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Abstract. MetaML extends core SML with multi-stage programming
constructs. Previous studies of the formal semantics and type systems for
multi-stage programming languages do not explain how computational
effects, e.g. state, can be safely used in MetaML. At the level of the
untyped operational semantics, introducing references can lead to scope
extrusion of lambda bound variables. Because of scope extrusion, a naive
extension of the type systems with a type constructor for references in-
validates type safety. The approach we propose here uses the Closed type
constructor — introduced elsewhere for typing MetaML’s Run — to ensure
type safety by allowing only the storage of closed values. We expect this
approach to work also with other computational effects.

1 Introduction

Multi-stage programming languages provide constructs for the creation, com-
bination, and execution of code fragments [GJ95,TS97,Tah99]. As such, multi-
stage languages provide a concise formalism for writing a wide class of pro-
gram generators, including the result of binding-time analysis in off-line par-
tial evaluation systems [JSS85,JGS93,GJ91,GJ96]. In the current implementa-
tion of MetaML [TS97,Tah99], all features of core SML (higher-order functions,
polymorphism, data types, references and exceptions) coexist with the multi-
stage programming constructs (e), “e and run e (read “Brackets, Escape, and
Run”, respectively.) MetaML is meant to be a “conservative extension” of SML,
that is, programs in the SML fragment should behave as expected at compile-
time as well as at run-time. While the dynamic semantics of MetaML is stable
[TBS98,MTBS99], there are still major challenges in static type-checking. In fact,
the constructs for multi-stage programming introduce new forms of run-time er-
rors [Tah99], which a naive extension of the SML type-checker is unable to detect
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statically. Therefore, a signi cant part of the research effort on MetaML has fo-
cused on developing better type systems [TBS98, MTBS99,BMTS99]. owever,
these studies have concentrated on pure higher-order functional prototypes and
they have n t addressed the issue of safely introducing computational effects.
This paper proposes a simple approach to bridge this gap.

In MetaML, writing (e) defers the computation of e writing ~ e splices the
deferred expression obtained by evaluating e into the body of a surrounding
Bracketed expression and writing run e evaluates e to obtain a deferred expres-
sion, and then evaluates it. ote that “e is only legal within lexically enclosing
Brackets. Brackets in types such as are read “c de nt”.

e er unct n n eta The following interactive session illustrates the
basics of multi-stage programming in MetaML. We consider the canonical exam-
ple of the power function, and describe how to de ne a staged and a specialised
version.

Given an exponent and a code fragment representing a base , the ann tated
power function _ returns code representing a power. The ¢ de enerat r
function _ is similar, but takes only an exponent and returns code rep-
resenting a function that takes a base and returns the power. The spec a sed
¢ de fragment _ is the specialisation of _  for the exponent . inally,

_ is the power function optimised for the exponent . In MetaML the last
step is generally carried out in ad ¢ ways [TS ,BMTS99] because the type
system cannot express closedness of code.

The rest of the paper is structured as follows. Section introduces
, a revision of [BMTS99] with the sa e e press t but less ver-

bose, in particular the construct is replaced by a simpler closedness
annotation. Section 3 explains why a simple-minded extension of MetaML with
references leads to of bound variables. This is a problem also

in multi-level languages for partial evaluation, which combine symbolic evalua-
tion under lambda with storage of dynamic values in static cells. We propose



a rule for evaluation under lambda in the presence of state, which
avoids scope extrusion and explicates the source of the di culty with introduc-
ing effects. Section proposes a simple extension, called

, which ensures run-time safety of well-typed imperative programs.
This extension exploits the [], which is already used
in (and Mini-MetaML) for typing the un construct [MTBS99,BMTS99].
Section 5 discusses related work, especially on partial evaluation for imperative
programs and on Closed types (i.e. of the form [ ]).
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Mini-MetaML s types are de ned as follows
no1 2 [] ()
These types classify natural numbers, functions, closed values and (open) code
fragments, respectively. Mini-MetaML s terms e are de ned as follows
e € e1ez €
e (e e1 e2)
e ( e1 nez)

