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Abstract
Staged languages that allow “evaluation under lambdas” are excellent implementation languages for programs that manipulate, specialize, and execute code at runtime.
In statically typed staged languages, the existence of staging primitives demands a
sound distinction between open code (that may be manipulated under lambdas) and
closed code (that may be executed). We present λ [ ] , a monomorphic type-safe staged
language for manipulating code with free identifiers. It differs from most existing
staged languages (such as, for example, derivatives of MetaML) in that its dynamic
fragment is not hygienic; in other words, dynamic identifiers are not renamed during
substitution. λ[ ] contains a first-class run operation, supports mutable cells (and other
computational effects), and has decidable type inference. As such, it is a promising
first step towards a practical multi-stage programming language.

1

INTRODUCTION

The field of staged programming grew out of the studies of offline partial evaluation
conducted by Jones’s group in the late 1980’s [3, 13, 16]. Offline partial evaluation
is a technique for specializing programs to parts of their inputs [6]. In offline partial evaluation, a program subject to specialization is first binding-time separated
by differentiating between its static program parts (those that can be “specialized
away” when the static inputs is supplied) and dynamic program parts (those that
must remain in the specialized program). The binding-time separated program is
then executed on its static inputs by interpreting the dynamic program parts as code
generating primitives. The output of such a staged program is (the text of) the specialized program. When viewed operationally like this, a binding-time separated
program is called a generating extension [12]. In offline partial evaluation, binding
times are statically verifiable properties that play the same role as types in statically
typed languages [21].
In the mid-1990’s, Davies [9] and Davies and Pfenning [11] established the
logical connections between types and binding times. They showed that in the two
calculi λ and λ, images of, respectively, linear-time temporal logic and the intuitionistic modal logic S4 under the Curry-Howard isomorphism, type correctness
corresponds to binding-time correctness. These calculi extend the lambda calculus with types τ and τ of dynamic program parts of type τ. Operationally,
the primary difference between the two calculi is that λ allows manipulation of
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open code fragments while λ only allows manipulation of closed code fragments.
On the other hand, a first-class eval-like operation is definable in terms of existing
primitives in λ while λ becomes unsound in the presence of such an operation.
Neither of these calculi were designed to handle imperative features.
Sheard and Taha accepted the challenge of extending a complete ML-like language with a type of code fragments and primitives for manipulating them [28].
The resulting language, MetaML, has undergone many revisions and its type system has been extended in many directions [4, 20, 26, 27, 28, 29].
1.1

Hygienic languages

Most existing staged languages, such as those mentioned above, are hygienic [18].
That is, dynamic (or future-stage) program parts are lexically scoped. Hygiene is
required to guarantee confluence for rewriting systems where a term carrying free
variables may be substituted under a binder for one of its free variables. Examples
include rewriting systems that performs (full) β-normalization (as performed by,
e.g, partial evaluation [16], type-directed partial evaluation [7], Barendregt et al’s
innermost spine reduction [1], and many other program optimizations), macro systems, staged languages, and variants of Scheme where globally defined symbols
are not reduced until they are needed (facilitating incrementally defined mutually
recursive procedures [17, Section 5.2.1]).
In macro systems and in staged languages, lexically scoped dynamic identifiers
are often implemented by consistently renaming them using, e.g., a gensym-like
operation [19]. However, in the presence of side effects and of an eval-like operation it has turned out to be somewhat challenging to design languages that account
for renaming of dynamic identifiers in their type systems.
1.2

