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Abstract
One way to ascertain the quality of the generated code –
its performance, hygiene, memory safety, deadlock freedom,
etc. – is to decorate it with annotations that explicate some
aspect of the code: e.g., the count of particular operations,
its free variables, the sequence of IO or memory allocation
operations, correctness proof obligations. The annotations
are built along with generating the code, and may be used
to detect problems like scope extrusion or deadlock – well
before the whole program is generated, let alone executed.
Annotations are a worthy alternative to fancy types.

Generating code along with annotations is almost straight-
forward. The challenge comes from generating functions or
other variable-binding forms, with the often used so-called
higher-order abstract syntax (HOAS). That was the challenge
posed by Olivier Danvy.

The present paper describes a new, simpler and general so-
lution of the challenge – actually, of its general form: pairing
of HOAS generators, or direct product of algebra-like struc-
tures with HOAS operations. The solution also overcomes
the hitherto unsolved HOAS problem: latent effects.

CCS Concepts: • Software and its engineering → Do-
main specific languages; Source code generation; Pro-
cedures, functions and subroutines; Functional languages.

Keywords: code generation, annotation, delimited control,
delimited dynamic binding, higher-order abstract syntax
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1 Introduction
Partial evaluation – program generation and program trans-
formation in general – is one of the first and long-running
interests of Olivier Danvy, the area he started contributing to
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since joining Neil Jones’ group at DIKU in 1986, and still con-
tinuing [1, 6, 7, 9, 12]. This paper is an offshoot of this stream,
veering into generating code with bindings and, specifically,
pairing of those generators. Along the way we pass through
another of Danvy’s long-running interests: continuations.

1.1 Code Annotations
The starting point is the challenge that Olivier Danvy posed
to Chung-chieh Shan and the author almost two decades ago:
generating code and determining the number of operations
(multiplications) in it. Pure generative programming [46] by
design does not provide for the examination of the generated
code; therefore, to find the number of multiplications in it
we have to count as we generate. One may, therefore, think
of the multiplication count as an attribute, or annotation,
on the code. As code fragments are combined into bigger
fragments and eventually the complete program, the counts
are tallied.
A more compelling example, described in Kiselyov and

Imai [38, §4.1], is annotating code with the files that are
opened, closed and read/written therein. As we generate the
code andmerge the annotations, we check right away that no
file is manipulated before opening or after closing, regardless
of the path an executionmay take. The paper [38] expounded
even more sophisticated annotations: session types, which
tell of not mere reading/writing from a channel, but the
sequence of reads and writes and the types of transmitted
data. Such annotations let us verify the adherence to the
communication protocol. Annotations thus may be as simple
or as complex as needed for the verification at hand.

Annotating generating code with its free variables and so-
called virtual let-bindings (which we touch upon in §2.5) has
been used in MetaOCaml for a decade, for detecting scope
extrusion and implementing let(rec) insertion [36].

Annotations, thus, are to reflect some aspect of the gener-
ated code, to serve as its abstraction, or approximation. In
that sense, annotations are akin to types – what Pfenning
called Curry-style, extrinsic types [43]. Annotations may
exemplify even fancy types like typestate or session types –
as argued in [38]. Unlike types, however, annotations are val-
ues, and are manipulated in a programming language rather
than type system – in other words, in a language that was
actually designed for programming.

1.2 Tricky Annotations
This paper takes a closer look at the process of code genera-
tion with annotations. It is actually not complicated save one
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case: generating functions (or other binding forms), with the
often used so-called higher-order abstract syntax (HOAS),
see §4.4. It is this case that made the Danvy challenge a chal-
lenge. As we re-frame the challenge and earlier solutions, we
find a more general question, and a more general answer. It
is not about counting – it is about pairing of interpreters of
languages with binding forms, or even more generally, direct
product of algebra-like structures with HOAS operations.

Contributions.
• Description of code generation with annotations in
tagless-final style (reminded in §2.1), raising the im-
portance of the often neglected but unyielding latent
effects problem of HOAS: §2.3.

• Generalization to pairing, or direct product of tagless-
final interpreters: §3; §4 for the full higher-order case.
With HOAS operations, tagless-final interpreters are
no longer algebras, and the existence of products is
uncertain. We propose a one-shot restriction §3.3 that
lets us generically pair interpreters in any effectful
metalanguage. Code generating interpreters are al-
ready one-shot. Meta-circular §3.4, §4.1 and abstract
interpreters §4.2 can also be made one-shot.

• The one-shot restriction also solves the latent effects
problem of HOAS: §4.4.

We start by setting up the framework for (heterogeneous)
code generation – tagless-final style – and recasting Danvy’s
challenge in it, stressing the challenging parts.

The paper uses OCaml (and in parts, MetaOCaml). Olivier
has been using the languages of the ML family in many of his
papers – and contributing: his functional unparsing [8] has
become the SML standard formatted output facility. Since the
complete code accompanies the paper, we will be showing
only the salient parts, commenting on them. The code should
be understandable without the detailed knowledge of OCaml;
nevertheless, if necessary the reader may refer to the online
manual https://ocaml.org/manual/5.3/.

2 Generating Code and Operation Counts
As mentioned earlier, the multiplication counting problem is
the challenge posed by Olivier Danvy – at the IFIP WG 2.11
meeting in August 2007 at Dragor, Denmark, when the au-
thor met Danvy for the third time.1 Asmany code-generation
puzzles, it is about the power function – the ‘hello world’
of metaprogramming posed by A.P.Ershov in 1977 [14, 17].2
Specifically, the problem is generating code of a function to

1When I first met Olivier, at ICFP/GPCE 2002, he also posed a challenge:
bluff combinator http://okmij.org/ftp/Computation/lambda-calc.html#bluff,
which I solved during a session.
2Olivier’s relation with power is complicated. At one point in mid-2000s
he advocated ‘down with power’ – at least that was the impression one
could get, although Olivier’s actual position was quite more nuanced and
well-justified. I did take the slogan to heart and used a more ‘down’, and
also more realistic introductory example in [36].

compute 𝑥𝑛 where 𝑛 is statically known – tracking, at the
same time, how many multiplications the generated code
performs. It is a challenge: see §2.2. It was solved that very
evening, in a baroque way: using MetaOCaml with two fu-
ture stages. The solution was later hinted at in [23], without
details. We now describe the challenge and reconstruct its so-
lution, more perspicuously, using the tagless-final approach
[4, 29, 33]. This rational reconstruction turns out a vantage
point to peek at further and higher peaks: see §3 and §4.

2.1 Generating power
As advocated in [33], we start with the smallest language
needed to represent the generated code – treating the lan-
guage as a DSL embedded in a host language (OCaml, in
this paper). DSL expressions of the type 𝛼 are represented in
OCaml as values of an (abstract, for now) type 𝛼 exp. In the
power example, DSL expressions are multiplication chains,
built using
type 𝛼 exp
val one : float exp
val mul : float exp → float exp → float exp
Such a collection of operations with their types is called
signature – in OCaml and in mathematics [19, §2]. Our DSL
hence is an algebra over the that signature. It is the algebra
with the constant one, and the binary operation mul to com-
bine two expressions creating their product. The operation
mul is meant to be associative with one as its unit: in other
words, our algebra is a monoid.