() "e u e rune

In addition to the term constructors of Mini-ML [C 86], Mini-MetaML pro-
vides and , for introducing and eliminating closedness annotations
Bracket and Escape, for building and combining open code u , for cross-stage
persistence and run, for executing closed code.

es ude passet att e c sedness ann tat ns and
aen runt ecst mn act, pe entat nss ud ap t
ndn , and s ud e erased
Typing judgements have the form e wheree is a term, is a

type, is a natural number (the e e of the term [TS97]), and is a typing



context consisting of two parts, a ¢ sed part of the form

and an pen part of the form . The judgement is read “ter
e astpe at ee ntecntet ?. igure 1 gives the typing rules.
Mini-MetaML improves on [BMTS99] in a number of ways

1. the two-part typing context (asin [ 96]) allows to mimic and
of , and to replace the cumbersome of with
. one has cross-stage persistence at any type [TS97], not only at closed types
3. there is less syntactic redundancy, since most term-constructs are applicable
only at level |, for example, only u is well-typed at level 1, and not
. the type of run e is now instead of [ ] (but the two run are interde nable).

The type system enjoys the following basic properties (see also [BMTS99]).

1 2 e and s fresh, t en 1 2 e
1 9 e and sfresh, t en 2 e
r By induction on the derivation of the typing judgement 1 2 e
and 1 e , respectively.
1 2 e and 1 9 e ,ten 1 2 e €]
1 9 e and 1 9 e ,temn 1 o el €]
r By induction on the derivation of the typing judgement 1 2
e and 2 e , respectively.
The evaluation judgements for Mini-MetaML are of the form e rr, where
e are (open) terms and is the e e of the term. We will show that the
result of evaluation at level is a value at level . The subsets
of are de ned by the following B
€ ("
12 ( ) u

Evaluation of run e at level wuses de ¢ n [TBS98] of a value at level 1
(written ) to an expression at level . The partial function e is de ned by

induction on the structure of e as follows
( e e
(61 €2 €1 €2
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. Type assignment rules for Mini-MetaML

and e is unde ned for all other term-constructors. The evaluation rules are
given in igure . The following result establishes basic desiderata regarding the
operational semantics

e - pes and () (e)

r By induction on the derivation of the evaluation judgement e . ne
can ignore error generation and propagation rules, because we assume rr.
By analogy with [BMTS99] we can prove that evaluation of well-typed
expression does not lead to run-time errors.

and P
[ ] and P ()
e ande p tatteree sts
st and
r By induction on the derivation of the evaluation judgement e , using

the emotion and Closedness lemmas.



We reconsider the power function example in Mini-MetaML. To ease the com-
parison, we use the following top-level de nitions as syntactic sugar for Mini-
MetaML (de ned in terms of closedness annotations)

stands for ( en )
a top-level de nition by pattern-matching is reduced to one of the form
in the usual way (that is, using the and  constructs).
stands for  ( n e), i.e. it de nes a func-

tion on a Closed type.

In other words, identi ers declared at top-level go in the closed part  of a
Mini-MetaML typing context . We also assume that the function times
n n n and the constant 1 n are already in the environment.

The rst three steps are very similar to those in the MetaML example, apart
from the explicit use of u for cross-stage persistence and the pre- xed notation
for the operation. The de nition of _  is unproblematic in Mini-MetaML,
while it is problematic for the MetaML type-checker. inally, the de nition of
the spec a sed pr ra  enerat r _ makes essential use of Closed types,
and cannot be reproduced in MetaML.