Contributions

We propose to take non-hygiene as the primary principle for designing the staged
language λ[] . Since variables are not renamed, the type system may explicitly
mention free variables in the type of dynamic code. This enables, we believe, a
fairly straightforward treatment of code and stages in the type system as illustrated
below.
An immediate and intriguing consequence of our design is that the type system
enables a uniform treatment of open and closed program fragments as first-class
data. The type system of λ[] extends the simply-typed lambda calculus with a type
[γ]τ of code. Intuitively, an expression has type [γ]τ if it evaluates to a code fragment
which has type τ in type environment γ. The language also contains two staging
primitives, ↑ and ↓, similar to those found in existing staged languages [9, 28] and
to quasiquote and unquote in Lisp and Scheme [2].
In λ[] , source identifiers occur in type environments and hence also in types.
As an extreme example, the expression ↑x has type [x : int]int; indeed ↑x evaluates
to the program fragment x which certainly has type int in a type environment x:int.
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The type [x : int]int is not the principal type of ↑x. This expression also has type,
say, [x : bool, y : β]bool and neither of these types appear to be more general than
the other. This is mirrored by the fact that neither x : int  x : int nor x : bool, y :
β  x : bool are principal typings [15] of the expression x. Principal types that
involve code types use type environment variables γ in a way similar to the use of
traditional type variables. For example, the principal type of ↑x is [x:α, γ]α; indeed
↑x evaluates to the program fragment x which has type α in any type environment
of shape x : α, γ. We can replace γ and α by int and 0/ (where 0/ denotes the empty
type environment) or by y : β and bool to obtain the types presented above. Since
type environments are present in the type of code, the type of closed code of type τ
is easily expressible as [/0]τ which we also write as [ ]τ. Therefore, a first-class run
operation has type [ ]τ → τ.
The type system alleviates some of the weaknesses of non-hygiene. For example, it is sometimes possible to read from the types reported by the type system,
the variables that may be captured during evaluation. For example, the type of
λc.↑(let x = 42 in ↓c),
[x : int, γ]τ → [γ]τ
shows that this expression denotes a function that maps code into code, and that
any free x’s in the input will be captured in the output.
1.3

Outline

We present the terms, type system, and operational semantics of λ[] in Section 2.
In section 3 we present a proof of type safety. In Section 4 we demonstrate the
capabilities of the proposed language using examples. We also take the liberty to
introduce mutable cells in this section, although they have not been dealt with in
the proof of type safety. In Section 5 we outline related work in the area of staged
programming and in Section 6 we conclude.
2

OPEN AND CLOSED CODE FRAGMENTS

In this section we introduce the syntax, the type system, and an operational semantics of the monomorphic staged language λ[] . We let x, y, z range over an infinite set
V of identifiers. Furthermore we let i range over the set Z of integers and n over
the set N = {0, 1, · · · } of natural numbers.
The terms of λ[] are defined by the following grammar.
e, E ∈ E XPR ::= i | x | λx.e | e1 e2 | ↑e | ↓e | lift e | run e
The operations ↑, ↓, and run correspond, respectively, to quasiquote, unquote,
and eval in Lisp and Scheme. The expression lift e injects the value of e into a
future stage. There is no general lifting operation in Lisp and Scheme; however,
the value of any “self-evaluating” constant expression is treated (by eval) as the
constant expression itself [17].
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2.1

Type system

The types of the staged language consist of base types (here restricted to one type
int of integers), function types, and a type [γ]τ for code fragments of type τ in type
environment γ.
τ ∈ T YPE ::= int | τ1 → τ2 | [γ]τ
γ ∈ E NV ::= 0/ | x : τ, γ
Γ ::= γ1 , · · · , γn
In the type rules and during type checking, a stack Γ contains type environments mapping free identifiers to types. Free static identifiers are at the bottom
of the stack (to the left) while dynamic identifiers are further towards the top (to
the right). In contrast to traditional typed lambda calculi, type environments not
only exists during type checking but may also appear in the final types assigned
to terms. In the presentation of the type system, we represent type environments
uniformly as elements of the inductively defined set E NV. In order to achieve principality [14], however, care must be taken to identify type environments that contain re-ordered bindings rather than only syntactically identical type environments.
For example, the term ↑( f x) can be assigned both of the types [x : τ1 , f : τ1 → τ2 ]τ2
and [ f : τ1 → τ2 , x : τ1 ]τ2 both of which we treat as principal type of ↑( f x). Technically, we define an equivalence relation on types and type environment that take
re-ordering of bindings into account and we work on the equivalence classes induced by this relation instead of directly on the inductively defined elements.
Definition 1. We obtain a finite mapping V → T YPE , here expressed as a subset
of V × T YPE , from a type environment as follows.
0/ = { }
x : τ, γ = {(x, τ)} ∪ {(y, τ ) ∈ γ | y = x}
This definition guarantees that γ is a function, i.e., a subset of V × T YPE for which
(x, τ1 ) ∈ γ and (x, τ2 ) ∈ γ implies τ1 = τ2 . Note that bindings to the left take precedence over bindings to the right.
We treat two type environments as equivalent if they denote the same finite
mapping. This notion of equivalence is extended to types as follow.
Definition 2 (Type equivalence). We define an equivalence relation ≈ on types
and type environments as follows.