The introduced signature already lets us write the program
to build a DSL expression for 𝑥𝑛 given an integer 𝑛:
let rec power (n:int) (x:float exp) : float exp =

if n = 0 then one else mul x (power (n−1) x)
One may view this OCaml code as a macro to produce the
float exp representing the product of𝑛-many𝑥 . OCaml hence
acts as a very expressive ‘macro-processor’ – asMLwas origi-
nally intended [20]. This simple-minded multiplication chain
is not what A.P.Ershov had in mind; he aimed for a faster,
better code, as we describe later. For now, the naive power
will do.

The solution is not complete: we need to generate not
just a multiplication chain but a function that takes 𝑥 and
computes 𝑥𝑛 . We have to add functions (procedures) to our
DSL (we shall call the extended DSL signature mulproc):
type 𝛼 proc
val proc1 : (float exp → float exp) → (float→float) proc

The abstract type𝛼 proc is meant to represent a DSL function
of the type 𝛼 ; the operation proc1 is the generator of such
one argument procedures. The type 𝛼 proc is not the same
as 𝛼 exp: we do not assume that our DSL has first-class func-
tions. Although proc1 is higher-order, it is a higher-order
OCaml function: a higher-order macro. The DSL remains
first-order.
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We have, thus, been using an expressive metalanguage
(macro processor) to generate code in a simple target lan-
guage – the idea that motivatedML [20], advocated by Kamin
[26, 27], underlies heterogeneous metaprogramming [13, 35],
and, come to think of it, was championed by Goguen [18].

The DSL operation proc1 receives an OCaml function that
produces the DSL procedure body given the DSL expression
representing procedure’s argument. One may say that proc1
converts an OCaml function, on exp types, to a DSL function.
It looks like a trick: it cannot be true in general: OCaml, and
its functions, are far richer than our DSL. Using metalan-
guage functions to generate or represent DSL functions has
been enticing and problematic for very long time [44], which
we discuss in §4.4. Incidentally, with proc1, our DSL is no
longer an algebra, strictly speaking. This is another sign of
the trouble to come.

Nevertheless, this set-up lets us generate the DSL code for
the function to compute 𝑥𝑛 for a given 𝑛, say, 7.

let power7 = proc1 (power 7)
That is, we can write and type check that OCaml expres-
sion. To evaluate it and actually obtain code we need an
implementation for our DSL: a concrete realization of one,
mul and proc1 operations for appropriately chosen concrete
instances of the types 𝛼 exp and 𝛼 proc.
The first DSL realization that comes to mind is meta-

circular, dissolving the DSL into OCaml. Throughout the
paper, DSL implementations are presented as OCaml mod-
ules, letting us attach a name (R in our case) for ease of
reference.3

module R = struct
type 𝛼 exp = 𝛼

let one = Float.one
let mul = Float.mul
type 𝛼 proc = 𝛼

let proc1 f = f
end

The DSL hence is a subset of OCaml; its operations are
OCaml operations.4 In the R implementation, power7 then
is a float→float OCaml function; applied to 2.0 it produces
the expected 128. Such spot-testing of the generator is one
of the main uses of the meta-circular implementation. In this
implementation, proc1 does convert an OCaml function to a
DSL function, since they are one and the same. As we later
see, in §2.3, this is exactly the problem.
More relevant to code generation is the implementation

(here, OC) that represents the DSL as a quoted OCaml expres-
sion. To be precise, we are using (quasi)quotes as provided
by MetaOCaml [3, 30, 36, 37].

3Float is the module in the standard library.
4Strictly speaking, however, a DSL expression is represented by the value it
evaluates to if it were an OCaml expression. We shall see very soon why
such splitting hairs is important.

module OC = struct
type 𝛼 exp = 𝛼 code
let one = .< 1. >.
let mul x y = .< .~x ∗. .~ y >.
type 𝛼 proc = 𝛼 code
let proc1 f = .<fun x → .~(f .<x>.)>.

end
Brackets .<. . .>. are the quotation marks (similar to double-
quotes used to quote strings) and .~ is the anti-quotation, or
splice. MetaOCaml quotes are typed: a quoted expression of
type 𝛼 has the type 𝛼 code. In this implementation, power7
produces the (float → float) code

.<fun x_1 →
x_1 ∗. (x_1 ∗. (x_1 ∗. (x_1 ∗. (x_1 ∗. (x_1 ∗. (x_1 ∗. 1.))))))>.
Needless to say, one may also generate code as plain

strings, as the following implementation demonstrates. It
takes advantage of the fact that the types 𝛼 exp and 𝛼 proc
are distinct, as far as DSL users are concerned: Our DSL does
not have to have first-class functions. Therefore, we may
generate C.
module CC = struct

type 𝛼 exp = string
let one = "1"
let mul x y = Printf.sprintf "(%s␣∗␣%s)" x y
type 𝛼 proc = string
. . .

end
In general, C generation is quite more involved: see [35]. In
the CC implementation, power7 evaluates to the string
float pw7(float const x1) {

return (x1 ∗ (x1 ∗ (x1 ∗ (x1 ∗ (x1 ∗ (x1 ∗ (x1 ∗ 1)))))));
}

2.2 Counting Problem
Now that we can generate the power function, we move
to the main problem: generate code and report how many
multiplications it does when executed. It seems trivial: we
merely need to adjust the generator to literally count each
multiplication as it is generated:
let cnt = ref 0
let rec power' (n:int) (x:float exp) : float exp =

if n = 0 then one else (incr cnt; mul x (power' (n−1) x))
let power7' = let c = proc1 (power' 7) in (c,!cnt)

With the OC implementation of the DSL, we indeed obtain
the generated code paired with the multiplication count: 7.

There are three problems with this solution. First, we had
to fiddle with the power generator and edit its code. The gen-
erator may have been provided by a third party; meddling
with its source code (if available at all) could be cumbersome,
let alone error-prone. Second, the approach is non-modular,
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or non-compositional: rather than annotating each code frag-
ment with its multiplication count (tallying the counts as
the fragments are composed), power' counts multiplications
in an out-of-bound way, for the power generator as a whole.
To clearly see the problem, let’s consider a better algorithm
of computing 𝑥𝑛 : iterated squaring, which is the algorithm
that Ershov was talking about [17].
let rec power2 (n:int) (x:float exp) : float exp =

match n with
| 0 → one
| 1 → x
| n when n mod 2 = 0 → power2 (n / 2) (mul x x)
| n → mul x (power2 (n−1) x)

Similarly to power', one could add incr cnt before mul. The
power2 7 adjusted for counting then generates, with the OC
implementation
fun x_1 → x_1 ∗. ((x_1 ∗. x_1) ∗. ((x_1 ∗. x_1) ∗. (x_1 ∗. x_1)))
and reports the multiplication count 4. Not only we still
get the naive linear multiplication chain; the count of its
multiplications is wrong.
Finally, if we evaluate power7' with the meta-circular R

implementation, the reported multiplication count is zero.
The reader may wish to pause to think why the counting
fails so spectacularly.

