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1 Type-safe metaprogramming with references for open code

Generative metaprogramming languages enable programmers to write programs that generate programs.
The distinctive feature of quotation-based metaprogramming languages such as MetaML [16] is their
once-and-for-all type safety guarantee: well-typed metaprograms always generate well-typed object pro-
grams. This stands in contrast to AST-based metaprogramming languages such as C++ Templates
[15, 17] and Template Haskell [14, 1], where the generated object program needs to undergo an addi-
tional typechecking phase.

MetaML’s strong safety guarantee is difficult to achieve, especially in the presence of higher-order
references that can store code values. For example, consider the following MetaOCaml [9, 8] program:

let r = ref .< 1 >.;;

let f = .< fun x -> .~(r := .< x >.; .<0>.) >.;;

let t = Runcode.run (!r);;

The Bracket operator .< >. converts a term into a static piece of code, and the Escape operator
.~ allows terms to be evaluated inside a Bracket. In this example, the term r := .< x >.; .<0>. is
evaluated, even if it occurs under the binder fun x -> . As a result, although the program appears to
be well-scoped, the reference r stores the code .< x >. which contains a free variable. It is therefore
unsafe to run the code stored in r. Currently, MetaOCaml raises a runtime exception whenever there is
an attempt to use a piece of code that contains free variables.

Recently, Hu and Pientka [4] developed a type theory for metaprogramming called layered modal type
theory. They use contextual modal types [13] to track and reason about free variables in code values
explicitly, and provide a strong safety guarantee on the generation and manipulation of such code values.
However, their result is based on an equational type theory that lacks general recursion and references.

In this paper, we present Contextual Modal MetaML, the first metaprogramming language that allows
storing and running open code under a strong type safety guarantee. The language has two key operators.
The Box operator, box M , converts any term Γ ⊢M : T into a piece of code. The resulting type, □(Γ ⊢
T ), records both the type and the typing context of M . The Letbox operator, letbox u ← M1 in M2,
“unboxes” the code M1, and substitutes the extracted term for u in M2. For such unboxing to be type-
safe, all occurrences of u in M2 must be associated with an explicit substitution δ that provides values
for all the free variables in M1. This guarantees that however a piece of code is used or passed around
in references, its free variables can never be leaked in an undesirable context.

Consider the classical example of staging the power function:

let power n x =

let y = ref 1 in

for i = 1 to n do

y := !y * x

done;

!y;;

In Contextual Modal MetaML, one could write the program

let power_staged n =

let y = ref box 1 in

for i = 1 to n do

y := letbox u = !y in box (u * x)

done;

letbox u = !y in fun x -> u;;

let f = power_staged 3;;
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Table 1: Type systems for quotation-based metaprogramming languages

Type system Imperative
Allows storing
open code

Allows running
open code

Type
safety

Multi-
layered

MetaML [16] × N/A × ✓ ✓
Closed Types for MetaML [2] ✓ × × ✓ ✓

Refined Environment Classifiers [11] ✓ ✓/× × ✓ ×
MetaOCaml [10] ✓ ✓ ✓ × ✓

Template Haskell [14] × N/A × ✓/× ×
Typed Template Haskell [18] × N/A × ✓ ×

MacoCaml [19] ✓ × × ✓ ×
Mœbius [7] × N/A ✓ × ✓

Layered Modal Type Theory [4] × N/A ✓ ✓ ×
n-layered Modal Type Theory [5] × N/A ✓ ✓ ✓

λ⃝▷ [3] × N/A × ✓ ✓
Contextual Modal MetaML (our work) ✓ ✓ ✓ ✓ ×

The reference y stores the open code box (1 * x * ...) and is dynamically updated during the for-
loop. The function f evaluates to fun x -> x * x * x, which is a more efficient program than the plain
power n function as it no longer contains for-loops.

In Table 1, we summarise the design space of type systems for quotation-based metaprogramming.

2 Operational game semantics for contextual modal types

When performing metaprogramming-based program optimisations, a critical concern is whether the
optimisation is faithful. In the above power example, we expect that power and power_staged are
equivalent. To address this concern, we need to develop a theoretical foundation for the following
question: When are two Contextual Modal MetaML programs equivalent? Operational game semantics
[12, 6] has been successfully used to construct fully abstract models for various programming languages.
It represents the behaviour of a program in a context as a sequence of interactions between the program
and the context. An interaction is represented as an action, and a sequence of actions is called a trace.
The semantics of a program is then given by a set of all the traces that the program can generate
according to a set of transition rules.

For example, consider a simplified trace

f1 f1(3) f2 f2(2) 8

Each action represents either a call or a return. Actions performed by the program are overlined,
while those without an overline correspond to the context. The program and the context alternate in
taking actions as if it were a dialogue. The symbols f1 and f2 are used in the dialogue between the
Player and the Opponent and are intended as abstract representations of function values, in this case
functions that are passed to the Opponent by the Player. Since these are merely names, the Opponent
gains no knowledge of the underlying function beyond its type. In contrast, the Player will maintain a
record mapping these names to the corresponding function values.