dom (γ1 ) = dom (γ2 )
For all x ∈ dom (γ1 ), γ1 (x) ≈ γ2 (x)
γ1 ≈ γ2
τ1 ≈ τ2 τ1 ≈ τ2
τ1 → τ1 ≈ τ2 → τ2

int ≈ int

γ1 ≈ γ2 τ1 ≈ τ2
[γ1 ]τ1 ≈ [γ2 ]τ2
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(T- INT )

Γ, γ  e : τ
(T- UP )
Γ  ↑e : [γ]τ

γ(x) ≈ τ
Γ, γ  x : τ

(T- VAR )

Γ  e : [γ]τ
(T- DOWN)
Γ, γ  ↓e : τ

Γ, γ  e : τ γ ≈ (x : τ , γ)
Γ, γ  λx.e : τ → τ

(T- ABS )

Γe:τ
(T- LIFT )
Γ  lift e : [γ]τ

Γ, γ  e1 : τ2 → τ Γ, γ  e2 : τ2
(T- APP )
Γ, γ  e1 e2 : τ

Γ  e : [ ]τ
(T- RUN )
Γ  run e : τ

Γ, γ  i : int

FIGURE 1. Typing rules of the monomorphic, staged language λ [ ] .

Note that ≈ is indeed an equivalence relation. We extend this notion of equivalence
to stacks of type environments: Two stacks of type environments are equivalent,
written Γ1 ≈ Γ2 , if their elements are point-wise equivalent.
In the rest of this article, we make frequent use of the construction of finite
mappings from type environments and of the equality relation. For example, a γ
that satisfies the equation
[x : τ1 , γ]τ ≈ [y : τ2 , γ]τ
for x = y, must have {x, y} ⊆ dom (γ) and must already assign τ1 to x and τ2 to y.
In other words, γ ≈ [x : τ1 , y : τ2 , γ ] for some γ .
We use the following notational conventions. We omit the empty type environment 0/ inside brackets and write, for example, [ ]τ and [x : τ]τ instead of [/0]τ
/ The code-type constructor [−]− has higher precedence than function
and [x:τ, 0]τ.
arrows, so, for example, the types [ ]τ → τ and ([ ]τ) → τ are identical and both
different from [ ](τ → τ). We write ε for the empty stack of type environments. We
allow access to elements at both end of the stack; thus γ, Γ denotes a stack with γ
at the bottom while Γ, γ denotes a stack with γ at the top. The operation |−| yields
the height of a stack of type environments, i.e., |γ1 , · · · , γn | = n and |ε| = 0.
The type system for the monomorphic languages is given in Figure 1. Modulo
type equivalence, the premise of the rule T- ABS may be read simply as the more
traditional Γ, (x : τ , γ)  e : τ. The rule T- RUN states that running a term of code
type [ ]τ yields a value of type τ. It is intended to guarantee that only closed and
well-typed code fragments can be executed at runtime. The symbol run may be abstracted, as in λx.run x, but, like any other function, the resulting function of type
[ ]τ → τ cannot be used polymorphically in this monomorphic language. Note that
stages participate in relating the definition and the uses of a variable in the sense
that identifiers at different stages are always different. For example, the expression
λx.↑x contains two distinct identifiers of name x, the rightmost unbound. This ex-
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pressions is equivalent to λy.↑x. Similarly, λx.↓x contains two distinct identifiers of
name x. (This expression is not equivalent to λy.↓x, however). Therefore, (λx.↓x) E
does not reduce to ↓E.
To justify the definition of type equivalence, we show that if a term can be
given a type then it can also be given any equivalent type.
Lemma 3. If Γ1  e : τ1 , Γ1 ≈ Γ2 , and τ1 ≈ τ2 then Γ2  e : τ2 .
Proof. By induction on the derivation of Γ1  e : τ1 .
2.2

Operational semantics

We present a left-to-right, call-by-value, small-step operational semantics of λ[]
below. The key difference between this semantics and the semantics of hygienic
multi-staged languages is that substitution does not rename bound dynamic identifiers. (It does rename bound static identifiers, however.)
We first need the following auxiliary definition.
Definition 4 (Free variables). FV(e)n denotes the set of free static identifiers in
the stage-n term e.
FV(i)n
FV(x)0
FV(λx.e)0
FV(e1 e2 )n
FV(↑e)n
FV(lift e)n