2.3 Towards Compositional Counting
Let us change the strategy: rather thanmodifying a generator
like power, let’s modify a DSL implementation, to annotate
each generated code (fragment) with the count of its multi-
plications. This strategy solves at least two of the problems
noted in §2.2: keeping the generator as is, and making sure
the count always corresponds to the code, by construction.
§2.1 defined three different ways to represent the code: three
different implementations of the DSL; more can always be
added. Manually modifying each of them to count multipli-
cations is bothersome. More satisfying is transforming a DSL
implementation into a counting one. In OCaml, we arranged
DSL implementations to be modules; a module transformer
then is what OCaml calls a functor:
module Counter(L:mulproc) :

(mulproc with type 𝛼 proc = 𝛼 L.proc ∗ int) =
struct

type 𝛼 exp = 𝛼 L.exp ∗ int
let one = (L.one, 0)
let mul (xc,xn) (yc,yn) = (L.mul xc yc, xn + yn + 1)
type 𝛼 proc = 𝛼 L.proc ∗ int
let proc1 = (∗ see text ∗)

end
It takes a module (a DSL implementation) of the signature
mulproc (see §2.1) to be referred to as L, and produces an-
other DSL implementation, with the 𝛼 proc being realized as

the pair of L’s 𝛼 proc and an integer: the multiplication count.
As we see, Counter(L) pairs the generated code (both the
top-level 𝛼 L.proc and the general 𝛼 L.exp) with the count
of multiplications therein. As code is built/combined, the
counts are tallied up. The counting is compositional: it de-
pends only on the operation that combines code fragments
and the counts of the fragments.

Implementing proc1 to deal with the count annotations is
tricky. We would like it to look along the lines of
let proc1 (f: float exp → float exp) : (float→float) proc =

let (c,n) = f (xc,0) in
let c = L.proc1 (fun xc → c) in
(c,n)

where xc denotes the code for the argument of the generated
function; it is annotated with the multiplication count of 0
since it is a value. This implementation cannot be right: the
variable xc is used before bound. We have no choice but to
move the application f (xc,0) inside:
let proc1 f =

let c = L.proc1 (fun xc → let (c,n) = f (xc,0) in c) in
(c,n)

which creates another problem: getting n (the count of multi-
plications in the function’s body) out. The only way around
is by a side-effect, it seems:
let proc1 f =

let nr = ref 0 in
let c = L.proc1 (fun xc → let (c,n) = f (xc,0) in nr := n; c) in
(c, !nr)
At first this seems to work, with the DSL implementation

Counter(OC) (that is, the implementation OC transformed
by Counter): the power7 generator of §2.1, as is, generates
the code, seen earlier, and reports the multiplication count 7.
The optimized power2 7 generator from §2.2 produces

fun x_1 → x_1 ∗. ((x_1 ∗. x_1) ∗. ((x_1 ∗. x_1) ∗. (x_1 ∗. x_1)))
and reports the count 6. Although the code is still the naive
linear multiplication chain, at least the multiplication count
is correct now.

However, the Counter(R) implementation still reports the
multiplication count of zero. It is instructive to understand
why. In the R implementation, see §2.1, proc1 is the iden-
tity function. Therefore, in Counter(R), the operation proc1
becomes:
let proc1 f =

let nr = ref 0 in
let c = fun xc → let (c,n) = f (xc,0) in nr := n; c in
(c, !nr)

Here, c is the generated proc function and f is the generator
of its body (which also counts the multiplications as they are
generated). The generation of the body f (xc,0) is not evalu-
ated until c is applied. Therefore, at the time c is produced,
no counting is performed.
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We have run into the common metaprogramming trouble:
a computation that we thought is done early, at the time
of specialization/code generation, is in fact performed later,
when the generated code is run. Looking back, our first
attempt at proc1 has the right order of first generating the
function body and then generating the whole function –
but had the problem with binding. The final attempt gets
the binding right, but, in the case of R implementation, the
generation order is odd. That the order of evaluation (of
generators) does not follow the order of binding (for variables
in the generated code) is a salient, and subtle feature of meta-
programming, expounded in [23].
Undoubtedly, Olivier knew of all these problems: that is

why he posed the challenge to design the proper generator,
that correctly annotates code with the multiplication count
no matter how that code might be represented.

2.4 Solving the Challenge
The solution developed back at the Dragor 2007 meeting was
to annotate, so to speak, the generated code not just with the
count of its multiplications but also with its free variables.
For our simple problem the free variable annotation is sim-
ple. Since the DSL has just a single one-argument procedure,
there can only be one free variable: that procedure’s argu-
ment (of the type float exp). Therefore, DSL expressions are
represented as fun v → . . . where v is the value to associate
to that argument – in other words, as functions from the
environment. The solution is as follows:5

module Counter(L:mulproc) :
(mulproc with type 𝛼 proc = 𝛼 L.proc ∗ int) =

struct
type 𝛼 exp = (float L.exp →𝛼 L.exp) ∗ int
let one = (Fun.const L.one, 0)
let mul (xc,xn) (yc,yn) =

((fun env → L.mul (xc env) (yc env)), xn + yn + 1)
type 𝛼 proc = 𝛼 L.proc ∗ int
let proc1 (f:float exp → float exp) : (float→float) proc =
let (cenv,n) = f (Fun.id,0) in
let c = L.proc1 cenv in
(c,n)

end
Recall the first, discarded attempt to write proc1 in §2.3: it
had the right order of first generating the proc body and
then the procedure itself – but represented the yet to be
bound procedure’s argument as a yet to be bound OCaml
variable. OCaml, however, requires all variables be bound
before use and does not allow evaluating open code. Our
solution gets around the problem: the free, from the DSL
point of view, variable is represented as the closed OCaml
value: fun v → v (the function that takes the environment
and extracts the value associated with the variable). Now,
5Fun is a module in the standard library.

proc1 in Counter(L) always generates the body of the pro-
cedure before the procedure itself – for any L, including R.
The counting now works in every DSL implementation.

We have presented the rationalized, with the benefit of
hindsight, version of the original answer to Danvy challenge.
Its key idea, of free variable annotations, has been developed
extensively since the Dragor meeting [23, 25, 34, 36, 39].

