the free variable v in the arguments is captured by v declared in the or function,
the residual code returns false not argument v.

To avoid such unintended variable-capture during code composition we use a new lan-
guage construct to generate fresh variable names: hygienic abstraction A\*v.e that sub-
stitutes a fresh name for v inside e before its application. Our type system accepts the
following correct version of the or function:

fun or a b =‘((\*v.if v then v else ,b) ,a)

Similarly, the h2 function in Taha’s thesis[22] can be defined and type-checked in our
target language by using the hygienic abstraction \*:

fun h2 n z = if n=0 then z
else ‘((\*z. ,(h2 (n-1) ‘(z + ,2))) n)

Note that call (h2 2 ¢4) evaluates to
C(z1. Az . x0+(11+4)) 1) 2)
not to
“(Oz. Qz.x+(xz+4)) 1) 2)

Note that h2’s unhygienic version is one where Az is used in stead of A*x. The programmer
can choose between the two versions of h2, depending on his/her intension, and our type
system accept both.

e Our type system uses record subtypes for the types of free variables in open code tem-
plates. For example,

if e then ‘(x+1) else ‘1

has type O({x : int}p > int) because the else-branch’s type O(p’ > int) is a record subtype
of the then-branch’s type O({x : int}p > int) (the type operator > is contravariant, like
—, over its left-hand side record type).

e Our type system orthogonally combines the let-polymorphism with open code templates.
Consider

let val x = ‘y in ‘(,x + 1); ‘((,x 1) + z) end
Our type system assigns to x a polymorphic open code type Ya¥p.O({y : a}p>a), which is

distinctly instantiated for each occurrence of x. The first occurrence of x has O({y : int}>
int) and the second has O({y : int — int, z : int} > int — int).
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sim
open

ple type system. Section 4 presents a polymorphic extension /\gglgg of Ai’;ﬁn and its polymorphic

type system. Section 5 presents a principal type inference algorithm for )\ﬁgleyn. Section 6 shows

the relation of our type system to other existing ones. Section 7 concludes. Appendix has
representative parts of the proofs for the lemmas in this article.

Organization Section 2 introduces notation. Section 3 presents a language A and its sim-

2 Notation

A® B is the union of disjoint sets A and B whereas AU B is the union of arbitrary sets A and
B. [i..j] is the set of integers from 4 to j, and is empty if i > j. {xz}f:j is {zj,zj41,..., 2%},
and is empty if j > k. {z; f:j is written {$Z}§ without confusion.

Stage number is a non-negative integer. We use n for stage number. We assume that any
expression for a stage number is always non-negative.

A relation R from set A to set B is any subset of the Cartesian product of A and B, i.e.
R C Ax B. Arelation F C Ax B is a (partial) function if for alla € A, {b | a : b € F'} contains
at most one element. The set of functions from set A to set B is denoted by A — B. The set

of functions from finite subsets of A to set B is denoted by A i B. The empty function is
denoted by @. For a function F', dom(F) = {a | a : b € F'} and range(F') ={b|a:b € F}.
F|4 and F|} are the restrictions of a function F' such that

Fla={a:beF|lac A} and F|,={a:beF|a¢ A}
Fy :: Fy is the union of domain-disjoint functions F; and F5:
Fr:Fy,={a:bla:beFrora:be F},

where dom(Fy) Ndom(F3) = @. F +a: b is the extension of a function F with a : b such that
F4+a:b= F|{_a} :{a:b}. Fy- F,, is the sequence of functions Fy,...,F,,. Fi-F, +a:bis
the sequence of functions Fy, -, Fp,_1, Fpy +a @ b.

sim
A open

3 Simple-Typed Multi-Staged Language

This section presents the multi-staged language )\ff;’;n and its simple type system. )\Ziggn sup-
ports open code templates, unrestricted operations on references, both hygienic and unhygienic

macros, and lifting values into code.

3.1 Syntax

e € Exp :=c|z|Av.e]eies
| box e | unboxy e | opene | lifte | A*z.e
| refe|le|er:=e2
| clos(z,e,&) |1

The syntax of )\fggn is based on the implicit \” language [7, 8], and has additional expressions to
manipulate code templates and to support imperative operations. Expression ¢ is a constant
of base types. Expressions box e and unboxj e are for manipulating code templates, and
respectively correspond to the backquote (*), comma (,) (k > 0) and the eval (k = 0) in Lisp’s
quasi-quote notation. Expression open e is useful for type inference by guiding the places of
subtyping, and has no effect on evaluation. Expression 1ift e is for converting the value of e
into its corresponding code template. For hygienic code manipulation [13], expression A*z.e
renames x (of the same stage level) before a code is plugged inside e at runtime. Unless
inside code templates, A\*x.e is not different from Az.e. Expressions ref e, ! e and e;:=e5 are
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conventional for imperative operations. Expression clos(x,e, &) is the closure of Az.e in an
environment £. Location [ is for the store location. Closure and location, which are values,
are included as expressions just for a convenience during our type system’s soundness proofs.

3.2 Operational Semantics

Multi-staged language )\f];gn has a call-by-value semantics. Figure 1 shows the big-step op-
erational semantics. For brevity, we do not present error-generating rules, which are just
complementary to Figure 1.

Evaluation

E,SVFe " (r,8V)

means that an expression e under environment &£, store S and variables V evaluates to result
r, store S’ and variables V' at stage n.

Values are expressions not having a reducible expression. In multi-staged languages, values
exist at every stage. Values at each stage are called staged values. A staged value v™ (n > 0)
is a frozen expression that is to be evaluated later when it is demoted to the stage 0 by the
box g construct.

Staged Values o™ € V"™
i= c|boxv'|clos(x,e &) |1 ifn=0
clz|Azo™ | v™0"

| box oL | unboxy, "k

| openv™ | 1lift o™ | \*x.o™
|
|

ref o™ | o™ | vl =0y

clos(z,e,&) |1 ifn>k>0
Variables T, 2, W € Var = VgdV;s
Locations l € Loc = a set of locations
Stores S € Store = Loc™y°
Environments & € Env = Var i y0
Closures clos(z,e,E) € Clos = Varx Expx Env
Results T € Res = UL, V" {err}

Var is a countable set of variable names, and is the disjoint union of Vg and V;. Vg is a set of
external variable names that may appear in the source program, while V; is a set of internal
variable names that A\*x.e may generate at runtime. The disjointness of V; and Vg ensures
that the internal variable names generated by A*z.e are always different from the external
variable names in the source program. V is simply denoted by V in the big-step operational
semantics of )\g;”gn. We use z,y, z, w for variable names, and w for an internal variable name
alone. Store S is a finite function from locations to values of stage 0. Environment & is a finite
function from variables to values of stage 0. Expression clos(zx,e, &) is the closure of Az.e in
an environment £. Result r is either a value or err.

Lemma 3.1 V" C V" forn > 0.
PrROOF By induction on a staged value v™ in V™. O
Lemma 3.2 (Result) If £,S,V e — (1,8, V') then r is in V" & {err}.
ProoOF By induction on the type derivation of
E,SVFe% (r,8,V).

For a given evaluation, we proceed by cases on expression e. Lemma 3.1 is needed in cases of
unboxy e and lift e (n = 0). O
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(ECON) E,8,VFec— (c,8,V)
dom(& "
(EVAR) LS Oom( ) £,8,VFa "™ (2,8,V)
£,8,VF a2 (E),S,V)
(EABS) £,8,VF Ar.e - (clos(z, e, E),S, V)
£,8,VFe™ 0,8,V

£,8,VF Ax.e " Az, S, V)

E, 8, VI e o, (clos(z, e, E"),S1, V1)
£,81,V1 F ez -5 (v2, 82, V2)
E' 4+ x:v3,S8, Vo ke o, (vs, Ssz, V3)
£,8,VF eres -% (v3,Ss, V)
£,8, Vel " (11,81,V1) E,81,V1 F ez B8 (va, 8o, V)
E,S8,VFeres nts (viva, S2, V)
£,8, Ve ™ (v,8,V)
E,S,VFboxeL»(boxv,S’,V')
£,8, Ve (boxv!,S1,V1) &8,V kot -5 (19,8, Vo)
£,8,V F unboxo e —= (v9, S, Va)
E,8,VF e (v,8,V)
E,S,V F unboxg e o (unboxg v, S’, V')
£,8,VFke-L (boxv,8,V) k>0
E,8,V F unboxy e &, (v, 8", V")
£,SVrFe™ (0,8,V) k>0

(EAPP)

(EBOX)

(EEVAL)

(EUNBOX)

£,8,V F unboxy, ¢ "3 (unboxy, v, S7, V")
E,8,VFe-L (v,8,V)
E,S,VF opene 9, (v, 8", V")
£,8, Ve 0,8,V
£,8,V F opene 3 (openw, S’, V')
£,8, Ve (v,8,V)
£,8,VF lift e -% (box v, S’, V')
£,8,VFe™ (v,8,V)
£,8,VF1ift e M5 (Qift v, 87, V1)
E,S8, VA w.([z" & w]e) = (v, S, V)
£,8, V& {w} - Ma.e 2 (v,S, V)
£,8,Vre-% (v,8,V) | ¢dom(S)
E,8, Virefe -5 (1,8 +1:v,V)

(EOPEN)

(ELIFT)

(EGENSYM)

(EREF)

£,8, Ve ™ (v,8,V)
S,S,VFrefeni}(refv,S',V’)
£,8, Ve (1,8,V') |€dom(S’)
£,8,VF1e-X (8(),8,V)
£,8, Ve (v,8,V)
£,8,Vk1e™ (1v,8,V)
£,8, Ve -5 (1,81,V1)  E,81, Vi ke -5 (v,82,V2)
S,S,VF61:=€2L(’U,SQJrlZ’U,Vg)
£,8,VFel " (01,81, V1) E,81,V1 F ex P53 (w2, Sa, Vo)
S,S,VF61:=627i1>(v1:=v2,32,V2)
(ELOC) E,S, VI (1,8,V)

(EDEREF)

(EASSIGN)

(ECLOS) E,8,VF clos(z,e,&) = (clos(z,e,E'),S,V)

Figure 1: Big-step operational semantics of )\zi,";n: V means Vj.
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[z™ & w) =c

[z™ 5 w]y = w, ifr=yand m=n
=, otherwise

[z" 5 w] My.e = \y.e, ifr=yand m=n
=y ([z" 3 w]e), otherwise

[27 ¥ w] (erez) = ([a" 5 w]er) ([z" ¥ w] e2)

[z™ ™ w] box e = box ([z" s w] e)

[z™ 7% w] unboxy e = unboxy ([z" Sk w] e)

[z™ % w)] open e = open ([z" % w] e)

[z" % w] lift e =1ift ([z" 2 w]e)

[z" 75 w] Ny, e = Ny.e, fr=yandm=n
= Ny.([z" & w]e), otherwise

[z™ 7 w] ref e =ref ([z" = w] e)

[z" & w] (Y e) =1 ([z" % wle)

[z" S w] (e1:=e2) = ([a" = w]er):=([z" ¥ w] e2)

[z™ 7 w] clos(y, e, &) = clos(y, e, &), fr=yandm=n
= clos(y, [z" B w] e, ), otherwise

[z 7% w] =1

Figure 2: Substituting w for free variable z of stage n at stage m

Multi-staged language )\f]p’gn extends the traditional lambda calculus conservatively. At
stage 0, (ECON), (EVAR), (EABS) and (EAPP) are exactly the same as the call-by-value semantics
of lambda calculus. The alpha-conversion and beta-reduction are available whenever necessary
at stage 0. (EREF), (EDEREF) and (EASSIGN) are for usual imperative operations at stage 0.

Asim . can construct, compose and evaluate code templates at runtime. (EBOX) constructs a
code template. )\ff;gn allows open expressions inside a code template. Stage number increases
by one as we go inside a code template. If stage number is positive, we are inside a code
template. (EUNBOX) merges code templates at stage n — k into the current code at stage n.
(EUNBOX) provides a way to escape from a code template temporarily before the code template
ends. At stage 0, (EEVAL) converts a code template boxv® into expression v! and then evaluates
vl, which is restricted to closed code using type system (See Subsection 3.3). No variable in
code templates is bound to variable of the stage 0 since v! is always closed in (EEVAL).

/\f);@n forbids the implicit alpha-conversion inside code templates. To capture free variables
at code composition, we need to preserve the names of free variables inside code templates.
The meaning of an expression may change by the alpha-conversion inside code templates.
Meanwhile, there is no restriction on the alpha-conversion at stage 0; as only closed code are
evaluated in (EEVAL), there is no way to bind variables in code templates to variables of stage 0.
For example, Az.unbox; y and Az.unbox; y are alpha congruent at stage 1, but their meanings
are different:

{y : box 2} F Az.unbox; y — Az.z,
whereas

{y : box z} F Az.unbox; y Lz

Meanwhile, Az.unboxpy and Az.unboxgy are alpha congruent at stage 0, and they have the
same meaning since y is closed code.

Ag@,@n permits the explicit alpha-conversion inside code templates to manipulate code tem-
plates hygienically [13]. (EGENSYM) substitutes a fresh variable w for variable x in \*z.e at
stage n, and then evaluates the renamed lambda expression. At stage 0, A*z.e has no effect
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on evaluation since it is just an alpha-conversion in normal lambda calculus. For example, the
following two expressions evaluate to different results:

{y : box z} F Az.unbox; y L
whereas

{y : box z} F \*z.unbox; y L

for some fresh internal variable w. Figure 2 shows the definition of the staged renaming operator
[z" 7% w]. In (EGENSYM), x that is only at stage n should be replaced with w because the same
“x” in some expression are not always the same variable. For example, at stage n, Ax.box x
has two different “z” variables; x in box x is a variable at stage n + 1, and is not bound with
the lambda’s x.