=
=
=
=
=
=

{}
{x}
FV(x)n+1
FV(e)0 \{x}
FV(λx.e)n+1
FV(e1 )n ∪ FV(e2 )n
FV(e)n+1
FV(↓e)n+1
FV(e)n
FV(run e)n

= {}
= FV(e)n+1
= FV(e)n
= FV(e)n

In order to treat the manipulation of identifiers carefully, substitution is defined
as a relation on raw terms rather than as a function on α-equivalence classes as
follows. As in traditional λ-calculi, fresh static identifiers are introduced to avoid
capturing free variable.
Definition 5 (Substitution).
i{E/x}n
x{E/x}0
y{E/x}0
(λx.e){E/x}0
(λz.e){E/x}n+1
(λz.e){E/x}0

=
=
=
=
=
=

(e1 e2 ){E/x}n
(↑e){E/x}n
(↓e){E/x}n+1
(lift e){E/x}n
(run e){E/x}n

=
=
=
=
=

i
E
z, for x = y
λx.e
λz.e{E/x}n+1
λy.e{y/z}0 {E/x}0 ,
for z = x and y ∈
/ (FV(e)0 {z}) ∪ FV(E)0
(e1 {E/x}n ) (e2 {E/x}n )
↑e{E/x}n+1
↓e{E/x}n
lift e{E/x}n
run e{E/x}n
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V n i
V n+1 x
V 0 λx.e
V n+1 e
V n+1 λx.e

(V- INT )

V n+1 e
V n ↑e

(V- VAR )

V n+1 e
(V- DOWN )
V n+2 ↓e

(V- UP )

(V- ABS -1)

V n+1 e
(V- LIFT )
V n+1 lift e

(V- ABS -2)

V n+1 e
(V- RUN )
V n+1 run e

V n+1 e1 V n+1 e2
(V- APP )
V n+1 e1 e2
FIGURE 2. Values of λ[ ] .

Restricted to operate on static terms (e.g., −{−/−}0 ), this notion of substitution coincides with that traditionally defined for the λ-calculus. For the dynamic
fragment, identifiers are dynamically bound in that they are not renamed during
substitution. For example, substituting ↑y for the free static identifier x in ↑(λy.↓x)
does not rename the bound dynamic identifier y: (↑(λy.↓x)){↑y/x}0 = ↑(λy.↓↑y).
The following two fundamental properties of the simply-typed λ-calculus also
hold for λ[] .
Lemma 6 (Weakening). If γ, Γ  e : τ and x ∈
/ FV(e)|Γ| then (x : τ , γ), Γ  e : τ.
Proof. By induction on the derivation of γ, Γ  e : τ.
Lemma 7 (Substitution). If (x : τ , γ), Γ  e : τ and γ, Γ  e : τ then
γ, Γ  e{e /x}|Γ| : τ.
Proof. By induction on the derivation of (x:τ , γ), Γ  e1 : τ. Lemma 6 (Weakening)
is used in the case (x : τ , γ)  λz.e : τ → τ for z = x.
Figure 2 characterizes the values that can result from evaluating a stage-n term.
In the following section we show that only these values can be the final results of
evaluation well-typed λ[] -terms. The left-to-right, call-by-value, small-step operational semantics is presented in Figure 3. The rule S- LAM represents evaluation
under (dynamic) lambdas.
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Contextual rules:

S n+1 e −→ e
S n+1 λx.e −→ λx.e
S n e1 −→ e1
S n e1 e2 −→ e1 e2

S n+1 e −→ e
S n ↑e −→ ↑e

(S- LAM )

S n e −→ e

(S- APP -1)

S n+1 ↓e −→ ↓e

V n e1 S n e2 −→ e2
(S- APP -2)
S n e1 e2 −→ e1 e2

S n e −→ e
S n lift e −→ lift e
S n e −→ e
S n run e −→ run e

(S- UP )
(S- DOWN)
(S- LIFT )
(S- RUN )

Reduction rules:

V 0 e2 e1 {e2 /x}0  e1
(S- LAM - R )
S 0 (λx.e1 ) e2 −→ e1
V 1 e
S 1 ↓(↑e) −→ e

(S- DOWN - R )

V 0 e
S 0 lift e −→ ↑e

(S- LIFT- R )

V 1 e
(S- RUN - R )
S 0 run (↑e) −→ e

FIGURE 3. Left-to-right, call-by-value, small-step operational semantics.