2.5 Power by Squaring
Although a digression, we cannot avoid describing an effi-
cient power generation – after all, it also has a connection
with Danvy’s research, and with annotations. The Ershov
algorithm was already mentioned (repeated below):
let rec power2 (n:int) (x:float exp) : float exp =

match n with
| 0 → one
| 1 → x
| n when n mod 2 = 0 → power2 (n / 2) (mul x x)
| n → mul x (power2 (n−1) x)

Since power2 n requires fewer recursive calls than power n,
the code generation becomes faster. The generated code,
however, as seen in §2.3 for 𝑛 = 7:

fun x_1 → x_1 ∗. ((x_1 ∗. x_1) ∗. ((x_1 ∗. x_1) ∗. (x_1 ∗. x_1)))
still has almost as manymultiplications as the naive power al-
gorithm. The reason is that power2 n (x:float exp) is a macro,
expanding into a series of multiplications of its argument
x, which is hence replicated in the result. If that argument
happens to be a non-trivial expression, it is likewise repli-
cated. That macros are prone to duplicate code is the folklore,
spelled out explicitly in e.g.,[28, 45].

The way to avoid duplication is sharing, and the way to ex-
press sharing in code is by introducing temporary variables
to name subexpressions and hold their results – in other
words, by let-binding.6 7 For example, MetaOCaml has the
dedicated let-binding facility [36], in particular, providing
val genlet : 𝛼 code → 𝛼 code

One may view it as an annotation (pun intended) to let-bind
a code fragment at an appropriate place; the result of genlet
is the code of the variable let-bound to the expression.
For example, if we replace the implementation of mul in

the OC implementation with
let mul x y = genlet .< .~x ∗. .~ y >.
then the naive power7 produces

fun x_1 →

6The same Ershov has pioneered the approach to detect common sub-
expressions and eliminate them via sharing – the approach that is now
called ‘hash-consing’ [15, 16]. Ershov’s paper was however published before
Lisp (and hence the name cons) existed.
7Tseitin algorithm for representing a boolean expression (combinational
circuit) in conjunctive normal form is another example of using sharing
to avoid code duplication, by introducing auxiliary variables to name sub-
expressions.
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let t_2 = x_1 ∗. 1. in let t_3 = x_1 ∗. t_2 in . . .
let t_8 = x_1 ∗. t_7 in t_8

The repeated squaring power27 generates
fun x_1 →

let t_2 = x_1 ∗. x_1 in let t_3 = t_2 ∗. t_2 in
let t_4 = t_2 ∗. t_3 in let t_5 = x_1 ∗. t_4 in t_5

The reader is encouraged to think of a way to eliminate the
last, unnecessary let-binding in the generated code above.

Let-insertion is a very old topic [21], to which Danvy has
also contributed [41]. Let-insertion is connected to continu-
ations, either explicit [2, 25] or reified, via delimited control
[24, 41] – which is how MetaOCaml’s genlet used to be im-
plemented. About a decade ago, however, genlet has been
re-implemented, using code annotations, or so-called ‘vir-
tual let-binding’ [36]. Below we illustrate this technique by
providing sharing in the CC implementation: the simplistic
C code generator, which has no built-in genlet.
Whereas in the original CC implementation 𝛼 exp was

realized as a string of C code, it is now annotated. The annota-
tion is vlets: a sequence of ‘virtual’ let-bindings, associations
of names and the expressions (C code) they are (to be) bound
to. We call vlets virtual bindings because they are not yet re-
alized as actual C binding statements; the realization occurs
in proc1, when the top-level function is generated. For now,
the virtual bindings are carried along with the expression
that may use their bound variables. When expressions are
combined (as in mul), the bindings are merged, eliminating
duplicates.8 This elimination, a form of hash-consing, is what
accomplishes sharing.9

module CCshare = struct
type name = string (∗ variable name ∗)
type ccode = string (∗ C code ∗)
type vlets = (name ∗ ccode) list (∗ virtual bindings ∗)
type 𝛼 exp = ccode ∗ vlets
let empty = [] (∗ vlet is a monoid ∗)
let rec merge (l:vlets) (r:vlets) : vlets = match (l,r) with
| ([],x) | (x,[]) → x
| (l,(n,_)::t) when assoc_opt n l ≠ None → merge l t
| (l,h::t) → merge (l @ [h]) t
let genlet ((c,vl):𝛼 exp) : 𝛼 exp =

let v = gensym "t" in (v,vl @ [(v,c)])
let one = ("1",empty)
let mul (xc,xvl) (yc,yvl) =
(sprintf "(%s␣∗␣%s)" xc yc, merge xvl yvl) ⊲ genlet

. . .
end

8Avirtually-bound expressionmay contain virtually-bound variables. There-
fore, the order of virtual bindings in vlets is partially important. The merge
operation preserves the partial order.
9⊲ is the left-associative swapped application operator. The OCaml stan-
dard library also provides the right-associative low-precedence application
operator @@, which we will see later. Hence, x + 1 ⊲ f is the same as f @@
x + 1 and is the same as f (x + 1) but avoids the parentheses.

With such vlet annotations, genlet becomes easily imple-
mentable: if we think of an DSL expression e, realized as
(c, [(v1,c1);(v𝑛 ,c𝑛)]), as denoting the C code

float v1 = c1; float v𝑛 = c𝑛 ; . . . c
genlet e then corresponds to

float v1 = c1; float v𝑛 = c𝑛 ; float v = c; . . . v
In this CCshare implementation, power27 generates

float foo(float const x1) {
float const t2 = (x1 ∗ x1);
float const t3 = (t2 ∗ t2);
float const t4 = (t2 ∗ t3);
float const t5 = (x1 ∗ t4);
return t5;

}

3 Pairing of Implementations
The answer to Danvy challenge in §2.4 is specifically tailored
to the case of generating a single second-class function of a
single floating-point argument. Generalizing is not simple:
the underlying approach of annotating code with free vari-
ables [23] is complicated, requiring first-class records with
row-polymorphism and at times explicit manual environ-
ment adjustments. In the present and the following sections
we look at the challenge from a different point of view and
discover a more general question, and a more general an-
swer – which ensures meta-circular interpreters no longer
cause trouble. The present section introduces the different
point of view, still in the context of the power-like example.
§4 extends to the higher-order case.

3.1 Abstract Interpretation
Danvy’s challenge and its original solutions reviewed in §2
were in the context of the classical partial evaluation or its
explicit form, staging. The present paper, however, frames
the problem in the tagless-final style. Its characteristic is
multiple interpretations: the same DSL expression (such as
power7) may be interpreted with many interpreters, such
as R, OC, CC – as we have demonstrated earlier. The point
of view of multiple interpretations lets us see another way
to count multiplications: by writing a counting interpreter,
which interprets DSL expressions as the count of the multi-
plications therein.

module N = struct
type 𝛼 exp = int
let one = 0
let mul x y = x + y + 1
type 𝛼 proc = int
let proc1 (f:float exp → float exp) : (float→float) proc =
f 0

end
When interpreting proc1, we rely on its being first-order: its
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argument is a base-type value, and so is its result. Neither in-
cludes any latent computations such as closures. The general
case is discussed in §4.2.
The implementation N does a compositional, abstract in-

terpretation as expounded in [22]. The abstract interpretation
here is trivial because the DSL is: first-order with no iteration
or recursion, or even function application. In the N imple-
mentation, power7 from §2.1 gives 7, and power2 7 from §2.2
gives the expected 6 as the multiplication count.10

3.2 Direct Product of Implementations
The abstract interpretation N does the counting, and the OC
or CC implementations of the DSL do the code generation.
On the other hand, the code annotation approach in §2.3
counts multiplications as it generates the code: the genera-
tion and counting go in lock-step. The two approaches are
closely related, however: generating of the count-annotated
code may be regarded as pairing of the code generation with
the abstract interpretation – or, in other words, as the direct
product of two DSL implementations.