Asim . has additional features to manipulate code templates. (ELIFT) lifts values to corre-
sponding code templates. (ELIFT) is the reverse of (EEVAL). Note that a staged value v™ can
also be v"! (Lemma 3.1). (EOPEN) has no effect on evaluation. The open construct is a syn-
tactic marker to which our type inference algorithm applies subtyping (See Section 3.3). Inside
a code template, (EABS) reduces the body code in a lambda abstraction. Lambda expressions

are not values but expressions inside a code template.

3.3 Type System
The key idea of the type system of A5 is to include a type environment in a code type. Type

open

environments inside code types enable us to type open code templates, avoiding the restriction
of Calcagno et al.’s systems[3, 2] that the types of free variables (even inside code values)
are always looked up in the current type environment. Our type system supports imperative

operations for open code templates, and both hygienic and unhygienic macros.

Types AB € Type
Type Environments T € TyEnv = Var Ly ype
Store Typings DX € ST = Loc™ Type

Figure 3 shows a type system for )\Z’;Zn in the style of Harper [11]; all type rules need store
typing in order to support imperative operations. We use A, B for types. Type environment
T" is a finite function from variables to types. Store typing ¥ is a finite function from locations

to types.
Types AB == (|A—>B|OT>A)|Aref

We use ¢ for base type, A — B for function types, and O(I' > A) for code template types.
O(' > A) is a conditional modal type in which the condition I' specifies the types of free
program variables in the code template of type A. We use A ref for types of store locations
having A-typed values.

Definition 3.1 A store S is well typed with respect to a store typing 3, written = S : X, if
and only if dom(S) = dom(X) and ;@ F S(I) : (1) for every | € dom(S).

Definition 3.2 An environment £ is well typed with respect to a store typing % and a type
environment I', written ¥ |= € : T, if and only if dom(E) = dom(T") and ;0 - E(x) : T'(x) for
every x € dom(E).
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(TSCON) EiloTnkciu
Fn(z)=A
(TSVAR) SiTo-Tnka:A
IoTp+x:AkFe:B
TSAB
(TSABS) S:ToTnkAze: A— B
;I'oTnkFer:A—=B X;Tog-Tnkex: A
(TSAPP) YTy TnFeiex: B
S Y:TpTnlkFe: A
YT T'n Fboxe: O > A)
SiTo-Ty b esO(Tuno 4) k>0
TSUNBOX
( ) ;T Iy Ty F unboxge : A
% ToThbe:0(@>A)
(TSEVAL) 3;To--T'y Funboxge: A
X ToTnke: A
TSLIFT
( ) ;T Ty F lifte: O > A)
SiToTn+w: Ab 2" S wle: B
(TSGENSYM) w is a fresh prog. var. in (2,To-In, \"a.¢)
:ToTnbk Aze:A— B
E,FO I',Fe: D(@ \>A)
TSOPEN
( ) 3T Ty Fopene: O(T'> A)
(TSREF) e
¥;To- Iy Frefe: Aref
SiTogTnFe: Aref
(TSDEREF) SiTo-Thbtle: A
¥;To--Tn e : Aref iToTnke: A
TSASSIGN
( ) YilgT'nkFeri=es: A
SN =A
(TSLOC) Y To-Tnb1: Aref
YXEE:T NT'+z:Abe:B
TSCLOS
crscL0s) ST T clos(e.e,8): A — B
Figure 3: Type system for A5,
Typing judgment

YiTg-T'ybFe: A

means that an expression e, under store typing > and type environments I'y---T',;, has type
A at stage n. I'g---T',, is a sequence of type environments I'y,...,I',,. ', is the current type
environment. Subscripts 0,...,n are stage numbers.

(TSBOX) makes open code template box e typable since

To-T,TFe:A

may hold for an open expression e. Type O(T'> A) is for code template box e, indicating that
e has type A in all accessible stages satisfying I". Note that code template type has a subtype
property: if I'g--T',, F box e : O(T' > A) holds, then T'g--T',, F box e : O(I" > A) also holds for
IV D T'. (TSUNBOX) checks if a code template from the previous stage is properly captured
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by the type environment at the current stage. (TSUNBOX) shows that code template types
have modal property: if e has type O(T' > A) at stage I',, then unboxy e has type A in an
accessible stage satisfying I'. (TSEVAL) allows only closed code to be evaluated by the eval
construct. Type O(& > A) is the same as type OA in Davies and Pfenning [7, 8]. (TSOPEN)
relaxes closed code types to behave as open ones. Expression open e induces a syntax-driven
subtyping. Closed code type O(& > A) can be relaxed to O(T' > A) if indicated by the open
construct. Such relaxation not only expands the set of typable expressions but also enables a
syntax-driven principal type inference algorithm (See Section 5).

(TSGENSYM) says that the type of A*x.e is the same as the type of the expression resulting
from renaming its bound variable x by a fresh program variable w. (TSGENSYM) requires
the explicit alpha-conversion hence the type of A*z.e can be different from that of Ax.e. For
example,

{y : O{z : int} > int)} {z:int} + Az.unbox; y : int — int,
{y: Oz : int} > int)} {x:int}+ \"z.unbox; y: A — int for some A.

Hence,

{y : O({z : int} > int)} {z:int} - (Az.unbox; y) true is untypable but
{y: O({z : int} > int)} {x:int}+ (\*z.unbox, y) true: int.

(TSLIFT) allows typing the code template that corresponds to the value of e. Lemma 3.1
shows that a value of stage n is also a value of stage n+1. Hence, if e has type A, then e’s value
is also an A-typed value at a higher stage under any context, hence O(T'> A) for an arbitrary
T.

Unlike the type system of Calcagno et al. [2], (TSREF), (TSDEREF) and (TSASSIGN) support
imperative operations for open code templates without any restriction. (TSCON), (TSVAR),
(TSABS) and (TSAPP) are as usual except for extending to multi-staged setting.

3.4 Soundness of Type System

First, consider (EEVAL) at stage 0. (EEVAL) converts boxv' into v' at stage 0. By the following
demotion lemma, if

¥ @ Fbox ! : O(I'> A)
then 3;T'F vl : A because ; @T' vl : A by (TSBOX). Hence, code template of type O(I' > A)
can be safely converted into expressions of type A under type environment T

Lemma 3.3 (Demotion) If ;20T Fv: A forn >0, then ;T Fo: Al

PROOF By induction on the type derivation of 3; @I';---T',, F v : A. For a given type derivation,
we proceed by cases on the finally used type rule. O

sim

Second, a well typed expression preserves its type after evaluation in A" . For the proof
of the preservation lemma, we need the result lemma (Lemma 3.2) and the demotion lemma
(Lemma 3.3).

Lemma 3.4 (Preservation) If =S8 :3, L& : Ty,
YiToTpbke:A and £,8,VFe - (r,8,V),
then ¥; 0T T, b r: A and ES : Y for some ¥/ D X.

PrOOF By induction on the type derivation ¥;Tg---T',, F e : A and evaluation £,S,V F e ——
(r,8",V"). For a given type derivation, we proceed by cases on the finally used type rule. O

Finally, the type system of )\ffggn is sound. If a closed expression is well typed, then it

preserves the type after evaluation. Hence, the evaluation result can not be err because err
is not typable.
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[z" &5 w] let (y e1) ea

= let(y ([z" B w]e1)) eo, ifx =y and m=mn
= let(y ([z" B w]ey)) [z" 2 w]ea, otherwise
Other cases The same as A3 in Figure 2

open

Figure 4: Substitution at stage m of w for free variable x declared at stage n

£,5,VF el - (v1,81, V1)
E4+z:v1,51,V1Fes 2, (v2, S2, Va2)

(ELET) o
E,8,VF let (z e1) ea — (v2,S2, Va)
E,8,VF e ™5 (v1,81, V1)
E,81, Vi Fex M8 (v2, S2, Va)
E,8,VF1let (ze1) ez nt} (let (z v1) v2,82,V2)
Other rules The same as A" in Figure 1

open

. . . . . l . . . .
Figure 5: Big-step operational semantics of AJ7% : V is a set of internal program variables V.

Theorem 3.1 (Soundness) If
o:oFe:A and 2,8, VFe -1 (r,S, V'),

then &; @ Fr: A where =S : X.

PrOOF The empty store is well typed with respect to the empty store typing: | @ : &. The
empty environment is also well typed with respect to the empty type environment and the
empty store typing: & | @ : @. From the assumptions and the preservation lemma, it follows
that X; @ F r: A where =S : X. O

4 Polymorphic Multi-Staged Language \P°W

open

This section presents a let-polymorphic multi-staged language Ag;lgl and its polymorphic type
system. The type system adopts the let-polymorphism where type generalization occurs only
in let expressions. This polymorphic generalization is applied also to the record types that are
used for the type environments accompanying code types. The record types are generalized in
a different axis too, in the sense of record subtyping in order to relax the constraints imposed
by the type environments. Syntactic value restriction is used to support imperative operations

in the polymorphic type system.

4.1 Syntax

ALl “extends ASiT by the let-binding expression let (x e;) o that binds the value of e; to =

in es.

e € Exp i=c|xz|Az.e|eies|let (zer) ez
| box e | unboxy e | opene | lifte | A*z.e
| refe|le|er:=e2
| clos(z,e,&) |1
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4.2 Operational Semantics

Figure 5 shows the big-step operational semantics of let (z e;) es. Other evaluation rules
are the same as those for )\*Z;,”e‘n. The error generation rules are just complementary to the
semantics of the normal evaluation.
Staged Values v™ € V"
i= c|boxv'|clos(x,e &) |1 ifn=0
= c|z|Azo" | 00"
| box v" ™! | unboxy v *
| openv™ | 1lift o™ | \*x.o™
| refo™ | 10" |vf =05
| let (z v™) 0"
| clos(z,e,&) |1 ifn>k>0
)\ggleyn has let (z v™) v™ as additional staged values. Other staged values are the same as in
)\ZZZW Except for staged values, other semantic domains Loc, Store, Var, Env, Clos and Res

are the same as in A5 (See Section 3.2).

Lemma 4.1 V™ C V"t forn > 0.
ProoF By induction on a staged value v™ in V™. |
Lemma 4.2 (Result) If £,S,V e — (1,8, V') then r is in V" & {err}.
PrOOF By induction on the type derivation of
E,SVFe (r,8,V).

For a given type derivation, we proceed by cases on expression e. O

4.3 Staged, Syntactic Value Restriction

Let-polymorphic generalization is activated only when expression e; in let (z e1) ez never
expands the store. We need to statically check whether an expression expands the store or not.

One thing we have to be careful in devising such a check is that a non-expansive expression
at stage n should not expand the store during its evaluation at any stage m < n. This demotion-
closedness is because any expression at stage n can be demoted by the unboxg construct to
stage m for some m < n until it evaluates to a value of stage 0.

Staged predicate expansive™ (e) in Figure 6 is designed based on Wright [26]: if an expression
is a syntactic value, then it never expands the store and hence it is a non-expansive expression.
Note that expansive™(e) satisfies the demotion-closedness. Consider the cases of Az.e and
Mz.e. If eisin V1, then Az.e and A\*z.e are in V. Then, from Lemma 4.1, Az.e and \*z.e are
in V™ for any n > 0 (and hence they never expand the store at stage n). Meanwhile, at stage
0, Az.e and A*z.e never expand the store; they just reduce to closures. Thus, if e is in V! or
at stage 0, Az.e and A\*z.e never expand the store for any stage n. The box e case is similar as
follows. If e € V1, then, box e € V° by definition of V. By Lemma 4.1, boxe € V° C V7!
for n > 0. Hence, box e is a value at any stage; it is a non-expansive expression. ref e expands
the store at stage 0. Hence, expansive™(ref e) is defined to be true for any stage in order to
satisfy demotion-closedness. ejes may expand the store at stage 0. Hence, expansive™(ejez)
is also defined to be true for any stage. Expression unbox; e may expand the store at stage
k. Hence, expansive” (unboxge) is true for any stage n > k. At stage n < k, unboxy e is
meaningless. Expressions ! eq, e;:=eq, open ey, 1ift e; and let (z e;) ey expand the store if
e1 or e; expands the store. Expressions ¢, x clos(z, e, £) and [ do not expand the store for any
stage. Note that expansive™(clos(xz,e,&)) and expansive™(l) are not used in type inference
because they are values not occurring in the source program. They are included just for our
proofs.
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expansive™ (c)
expansive” (z)
expansive” (Az.e)

expansive” (e1e2)
expansive” (box e)
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expansive” (unboxy, €)
expansive” (open e)
expansive” (1ift e)
expansive”™ (A\*z.e)

expansive” (ref e)
expansive” (! €)

expansive” (e1 :=es)
expansive” (let (z e1) e2)
expansive” (clos(z, e, £))

expansive™ (1)

False
False
False, ifn=0veeV?!
True, otherwise
True
False, ifeec V!
True, otherwise
True, n>k

expansive” (e)
expansive” (e)

False, ifn=0veeV?!
True, otherwise
True

expansive” (e)

expansive™(e1) V expansive™(e2)
expansive” (e1) V expansive” (e2)
False

False

14

Figure 6: Staged predicate expansive™(e): a non-expansive expression at stage n is syntactically

guaranteed never to expand the store during its evaluation at stage m for every m < n.

4.4 Type System

Our polymorphic type system extends A

type [20].
Types A, B
Type Variables a, B8
Fields F.G
Field Variables 0
Store Typings %
Type Environments T
Type Environments p

Variables

sim
open

€

M M MMM

€

by ML’s let-polymorphism and Rémy’s record

Type
t|A—B|OT>A)| Aref | a

TyVar

Field = Typed® L

FieldVar

StoTy = Loc Type

TyEnv = Var ™ Field

u= {x s BT | {zi: Fi}lpr

where L = {z;}}
TyEnvVar

We use A, B for types, and «, 3 for type variables. Field[20] is either Type or L. We use
F, G for fields, and @ for field variables. Store typing > is a finite function from locations to
types. Type environment I is a finite function from variables to fields, and can be regarded as
a record. We use p for type environment variables. Type environment {xz; : F;}T*pr denotes a

type environment

{z;: i} {yi - G} where {y;}NnL=0

where :: is a domain-disjoint union. Operator :: extends for type environment variables as

{z; : F;}7" = p={z:: Fi}Tp.