The steps above can also be performed in [BMTS99] but are more verbose
due to the construct. In fact, an expression e in the scope of top-level
de nitions with corresponds to the Mini-MetaML term

( e ne)
while in in general it corresponds to a term
( (el n ] ) ne)

of si e wadrat ¢ in because  may occur free in e when



ro o ddin r nc to t

The di culty in adding references to a multi-stage language like MetaML is
that “dynamically bound” variables can go out of the scope of their binder
[TS ]. This nasty behaviour is due to the interaction between evaluation under
lambda (which entails manipulating open terms) and storage of arbitrary values
(including open ones), and is exempli ed by the following interactive session

ere, the variable goes outside the scope of the binding lambda, even though
the rst three lines in the sessions are well-typed. Since is not within the scope
of a dynamic lambda, it seems plausible to expect that it should be bound to
closed code, but if we run it we get a run-time error. (As remarked in the power
function example, in MetaML the last step is generally carried out in ad ¢
ways because the type system cannot express closedness of code).
This problem of scope extrusion does n ¢ arise in traditional (CB or CB )
functional languages, as evaluation can be de ned on closed terms only.

na ss The problem can be traced back to the level of the operational se-
mantics for MetaML [TBS98, MTBS99,BMTS99] (and for [ av96] too). In
fact, the rule for symbolic evaluation under lambda in the pure language has the
form

(Lam ) ¢

e

We can identify a technical problem with the naive approach to extending the
operational semantics of a multi-stage language with references In the presence
of a store the following rule may seem natural

e

( aive efLam )
e

In the example above, when we symbolically evaluate
we apply the following instance of the rule ( aive efLam )




where is the location bound to the identi er . This leads to an awkward
situation, namely the bound variable has gone out of scope In fact, it is not
possible to distinguish (in a consistent manner) between the stored wuts de the
scope of the lambda and the und by the lambda.

ut n art enc pec cat n perat ma e antcs  irst, we
propose the following rule for evaluation under lambda

( efLam )
e [ u ]

where u is a new constant of our untyped language. This formulation avoids

scope extrusion (which is mathematically unpleasant), yet it makes explicit that

any free occurrence of in the store is a potential source of run-time errors.
ow, the derivation above becomes

ut n art tatc aut re ent m A simple way to prevent the in-
troduction of u in the store is to allow only the storage of closed values.
This restriction is not excessive, since it is implicit in conventional (single-stage)
programming languages, where all values are closed. urthermore, expressing
closedness in our type system can be done in a natural manner, using the Closed
type constructor.

ini t it r nc

This section describes how Mini-MetaML can be sa e extended with update-
able references. The rst step is to extend the types

where r is the type of references to a ¢ sed value of type , or simply a value
of type [ ]. The terms of the language are extended as follows

e r e e (e1 €2) u

where is a constant for a location, and the other operations are the
usual ones for manipulating the store. We re uire programs to specify the type
of a new location, so that we don t need an instrumented semantics (as done for
instance in [M 99]) to prove Type Safety.



Since we have introduced constants for locations, we must also specify the types
of such constants in the typing judgement. or this purpose, we use a signature

, which can be ¢ n used with contexts of the form . or this language the only
signatures of interest have the form r . The type judgement
now has the general form e , and the extension to the type system

is presented in igure 3. ote that with cross-stage persistence, we need to type
these operations at level only. By analogy with Mini-MetaML, we establish the
following basic properties.

1 2 e and s fresh, t en 1 9
1 9 e and s fresh, t en 1 2
1 2 e and sfresh,ten 1 r 2 e
1 2 e and 1 2 e
t en 1 2 el €]
1 2 (& and 1 2 & B
t en 1 2 el €]

The evaluation judgements for the operational semantics with references are of
the foorm e () rr, where ( ) are ann tated
stores. The type annotation is set when a new location is created, but is never
updated. When a run-time error occurs, the resulting store  is lost. igure
gives the full operational semantics. We will show that the result of evaluation
at level is a value at level , where the de nition of value at level
is extended as follows
u

The de nition of e is also extended, namely it is the identity on u
u u
and it is unde ned on terms of the formr e, eand (e; ep).

e rte T an

() C ) pes

e rte rt es nature deter ned , e r () ()



By analogy with Mini-MetaML, we can establish the following results.

e p es and and

() (e
r By induction on the derivation of the evaluation judgement e

eddnt ncudetpe n r at n ntestre, es ud ae

r tten () () nstead
and P
[ ] and p ()
and e and e
p tatteree st and st () and and

r By induction on the derivation of the evaluation judgement e

td or

sed pes and an ua e es n Closed types in combination with (open)
code types are introduced in [MTBS99,BMTS99,Tah99] to provide a natural
typing for wun and at the same time support the techni ues typical of partial
evaluation, in particular symbolic evaluation under lambda. It is pleasing that
no additional type infra-structure is needed to accommodate references (and we
conjecture that the same is true when adding other computational effects).