Pairing of two DSL implementations, L and R, is as simple
(to a point) as it sounds:

module BProduct(L:mulproc)(R:mulproc) :
(mulproc with type 𝛼 proc = 𝛼 L.proc ∗ 𝛼 R.proc) =

struct
type 𝛼 exp = 𝛼 L.exp ∗ 𝛼 R.exp
let one = (L.one, R.one)
let mul (xl,xr) (yl,yr) = (L.mul xl yl, R.mul xr yr)
type 𝛼 proc = 𝛼 L.proc ∗ 𝛼 R.proc
(∗ let proc1 (f: float exp→float exp) = ??? see §3.3 ∗)

end
So far it is the textbook-standard direct product of algebras.
However, proc1 is a challenge – exactly the same challenge
we faced in §2.3. The reason is that proc1 is not an algebraic
operation.

Assuming the product proc1 is implementable, a Counter-
annotated DSL implementation may be formally related to
the abstract interpretation:
Counter(𝑋 ) = BProduct(𝑋 )(N)
for any DSL implementation 𝑋 . Incidentally, this equality
gives another way to implement Counter. For the algebraic
fragment of the DSL, the proof is self-evident, just by looking
at the Counter and BProduct code. The complicated part is
proc1, to which we turn now.

3.3 One-Shot Generation
For the hint on proc1 for the product, let us look at its im-
plementation as part of Counter(L) in §2.3, repeated below.

10The implementation N, as an abstraction of OC and CC implementations
does not account for sharing. The reader is encouraged to try to adjust N
so to count multiplications in the generated code with sharing.

Recall, that 𝛼 exp was represented as the pair of 𝛼 L.exp and
an integer, the count.
type 𝛼 exp = 𝛼 L.exp ∗ int
let proc1 (f: float exp→float exp) =
let nr = ref 0 in
let c = L.proc1 (fun xc → let (c,n) = f (xc,0) in nr := n; c) in
(c, !nr)

The implementation relied on a side-effect (mutation, al-
though we could have used coroutine or delimited control)
to smuggle-out the annotation n from outside L.proc1. It
worked when L is the OC or CC – but not for the meta-
circular R. To understand why, let’s examine L.proc1 code in
these implementations. In CC:
let proc1 (f: float exp→float exp) =

let v = gensym "x" in
Printf.sprintf "float␣foo(float␣const␣%s)␣{\n␣␣return␣%s;\n}"
v (f v)

proc1 first builds the code for the to be bound variable, then
evaluates f v to generate the function body, and, finally, gen-
erates the binder for the variable. As the consequence, evalu-
ating proc1 f applies f, exactly once. The OC implementation
works similarly. On the other hand, in the metacircular R
implementation,
let proc1 (f: float exp→float exp) = f

evaluating proc1 f merely returns f without applying it. That
is the crucial difference. The side-effecting Counter(L).proc1
depended, for the proper sequencing of the side-effects, on
L.proc1 applying its argument (the generator for the pro-
cedure body) exactly once. OC.proc1 and CC.proc1 do that,
but R.proc1 does not.

In §2.3, we blamed the side-effectingCounter(L).proc1 and
searched for the one that works for any DSL implementation
including R. Perhaps the blame was misplaced: it is the R
implementation that is the odd one out, failing to generate
the body of the function at the time the function code is
being built. Perhaps we should have rejected not proc1 but
R, imposing the following restriction.11

Definition 3.1 (One-shot function generation restriction).
A function generator (𝛼 exp → 𝛽 exp) → (𝛼→𝛽) proc be-
fore returning the output function (𝛼→𝛽) proc must apply
the received function body generator 𝛼 exp → 𝛽 exp exactly
once.

One may notice the similarity with “one-shot” continua-
tions such as those associated with effects in the OCaml 5.x:
one-shot captured continuations must be invoked, exactly
once. Strictly speaking, the function generator should be
ascribed a type like
1:(𝛼 exp → 𝛽 exp) → 𝜔 :(𝛼→𝛽) proc

11§3.4 describes the replacement of R that satisfies the restriction.

158



OLIVIERFEST ’25, October 12–18, 2025, Singapore, Singapore Oleg Kiselyov

in a made-up notation12 where 1: signifies the argument
must be used once. The type system of OCaml, however,
does not provide for such annotations. Therefore, the one-
shot generator restriction, like the one-shot continuation
restriction, has to be stated and verified “out-of-band”.

With the one-shot premise, BProduct(L)(R).proc1 is imple-
mentable similarly to the side-effecting Counter(L).proc1:

module BProduct(L:mulproc)(R:mulproc) :
(mulproc with type 𝛼 proc = 𝛼 L.proc ∗ 𝛼 R.proc) =

struct
type 𝛼 exp = 𝛼 L.exp ∗ 𝛼 R.exp
. . .
type 𝛼 proc = 𝛼 L.proc ∗ 𝛼 R.proc
let proc1 (f:float exp → float exp) : (float→float) proc =

let prref = ref None in
let pl =

L.proc1 (fun xl →
let ylref = ref None in
let pr =
R.proc1 (fun xr →

let (yl,yr) = f (xl,xr) in
ylref := Some yl; yr) in

prref := Some pr;
Option.get !ylref) in

(pl, Option.get !prref)
The correctness relies on the fact that ylref (the body of the
function for the L generator) and prref (for the function con-
structed by the R generator) are single-assignment reference
cells. That fact is justified by L and R implementations obey-
ing the one-shot restriction. The product proc1 then, too,
satisfies the restriction.
More elegantly, and also more bewilderingly, proc1 may

be implemented using delimited control – to which Danvy
dedicated a significant part of his career, starting with his and
Filinski’s seminal paper on shift [10, 11]. The code below uses
a related shift0 control operator, but with a more convenient
interface: so-called algebraic effects, natively supported in
the recent versions of OCaml. The code below closely follows
the example in the OCaml manual;13 perform Eff is akin to
raise Exc; try 𝑒 with effect Eff , 𝑘 → . . . is akin to the excep-
tion handling try 𝑒 with Exc → . . . . However, the ‘exception’
Eff has to be resumed (“recovered from”) by reinstating the
captured continuation 𝑘 , using the Deep.continue resump-
tion operator. The continuation 𝑘 must be reinstated exactly
once – which the code below relies on and ensures.
let proc1 (f:float exp → float exp) : (float→float) proc =
let open Effect in