In an type environment, a field is a type or L. If z : L in I', = is an undefined variable in T'.
(Such extension to L, following the idea in Rémy’s record typing [20], is needed only for the
type inference algorithm. See Section 5.) Hence,

{z;: Ai}lf and {z;: A,}]f = {y; + L} for some m

are the same type environment. Similarly,

pr and {x: 0} proa

are the same type environment since field variable 6 can be either A or 1. Without confusion,

we write {z; : F;}¥p instead of {x; : F;}¥pr.
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& x € TyVar® TyEnvVar & FieldVar
X, Y € Typed® TyEnv @ Field

Some symbols range over multiple sets: £, x are used for type variables, type environment
variables, or field variables. X,Y are used for types, type environments, or fields.

Type Schemes 7,0 € TyScheme n= VT | A
Field Schemes p, ™ € FieldScheme =  TypeScheme ® L
Type Scheme Env A € TySchemeEnv =  Var 5 FieldScheme

p= {w | {mas padton
where L = {z;}}
We use 7,0 for type schemes, and u, 7 for field schemes. Type schemes are in the prenex
form, containing outermost quantification only. V&.7 binds € in 7. A type variable «, field
variable 6 or a type environment variable p is free in 7 if it occurs in 7 and is not bound. A
type scheme V&7 ...VE,,.0 is written V&7 ... &,,.0. Type scheme environment is a finite function
from variables to field schemes. Type scheme environment is an extension of type environment
using field schemes. Similarly to type environments, type environment schemes may contain
type environment variables. Type scheme {x; : u;}*pr, denotes some type scheme environment

{wi o i} = {yi s B} where {y}{ N L = 2.

Note that a variable p is not for type scheme environments but for type environments. Type
environments are defined to be monomorphic. Like type environments,

{x; :7}% and {z; : 7}F = {y; : L} for some m
are the same, and

{o;:m}pr and {a; - m}F o {037 = PL&{y:}m
are the same.

Definition 4.1 (Free variables) FV () is the set of free type variables, free field variables and
free type environment variables occurring in 7. FV is abused for type schemes, field schemes,
store typings and type scheme environments:

FV(2> = UAErange(E) FV(A)
and

FV(A) = UZ, FV(u) U{p}, if A={zi:m}ip
= Ut FV (), if A= {x;:p}i

Definition 4.2 (Bound variables) BV(7) is the set of bound type variables, bound field vari-
ables and bound type environment variables occurring in 7. BV is abused for type schemes,
field schemes and type scheme environments:

BV(A) = UL, BV(1)
where A = {x; : i }p or A ={wx;: i}

Substitutions R, S, T,U € TySub
= (FieldVar oy Field) :: (TyVar I Type) :: (TyEnvVar w TyEnv)

A substitution is a finite function from field variables to fields, from type variables to types,
and from type environment variables to type environments. Applying substitution R to X is
written RX. The composition of substitutions S followed by R is written RS or RS, and is
defined as

{€: R(S(6)) | € € dom(9)} :: {€: R(§) | § € dom(R) \ dom(S)}.
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Definition 4.3 (Type instantiation) A type scheme V¢y ... &y A instantiates to a type B, writ-
ten V&1 ... &m A = B if and only if there exists a substitution S with domain {&;}7* and SA = B.

Definition 4.4 (Type environment instantiation) A type scheme environment {x; : p;}7'p
instantiates to a type environment T, written {x; : u; }7'p > T, if and only if T = {z; : F;}7p
and p; = F; fori € [1.m]. Likewise, {x; : p; }T* instantiates to T if and only if T = {x; : F;}7*
and p; = F; for i € [1..m].

Definition 4.5 A store S is well typed with respect to a store typing 3, written = S : X, if
and only if dom(S) = dom(X) and 3; @+ S(1) : B(1) for every l € dom(S).

Definition 4.6 An environment £ is well typed with respect to a store typing % and a type
environment scheme A, written X =& : A, if and only if

dom(€) = dom(A) and T;0FE(x): A
for every x € dom(A) and every A where A(x) = A.

Typing judgment
;Ao ApFe A
means that an expression e, under store typing % and type scheme environments Ag--- A, has
type A at stage n. Ag--- A, is a sequence of type scheme environments Ay, ..., A,. A, is the
current type scheme environment. Subscripts 0,...,n are stage numbers.

(TBOX), (TOPEN) and (TLIFT) restrict code template type O(I'> A) to be conditioned by
monomorphic type environment I'. This restriction, which is analogous to the rank-1 poly-
morphism, allows us to avoid the impossible principal typing in the Hindley /Milner-style type
inference [25].

(TBOX), (TOPEN) and (TLIFT) introduce type environment variables. Consider the (TBOX)
case. Suppose that

AoAn{.’Ez : Az};n Fe:A.
Then,
Ag- Apf{a; + AT {yi Fz}lf Fe:A for some {y; : Fz}ll‘
Hence, using a type environment variable p,

or
Ag- Ay Fboxe: O({x; : A} p> A).
(TOPEN) and (TLIFT) also introduce type environment variables as follows.

Ay A, Fopene:O(p> A) for some p and
Ap- Ay Flifte: O(p> A) for some p.

In typing judgment ¥; Ag- A, F e A, Ag always has the form of {z; : }7 (not {x; :
7} p) while A; (i > 0) may be {y; : u;}¥p. This is because type environment variables
are introduced only into code template types (by (TBOX), (TOPEN) and (TLIFT)) and type
environment {z; : F;}T*p in a code template type O({x; : F;}T"p> A) can be A; (i > 0) in a
type derivation.

(TLETAPP) allows the let-polymorphism in let (z e;) es if e; guarantees not to expand the
store (if expansive™(e;) is false). Note that type environment variables and field variables, as
well as type variables, can be generalized in (TLETAPP). If the evaluation of e; does not expand
the store, it is safe to generalize free type variables, free type environment variables, or free
field variables in the type of e;. In (TVAR) and (TUNBOX), such generalized type variables,
type environment variables and field variables respectively instantiate to some types, type
environments and fields. For example, the type environment variable p in Vp.O({z; : F;}"p>A)
can instantiate to some type environment {y; : G;}¥ (or {y; : G;}¥p') where {x;}7*N{y;}} = 2.

Other rules are the same as in A7)%,, except for this polymorphic extension.
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(TCON) ;Ao Ap ki

Ap(z) = A
Ao ApFax: A

;Ao Ap+xz:AFe: B

(TVAR)

TAB
(TAES) iAo ApFAre: A— B
;Ao Ap et A— B iAo Apbex: A
(TAPP) Y Ao Ap Fejex: B
iAo Apl'Fe: A
(TBOX) YA An Fboxe: O o A)
;A0 Apke:OT>A) Apgp =T k>0
TUNBOX
(TUNBOX) 3 Ag Ap- Apgg | unboxg e A
;Ao ApbFe:O(@> A)
TEVAL
(TEVAL) ;Ao Ay Funboxpe: A
;Ao ApFe:0(0> A)
(TOPEN) ¥;Ag Ay, Fopen e: O('> A)
(TLIFT) ¥ Ao-Anbe: 4
¥ Agee Ay F lifte: O(I'> A)
YA Ap+w:AE [w”»gw]e:B
(TGENSTM) w not in (3, Ag-+ Ay, A z.€")
;Ao ApFXNre: A— B
(TREF) ;Ao ApnbFe: A
¥ Ao Ap Frefe: Aref
Y Ao Ap Fe: Aref
TDEREF
(TDEREF) ;Ao ApbFle A
Y Ao Ap ke Aref X;ApAplbex: A
(TASSIGN) Ao Apberi=es: A
) =A
(TLOC) Y Ao Ap 1 Aref
YEE A T;A+z:Ale: B
(TCLOS) 35 Ao Ay clos(z,e,E): A— B
expansive” (e1)
(TLETTMP) ;Ao ApkFer A XA Ap+xz:Abex: B
;A0 Ap-let(ze1) ea: B
— expansive™(e1)
E;Z&on‘lxn [ 61:‘4
;A0 An+x: GENg(XZ, Ao~ Ap) Fex: B
(TLETAPP)

;A0 ApElet(xer)ex: B
GENa(Z, Ao An) = V&1 ... &m.A such that
{1, &m} =FV(A)\ (FV(Z) VU, FV(Ai))

Figure 7: Polymorphic type system for AP0

open

17
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4.5 Soundness of Type System

(EEVAL) at stage 0 converts boxv! into v! at stage 0; it demotes the n-th staged value into the
(n — 1)-th staged expression. The following demotion lemma shows that demotion preserves

types.
Lemma 4.3 (Demotion) If £; @A Ap v : A where n >0 , then

YA Ay bovs Al

PrROOF By induction on the type derivation of ¥; @A -+ A, F v : A. For a given type deriva-
tion, we proceed by cases on the finally used type rule. Predicate expansive™(e)’s demotion-
closedness is needed in the proof. O

An expression preserves its type after evaluation in )\ggf}n. For the proof of the preservation

lemma, we need the result lemma (Lemma 4.2) and the demotion lemma (Lemma 4.3).

Lemma 4.4 (Preservation) If =S : 3, ¥ =& : Ay, If
Y Ao Ay ke A and £,8,VFe - (r,S,V),

then,
YA Ay br: A oand =S Y for some ¥ D XL

PrOOF By induction on the type derivation of ¥; Ag--- A, b e : A and evaluation £,S,V +
e — (r,8',V"). For a given type derivation, we proceed by cases on the finally used type rule.
O

Finally, the type system of Agglgl is sound. If a closed expression is well typed, then it
preserves the type after evaluation. Hence, the evaluation result can not be err. Note that

err is not typable.

Theorem 4.1 (Soundness) If ;& + e : A and &,2,V + e SN (r,S,V"), then S, + r -
A and ES:X.

PrOOF The empty store is well typed with respect to the empty store typing: = @ : &. The
empty environment is also well typed with respect to the empty type scheme environment and
the empty store typing: & = @ : @. From the assumptions and the preservation lemma, it
follows that ¥; @ F r : A where S : X. O

5 Type Inference Algorithm

This section presents a sound and complete type inference algorithm that finds the prin-
cipal types for Agglgl. Figure 10 shows the type inference algorithm for Agglgn. Algorithm
infer(Ag An, e, A, Q) takes as input a sequence of type scheme environments Ag--- A, an
expression e, a type A and a set Q of fresh type, type environment or field variables to be used

in the infer algorithm. The infer algorithm finds the most general substitution R satisfying
@; (RAp)- (RA,) Fe: RA.

Figure 11 shows the extension of type environment or field addition operation in record
types. In @;Ag--Ap, Fe: A A; is a record type which may contain p variable for ¢ > 0. In
(IABS), (IGENSYM) and (ILET), we need to extend A, with z : 7, meaning that A, +x : 7
comes to have x : 7 whether A,, has some z : € or not. To support such field addition in record
types, we adopt Remy’s record types [20], and we allow a field variable to be L in records.
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unify(F, Q) =
We use Rémy’s unification algorithm [20, 19].
Only difference is:
for equation O(I'y > A;) = O(I'2 > A2) during unification,
we convert it into I'y = I's and 4; = As.
and for equation A; ref = Ay ref in E,
we convert it into 41 = As.

Figure 8: Unification algorithm

(* inst(A, Q) finds a type environment I' that satisfies A > T'
using fresh variables in Q. *)
inst(A, Q) =
make distinct all bound variables in A by renaming the bound variables
if A ={x;:pu:}7"p then
let S be a substitution such that dom(S) = @;", BV(u:) and
range(S) C Q in
let pu; = F; by S for i € [1..m] in
{z:: Fi}1'p
if A ={z;:p}7" then
let S be a substitution such that dom(S) = @], BV (1) and
range(S) C Q in
let p; = F; by S for i € [1..m] in

Figure 9: Instantiation of type scheme environments

Meanwhile, Rémy uses the different notion for the field in record types such as x : pre(A4) (not
x:A)orx:abs (not x:1).

Our unification algorithm (Figure 8) is basically the same as Rémy’s [20, 19] except for the
code and reference types. Remy’s unification algorithm takes as input a set of equations for
types, fields or records(type environments). The second input Q is the set of fresh variables
that will be used during the unification. The algorithm returns the most general unifier [20, 19].

(IBOX), (IOPEN) and (ILIFT) introduce type environment variables into code template
types. As mentioned in Section 4, in a sequence of type scheme environments Ag-- A,,, A, (n >
0) may be {z; : F;}7"p. Hence, to infer the type of x, (IVAR) checks A, > {z : A}p (not
A,(z) = A) because it may be that A, = {x; : F;}7"p’ and = & {z;}7*. (ILET) generalizes
free type environment variables and free field variables, as well as free type variables. Such
generalized type, field or type environment variables instantiate to concrete types, fields or type
environments in (IVAR) and (IUNBOX). (IVAR) and (IUNBOX) need the instantiation of type
scheme environments, whose algorithm is presented in Figure 9. (IBOX) and (IUNBOX) relate
two different staged type scheme environments with each other by making the sequence of type
scheme environments longer or shorter. (IGENSYM) executes the explicit name change before
type inference. (ICON), (IABS), (IAPP), (IREF), (IDEREF) and (IASSIGN) are straightforward
except for multi-staged setting.