We have found it convenient to split the typing context in two parts, as
in of [ 96]. does not allow open code nor symbolic evaluation under
lambda, therefore the addition of reference types is straightforward, because in
the dynamic semantics values (and expressions) are always closed. n the other
hand, of [ av96] allows open code and symbolic evaluation under lambda
(but has no construct for running code), therefore a naive addition of references
leads to the same problem of scope extrusion we have exempli ed in Section 3.

sed pesand mnadc e antcs eta The solution proposed in this
paper for typing multi-stage imperative programs, i.e. to allow only storage of
closed values, seems to provide a general recipe for adding other computational
effects to MetaML sa e . or instance, in the case of exceptions, only closed val-
ues should be used in packets in the case of communications, only closed values
should be transmitted on channels. The monadic -model in Example .3 of
[BMTS99] suggests already such a restriction. In particular, the monad on the
pen un erse is de ned as point-wise extension of a monad on the ¢ sed un
erse . nthe other hand, the monadic -model does not provide a complete
picture. In particular, Example .3 imposes other re uirements on the monad
on , that do not seem to have an perat ma justi cation.



Bndn e na s perat e r ra s Thiemann and wussart [T ]
describe an off-line partial evaluator for a higher-order language with rst-class
references, which uses a two-level language with regions (see also [Thi97]). In
comparison to their work, other off-line partial evaluators for imperative lan-
guages either adopt a more conservative binding-time analysis, or do not address
the combination of higher-order and rst class-references. The two-level language
of [T ] allows storing dynamic values in static cells, but the type and effect sys-
tem prohibits operating on static cells within the scope of a dynamic lambda
(unless these cells belong to a region local to the body of the dynamic lambda).
While both the type system of [T ] and ours ensure that no run-time error (like
scope extrusion) can occur, they provide incomparable extensions. atcliff and

anvy [ 97] propose a partial evaluator for a computational metalanguage,
and they formalise existing techni ues in a uniform framework by abstracting
from dynamic computational effects. owever, this partial evaluator does not
allow interesting computational effects at specialisation time.

a pe ste  The goal of the type systems that we have proposed for
MetaML [TBS98,MTBS99] has been to ensure run-time safety. An alternative
approach, taken by Shields, Sheard, and eyton-Jones [SSJ98], gives up static
type checking inference in favour of sta ed type checking inference. In their
approach, some type information has to be kept at run-time, and the programmer
has to cope with the possibility of type errors being detected at later stages, as
programs still need to pass the type checker (at run-time) before being executed.

ughes has proposed a new paradigm called type specialisation [ ug98],
which has also been applied to imperative programs [  T97]. There, the type
systems for the two-level languages used in type specialisation is not intended
to give many guarantees. or example, a well-formed two-level program may
fail to specialise rather, the type information is intended (and is essential) for
dr n the specialisation of terms. or these reasons it seems more appropriate to
compare type specialisation with staged type inference, rather than type systems
for static checking (such as the one proposed in the present paper).

onc u ion nd utur or

Elsewhere we have shown that closedness annotations are important for typing
the wun construct. In this paper we argue that they are useful also in developing
type systems for multi-stage programming languages with rst-class references.
More generally, we conjecture that closedness annotations are useful for multi-
stage programming in the presence of computational effects, and we are currently
testing this conjecture on speci ¢ examples. A related issue is whether multi-
stage programming can make good use of computational effects, or whether it
can just co-exist peace v with them.

Another line of research is the use of closedness annotations for partial eval-
uation. Ideally, one would like to improve on [T ] by considering a two-level
language with closedness and region annotations. ere the main di culty could
be in the binding-time analysis for inferring such annotations.
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In addition there are SML-like error propagation rules, that are not spelled out.
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