12Introduced by Edsko de Vries in his article “Linearity in Haskell”
https://web.archive.org/web/20231203065819/http://www.edsko.net/2017/
01/08/linearity-in-haskell/
13https://ocaml.org/manual/5.3/effects.html#s%3Aeffects-basics

let open struct
type _ eff += (∗ defining new effects L and R ∗)

| L : float L.exp → float L.exp eff
| R : float R.exp → float R.exp eff

exception Done of (float→float) proc
let execute : 𝛼 → 𝛽 = fun _ → assert false

end in
try
execute @@ try L.proc1 (fun xl → perform (L xl))
with effect L xl, kl →

execute @@ try R.proc1 (fun xr → perform (R xr))
with effect R xr, kr →

let (yl,yr) = f (xl,xr) in
let pl = Deep.continue kl yl in
let pr = Deep.continue kr yr in
raise (Done (pl,pr))

with Done x → x
What is the purpose of the strange function execute : 𝛼 → 𝛽

and how it all could possibly work is left as an exercise to
the reader.

3.4 One-Shot Meta-circular Implementation
The implementation R in §2.1 was simple but did not obey
the one-shot restriction. We now describe the metacircular
implementation that does.
module RL = struct

type 𝛼 exp = unit → 𝛼

let one = fun () → Float.one
let mul x y = fun () → Float.mul (x ()) (y ())
type 𝛼 proc = 𝛼

let proc1 f =
let r = ref 0. in
let body = f (fun () → !r) in
fun x → r := x; body ()

end
A DSL expression of type 𝛼 is now represented in OCaml as
a thunk rather than a value. That is already an improvement:
the R implementation cannot account for non-terminating
DSL computations or conditionals (in an appropriately ex-
tended DSL) but RL can.
The implementation of proc1 now satisfies the one-shot

restriction: the generator of the body (the argument of proc1)
is applied exactly once. The implementation relies on the fact
that the function takes the value of the base type (float) and
returns the value of the base type: there are no closures or
latent computations involved. In the general case, we have to
use delimited dynamic binding extended with the operation
to capture the dynamic environment [31].14

14See also https://okmij.org/ftp/Computation/having-effect.html and https:
//okmij.org/ftp/continuations/stack-env.html
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4 Pairing First-Class Function Generators
The power example belabored so far was written in a DSL
with a single top-level (second class) function of a base-type
argument. The DSL implementations took advantage of this
simplicity. This section turns to the general case: a higher-
order DSL, with first-class functions of arbitrary order (that
is, whose arguments may themselves be functions). The task
is to build the product (pairing) of such higher-order DSLs.

For concreteness, we take a simply-typed lambda calculus
with the float base type and literals and operations on that
type, represented in OCaml by the following signature:
module type ho = sig

type 𝛼 exp
val float : float → float exp
val add : float exp → float exp → float exp
val mul : float exp → float exp → float exp
val lam : (𝛼 exp → 𝛽 exp) → (𝛼→𝛽) exp
val (·) : (𝛼→𝛽) exp → (𝛼 exp → 𝛽 exp)

end
As in §2.1, the OCaml type 𝛼 exp denotes DSL expressions of
type 𝛼 , which are build from floating-point literals, addition
and multiplication. Unlike §2.1, we no longer distinguish
functions: they are also expressions and hence may be passed
as arguments and returned as results. DSL functions are
created using lam and applied via the left-associative infix ‘·’
operator (enclosed in parentheses when used as an identifier).
Here are a few examples of the ho DSL expressions, to be
used later:
let sqr = lam (fun x → mul x x)
let smul = lam (fun x → lam (fun y → sqr · (mul y x)))
let hof = lam @@ fun f → f · (f · float 4.)
let ex2 = lam @@ fun x →

let+ f1 = smul · (mul x (float 5.)) in hof · f1
For conveniencewe introduced let-expressions in our DSL, to
name sub-expressions – taking advantage of a user-definable
let-binding–like construct:15

let (let+) : 𝛼 exp → (𝛼 exp → 𝛽 exp) → 𝛽 exp = fun e k →
lam k · e

In a higher-order language, let-expressions do not have to
be built-in: they may be defined as a macro. In the above
examples, whereas OCaml’s let names DSL macros, let+ acts
as a let-expression in the DSL itself: unlike macros, it is not
inlined. (let+ does look like an OCaml let-expression – which
is the point of the user-definable let-operators).
Like the mulproc DSL earlier, ho can be implemented in

several ways: as the (naive) metacircular interpreter R (we
show only the higher-order fragment)
module R = struct

type 𝛼 exp = 𝛼

. . .

15https://ocaml.org/manual/5.3/bindingops.html

let lam f = f
let (·) = (@@)

end
and the OCaml code generator

module OC = struct
type 𝛼 exp = 𝛼 code
. . .
let lam f = .<fun x → .~(f .<x>.)>.
let (·) = fun f x → .< .~f .~x >.

end
The significant difference between them is illustrated by the
following example, borrowed from [23]:
let ex51 =

let rapp x f = print_endline "rapp"; f · x in
lam @@ fun x →
rapp (add x (float 1.))

(lam @@ fun y →
rapp (add x y) (lam @@ fun z → mul z y))

Here rapp is a reverse application macro, which also prints
"rapp"when executed. In theOC implementation, evaluating
ex51 prints "rapp" twice and produces the code
fun x_1 → (fun x_2 → (fun x_3 → x_3 ∗. x_2) (x_1 +. x_2))

(x_1 +. 1.)
In contrast, in the R implementation, ex51 evaluates to an
OCaml function while printing nothing. Whereas OC acts
as a code generator, R does not: the metacircular interpreter
does not separate the DSL code generation from the execu-
tion of the generated code. In other words, R does not obey
the one-shot restriction (Defn. 3.1).

4.1 One-Shot Higher-Order Meta-circular Interpreter
The question of a one-shot meta-circular interpreter, separat-
ing the stages of generation and execution of the generated
code, arises again. It has been answered (under some restric-
tions) in [23], but in a convoluted way, whose correctness
is non-obvious (the paper [23] proved the type safety; the
dynamic semantic correctness was only conjectured). Since
then the paper [31] proposed a much simpler implementa-
tion whose correctness is easy to see. It relied on an extended
version of delimited dynamic binding [40]. Below we recast
the solution using explicit delimited control – or, one-shot
algebraic effects of OCaml.
As in §3.4, we represent DSL expressions of type 𝛼 as