The infer algorithm is a sound and complete type inference algorithm for /\ggleyn. The
completeness lemma (Lemma 5.2) establishes that the infer algorithm finds the principal
types of A\PoW

open*

Lemma 5.1 (Soundness) Suppose that

QN (FV(A)U O FV(A)) = 2.
=0
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infer(Ag-- An,c, A, Q) = (ICON)
unity({A =1}, Q)
infer(Ao An,z, A, {p} ® Q1 & Q2) = (IVAR)

let I'y, = inst(Ap, Q1) in
unify({T, = {2 : Abp}, Q2)

infer(Aog Ap, Az.e, A, {a, 8} § Q1 § Q2 @ Q3) = (IABS)
let (S1, Al A7) =add(Ao+ Ap,{z:a}, Q1) in
let Sy = infer(Agy- Aj, e, 513, Q2) in
let S3 = unify({stlA =551 — 52315}7 Q3) in S355S51

infer(Ag An,e1e2, A, {a} ® Q1 ® Q2) = (IAPP)
let S1 = infer(Ag- Ap,e1,a — A, Q1) in
let Sy = infer((Sle)w (SlAn),eg, Slo¢7 Qg) in S257

infer(Ao Apn,boxe, A, {p,a} & Q1 G Q2) = (IBOX)
let Sl = il’lfer(AO"' Anp7 €, «, Ql) in
let So = unify({S1A = O(Sip> Sia)}, Q2) in S25:

infer(Ag--- An,unboxi e, A, {p} & Q1 ® Q2 ® Q3) = (IUNBOX)
let I';, = inst(A,, Q1) in
let So = infer(Ag-- Ap—_k,e,0(p> A), Q) in
let S3 = unify({SQFn = Szp}, Q3) in S3.55

infer(Ag--- An,unboxp e, 4, Q) = (IEVAL)
infer(Ag- Ap,e,0(21> A), Q)
infer(Ag-- An,open e, A, {p,a} ® Q1 ® Q2) = (I0PEN)

let S1 = infer(Ag- Ap,e,0(F > ), Q1) in
let So = unify({S14 =0(p> Sic)}, Q2) in 5251

infer(Ag Ap,lifte, A, {p,a} ® Q1 ® Q2) = (ILIFT)
let S1 = infer(Ag-- Apn,e,a, Q1) in
let Sy = unify({SlA = D(prla)}, Qz) in S257

infer(Ag Ap, N'z.e, A, {a, 5} ® Q1 ® Q2 ® Q3) = (IGENSYM)
w is a fresh internal program variable
let (S1,Af+ Ar) =add(Ao+ Ap, {w: a}, Q1) in
let So = infer(A)-- AL, [z™ ¥ w] e, S18, Q2) in
let Sg = unify({SgslA = 525104 — 5231ﬁ}, Qg) in 535251
infer(Ao Ap,refe, A, {a} ® Q1 ® Q2) = (IREF)
let S1 = infer(Ag-- Apn,e,a, Q1) in
let Sy = unify({S14 = (S1c) ref}, Qz) in S2.51

infer(Aog Apn, ' e, A, Q) = (IDEREF)
infer(Ag-- A, e, Aref, Q)
infer(Aom An, e1:=ea, A, (O <) QQ) = (IASSIGN)

let S1 = infer(Ag-- Ap,e1, Aref, Q1) in
let SQ = infer((Sle)m (S1An),€2, SlA, QQ) in Sgsl

infer(Ag- An,let (z e1) ez, A, {a} ® Q1 ® Q2 ® Q3) = (ILET)
if expansive™(e1)
then
let S1 = infer(Ap- An,e1,0,Q1) in
let (SQ, A6 A/n) = add((Sle)m (SlAn), {a: : S1a}, Qg) in
let S5 = infer(A6-~- A;“ e2, 52514, Qg) in 535251
else
let S1 = infer(Ag- An,e1,a, Q1) in
let {51, . 7£m} = FV(Sloc) \ U;l:o FV(SlAZ)
let (Sa, Aj- AL) =
add((Sle)“- (SlAn), {l‘ (V... .fm.Sla}, Qg) in
let S3 = infer(A6-~- A;“ e2, 52514, Qg) in 535251

Figure 10: Type inference algorithm for \P2%

open
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add(Ao Ap, {z: 7}, {0,p'}) =
if A, ={z:pu}:: A’ then
(2, Ao Apor ({z:7h 2 A))
else if A, = {x; : ,uz}’f and x & {xz}’f then
(2, Ao Ap—1 ({x: 7} o {zi: ul}'f))
else
let A, = {z; : ,ul}]f 2p and z & {ml}]f in
let S={p:{z:0}:p}in
(S, (SA¢)-+ (SAn—1)({z: ST} == {xs : Spi}f = p))

Figure 11: Extension of type environments

If infer(Ag-- A, e, A, Q) succeeds with S, then
&5 (SAg)- (SA,) Fe: SA.

PrROOF By induction on each case of the infer algorithm. O

Lemma 5.2 (Completeness) Suppose that
@; (RAg)+ (RA,)Fe: RA

and QN(FV(A) U, FV(A))) = @.
Then, infer(Ag- Ay, e, A, Q) succeeds with S such that R[5 = T'S|g for some T and RV(S) C
QUFV(A) U, FV(A)).

PROOF By induction on the type derivation of
@ (RAp)- (RA,) Fe: RA.

For a given type derivation, we proceed by cases on the finally used type rule. O

Suppose that a type variable « is not in a set of type and type environment variables Q.
Then infer(d,e, o, Q) always terminates for any expression e. If infer(d, e, «a, Q) succeeds
with S, then @; @ F e : Sa. Moreover, if there is a substitution R such that @; @ F e : Ra,
then R|5 = T'S|g for some T'. Hence, Sa is the principal type of e.

6 Relation to Other Multi-Staged Languages

This section compares Agglgl (or A3im ) with other multi-staged languages such as the implicit
A7 [7, 8], My [8], A© (6] and AL, [4].

6.1 Relation to the Implicit \"

Typeful expressions in the implicit A® [7, 8] can be embedded into A5 . Figure 12 shows

the type system of the implicit A”. The translation is straightforward because the implicit A"
accepts only closed code templates while A5 accepts code templates containing free variables.

open -
Expression translation from the implicit A” to A3,z is:
[z] = = [Me.e] = Az.[e]
[erea] = [ei1][ez2] [box e] = box [e]
[unboxg €] = unboxg[e] [unboxy e] = unboxy (open [e])
where k£ > 0.

Type translation from the implicit A7 to A%, is:
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Expressions e = x| Az.e|ee|boxe | unboxye
Types A,B == |A— B|OA
Type Environments r == g|I'+z:A
In(z)=A To-Th+x:AF e: B
o'y bz A I'g-ThF Are: A— B

IpThtler:A—>B To-Thtles: A
F()Fn |_l €1€32 : B

Lo-T,@Fe:A Lo e:0A
To-- T, Fiboxe: OA To- Ty Thgr F* unboxi e : A

Figure 12: Type system for the implicit A"

[=: [A—Bl=[A—[B] [04]=0(z> [4]).
Type environment translation [I'] is point-wise:

[{z1: A1, oyxn s And] = {z1 : [Ad], -, 20 [AR] )

We can show that a typeful expression in the implicit A” can be translated into a typeful

3 H sim
expression in AZy, .

Lemma 6.1 IfTy--T,, Fi e : A in implicit \°, then
@ [To]+ [Tn] = [e] : [A]

n A,
PRrROOF By induction on the type derivation of I'g--T',, F* e : A in the implicit A" language.
For a given type derivation, we proceed by cases on the finally used type rule. O

6.2 Relation to A,

Ai. [3] is not embedded in Aggf}g while its monomorphic version A’ [3] is embedded in A$y7,  if
its cross-stage persistence operator (%) is removed. Figure 13 shows the type system of i .
We omit the type system of A\, which is just a simple type version of Al and does not have
expression let (z e1) es.

Expression translation from \* without % to )\Zi)”gn is straightforward. Because A’ preserves
the alpha-equivalence, we assume without loss of generality that every bound variables are

distinct in A? before execution.

[z] = = [Mx.e] = Nz.[e]
[ere2] = [erlle2] [{e)] = box [e]
[“e] = unbox[e] [run e] = unboxy[e]

[open €] = open [e] [closee] = [€]

Note that because runtime renaming that happens implicitly in A’ is simulated by our hygienic
abstraction A*z.e, the translated version in )\f];gn has the same semantics as the original one
in A%

Definition 6.1 (Collecting Type Environments) Let {I'; i e; : A;}7 be a set of typing
judgments occurring in \'’s type derivation tree of T FX e : A

CTE(T FEe: A) =", T;.
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Expressions e = xz|Azrelee
| (e)| “e|%e|rune
| opene | closee
| let (x e1) e2
Types A,B = 1| A— B| (4% ] (4)
Type Schemes T = A|VkT
Type Environments I' = @|T+ax: A"
Type Scheme Environments A == @|A4z:7"
A)y=7F 7= A A+z:A"FH e: B
AL gz: A AFL ) ze: A— B
Arle :A— B Arles,: A
AFL eies: B
AFFe: A AFEe: (A"
AL (e) : (A)> AbLa~e: A
ARl e: (A) AFfe: A
AtrLrune: A AtFLafe: A
AFEe:(A) AFle: (A  agFV(A L A)
A FL opene: (A AFL closee: (A)
A }—L er . A

A+2:Y61.. . 6m.AY Fl es 1 B {ki}T' =FV(A)\FV(A, L)
AtLlet (rei)e: B

Figure 13: Type system for i,

As we assume that every bound variables are distinct, if = : A and z : A%? are in
CTE(T FX e : A), then AL = A2, Tn other words, CTE(T - ¢ : A) is always a function. Let
® be a function satisfying ® O CTE(I' X e : A). Then, type translation from \* without % to

Asim s
Tr(®,t, L) =
Tr(®,A— B,L) = Tr(®,AL)— Tr(P,B,L)
Tr(®, (A)*, L) = O([®][2, > Tr(P, A, La))
Tr(®,(A),L) = O(@>Tr(d, A, L))

where L' is any stage,
and environment translation is:
[®]F = {z: Te(®, A, L") | L' is a prefix of L, |L'| =i,
r: AV € @}
Lemma 6.2 IfT' X e: A in A" without %, then
[@15 - [®]f F [e] : Te(®, A, L) in ADog,

open’
for any function ® D CTE(T L e: A).

PROOF By induction on the type derivation of I' F e : A in A\’ without the cross-stage

persistence. For a given type derivation, we proceed by cases on the finally used type rule. O
Although translation from i, to A2o% seems straightforward, Al is not conservatively
embedded in /\g;f,}fw The code template type of (e) is not always translated into some modal

type of box e. For example, code template

(let z = Ay.y in ~“(xz) )
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is admissible to \i’s type system as follows.

x:VeKk >Rk FYax: A—- A
y:B*F*y: B x: Ve — K*FE (zx) : (A — A)*
g \yy:B— B x:Vek — RYFY “(az): A— A
ghHYlet x = Ay.yin “(zx): A— A
e (let x = Ay.y in “{xz) ) : (A — A)®

In the above type derivation tree, code template (zz) is typable in A} ,. However, code template
box(xx) is not typable in )\{.’ngfn because )\ggéyn allows only monomorphic type environment inside
the code template types (i.e., O(I'> A) not O(A > A)). Note that xz is not typable under any
monomorphic type environment.

On the other hand, free variables of {(e) should be lexically bound at the same stage level,
which makes it difficult to support imperative operations for open code templates. For example,
suppose that open code template (z) is stored at a stage L under some A where z : AX® € A.
The stored open code template may be later dereferenced at a stage L under some A’ (z :

ALe ¢ A'). This situation which is typable in A\2%% is not so in Ay

open

6.3 Relation to \©

MO [6] is embedded in A’ [3], and does not have the cross-stage persistence operator (%).
Because \* without % is embedded in A3 (Section 6.2), A© is thus embedded in A5,

open open*

6.4 Relation to A"

code

Unlike ours, )\jodc [4]’s polymorphic generalization is not allowed inside code templates, and
no free named variables can occur inside code templates.

AL .’ use of deBruijn indices for program variables conflicts with imperative multi-staged
programming practice. When an open code template escapes from its lexical scope by some
imperative operations, its free variables’ deBruijn indices can denote different variables from
those in the original program with named variables. For example, consider the following code

that is admissible to A  ’s type system:

code

let val a = ref ‘1
val £ = ‘(dfn x > fn y > ,(a := ‘(x +y); ‘2))
val g = ‘(fn y -> fn 2z -> ,(la))

in ... end

When the stored open code ¢ (x+y) is plugged inside ‘(fn y -> fn 2z -> ,(!a)), the pro-
grammer intends that the x remains free and y is bound to y. If we replace every variable by
its deBruijn index, the resulting program becomes a completely different one. The x and y in
> (x+y) will have deBruijn indices 2 and 1, respectively. Thusin ‘(fn y -> fn 2z -> ,(la)),
the x is bound with y and the y with 2.

7 Conclusion

We have presented a polymorphic type system and its principal type inference algorithm for
an imperative multi-staged language that combines ML and Lisp’s staging constructs. Lisp
has the longest history of staged programming in its “quasi-quote macro” system. This macro
system supports open code templates, imperative operations with code templates, intensional
variable-capturing substitution (unhygienic macros, at the sacrifice of the alpha-equivalence) as
well as capture-avoiding substitution (hygienic macros) of free variables in open code templates,
and lifting values into code templates. Our type system supports all these features.
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Type-checked programs preserve the alpha-equivalence only at stage 0. At stage level 1
or more (i.e., during macro definitions and expansions) type-checked programs can violate the
alpha-equivalence because of unhygienic macros. This violation, which may be unacceptable
in a purely functional language, is frequently practiced in Lisp’s macro programming, hence,
we think, is worthwhile to be supported by our type system.

For programs that are accepted by existing multi-staged type systems such as A\” [7, 8],
MO [6] and \* without the cross-stage persistence [3], there exist their semantics-preserving,
translated versions that are accepted by our type system.