The trace above can be generated by the power_staged program we mentioned earlier. In this trace,
the program first announces itself as a function represented by the name f1 (return). Then the context
asks for the result of applying the function f1 to n = 3 (call), and the program responds with another
function name f2 (return). The name f2 denotes the result of computing power_staged 3, which is
essentially the function fun x -> 1 * x * x * x, but this underlying value is hidden from the context.
The context further supplies the argument x = 2 to f2 (call), and the program responds that the result of
the computation is 8. On the one hand, the trace can be generated from power_staged alone according
to our transition rules. On the other hand, it also corresponds to the evaluation context K = • 3 2. This
correspondence between traces and contexts is key to our full abstraction result.

The trace above can also be generated by power. For power, the underlying value of f2 is

fun x ->

let y = ref 1 in

for i = 1 to 3 do

y := !y * x
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done;

!y;;

Again, this underlying value is not reflected in the action, so the difference from power_staged is not
observable to the context.

Writing Tr(M) for the set of traces corresponding to M according to our model, we shall have
Tr(power) = Tr(power_staged). Given that the trace model is fully abstract, we can then deduce power ≈
power_staged where ≈ stands for contextual equivalence. This equivalence confirms the faithfulness of
the staging transformation.

The trace above is not too different from what we can find in existing trace models for higher-order
functions and references [12]. The distinctive feature of our model is that the traces can also involve
names that represent code values, which we shall call box values. To illustrate this, let us consider the
following program, reminiscent of the axiom K for modal logic: □(p→ q)→ □p→ □q.

⊢0λxy.letbox u← x in letbox v ← y in box ux2/x1 vy2/y1

: □(x1 : ref Int→ Int ⊢ ref Int→ Int)→ □(y1 : ref Int ⊢ ref Int)

→ □(x2 : ref Int→ Int, y2 : ref Int ⊢ Int)

The notation V/x represents capture-avoiding substitution. For example, the term ux2/x1 stands for
the result of replacing all occurrences of x1 with x2 in the unboxed term represented by u.

This program can generate the trace

(f1, ·, ·) (f1(b1), ·, ·) (f2, ·, ·) (f2(b2), ·, ·) (b3, ·, ·) (run b
f3/x2,ℓ1/y2

3 ,Σ, χ1)

(run b
f4/x1

1 ,Σ, χ1) (f5,Σ, χ1) (run b
ℓ1/y1

2 ,Σ, χ1) (ℓ1,Σ, χ1) (f5(ℓ1),Σ, χ1)

(f4(ℓ1),Σ, χ1) (f3(ℓ1),Σ, χ1) (1,Σ, χ2) (1,Σ, χ2) (1,Σ, χ2) (1,Σ, χ2)

where Σ = ℓ1 : ref Int is a typing context for references, and χ1 = ℓ1 7→ 0 and χ2 = ℓ1 7→ 1 are heaps.
Here, each action consists of three components. The first component is the questions and answers that

we discussed above. The second and third components provide a heap Σ; ·; · ⊢ h : heap that contains
the references being shared by the program and the context. In the trace, the program first announces
itself as a function represented by the name f1 (return). Then the context asks for the result of applying
f1 to x = b1 and y = ℓ1 sequentially (call), triggering f2 and b3 (return). The box name b3 has type
□(x2 : ref Int → Int, y2 : ref Int ⊢ Int), so in order to run it, the context needs to provide values for
the variables x2 and y2, which are of type ref Int→ Int and ref Int respectively. In the corresponding

action run b
f3/x2,ℓ1/y2

3 (call), these values are represented by the function name f3 and concrete location

value ℓ1. Now the program needs to evaluate #b
f3/x1

1 #b
ℓ1/y1

2 , where #bi stands for the unboxed term
extracted from box name bi. To evaluate this term, the program asks for the result of running b1 and b2
(call) under corresponding substitutions. Again, the function value f3 is represented by a fresh name f4,
while the location value ℓ1 is passed directly. After obtaining the function name f5 and location value
ℓ1 as answers from the context (return), the program can finally compute the result by applying f5 to
ℓ1 (call). The context then asks for the result of applying f4 to ℓ1 (call), which the program can only
answer after knowing the result of applying f3 to ℓ1 (call). The function f3 modifies the value stored in
location ℓ1 from 0 to 1 and returns the updated value 1 (return). Finally, a sequence of answers respond
to all the pending questions so far (return).

The above trace corresponds to interacting with the evaluation context

letbox u← • (box x1) (box y1) in

let x3 ← λz.z :=!z + 1; !z in

let y3 ← ref 0 in

ux3/x2,y3/y2

Related work Recently, Chiang and Xie [3] also presented a type system for metaprogramming based
on modal types. Their system allows quoting and splicing code, but does not allow running code. This
is because their system is based on temporal logic, where ⃝A→ A is not valid. In contrast, LMTT [4]
and our system are based on S4 modal logic, which permits the axiom □A → A that runs closed code.
We follow LMTT in extending this axiom to contextual types □(Γ ⊢ A) and allow safely running open
code.
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[18] Ningning Xie, Matthew Pickering, Andres Löh, Nicolas Wu, Jeremy Yallop, and MengWang. Staging
with class: A specification for typed template Haskell. Proceedings of the ACM on Programming
Languages, 6(POPL):61:1–61:30, January 2022.

[19] Ningning Xie, Leo White, Olivier Nicole, and Jeremy Yallop. MacoCaml: Staging Composable and
Compilable Macros. Proceedings of the ACM on Programming Languages, 7(ICFP):209:604–209:648,
August 2023.

5