OCaml thunks unit→𝛼 . The first-order fragment is the same
as in §3.4; even application is simple to implement. The main
problem is the function generator lam. With only top-level
second-class functions, the distinction between dynamic and
lexical scoping is immaterial. Therefore, in §3.4 we were free
to use dynamic binding to access function arguments. For
ho, however, if it is to be a lambda-calculus, we have to im-
plement lexical scoping, which is now distinct from dynamic
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one. It has been discovered, however, that dynamic binding
implements lexical binding, given a facility to capture the
current dynamic environment [32].16 The following code
uses effects both for dynamic binding and for capturing.
module RL = struct

type 𝛼 exp = unit → 𝛼

. . .
let (·) x y = fun () → (@@) (x ()) (y ())
type env = {ev : 𝛼 . (unit→𝛼) → 𝛼 }
let empty = {ev = fun f → f () }
type _ eff += Env : env eff

let lam : type a b. (a exp → b exp) → (a→b) exp = fun f →
(∗ generating lambda code ∗)
let open struct type _ eff += Var : a eff end in
let body = f (fun () → perform Var) in
fun () → (∗ executing lambda ∗)
let parent_env =

try perform Env with Unhandled _ → empty in
fun x → (∗ applying lambda ∗)

let env = {ev = fun f →
try parent_env.ev f with

effect Var, k → Deep.continue k x} in
try env.ev body with

effect Env, k → Deep.continue k env
end

A free variable is truly an effect: specifically, the effect Var to
obtain the value associated with the variable in the current
dynamic environment. (The effect label Var is local to each
lam and hence represents its bound variable.) The type env
represents the captured dynamic environment. It is, effec-
tively, the composition of the handlers for the Var effects.
There are three points to note in the lam implementa-

tion above. The first is ‘generating lambda code’: accepting
f:(a exp → b exp) and applying it to generate the DSL expres-
sion for the lam body. Clearly, f is applied exactly once: the
one-shot restriction is satisfied. The point ‘executing lambda’
marks the code for the produced DSL lambda-expression.
That expression, when executed, first performs the effect
Env to obtain the representation of the current dynamic en-
vironment. Hence, ‘lambda is an effect’ – the slogan of [32].
On the other hand, ‘applying lambda’ is the point when the
closure created by the DSL lambda-expression is applied. At
this point the captured env is extended with the new binding,
and the body is executed in this extended captured dynamic
environment. The body is executed in the environment of
the closure creation rather than the environment of the ap-
plication – the lexical scope, by its very definition. When the
function body is executed, Env effect is handled by providing
the representation of the current env.

16See also https://okmij.org/ftp/continuations/stack-env.html

We have demonstrated the meta-circular implementation
of the ho DSL that is obviously one-shot, and is also obvi-
ously correct, being a straightforward realization of lexical
scoping. One may observe that instead of reifying the current
environment, as env, we build env and then reflect it.

4.2 Typed Annotations
In the general higher-order case, multiplication counting
also becomes more complicated. In the first-order case it was
enough to associate with each expression the count of its mul-
tiplications. The abstract interpreter N from §3.1 interpreted
DSL expressions as such multiplication counts. Values, such
as numeric literals and also base-type function arguments,
do no computations and hence receive the multiplication
count of zero.
In the higher-order case, function values are also values;

however, they contain latent computations, including multi-
plications, performed when the function is applied (which
may be more than once). Therefore, we have to distinguish
base-type– from function-type values: The multiplication
count annotation/interpretation should hence depend on the
expression type.
The multiplication-counting interpreter in the higher-

order case may then look as follows:
module N = struct

type 𝛼 exp = 𝛼 val_count ∗ int
and 𝛼 val_count =

| B : float val_count
| F : (𝛼 val_count → 𝛽 exp) → (𝛼→𝛽) val_count

let float : float → float exp = fun x → (B, 0)
let mul ((B,xc):float exp) ((B,yc):float exp) =

(B, xc+yc+1)
let lam (f: 𝛼 exp → 𝛽 exp) =

(F (fun vc → f (vc,0)), 0)
let (·) : (𝛼→𝛽) exp → (𝛼 exp → 𝛽 exp) =
fun (F fv,fc) (xv,xc) →

let (bv,bc) = fv xv in (bv, fc+xc+bc)
end
Each expression is interpreted as a pair of counters: one is
the count of multiplications in the expression itself; the other,
𝛼 val_count, is the count of the latent multiplications that
may be present in the value of the expression. The latter
depends on type: base-type values have no latent computa-
tions but function-type do. Furthermore, the latent count of
functions depends on their argument.

The interpreter N has two problems, seen when evaluating
the earlier ex51, producing
(F <fun>, 0) : (float → float) exp
First, no "rapp" is printed out: the sign that N disobeys the
one-shot restriction. Second, the result is uninformative. As
ex51 denotes a DSL function, all multiplications are latent –

161

https://okmij.org/ftp/continuations/stack-env.html


A Pair of tricks OLIVIERFEST ’25, October 12–18, 2025, Singapore, Singapore

performed only when the function is applied – and, hence,
cannot be in general estimated statically. Although our DSL
has no explicit operation for case analysis, implicit branching
on the function argument is possible:
let exbr = lam (fun t → t · sqr · (lam (fun x → x)))
let exbr1 = exbr · (lam (fun x → lam (fun y → x · float 1.)))
let exbr2 = exbr · (lam (fun x → lam (fun y → y · float 1.)))

The DSL function exbr will do either one or zero multiplica-
tions, depending on the argument it is applied to.

The second problem is the flip side of N’s strong point: it
counts exactly. Although the precise counting is attractive,
in the worst case, obtaining the exact count may take about
the same time and resources as just running the program in
the first place – and may fail/diverge, if the program does.
As with many things, the solution is to relax: accept the

possibility the counting may be too difficult, and give up.
Although defeatists, the approach is surprisingly quite more
useful than the exact counting: not only it is fast and always
succeeding; it may report exact counts in the cases the exact
approach cannot.

Here is one “relaxed” abstract interpreter, called NA. As in
the exact-counting N, an expression is interpreted as a pair,
of the count of expression’s multiplications and the count of
multiplications latent in the expression’s value.
type 𝛼 exp = 𝛼 val_count ∗ int
and 𝛼 val_count =

| B : float val_count
| F : 𝛽 exp → (𝛼→𝛽) val_count
| Arg : 𝛼 val_count
| Top : 𝛼 val_count

The latter is represented by a 𝛼 val_count variant: B for base-
type values (no latent counts), and F v for function-type
values. Here, v is the generally approximate count of the
function body – what can be statically determined, without
knowing the function’s argument. There is also Top: the
interpretation (Top,𝑛) means that 𝑛 is a lower bound for the
expression’s multiplication count. The counts hence may be
approximate. The degree of approximation is determined by
the partial order:

(𝑣1, 𝑛1) ⊑ (Top, 𝑛2) provided 𝑛2 ≤ 𝑛1
(F 𝑣1, 𝑛) ⊑ (F 𝑣2, 𝑛) provided 𝑣1 ⊑ 𝑣2

Thus (Top,0) is the maximal, the least informative interpre-
tation. The 𝛼 val_count also has Arg variant, for a function
argument. It is resolved to either B or F variant when the
type of the argument becomes known, from the context.
The multiplication counting for the first-order DSL frag-

ment is straightforward. The only difference from N is prop-
agating Top:
let mul : float exp → float exp → float exp =

fun (xv,xc) (yv,yc) →
let rv = match (xv,yv) with

| (Top,_) | (_,Top) → Top
| _ → B

in (rv,xc+yc+1)
The higher-order fragment is no more complex:

let lam : (𝛼 exp→𝛽 exp) → (𝛼→𝛽) exp = fun f →
(F (f (Arg,0)), 0)

let (·) : (𝛼→𝛽) exp → (𝛼 exp→𝛽 exp) = fun (fv,fc) (xv,xc) →
let c = fc+xc in
match fv with
| Arg | Top → (Top, c)
| F (bv,bc) → (bv,c+bc)

The NA implementation is clearly one-shot.
Evaluating ex51 in this implementation prints "rapp" twice

and returns
(F (B, 1), 0) : (float → float) exp

which is a significantly better than the result of the exact
interpreter N. Although NA generally counts only approxi-
mately, in this example it produced the exact result (no Tops):
ex51 denotes a DSL function that, when applied to any ar-
gument, does one multiplication. NA also returns the exact
count for smul: two multiplications, when applied to two
arguments. For the ex2 example, §4, that uses a second-order
function, the result is (F (Top, 1), 0): it is a function that does
at least one multiplication. With second and higher-order
functions, the counting is rarely exact; but at least we ob-
tained a useful lower-bound. Finally, the branching example
exbr yields (F (Top, 0), 0), which is to be expected: exbr truly
denotes a function that may do any number of multiplica-
tions depending on the argument.

4.3 Pairing in the Higher-Order Case
The product Product(L)(R) – the higher-order version of
BProduct(L)(R) for the mulproc case of §3.2 – differs from
BProduct(L)(R) only in more general types (see the accom-
panying code).
As an example, interpreting ex51 with Product(OC)(NA)

(both OC and NA are one-shot) produces the pair
(.<fun x_1 →

(fun x_2 → (fun x_3 → x_3 ∗. x_2) (x_1 +. x_2))
(x_1 +. 1.)>.,

(F (B, 1), 0))
of the generated OCaml code and its multiplication count.

4.4 Representing Binding
Our function generators proc1 and lam used metalanguage
(function-) bound variables to represent DSL bound vari-
ables – the approach that came to be called higher-order ab-
stract syntax (HOAS) and that goes as far back as to Church
[5]. Its attraction is letting DSL programmers name variables
as they think fit, representing alpha-equivalent classes of
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terms (so-called hygiene), and providing the substitution “for
free”.
HOAS is not without problems, enumerated in Sheard’s

comprehensive survey [44, §13]: junk terms (metalanguage
functions that analyze the representation of object-level
bound-variables), loss of expressivity (e.g., difficulty in pretty-
printing HOAS terms), and latent effects.
We have seen the latent effect problem already in §2.2,

as the failure of the R interpreter to count – analyzed in
detail in §2.3, as the ‘wrong order’ of generating body of the
function and its header (binder). The following three ho (see
§4) terms illustrate the latent effect problem more forcefully.
let wl1 = lam (fun x → while true do () done)
let wl2 = lam (fun x → failwith "failed")
let wl3 = lam (fun x → lam (fun y →

if Random.bool () then x else y))
All three have the type (int→int→int) exp. In the naivemeta-
circular R interpreter, lam is the identity function and all
three terms immediately evaluate to a (int→int→int) exp
value (which is a (int->int->int) OCaml function). Since val-
ues of an 𝛼 exp type are meant to represent DSL terms, the
three wl terms must denote some DSL functions. However,
there are no DSL functions that have the behavior matching
these terms: our ho DSL has no effects.

As Sheard noted “HOAS delays non-termination and other
effects. Computational effects of the meta-language are intro-
duced into the purely syntactic representation of the object
language. Even worse, the effects are only introduced when
the object-term is observed. If a term is observed multiple
times, it causes the effects to be introduced multiple times.”
Sheard therefore advocated a new binding mechanism, other
than lambda-abstraction, that does evaluate under binder –
such as the one informally proposed by Miller [42].
In the tagless-final framework of the present paper, the

problem has a much simpler solution, requiring no new bind-
ing mechanisms: we may just require lam to apply its ar-
gument, exactly once. This is the one-shot restriction. The
effect is the same as evaluating under binder.

With the one-shot restriction on lam, the wl terms above
are no longer problematic. The terms wl1 and wl2 do not
evaluate to any value – hence do not represent anyDSL terms.
The term wl3 does evaluate to a (int→int→int) exp value,
which represents either K or a flipped K (i.e., SK) combinator.
Although the DSL generation is non-deterministic, the result
is a bona fide DSL function.

We must stress that trying to solve latent effects problem
by prohibiting any effects (e.g., using a “pure” metalanguage)
is unsatisfactory. Effects are useful: if a code generator is
not allowed to give up, consult external resources or ask a
programmer for a hint, it constricts the programs one may
generate. Non-deterministic program generation, as in wl3
is also useful, e.g., in test case generation.

5 Conclusions and Future Challenges
The type and the very form, in theOC implementation, of the
function code generators proc1 and lam betrays 𝜂-expansion
𝑓 = 𝜆𝑥.𝑓 𝑥 – called “the trick” in partial evaluation [12]. We
have presented generically building direct product, or pair-
ing, of the tricks, in any effectful metalanguage – provided
the tricks obey the so-called one-shot restriction. In genuine
code generation, function code generators are already one-
shot. We have shown how to build such one-shot 𝜂-functions
even for meta-circular and abstract interpreters. The trick
may be regarded as an object-level binder, in HOAS. The
one-shot restriction eliminates the last, hitherto unsolved
problem with HOAS: latent effects. (The other problems, in-
cluding lack of expressivity and junk terms, are solved by
the tagless-final style [4]).

The take-home message is hence: Tricks may be paired if
they are one-shot.

In the spirit of Danvy challenges, we finish with a few
challenges of our own:

• Add the conditional expression to our DSLs. Abstract
interpretation becomes more interesting.

• Make the approximate abstract interpreter NA in §4.2
build the code of a function to compute the exact count
in cases it cannot be estimated statically. Since the
code can be printed, we may at least get an idea what
determines the exact count. The code representation
is left to the reader. (Hint: it may be a formula to pass
to an SMT solver, for example.)

• Consider generating quite more optimal power, with
fewer or as few multiplications as possible. A promis-
ing approach:
let (n1,n2) = split n in mul (power n1 x) (power n2 x)

were split non-deterministically splits an integer as a
sum of two non-negative integers. To implement the
needed sharing, the method §2.5 (virtual let-binding
annotation) may be useful. The obvious application
is raising to a very large power, as used in modern
cryptographic algorithms, for example.

• Consider giving lam an additional argument: some
representation of the type, or annotation, for the argu-
ment of the generated function. For example:
type 𝛼 ev
lam : 𝛼 ev ∗ (𝛼 exp → 𝛽 exp) → (𝛼→𝛽) exp
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