We believe our type system is only one supporting open code, unrestricted operations on
references, both hygienic and unhygienic macros, and a type inference algorithm. Our type
system conservatively extends ML’s let-polymorphism for imperative multi-staged computation
that handles open code templates as first-class objects. ML’s rank-0 polymorphism is also
orthogonally combined with a record polymorphism that aims to allow a single open code
template in multiple environments.
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Appendix

Lemma 4.3 (Demotion)
Proor By induction on the type derivation of

YA A, Fo Al

For a given type derivation, we proceed by cases on the finally used type rule.
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Case (TCON): Let v = c.

(1) Z;8A1-Apbc: A by assumption

(2) A= by (1)

3) ;A Apbc: A by (TCON)

Case (TVAR): Let v = .
Ap(z) = A i

1 1Q

(1) S oA, A FaiA by assumption
Thus, ;A1 A, Fzx: A by the premise of (1) and (TVAR)

Case (TABS): Let v = A\z.e.
X OA- AL+ Al be: As

V) S oA A, Ave: A1 = Ay by assumption
(2) Az.eisin V™ where n > 0 by assumption
(3) eisin V™ where n > 0 by (2) and the def. of V™
(4) ;A1 Ap+x: A ke Ay by (3), the premise of (1) and ind. hyp.
Thus, ;A1 A, FAve: Ap — Ay by (4) and (TABS)

Case (TAPP): Let v = ejes.
Y, A1 A, Feg:B— A Y 0A1--A,tFey: B

(1) S oA, AL F ey A by assumption
(2) ejeq isin V™ where n >0 by assumption
(3) e1 and eq are in V™ where n > 0 by (2) and the def. of V™
(4) 301 ApFer:B— A by (3), the first premise of (1) and ind. hyp.
(5) ;A1 A, Fes: B by (3), the second premise of (1) and ind. hyp.
Thus, X;A;- A, Fejex: A by (4), (5) and (TAPP)

Case (TBOX): Let v = box e.
@A A)TRe: A

(1) S, 0A Ay Fboxe: O > A) by assumption
(2) boxeisin V™ where n > 0 by assumption
(3) eisin V! where n > 0 by (2) and def. of V™
(4) ;A1 A,TkHe: A by (3), the premise of (1) and ind. hyp.
Thus, ¥; A1+ A, Fboxe: O(T > A) by (4) and (TBOX)

Case (TUNBOX): Let v = unboxy, e.
S, 0A - Ap_pFe:OT>A) A, >T

(1) YDA Ap_g- Ap Funboxg e A by assumption
(2) unboxy e is in V™ where n > 0 by assumption
(3) eisin V"% where n > 0 by (2) and the def. of V™
(4) ;A1 Ay Fe:OT>A) by (3), the first premise of (1) and ind. hyp.

Thus, ¥; Ay A,_g- A, Funboxpe: A
by (4), the second premise of (1) and (TUNBOX)

Case (TLIFT): Let v = lifte.
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YA A Fe A
Y, 0N Ay lifte: O > A)

(1)
(2) lifteisin V™ where n >0
(

3) eisin V™ where n > 0
(4) ;A1 A, Fe: A
Thus, ¥; A1 A, Flifte: O > A)
Case (TGENSYM): Let v = A z.e.
S OA Ay +w e A 2" rgw]e:Ag
w not in (X, FA1- Ay, N z.e)

(1)

Y OA 1A E XNze: A — Ag

(2)
3)
(4)
()

Az.eisin V™ where n > 0
e isin V™ where n > 0
[z" % w] e is in V™ where n > 0

YA A Fw: AL F [z S w] e Ay
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by assumption

by assumption

by (2) and the def. of V™

by (3), the premise of (1) and ind. hyp.
by (4) and (TLIFT)

by assumption
by assumption

by (2) and the def. of V"
by (3)

by (3), the first premise of (1) and ind. hyp.

(6) ;A1 Ay +w: Ay b [anE not w]e: Ay

(7) wisnot in (3, Ay Ay, A*x.e)
Thus, ;A1 A, FXNze: Ay — Ay

Case (TREF): Let v = ref e.

Y oA Ay Fe A
SN Ay Frefe: Aref

1

(1)
(2) refeisin V"™ where n >0
(3) eisin V™ where n > 0

4) ;A1 Ap ke A

Thus, ;A1 A, Frefe: Aref

Case (TDEREF): Let v = ! e.

Y 0A 1A, Fe: Aref
YA A, F e A

1

(1)
(2) teisin V™ where n >0
(3) eisin V™ where n > 0
(4) 3541 A, Fe: Aref

Thus, ;A A, F'le: A

Case (TASSIGN): Let v = eq:=es.

S 0A 1A Fer i Aref N 0A1- A, Fey A

by (5)
by the second premise of (1)
by (6), (7) and (TGENSYM)

by assumption

by assumption

by (2) and the def. of V™

by (3), the premise of (1) and ind. hyp.
by (4) and (TREF)

by assumption

by assumption

by (2) and the def. of V"

by (3), the premise of (1) and ind. hyp.
by (4) and (TDEREF)

by assumption

(1) YA Ay Feri=es A
(2) er:=ez isin V™ where n > 0

(3) eq and es are in V™ where n > 0

(4) 3541 A, Fep: Aref

(5) ;A1 Apkey: A

by assumption
by (2) and the def. of V™

by (3), the first premise of (1) and ind. hyp.
by (3), the second premise of (1) and ind. hyp.
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Thus, X; A1 A, Feji=ex: A by (4), (5) and (TASSIGN)
Case (TLOC): Let v =1.
S =A .
1
(1) Y, 0N A, Fl: Aref by assumption
Thus, ;A1 A, Fl: Aref by the premise of (1) and (TLOC)

Case (TCLOS): Let v = clos(z,e,€).
(1) SEE A T A4z:A ke Ay
Y, A - Ay clos(x,e, &) : A — Ag
Thus, X; A1+ Ay, F clos(z,e,&) 1 A — A by the premises of (1) and (TCLOS)

by assumption

Case (TLETIMP): Let v = let (x e1) ey and expansive”(eq) is true.
0N A, Fer: B X 0AA,+x:Bley: A

(1) S 0A1-ApFlet(zep)er: A by assumption
(2) let (x e1) ez is in V™ where n > 0 by assumption
(3) e1 and eq are in V" where n > 0 by (2) and the def. of V™
(4) ;A1 ApFe: B by (3), the first premise of (1) and ind. hyp.
(5) ;A1 A, +x:Bley: A by (3), the second premise of (1) and ind. hyp.
(6) Conservatively, we assume expansive” *(ey) is true.

Thus, ;A1 Ay Flet(zep)ex: A by (4), (5), (6) and (TLETIMP)

Case (TLETAPP): Let v = let (x e1) ez and expansive”(e;) is false.

Y OA-- A, e B
E; QAlAn +x: GENB(Z7®A1ATL) H €2 ! A

(1) S, 0A-Apblet(zep)e: A

by assumption
(2) let (x e1) ez is in V™ where n > 0 by assumption
(3) e1 and eq are in V" where n > 0 by (2) and the def. of V™
(4) A1+ Ay Fe: B by (3), the first premise of (1) and ind. hyp.

(5) XA+ A, +x: GENg(X, A1+ A,)Fey: A
by (3), the second premise of (1) and ind. hyp.
(6) 3;A1 A, +2: GENg(E, A1 Ay)Fex: A by (5) and def. of GEN
(7) expansive™ !(e;) = False by expansive™(e;) = False
Thus, ¥;A1+ApFlet(xer) ex: A by (4), (6), (7) and (TLETAPP)
|

Lemma 4.4 (Preservation)
PROOF By induction on the type derivation of ¥; Ag--- A, F e : A. For a given type derivation,
we proceed by cases on the finally used type rule. Note that X; Ag-- A, F e : A implies r # err

since err is not typable. We shortly write “ind. hyp.” for mductlon hypothesis, “inv.” for
inversion, and (EERR) for err-generating rules.

Case (TCON): Let e = c.

(1) ES: 2 by assumption

(2) ;A0 ApFc: A by assumption



July 26, 2005 ROPAS-ROPAS-2005-26 30

(3) £,8,VFc- (r,8,V') for some r, S" and V' by assumption
4 r=c¢,=Sand V' =V by (3) and (ECON)
(5) A by (2) and (TCON)
(6) X @Al Apkc: by (TCON)
Thus, ;@A ApkFr:Aand =S: % by (6), (5), (4) and (1)
Case (TVAR): Let e = z.
If n =0, then
1) ES: X by assumption
(2) ZEE: A by assumption
Ao(w) - A .
(3) m by assumption
4) £,S, V= UK (r,8", V") for some r, " and V' by assumption
(5) xz € dom(é') by (2) and the premise of (3)
6) r=E(x),S=Sand V' =V by (4), (5) and (EVAR)
7 1% v (2), () and the premise of (3
ok E(x b d th f
Thus, ;0 Fr: A and |: S: X by (7), (6) and (1)
If n >0, then
1) ES: X by assumption
(2) ZEE: A by assumption
Ap(z) = A .
(3) N — by assumption
(4) £,S,VFx - (r,8,V) for some r, S’ and V' by assumption
B)r=z,8=Sand V' =V by (4) and (EVAR)
(6) T; 9A; A,z A by the premise of (3) and (TVAR)
Thus, Z; @A Apkr:Aand =8: 32 by (6), (5) and (1)
Case (TABS): Let e = Az.€’.
If n =0, then
(1) ES: X by assumption
(2) ZEE£: A by assumption

E;AO"'An+l’2A1}_62A2

Uy W N v by assumption
(4) £,8,VF dx.e/ 9, (r,&, V') for some r, S’ and V' by assumption
(5) r =clos(x,e,€), S =S and V' =V by (4) and (EABS)
(6) 3;AF clos(z, e, &) : A for any A by (2), the premise of (3) and (TCLOS)
Thus, ;@ Fr:Aand =S : X by (6), (5) and (1)
If n > 0, then
1) ES: X by assumption

(2) ZEE: A by assumption
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3) i Ag Ay +x: A Ee Ay

iAo Ay E Azl i A — Ay
(4) £,8,VF Ax.e’ = (r1,51, V1) for some 71, S; and V; by assumption
(5) £,8S,VF e -5 (13,8, V) for some o, Sy and Vy

by assumption

by (4) and (EABS)/(EERR)
(6) Yo, DA A, +x: A Fry: Ay and

(7) = Sy X for some Y5 O %

by (1), (2), the premise of (3), (5) and ind. hyp.
(8) r1 = Ax.r9, S = Sy and V; = Vs by (4), (5), (6), (7) and (EABS)
(9) Xo; A1 Ay FAzrg: A — As by (6) and (TABS)

Thus, Yo; @A A, b1 A — Ay and = Sy : ¥y for some 3g D X
by (9), (8) and (7)

Case (TAPP): Let e = ejes.

If n =0, then
(1) ES: X by assumption
(2) ZEE: A by assumption
3) Y;A0keg:B— A ¥;Apgkey: B bv assumption
Y Aghkeest A Y P
(4) £,8,VEejes 2, (r3,Ss, V3) for some r3, S3 and Vs by assumption

(5) £,8,VtEer R (r4,84,Vy) for some r4, Sy and Vy
by (4) and (EAPP)/(EERR)

(6) ¥y;@Fry: B— Aand

(7) = Sy Xy for some ¥y O %

by (1), (2), the first premise of (3), (5) and ind. hyp.
(8) rqisin VO @ {err} by (5) and Lemma 4.2
(9) rq = clos(z,e’,&’) for some z, ¢’ and &’ by (6) and (8)

(10) £,84, Vs es - (15, S5, V5) for some 75, S5 and Vs
by (4), (5), (6), (7), (9) and (EAPP)/(EERR)

(11) X450 F ez : B by (7), the second premise of (3) and Lemma A.1
(12) B4 =& : Ag by (2), (7) and Lemma A.2
(13) X5;@ F r5 : B and
(14) = S5 : X5 for some X5 D Xy by (7), (12), (11), (10) and ind. hyp.
(15) & +x :7r5,85, Vs F € 2, (r6,Sq, Vg) for some rg, Sg and Vg

by (4), (5), (6), (7), (9), (10), (13), (14) and (EAPP) /(EERR)
(16) X5;9 F clos(x,e’,&'): B — A by (6), (9), (14) and Lemma A.1
(17) 25 =& : A and
(18) Y5;A+z:BEe : A for some A by (16) and inv. of (TCLOS)
(19) S5 = (& +x:r5): (A+2:B) by (13) and (17)
(20) X6; @ Frg : A and
(21) E Sg : Xg for some Xg D X5 by (14), (19), (18), (15) and ind. hyp.
(22) r3 =1rg, S3 =S and V3 = Vg

by (4), (5), (6), (7), (9), (10), (13), (14), (15), (20), (21) and (EAPP)
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Thus, Xe; @ Fr3: A and = S5 : Xg for some g 2 2
by (20), (22), (21), (14) and (7)

If n > 0, then
(1) ES: X by assumption
(2) ZEE: A by assumption
(3) iAo Apber:B—A XA A,Fey: B by assumption
Y Agr Ay Fejes i A
(4) £,8,VF ejes — (r3,Ss,Vs) for some r3, S3 and Vs by assumption

(5) £,8,VF e — (r4,84,Vy) for some 74, Sy and V,
by (4) and (EAPP) /(EERR)

(6) X4;09A:+ Ay Fry: B— Aand

(7 =Sy Xy for some Xy O %
by (1), (2), the first premise of (3), (5) and ind. hyp.

(8) £,84, Vit es = (15,85, Vs) for some 15, S5 and Vs
by (4), (5), (6), (7) and (EAPP) /(EERR)

(9) Bg;A0+Apkex: B by (7), the second premise of (3) and Lemma A.1
(10) 24 =E€: Ao by (2), (7) and Lemma A.2
(11) X5; A1 Ay Frs: B and
(12) = S5 : X5 for some X5 D ¥y by (7), (10), (9), (8) and ind. hyp.
(13) r3 =ryrs, S3 =S5 and V3 = Vs

by (4), (5), (6), (7), (8), (11), (12) and (EAPP)
(14) ¥5;0A1 A, Fry:B— A by (6), (12) and Lemma A.1
(15) ¥5; @A Ay Fryrs 1 A by (11), (14) and (TAPP)

Thus, X5; A Ay Frg: Aand | S5 : X5 for some Y5 O X2
by (15), (13), (12) and (7)

Case (TBOX): Let e = box¢€'.