3

SYNTACTIC TYPE SOUNDNESS

The following auxiliary result states that a well-typed value at stage n + 1 is also a
well-typed expression at stage n. In that respect, it serves the same purpose as the
demotion operation defined for MetaML [20, 27].
/ Γ, γ  e : τ and V |Γ|+1 e then Γ, γ  e : τ.
Lemma 8 (Demotion). If 0,
/ Γ, γ  e : τ.
Proof. By induction on the derivation of 0,
We also need the following result stating that a well-typed value at stage 0 is
also a well-typed value at stage 1.
/ γ  e : τ.
Lemma 9 (Promotion at stage 0). If 0/  e : τ and V 0 e then 0,
Proof. Since e is a value at stage 0, e is closed. Hence, by repeating Lemma 6
(Weakening), γ  e : τ. Then we also have (by straightforward separate lemma)
/ γ  e : τ as required.
that 0,
/ Γ  e : τ and S |Γ| e −→ e then 0,
/ Γ  e : τ.
Lemma 10 (Subject reduction). If 0,
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Proof. By induction on the derivation of S |Γ| e −→ e . Lemma 7 (Substitution)
is used in the case S 0 (λx.e1 ) e2 −→ e1 , Lemma 8 (Demotion) is used in the case
S 0 run (↑e) −→ e, and Lemma 9 (Promotion) is used in the case S 0 lift e −→ ↑e.
/ Γ  e : τ then either
Lemma 11 (Well-typed terms are not stuck). If 0,
1. V |Γ| e, or
2. there exists e such that S |Γ| e −→ e .
/ Γ  e : τ. A simple type inversion result
Proof. By induction on the derivation of 0,
stating that abstractions are the only values of type τ1 → τ2 and that quoted terms
are the only values of type [γ]τ is used in the three cases corresponding to the
reduction rules S- LAM - R, S- DOWN - R, and S- RUN - R.
Definition 12 (Evaluation). We define an iterated reduction relation inductively
as follows.
There are no e such that e −→ e
e −→∗ e

e −→ e e −→∗ e
e −→∗ e

We define a partial function E XPR → E XPR as follows.

e ,
if e −→∗ e and V 0 e
eval(e) =
undefined, otherwise
The following main result states that a well-typed term either diverges or it
yields a value of the same type.
Theorem 13 (Strong type safety). If 0/  e : τ and eval(e) = e then V 0 e and
0/  e : τ.
4

EXAMPLES

Generating extensions can be implemented in λ[] using the staging primitives ↑
and ↓. The specialized programs output by generating extensions can be evaluated
using run to produce first-class functions. As an example, consider the following
implementation of the linear integer exponentiation function.1 (The logarithmic
exponentiation function is subject to the same considerations [8] but is left out for
pedagogical purposes.)
fun exp(n, x) = if n = 0 then 1 else x × (exp(n − 1, x))
1 In the rest of this paper, we use an ML-like notation. We also assume the existence of
recursion, conditionals, monomorphic let-expressions, tuples, etc. These extensions are
straightforward to add to λ [ ] .
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A generating extension of this function is a program that, given an integer n, yields
(the text of) a program that computes xn . A standard binding-time analysis of the
exponentiation function with respect to n being static and x dynamic reveals that the
integer constant 1 and the multiplication are dynamic. The rest of the program is
static. These annotations give rise to following the staged exponentiation function.
fun expbta (n, x) = if n = 0 then ↑1 else ↑(↓x × ↓(expbta (n − 1, x)))
This function has principal type int × [γ]int → [γ]int. It is used at type int × [z :
int]int → [z : int]int below. The generating extension is defined as the following
two-level eta-expansion of the staged exponentiation function.
fun expgen (n) = ↑(λz.↓(expbta (n, ↑z)))
The generating extension expgen has type int → [ ](int → int). This type shows
that expgen produces closed code fragments. For example, expgen (3) has type
[ ](int → int) and evaluates to a program fragment λz.z × z × z × 1. This code fragment can be executed using the operator run. Hence, run (expgen (3)) has type
int → int and yields a first-class cube operation.
The example above is a standard application of staged languages but it demonstrates an important practical property of staged programs: By erasing the staging
primitives one obtains the original unstaged program. In order to apply this principle to programs using mutable cells, the staged program must be able to store open
code fragments in mutable cells. Although we have left out the treatment of mutable cells (and other computational effects) of this extended abstract, let us suppose
we add the following (monomorphic) operations.
ref : α → α ref
:= : α ref × α → unit
! : α ref → α
We can then consider the following imperative exponentiation function of type
int × int → int.
fun impexp(n, x) =
let val m = ref n
val r = ref 1
in while !m > 0 do ( r := x × !r; m := !m − 1 );
!r
end
A staged version of this functions looks as follows.
fun impexpbta (n, x) =
let val m = ref n
val r = ref ↑1