1) ES: X by assumption
(2) ZEE: A by assumption
M AgALEe D A

®) Y Ag- Ay Fboxe : O > A)

by assumption

(4) £,8,VFboxe % (ry,S1, V1) for some 71, S; and V) by assumption
(5) £,S, V¢ ntl (r2,S2,Vs) for some ry, S and Vs

by (4) and (EBOX)/(EERR)
(6) 22; @Al Anl—‘ - T9 : A and

(7 E Sy : Xo for some Yo O X
by (1), (2), the premise of (3), (5) and ind. hyp.

(8) 11 =boxry, S =S and Vi = Vs by (4), (5), (6), (7) and (EBOX)
(9) 3o; @A Ap Fboxry : O > A) by (6) and (TBOX)

Thus, Yo; @A 1A, bFr:0OC>A) and | Sy : 2o for some g O %
by (9), (8) and (7)
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Case (TUNBOX): Let e = unboxy, ¢’.
If n =k =0, then
1) ES: X by assumption
(2) XEE&: Ao by assumption
3) iAok e 0> A) Ag>Ty
¥; Ag Funboxg e’ : A

by assumption

(4) £,8,V F unbox €’ 9, (r1,81, V1) for some r1, S; and Vy by assumption
(5) £,8, V¢ 90, (r9, 82, Vs) for some ry, S and Vs

by (4) and (EEVAL)/(EERR)
(6) 22;@ "7“2 : D(F()DA) and

(7) E Sy Yo for some ¥y O %
by (1), (2), the first premise of (3), (5) and ind. hyp.

(8) roisin VO @ {err} by (5) and Lemma 4.2
r9 = box v3 for some v3 in Y , and the def. o
9 f in V1 by (6), (8 d the def. of V°

(10) &,82, Vo F s LN (r4,84,Vy) for some rq, S4 and Vy
by (4), (5), (6), (7), (9) and (EEVAL) /(EERR)

(11) ¥g;0Tg vz : A by (6), (9) and inv. of (TBOX)
(12) Yo;TpFwg: A by (11), (9) and Lemma 4.3
(13) X E=£&:Ty by (2) and the second premise of (3)
(14) 3 =& : Ty by (7), (13) and Lemma A.2
(15) ¥4;@ Fry: A and
(16) = Sy Xy for some ¥4 D Xo by (7), (14), (12), (10) and ind. hyp.
(17) 11 =74, St =Ss and Vy =V,
by (4), (5), (6), (7), (9), (10), (15), (16) and (EEVAL)
Thus, X4; @711 : Aand | S : X4 for some ¥y D X by (17), (16) and (7)

If n =k > 0, then

(1) ES: X by assumption

(2) ZEE&: A by assumption

3) Aok 0T, >A) A, =T,
¥ Age- Ay F unboxy e ¢ A

by assumption

(4) £,8,V | unboxy € LN (r1,81, V1) for some r1, S; and Vy by assumption
(5) £,8,VF e - (ry, 82, V) for some ry, Sy and Vs

by (4) and (EUNBOX) /(EERR)
(6) 22; g+ T9 & D(F() > A) and

(7) = Sy Xo for some Yo O X
by (1), (2), the first premise of (3), (5) and ind. hyp.

(8) rpisin VO @ {err} by (5) and Lemma 4.2
(9) 72 = box v3 for some vz in V! by (8), (6) and the def. of V°
(10) ¥g; 0T, Fuz: A by (6), (9) and inv. of (TBOX)
(11) ¥g;0A, F vz A by (10) and the second premise of (3)
12) Yo; A1+ Ay Fog: v (11) and (9

Ay Ay A b d
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(13) ry =wsz, S1 = Se and V; = Vs by (4), (5), (6), (7), (9), (12) and (EUNBOX)
Thus, Yo; @A A, b1y Aand | S : Xg for some Yo O %
by (12), (13) and (7)
If n >k >0, then

(1) ES: X by assumption
(2) ZEE: A by assumption
3) Y AgAp_pFe O, > A) A, =T,
i Agr Ap_pr Ay, Hunboxg e 1 A
(4) £,8,V | unboxy € SLLIN (r1,81, V1) for some r1, &1 and Vy by assumption

(5) £,S,VFe = k — (r9, 82, Vs) for some 1y, S and Vs
by (4) and (EEVAL)/(EUNBOX) / (EERR)

by assumption

(6) EQ;QAl"'An_k Fory: D(Fn I>A) and

(7) E Sy X for some ¥y O %
by (1), (2), the first premise of (3), (5) and ind. hyp.

(8) Xo; FA- Ay Ay Funboxg e A
by (6), the second premise of (3) and (TUNBOX)

(9) 71 =unboxg re, S =Sy and V; =V, by (4), (5), (6), (7) and ind. hyp.
Thus, Yo; FA; Ay Ay Fry: Aand E Sy : Xo for some ¥y O %
by (8), (9) and (7)

Case (TOPEN): Let e = opene’.

If n =0, then
(1) ES:Z by assumption
(2) ZEE: A by assumption

3) Y, Aok e 0> A)
3;Ag - opene : O('>A)

by assumption

(4) £,8,V I+ opene 2, (r1,81, V1) for some r1, S; and V4 by assumption
(5) £,S, V¢ N (r2,S2,Vs) for some 13, S and Vs

by (4) and (EOPEN) /(EERR)
(6) Xo; @ Fry:O(@>A) and

(M) = Sy Xo for some Yo O %
by (1), (2), the premise of (3), (5) and ind. hyp.

(8) 7g is in VO @ {err} by (5) and Lemma 4.2

(9) ro = box v for some v € V1 by (6), (8) and the def. of V¥
(10) ¥g;00Fv: A by (6), (9) and inv. of (TBOX)
(11) ¥9;0TFv: A by (10) and weakening
(12) ¥9; @ Fboxwv: O(> A) by (11) and (TBOX)
(13) ¥9; @0 Fry: O(T> A) by (12) and (9)
(14) r1=r, S1 =8 and Vy =V, by (4), (5), (6), (7) and (EOPEN)

Thus, YXo; @1y : O > A) and = Sy : Xo for some Yy O X
by (13), (14) and (7)

If n >0, then
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(1) ES: X by assumption
(2) ZEE£: A by assumption
YA Ap ke O(@> A)

®) 5, Ag-- Ay Fopene : O(I'> A)

by assumption

(4) £,8,VF opene’ = (r,81, V) for some 71, S; and V; by assumption

(5) £,S,VF e 5 (ry,82,Vs) for some ry, Sy and Vs
by (4) and (EOPEN) /(EERR)

(6) Yo, A1 Ap Frg D(@DA) and

(7 E Sy Xo for some Yo O X
by (1), (2), the premise of (3), (5) and ind. hyp.

(8) Xo; @A A, Fopenry: O > A) by (6) and (TOPEN)
(9) 11 =openry, S =Sy and Vy = Vs by (4), (5), (6), (7) and (EOPEN)
Thus, YXo; @A 1A, b7 :0OC>A) and E Sy : Xo for some ¥y DO X

—~~

by (8), (9) and (7)

Case (TLIFT): Let e = 1ift €.

If n =0, then
(1) ES: X by assumption
(2) ZEE: A by assumption
S Agke A
(3) oo e by assumption

Y, Ao Flifte : O(I'> A)
(4) £,8,VF1lifte 2, (r1,81, V1) for some r1, S and V, by assumption
(5) £,8,VF e -2 (12,85, Vs) for some 72, S and Vs

by (4) and (ELIFT)/(EERR)
(6) Xo; @ Fry: A and

(7) = Sy Xo for some Yo O X
by (1), (2), the premise of (3), (5) and ind. hyp.

(8) r1 =boxry, §; =Sz and Vi = Vs by (4), (5), (6), (7) and (ELIFT)
(9) ¥9;00Fre: A by (6)
(10) ¥g;0T Fry: A by (9) and weakening
(11) ¥9; @ F boxry : O(I'> A) by (10) and (TBOX)
Thus, Yo; @ F 71 : O > A) and = & : o for some Yo O 3 by (11), (8) and (7)
If n > 0, then
1) ES:E by assumption
(2) ZEE: A by assumption

SiAg A e A
Y Ag-Ap FLlifte! : O > A)

(4) &£,8,VF1lifte % (r,81, V) for some r1, S; and Vy by assumption
(5) £,S,VF e - (1,8, V) for some o, Sy and Vy

(3) by assumption

by (4) and (ELIFT)/(EERR)
(6) 22; @AlAn [ ro A and
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(7) = Sy Xy for some ¥y O %

by (1), (2), the premise of (3), (5) and ind. hyp.
(8) 11 =boxry, S =S and V; = Vs by (4), (5), (6), (7) and (ELIFT)
(9) Xo; @A Ay FLliftry : O(T > A) by (6) and (TLIFT)

Thus, Yo; @A A, Frp: 0T A) and | S; : g for some Yp D X
by (9), (8) and (7)

Case (TGENSYM): Let e = A x.€'.
(1) ES: X by assumption
(2) ZEE&: A by assumption

YiAgAp+w: A F [z S w] e Ay
5 w not in (X, Ag-- Ay, N*x.€’)
(3) Y Ag- Ay XN i Ay — As

by assumption

4) £,S, V@ {w'} F Xz = (r,S1, V) for some 1, S; and V;
by assumption

(5) £,S,VF A . ([z" 5 w']e) = (ro, Sa, Vo) by (4) and (EGENSYM) / (EERR)
(6) w’ is not in (X, Ag--- Ay, A*x.€’) by w’ is an internal program variable
(7) 500 Ap +w' 2 Ay F [z 5w el Ay by the premises of (3) and (6)
(8) 5 A¢ Ay FAw' (27 & w']e) : Ay — Ay by (7) and (TABS)
(9) Bo; @A Ap k1o A) — Ay and
(10) = Syt Xg for some X5 O % by (1), (2), (8), (5) and ind. hyp.
(11) ry =1y, S1 =Sz and V) =V, by (4), (5), (9), (10) and (EGENSYM)

Thus, Yo; @A A, b1 A — Ay and | S 1 Xy for some 3g D X
by (9), (11) and (10)

Case (TREF): Let e = ref €.

If n =0, then
(1) ES: X by assumption
(2) ZEE: A by assumption
S:Apgke A
(3) 20 ° by assumption

Y;Agbrefe : Aref
(4) £,8,VErefe 9, (r1,81, V1) for some r1, §; and Vy by assumption
(5) £,S, V¢ 20, (r2,Sa, Vo) for some ra, Sy and Vs

by (4) and (EREF) /(EERR)
(6) 3g;@ Fry: Aand

(7) = Sy Xo for some ¥y O %
by (1), (2), the premise of (3), (5) and ind. hyp.

(8) S1 =82+ 1: 1y for some I € dom(Sz), r1 =1 and V; = Vs
by (4), (5), (6), (7) and (EREF)

9) E(Sa+1l:ry): (Za+1:A) by (6), (7) and (8)
(10) =81 : %) where ¥y =X +1: A by (8) and (9)
(11) ;9 1: Aref by (10) and (TSLOC)
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Thus, X1;0 Fry : Aref and = & : £ for some 31 O %
by (11), (8), (10) and (7)

If n > 0, then
(1) ES: X by assumption
(2) ZEE: A by assumption

Y Ag A A
¥ Ao Ay Frefe : Aref
(4) £,8,VFrefe LN (r1,81, V1) for some r1, §; and Vy by assumption
(5) £,8,VF e 5 (13,8, V) for some o, Sy and Vy

(3) by assumption

by (4) and (EREF)/(EERR)
(6) Xo;FA1-+ Ay Fre: Aand

(7) E Sy %o for some ¥y O %

by (1), (2), the premise of (3), (5) and ind. hyp.
(8) §1 =83, 11 =refry and Vi = Vs by (4), (5), (6), (7) and (EREF)
(9) Xo; A1 Ay Frefry: Aref by (6) and (TREF)

Thus, Xo; @A A, Fry: Aref and E S : Xo for some ¥y O %
by (9), (8) and (7)

Case (TDEREF): Let e =!¢€'.

If n =0, then
(1) ES: X by assumption
(2) ZEE&: A by assumption

3) Aok e i Aref
Y AgHle i A

(4) £,8,VH¢e SN (r1,81, V1) for some 71, S; and V; by assumption
(5) £,S, V¢ 2, (r2,S2,Vs) for some ry, S and Vs

by assumption

by (4) and (EDEREF) /(EERR)
(6) 3Xo; @ Fry: Aref and

(7 E Sy : Xo for some Y9 O X
by (1), (2), the premise of (3), (5) and ind. hyp.

(8) ryisin VO & {err} by (5) and Lemma 4.2
(9) ro =1 for some | € dom(Ss) by (6), (8) and the def. of V"
(10) ¥g; 0 F Sa(l) : A by (9), (6) and inv. of (TLOC)
(11) 711 =83(1), S1 =Sz and V; = Vs by (4), (5), (6), (7), (9) and (EDEREF)
Thus, Eg; @k r;:Aand =8 ¢ ¥y for some Yp O % by (11), (10) and (7)
If n > 0, then
1) ES: X by assumption
(2) ZEE: A by assumption
YA Ap ke Aref
(3) — - nt e by assumption

i AgApHle: A
(4) £,8,VHe - (r1,81,V1) for some ry, S; and Vy by assumption
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(5) £,S,VF e 5 (ry,S2,Vs) for some ry, Sy and Vs
by (4) and (EDEREF)/(EERR)

(6) 3o; @A Ay 1o Aref and

(7) E Sy : Xo for some Yo O X
by (1), (2), the premise of (3), (5) and ind. hyp.

(8) 11 =lry, S1 =82 and Vy =V, by (4), (5), (6), (7) and (EDEREF)
(9) Xo; @A ApHlrg i A by (6) and (TDEREF)
Thus, Yo; @A A, b1y Aand | S : 3o for some Yo O X by (9), (8) and (7)
Case (TASSIGN): Let e = e; := es.
If n =0, then
1) ES:E by assumption
(2) ZIEE: A by assumption
SiAgkep i Aref YN;Agkes: A
(3) == G- Lre e R by assumption

Y Aghkepi=ex: A
(4) £,8,VEer=ey 2, (r3,Ss,V3) for some r3, S3 and Vs by assumption
(5) £,S,VE ey 2, (r4,84,Vy) for some 14, Sy and Vg

by (4) and (EASSIGN) /(EERR)
(6) ¥y;@ Fry: Aref and

(7 =Sy Xy for some Xy O X
by (1), (2), the first premise of (3), (5) and ind. hyp.

(8) ryisin VO @ {err} by (5) and Lemma 4.2
(9) rq =1 for some | € dom(Sy) by (6), (8) and the def. of V°

(10) &£,84, Vs F €2 9, (r5,Ss5,Vy) for some r5, S5 and V4
by (4), (5), (6), (7), (9) and (EASSIGN)/(EERR)

(11) X450 Fex: A by the second premise of (3), (7) and Lemma A.1
(12) ¥4 =€ : Ao by (2), (7) and Lemma A.2
(13) ¥5; @ Fr5 : A and
(14) =S5 : 35 for some X5 D ¥y by (7), (12), (11), (10) and ind. hyp.
(15) r3 =15, 83 =85+ 1:75 and V3 = Vs

by (4), (5), (6), (7), (9), (10), (13), (14) and (EASSIGN)
(16) X5; 0 H1: Aref by (6), (9), (14) and Lemma A.1
(17) Es()=A by (16) and inv. of (TLOC)
(18) Y5; 0 S5(1) : A by (14) and (17)
(19) E5;0F (S5 +1:15)(1) - A y (13) and (18)
(20) E(Ss+1:715): %5 by (14), (18) and (19)
(21) = S3: %5 by (15) and (20)

Thus, ¥5; 20 F r3: A and | Sz : X5 for some Y5 O ¥
by (15), (13), (21), (14) and (7)

If n > 0, then

(1) ES: X by assumption
(2) ZEE: A by assumption
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Ag—A,Fe:Aref X;ApA,bes: A
i AgApFepi=eyt A

(4) £,8,VF e := ey — (r3,S3,V3) for some r3, S3 and Vs by assumption
(5) £,8,VF e — (r4,84,Vs) for some 74, Sy and V,

E.
(3) = by assumption

by (4) and (EASSIGN) /(EERR)
(6) Xg;9A1-+ Ay Fry: Aref and

(7) E S, Xy for some Xy O %
by (1), (2), the first premise of (3), (5) and ind. hyp.

(8) £,84, Vi F ea = (15,85, Vs) for some 75, S5 and Vs
by (4), (5), (6), (7) and (EASSIGN)/(EERR)

(9) Xg;A0-Apbey: A by the second premise of (3), (7) and Lemma A.1
(10) 24 =€ : Ao by (2), (7) and Lemma A.2
(11) ¥5; 041 A, Fry: A and
(12) = S5 : X5 for some X5 O Xy by (7), (10), (9), (8) and ind. hyp.
(13) 73 =14 :=75, S3 = S5 and V3 = Vs

by (4), (5), (6), (7), (8), (11), (12) and (EASSIGN)
(14) ¥5; 001+ Ay Fry: Aref by (6), (12), and Lemma A.1
(15) ¥5; @A ApFry =715 A by (11), (14) and (TASSIGN)

Thus, X5; A1 A, Fry: Aand E S3: X5 for some 5 O %
by (15), (13), (12) and (7)

Case (TLOC): Let e = 1.

(1) ES: X by assumption
(2) ZEE: A by assumption
(3) Z;Aou-zgiiﬁAref by assumption
(4) £,8,VF1 - (r1,81,V1) for some 71, S; and V; by assumption
B5) ri=1,8=Sand V, =V by (4) and (ELOC)
(6) 3;0A A, Fl: Aref by the premise of (3) and (TLOC)
Thus, &;8A1ApkFri:Aand =85 : 2 by (6), (5) and (1)

Case (TCLOS): Let e = clos(z, ¢, &’).
(1) ES:E by assumption
(2) ZEE: A by assumption
YEE A S;A+x:A ke Ay

¥ Ao Ay b clos(z, e/, E) : Ay — As

(4) £,8,VF clos(z,e,&") % (r1, 81, V1) for some 71, S; and V

3)

by assumption

by assumption
(5) 11 =clos(z,€¢,&), S5 =Sand V, =V by (4) and (ECLOS)

(6) 3; AL Al F clos(z,€/,&) : Ay — Ag for any Af-- Al
by the premises of (3) and (TCLOS)

Thus, ;@A A, Frp:Aand 8§ : 2 by (6), (5) and (1)
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Case (TLETIMP): Let e = let (z e1) es.

If n =0, then
(1) ES:X by assumption
(2) ZEE: A by assumption

3) expansive’(e;) X;AgF e :B ;Ag+z:BFey: A
S Aok let (zeg) e A

(4) £,8,VE1let (z e1) eo R (rs, Ss, V3) for some r3, S3 and Vs

by assumption

by assumption
(5) £,S,VE ey 2, (r4,84,Vy) for some 1y, Sy and Vg
by (4) and (ELET) /(EERR)
(6) X4;@ F ry: B and
(7) ESi:Xyforsome 4D %
by (1), (2), the second premise of (3), (5) and ind. hyp.

(8) E4+x:14,84, Vs F €2 9, (r5, 85, Vs) for some r5, S5 and Vs
by (4), (5), (6), (7) and (ELET) /(EERR)

(9) By EE: A by (2), (7) and Lemma A.2
(10) Ty = (E+x:irg) : (Ao +2: B) by (9) and (6)
(11) ¥5;A0+2:BFex: A by the third premise of (3), (7) and Lemma A.1
(12) ¥5;0 F 75 : A and
(13) = S5 : X5 for some X5 D ¥y by (7), (10), (11), (8) and ind. hyp.
(14) r3 =15, S5 =Sz and V5 = V3

by (4), (5), (6), (7), (8), (12), (13) and (ELET)
Thus, ¥5;@ Fr3: A and = S35 : X5 for some 35 O 2 by (14), (12), (13) and (7)
If n > 0, then

(1) ES: X by assumption

(2) ZEE: A by assumption

expansive”(eq)

Y Ao Ay e B
3) iAo Ap+z:Blhey: A
Y Ag-Apblet(ze)ex: A

(4) £,8,VF let (x ) ea — (r3,S3,V3) for some 73, S3 and V3

by assumption

by assumption

(5) £,8,VF e - (r4,84,Vy) for some 74, Sy and V,
by (4) and (ELET)/(EERR)

(6) X4;09A1-- Ay Fry: Band
(7) = Sy Xy for some ¥y O %
by (1), (2), the second premise of (3), (5) and ind. hyp.

(8) 5,84,V4 - €9 L (T5,S5,V5) for some Ts5, 85 and V5
by (4), (5), (6), (7) and (ELET) /(EERR)

(9) By EE: A by (2), (7) and Lemma A.2

(10) X450+ A, +z:Bley: A
by the third premise of (3), (7) and Lemma A.1
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11
12
13
14

Y5, A1 A, +2:BErs: Aand
': 85 : 25 for some 25 :_) 24
Eg,;@Al"'An = Tq : B

)
)
)
) ;A Apblet(xry)rs: A

(
(
(
(

41

by (7), (9), (10), (8) and ind. hyp.
by (6), (12) and Lemma A.1

by the first premise of (3), (13), (11) and (TLETIMP)

(15) r3 =1let (z 14) 15, S3 = S5 and V3 = Vs

by (4), (5), (6), (7), (8), (11), (12) and (ELET)

Thus, X5; A1 A, Frg: Aand | S3: X5 for some X5 O %

by (15), (14), (12) and (7)

Case (TLETAPP): Let e = let (z €1) es.
If n =0, then
(1) ES:Z
(2) XEE: A
—expansive’ (e)
X;AokFe: B
( ) E;Ao—FQ]‘ZGENB(Z,Ao)l_eQIA
E;AO Flet (CE 61) ey A
(4) £,8,VF1let (z e1) eo 9, (r3, Ss, V3) for some r3, S3 and Vs

(5) £,S,VE ey 9, (r4,84,Vy) for some 14, Sy and Vg

by assumption

by assumption

by assumption

by assumption

by (4) and (ELET) /(EERR)

(6) ¥4;@ Fry: B and
(7) E Sy Xy for some Xy O %

by (1), (2), the second premise of (3), (5) and ind. hyp.

8) Let GENp (X, Ag) = V& ... &;.B such that

[€1, .66} = FV(B)\ (FV(20) UFV(5))

10) Let B’ be any type satisfying GENp(2, Ag) > B’.
There exists a substitution R such that

)
)
)
)
12) RB = B’ and dom(R) = {&1,...,&}
)
)
)
)
)

E(E+x:14): (Ag+2z: GENp(X,Ag))
17) E+2: 74,8, Vi F e5 — (r5,Ss5, Vs) for some r5, S5 and Vs

by (8), (9) and (10)

by (6), (11) and Lemma A.3
by — expansive’(e;)

by (13), (14), (12) and (9)
by (2), (10) and (15)

by (4), (5), (6), (7) and (ELET) /(EERR)

(18) ¥5;@ k15 : A and
(19) ): 85 : 25 for some 25 2 24

by (1), (16), the third premise of (3), (14), (17) and ind. hyp.

(20) T3 =7Ts, Sg = 85 and V3 = V5

by (4), (5), (6), (7), (17), (18), (19) and (ELET)

Thus, X5; 0 F r3: A and | Sz : X5 for some X5 O X

by (20), (18), (19) and (7)

If n >0, then
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(1) ES: X by assumption

2) XEE: A by assumption

—expansive”(eq)

Y Agr A, et B

3) :AgAp 4+ 2 : GENp(X,Ag-+Ay) Fes: B
> Ng-- Ay, Flet (SIJ 61) ey A

(4) £,S,VF let (x ) ea — (r3,S3,V3) for some 73, S3 and V3 by assumption

(5) £,8,VF e = (r4, Sy, Vs) for some r4, Sy and V,

by assumption

by (4) and (ELET)/(EERR)
(6) L4590+ A, Fry: Band
(7) = Sy Xy for some ¥4 O %
by (1), (2), the second premise of (3), (5) and ind. hyp.
(8) £,84, Vi F ey = (15,85, Vs) for some 75, S5 and Vs
by (4), (5), (6), (7) and (ELET) /(EERR)
(9) ¥y =% by —expansive”(e;)
(10) X5; A1 Ay +2: GENp(X, Ag--Ay) Frs s A and

(11) ': 85 : 25 for some 25 :_) 24
by (9), (1), (2), the third premise of (3), (8) and ind. hyp.

(12) Let GENp(X, Ag- Ap) = V¢ ... €. B such that
13)  {&,.... &} =FV(B)\ (FV(E) UUL, FV(A:)).
(14) There exists a bijective substitution R = {& : x;}} such that
(15) range(R) N (FV(B) UFV(Z5) UL, FV(A))) = @.
(16) RXy4; @(RA1)--(RA,)Fry: RB by (6), (14) and Lemma A.3
(17) ;A1 A, b ry: RB by (16), (9), (13) and (14)
(18) X5;9A1-+- A, Fry: RB by (17), (11), (9) and Lemma A.1
(19) GENg(Z, A A,)
— Ve, .. 6B by (12) and (13)
=Vx1...xk-(RB) by (12), (13), (14) and (15)
= GENgp(Z5, Ao+ Ay) by (15) and the def. of GEN
(20) X5; A1 Ay +2: GENgp (X5, A0+ Ap) b5 A by (10) and (19)
(21) For any A, if GENgp(Zs, Ao Ap) = A, then GENpp(3s, A1+ A,) > A.
(22) ¥5;0A1-+ Ay +2: GENpp (X5, A1 Ap)bFrs 1 A by (20) and (21)
(23) X5, FA1 Ay Flet (xry) 15: A

by the first premise of (3), (18), (22) and (TLETAPP)

(24) r3 =1let (x 14) 15, S3 =S5 and V3 = Vs
by (4), (5), (6), (7), (8), (10), (11) and (ELET)

Thus, X5; A A, Fry: Aand E S5 : X5 for some X5 O X
by (24), (23), (11) and (9)

O
Lemma A.1 If X;Ap—A,Fe:Aand ¥ CY/, then Y;Ag A, Fe: A

PROOF By induction on the type derivation of ¥; Ag--- A, F e : A. For a given type derivation,
we proceed by cases on the finally used type rule.
O
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Lemma A.2 IfY =& :Aand ¥ C Y/ then X' =& : A.
PROOF From the definition of ¥ = £ : A, dom(€) = dom(A) and
So0F&(x): A
for every (z,A4) € {(z,A) | x € dom(A), A(x) = A}. From ¥ C ¥’ and Lemma A.1,
Yiok&(x): A
for every (z,A) € {(z,A) | z € dom(A), A(z) = A}. Thus, ¥’ E £ : A. O
Lemma A.3 If 3;Ag--- A, Fe: A and S is a substitution, then
S35 (SAg)-+ (SA,) Fe: SA.

PROOF By induction on the type derivation of 3; Ag--- A, F e : A. For a given type derivation,
we proceed by cases on the finally used type rule.
O

Lemma A.4 Assume Su > A and V is a set of type variables with FV () C V. Then there
exists a type A" and a substitution S’ such that p = A’, S’A’ = A and S|y = 5'|v.