215

in while !m > 0 do ( r := ↑(↓x × ↓!r); m := !m − 1 );
!r
end
This staged function has principal type int × [γ]int → [γ]int. It is, as in the functional case above, used at type int × [z : int]int → [z : int]int below. The generating
extension is defined as above, using a two-level eta-expansion of the binding-time
annotated function.
fun impexpgen (n) = ↑(λz.↓(impexpbta (n, ↑z)))
In the function impexpbta , the variable r has type ([z:int]int) ref. During specialization, this cell contains the sequence of dynamic terms 1, z×1, z×z×1, z×z×z×1,
etc.
The two examples above motivate the introduction of a general two-level eta
expansion
fun eta( f ) = ↑(λz.↓( f ↑z))
of principal type ([z : α, γ ]α → [z : β, γ]δ) → [γ](β → δ). The expression
eta(λx. expbta (3, x))
of type [ ](int → int) yields the (text of the) cube function. Note that eta can also
be used “non-hygienically.” Given f = λc.↑(λz.↓c) of principal type [z : α, γ ]β →
[γ ](α → β), eta( f ) evaluates to a representation of the code fragment λz.λz.z in
which the inner lambda (supplied by f ) shadows the outer lambda (supplied by
eta). It is (correctly) assigned the principal type [γ ](α → β → β).
5

RELATED WORK

Pfenning and Elliott have used higher-order abstract syntax as a representation of
programs (and other entities) with bound variables [23]. Higher-order abstract syntax also enables an embedded lightweight type system for programs that generate
code fragments [24]. In the presence of mutable cells (or other sufficiently expressive computational effects), however, higher-order abstract syntax fails to obey
standard scoping rules.
The observation that a naive hygienic staged programming language becomes
unsound in the presence of a first-class eval operation is due to Rowan Davies, in
the context of MetaML. Safe type systems have been designed that combine types
for open code and types for closed code and that contain an eval-like operation [4,
20]. We have avoided the complexities of these languages by taking non-hygiene
as a primary design principle of λ[] .
Chen and Xi take a first-order unstaged abstract syntax as the starting point
+
[]
for defining the multi-staged type-safe calculus λ+
code [5]. Like λ , λcode con+
tains a type of code parameterized by a type environment. λcode is defined by
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a translation into λcode , a nameless unstaged extension of the second-order polymorphic λ-calculus. In contrast, λ[] is a direct extension of the simply-typed λcalculus, it does not require polymorphism, and it does not assume de Bruijnindexed terms. More seriously, dynamic λ+
code -terms must be closed. For example, the term let c = ↑(x, y) in (λx.λy.↓c, λy.λx.↓c) is ill-typed in λ+
code (because the
dynamic sub-term ↑(x, y) contains free identifiers) but has type
[γ](τ1 → τ2 → τ1 × τ2 ) × [γ](τ2 → τ1 → τ1 × τ2 )
in λ[] .
DynJava, an extension of Java with dynamic compilation, is another type-safe
staged language that builds on the principles of non-hygiene [22]. DynJava has
only two stages and its code type eliminator (@, which corresponds to the ↓ of λ[] )
only applies to variables. Furthermore, DynJava is an extension of an imperative,
explicitly typed language whereas λ[] is an extension of an implicitly typed, higherorder language.
6

CONCLUSIONS

Well-designed languages balance concise specifications against expressive features
and safe execution. We have demonstrated that by liberating a staged language
from the demand of hygiene, it can be given a type system that offers a first-class
run operation while requiring only a minimum of extra type constructors and type
rules. We also claim, although we have not proved it in this article, that the type
system is decidable and that is safely handles mutable cells (and other effects).
We have thus provided a first step towards a practical higher-order multi-stage
programming language whose type system supports the implementation of runtime specialization and execution and other partial evaluation techniques.
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