PROOF The proof of this lemma is similar to Lemma 5.3 in [24]. O

Lemma A.5 For any S, if p > A, then Su >~ SA.

PrOOF RV(S) (related variables of S) is defined in Section 5. Let pp = V&; ... &y, . F. From the
assumption, there exists a bijective substitution R = {¢; : X;}7"* satisfying RF' = A. Then, Spu
is of the form Vx1 ... xm-(So = {& : xi}7") F where Sy = Sl{&,...,&,&’ {x:}F"NFV(F) = @ and
{x:}T*NRV(S) = @. Then, we will show that

{xi + SXi " (So = {& = xi}1") F' = SRF,
which will be proved by showing that

{xi + SXH" (So = {& i) € = SR

for each £ occurring in F' where £ is a type variable, a type environment variable or a field
variable.

1. If £ is a bound variable in p and & = §;, then
i s SXa 3 (So = {& i) &5
= {xi : SXi}T" x;
=5X;
= SR¢;

2. If € is a free variable in p, then

{Xi 0 SXi T (So = {& s xi}T) €

= {x; : SX;} So€ since § & {& 17"
= {xi : SX;}" S¢ since So = S|, ey
= Sf

since {x;}7*NRV(S) = @ and {};}"NFV(F) =2
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= SRE¢ since § & {&i}1"
From (1) and (2),
{xi « SXT (So = {& - xa}T") § = SRE

for each ¢ occurring in F'. Hence,
From RF = A, it follows that Su = SA. O

Lemma A.6 For any S, if A >=T", then SA > ST.
o If A ={x;: u;}"p, then
(1) T ={x; : F;}7*p such that u; = F; for i € [1..m]
by A>T
(2) SA ={xi: Sui}1" = (Sp)
(3) Su; > SF; for i € [1..m] by (1) and Lemma A.5
(4) Sp>Sp
(5) {wi : Spi}" 2 (Sp) = {wi : SF}" == (Sp)
by (3) and (4)
(6) {ws - SET = (Sp) = ST by (1)
Thus, SA > ST by (2), (5) and (6)
o If A= {x;: p;}7", then SA = ST.

This case is similar to the previous case. We omit the detailed proof.

Lemma 6.1
PROOF By induction on the type derivation of Tg--T', F* e : A in the implicit A7 language.
For a given type derivation, we proceed by cases on the finally used type rule.

o Let e =z.
Ih(z)=A4 )
1) ————————
(1) ToT, 2 A by assumption
(2) [Tnl(z) = 4] by the premise of (1) and translation rule
Thus, [To]- [Tn] bz : [A] by (2) and (TSVAR)

o Let e = Ax.e.
(1) Iy--T, —|— x: A e Ay
Io- T, F Axe! 1 Ay — Ay
(2) [To]-[Trn] +z: [A1] F [€] : [A2] by the premise of (1) and ind. hyp.
Thus, [To]- [Tn] F Az.[€'] : [A1] — [Az2] by (2) and (TSABS)

by assumption

o Let e = ejes.

Forn }—l [ B— A Forn }—l €9 B

(1) o T, Ficiey - A by assumption
(2) [To]-[Trn] * [e1] : [B — A] by the first premise of (1) and ind. hyp.
(3) [To]- [Trn] * [e2] : [B] by the second premise of (1) and ind. hyp.
(4) [To]--[Tn] F [ei] : [B] — [A] by (2) and translation rule
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Thus, [To]- [Tn] F [ex]lez] : [A] by (3), (4) and (TSAPP)
e Let e =Dbox €.
(1) Lo el A by assumption
I‘o I‘ i boxe : OA
(2) [To]- [TR]12] F [€] : [A4] by the premise of (1) and ind. hyp.
(3) [To]- [Tr]2 [ : [A] by (2) and translation rule
(4) [To]-- [Tn] F vox [e] : O(z > [A]) by (3) and (TSBOX)
Thus, [To]- [Trn] F box [¢'] : [OA] by (4) and translation rule

o Let e = unboxy €.

Lo Tpop Fie': OA

() Ty Thpog Ty F unbox, e’ : A by assumption
(2) [Tol- [Tr-k] F €] : [BA] by the premise of (1) and ind. hyp.
(3) [Tl [Tr-x] F [€] : (@ >[A]) by (2) and translation rule
(4) [To]- [Tr—r] F open [¢] : O([T.] > [A]) by (3) and (TSOPEN)
Thus, [To]- [Tn-r]- [Tr] F unboxy (open [e']) : [A] by (4) and (TSUNBOX)
|

Lemma 6.2

PROOF By induction on the type derivation of I' = e : A in \? without cross-stage persistence.
For a given type derivation, we proceed by cases on the finally used type rule.

o Let e = .

(1) Trl o A by assumption
(2) z: AL eT by the premise of (1)
(3) z: Ak e @ by (2) and the def. of CTE(I' L e : A).
(4) z:Tr(®,A,L) € [[(I)]]fL‘ by (3)
(5) [B] (2) = T=(®, 4,) by (4)
Thus, [®]&- [[<I>ﬂ 7 P la] : Tr(2, A, L) by (5) and (TSVAR)
o Let e = Az.e.

F+z:ALHL ¢ B

(1) T lowe AS B by assumption
(2) Let @' be any function satisfying ® O CTE(I +z : AL FL ¢’ : B).

(3) [®7&- [[(I)/]]\u F[e] : Tx(®', B, L) by the premise of (1), (2) and ind. hyp.
(4) z: AL € @ by (2)
(5) = :Tr(®', A, L) € [®']F i) by (4)
(6) Let [[<I>]] 1) =f{z: Tr(®', A, L)} =: I” for some I” by (5)
(7) [®75-[®']E il F Az €] : Tr(®, A, L) — Tr(®', B, L)

by (3), (6) and (TSABS)
(8) [®1&-[@]E LI~ I E Xz [e] : Te(®, A, L) — Tr(®',B,L) by (7), z or (z: AL) is
unique in &’ by assumption and (TSGENSYM)
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(9) [®16- [#']}

\L|71F/ +xz:Tr(P,A L) F Na.[e] : Te(®', A, L) — Tr(P', B, L)

by (8) and z or (z : A%) is unique in ® by assumption

(10) [®']§- [[<I>’]]‘LL| F Xz [e] : Te(®', A, L) — Tr(9', B, L) by (6) and (9)
(11) [®']&- [[CI)/]]\LM F [M\x.e'] : Tr(®',A — B, L) by (10) and translation rule
(12) CTE(T - A\z.e' : B)

=TUCTET +z: Al ¢ : B) by the def. of CTE

=CTE(l +z: AF 2 ¢’ : B)
since ' C CTE(T +z : A¥ +E ¢’ : B)
Thus, for any function ® O CTE(I' HX \z.e’ : B),
[®]&- [[(bﬂ\Lu F[Az.€'] : Tr(®,A — B, L) by (2), (11) and (12)
o Let e = ejen.
(1) I'tte;:B— A THley: B
T "L €1€2 : A
(2) Let ®; be any function satisfying ®; 2 CTE(I' FX ey : B — A).
(3) [[‘1)1]}6/ [[(bl]]\LM F [[61]] : Tr(@l, B — A, L)
by the first premise of (1), (2) and ind. hyp.
(4) Let ®3 be any function satisfying CTE(T - ey : B).
(5) [[q)gﬂg H(I)Q]]\LM F Heg]] : TI‘((I)Q, B, L)

by assumption

by the second premise of (1) and ind. hyp.

(6) CTE(I' FEX ejey : A)
=TUCTET Ff e : B— A)UCTE( FE ey : B) by the def. of CTE
=CTE(T Fe;: B— A)UCTE(T F ey : B)
since I' C CTE(I' FX e; : B — A)UCTE(T FE e3 : B)

(7) Let ® be any function satisfying ® O CTE(I F- eje, : A).
(8) [0 [0, + [ed] : T=(®, B — A L) by (2), (3), (6) and (7)
(9) 12§ [21F, - [ea] : Tx(®, B, 1) by (4), (5), (6) and (7)
(10) [@]§- [®]{7, F [ea] : Tx(®, B, L) — Tr(®, A, L) by (8) and translation rule
Thus, [®]-- [[(I)H\LM F [eres] : Tr(®, A, L) by (9), (10) and (TSAPP)

o Let e ="¢.
(1 L HEe : (A)
DHLa ~el: A
(2) Let @' be any function satisfying ® O CTE(T FE ¢ : (4)%).
(3) [@T5- @17, + [€'] = Te (@', (A), L)

by assumption

by the premise of (1), (2) and ind. hyp.

(4) [@7&-- [[(I)/]]\LM F e : D(@"LLQQ‘ >Tr(®', A, La)) by (3) and translation rule
(5) [215- [2];[®']{%, - unbox; [¢'] : Tr (', A, La) by (4) and (TSUNBOX)

(6) @5 [[cl)’ﬂlLLol‘[[@’ \LLaa| F unbox; [¢] : Tr(®’, A, La)
by (5) and translation rule
(7) CTE(T Lo ¢’ : A)
=TUCTET FE ¢ : (A)%) by the def. of CTE
= CTE(T F ¢ : (A)?) since I' C CTE(T FE ¢ : (A)%)
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Thus, for any function ® D CTE(T FL@ ~¢’ : A),
[®]§~ [[‘I)]]w [[(I’]]|La| [ €] Tr(®, A, La)
by (2), (6), (7) and translation rule
o Let e = (¢/).
Ilee s A
(1) L (o - a
I'EL (ef) : (A)
(2) Let @' be any function satisfying ® O CTE(T F- ¢’ : A).

(3) [[ilﬂ(I)Ja"' [[iIHL[?[a —1Hi/]]LLaa [[6/]] : Tr(i/’ ‘17 ‘[‘CK)
by the premise of (1), (2) and ind. hyp.

by assumption

(4) [®@7&-- H(I)/]]\L|[[(I),H|La\ F [e] : Tx(®', A, La) by (3) and translation rule
(5) [®7&-- H(I)/]]\LI F box [¢'] : E\([[CI)’]]‘LQ‘ >Tr(P', A, La)) by (4) and (TSBOX)
(6) [®&-- H(I)/]]\LI [{e"] : Tx(®', (A)*, L) by (5) and translation rule
(7) CTE(T FX (¢') : (4)%)

=TUCTE(T H> ¢ : A) by the def. of CTE

= CTE(l Ft> ¢’ : A) since I' C CTE(T FE@ ¢’ : A)

Thus, for any function satisfying ® O CTE(T FL (¢/) : (4)®),
[@05- [®]f b [(e)] : Tr(2, (4)*, L) by (2), (6) and (7)

e Let ¢ = open ¢'.

IHle: (A)

() I'HL open €' : (A)>

by assumption

(2) Let @' be any function satisfying ® O CTE(T £ ¢’ : (A)).
(3) [@]&-- [[q)/]]\Ll Fle] : Te(®',(A), L) by the premise of (1), (2) and ind. hyp.
(4) [@7&-- [[q)/]]\LI F el : O(@ > Tr(9', A, La)) by (3) and translation rule
(5) [®']& [[(I)l]]\LI F open [¢'] : D([[(I)Iﬂwa\ >Tr(®', A, L)) by (4) and (TSOPEN)
(6) [®']5- [[(I)l]]\LI F [opene’] : Tr(®', (A)*, L) by (5) and translation rule
(7) CTE(T - opene’ : (A)?)

=TUCTE(T F ¢ : (A)) by the def. of CTE

= CTE(T FE ¢ : (A)) since I' C CTE(T FE ¢ : (A))

Thus, for any function ® D CTE(T . opene’ : (4)%),
[®]&- [[(I)H\LM F [open €] : Tr(®, (A), L) by (2), (6) and (7)

e Let e = closee’.
(1) LHEe (A agFV(T,L,A)
I'HL closee’ : (A)
(2) Let @' be any function satisfying ® O CTE(T F- close e’ : (A)).
(3) [@'15- [@f, F [€] : Tr(@, (4)°, L)
by the first premise of (1), (2) and ind. hyp.
(4) [®@7&-- H(I)/]]\LI F[e'] : (o’ ]]lL()’l >Tr(®', A, La)) by (3) and translation rule
(5) [®'15- [@F, F [€] : 02> Tx(¥, 4, La))

by assumption

by the second premise of (1) and (4)
(6) [®]&-- H(I)/]]\Ll F [closee’] : Tx(®', (A), L) by (5) and translation rule
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(7) CTE(T £ close e’ : (A))
=TUCTET FE ¢ : (4)%) by the def. of CTE
= CTE(T F ¢ : (A)?) since I' C CTE(T £ ¢ : (A)%)

Thus, for any function ® O CTE(T X close e’ : (4)),
[®]&- [[(I)H\Lu F [closee’] : Tr(®, (A), L)

o Lete=runce.

—TUCTE( - ¢ : (A))

by (2), (6) and (7)

L .

(1) % by assumption
(2) Let @' be any function satisfying ® O CTE(I' FX rune’ : A).

(3) [®]&- [®']E F [€] : Tx(®',(A), L) by the premise of (1), (2) and ind. hyp.
(4) [®15-[®]EF [€] : 0(@ > T (9, A, L)) by (3) and translation rule
(5) [®&-- [[(I)/]]\LM F open [¢'] : D([[(I”ﬂlLLI > Tr(®', A, L)) by (4) and (TSOPEN)
(6) [®]&-- [[q)/]]\Lu F unboxg (open [e]) : Tr(P’, A, L) by (5) and (TSUNBOX)
(7) [®@7&-- H@/H\LM F [rune’] : Tr(®', A, L) by (6) and translation rule
(8) CTE(I X rune’ : A)

by the def. of CTE

= CTE(T FF ¢ : (A)) since I' C CTE(T FE ¢ : (A))

Thus, for any function ® O CTE(I £ rune’ : A),
[®]&-- [[(I)H\Lu F [rune'] : Tr (P, A, L)

by (2), (7) and (8)

O



