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ABSTRACT

Macros have traditionally been viewed as operations on syn-
tax trees or even on plain strings. This view makes macros
seem ad hoc, and is at odds with two desirable features of
contemporary typed functional languages: static typing and
static scoping. At a deeper level, there is a need for a simple,
usable semantics for macros. This paper argues that these
problems can be addressed by formally viewing macros as
multi-stage computations. This view eliminates the need for
suspicious freshness conditions and tests on variable names,
and provides a compositional interpretation that can serve
as a basis for designing a sound type system for languages
supporting macros, or even for compilation.

To illustrate the proposed approach, we develop and present
MacroML, an extension of ML that supports inlining, recur-
sive macros, and the definition of new binding constructs.
The latter is subtle, and is the most novel addition in a
statically typed setting. The semantics of a core subset
of MacroML is given by an interpretation into MetaML,
a statically-typed multi-stage programming language. It is
then easy to show that MacroML is stage- and type-safe:
macro expansion does not depend on run-time evaluation,
and neither “goes wrong” in the usual sense.

1. INTRODUCTION

Most real programming language implementations provide
a macro facility that can be used to improve either perfor-
mance or expressiveness, or both. In the first case, macros
are usually used for inlining or unfolding particular func-
tion calls. In the second case, macros are usually used
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to define new language constructs or shorthands. Many
tasks can be achieved using such macro systems, includ-
ing conditional compilation, configuration of applications to
particular environments, templates for parameterized com-
putations, and even the implementation of domain-specific
languages. Yet macros are not part of the standards for
the mainstream statically-typed functional languages such
as ML and Haskell.

So, why are they ignored?

Often, macros are considered to be either an implementa-
tion detail (and therefore not interesting) or, a form of black
magic (and therefore should be kept at bay). Both these
stands are unfounded. First, it is a mistake to give macros
(or even inlining pragmas) the status of a compiler directive
that the implementation may or may not take into account:
macros affect the semantics of programs (see Section 2). Sec-
ond, the absence of a macro facility almost invariably forces
programmers to resort to ad hoc solutions to achieve the
same functionality.

There are also technical difficulties: macros are hard to spec-
ify from first principles. Macro designers often find them-
selves forced to describe macros at the level of program text
or syntax trees, and to address the inevitable hygiene prob-
lems and scoping problems using gensym (or freshness con-
ditions) and many unintuitive equality and inequality tests
on variables names [19]. Not only are such low-level speci-
fications hard to communicate (making macros acquire the
appearance of being unsystematic), they are also at odds
with static typing: if variable names and their binding re-
lationships are not known until after macro expansion, it
becomes hard (if not impossible) to type-check macros be-
fore expansion and evaluation start.

This paper argues that macro systems can be viewed for-
mally and usefully as multi-stage computations. Multi-stage
programming languages (including two-level languages [28,
16], multi-level languages [13, 14, 15, 8, 7], and MetaML
[41, 39, 5]) have been developed precisely to provide precise
and usable models of such computations that occur in mul-
tiple distinct stages. Over the last few years, the study of
MetaML and related systems has not only resulted in a good
understanding of the types and semantics of multi-stage sys-
tems, but has also solved, once and for all, some of the hard
problems (freshness conditions, typing) in macro systems.



Formalizing macros as multi-stage computations also em-
phasizes that the technical problems associated with macros
are genuine: specifying the denotational semantics of macros
involves the same advanced tools as the denotational se-
mantics for two-level, multi-level, and multi-stage languages
(such as functor-categories or topoi [24, 25, 4]). A denota-
tional semantics has particular relevance to realistic compil-
ers, which invariably involve a translation phase. A com-
positional (denotational) semantics is generally one of the
most helpful kinds of semantics in developing and verifying
such compilers [30].

While this paper demonstrates that MetaML is a good meta-
language for defining macros, MetaML is not the ideal lan-
guage for writing macros: it does not have support for defin-
ing new binding constructs. In addition to dictating and
controlling inlining, macros are often used to abstract com-
mon syntactic patterns in programs. In a language with
higher-order procedures, especially a lazy language, some of
these abstractions can be expressed (maybe with a loss of
efficiency) using functions. But many of the syntactic pat-
terns over which one wants to abstract would need to bind
variables. Constructs that bind variables are not directly
expressible using functions. For example, overloading an ex-
isting binding construct such as the do-notation of Haskell
to allow recursive bindings cannot be expressed using func-
tions, and requires a change to the compiler [10].

MacroML: This paper presents an expressive, typed lan-
guage that supports generative macros. This language, call-
ed MacroML, is defined by an interpretation into MetaML,
and can express (both simple and recursive) inlining and
the definition of new binding constructs. A key design goal
for MacroML is that it be a conservative extension [11] of
ML. This implies that its type system should include all
well-typed ML programs. It should also not break the rea-
soning principles for ML programs, such as a and 3, con-
version. We also want the language to remain statically
typable. Given that our goal is a conservative extension of
ML, there are some notable points about what MacroML is
designed not to do:

e MacroML does not blur the distinction between pro-
grams and data. Although many applications natu-
rally view programs as data, there is a fundamental
distinction between the two. While both programs
and data can be represented (using, e.g., natural num-
bers, S-expressions), the notions of equality associated
with each one (syntactic and semantic equality, respec-
tively) cannot and should not be mized. Furthermore,
internalizing the two notions into a language, while
still enforcing the distinction between the two is non-
trivial [22, 44, 39]. For better or worse, it is relatively
easy to pick one or the other, that is, to either have
syntactic equality or semantic quality everywhere. In
MacroML, we choose to allow only semantic equality in
the language and we avoid introducing syntactic equal-
ity (on programs) by not introducing any reflective or
code-inspection capabilities into the language.

o MacroML does not introduce accidental dynamic scop-
ing and/or variable capture. These problems gener-
ally arise from an overly simplistic view of programs

as data, such as in early LISP systems or in C. The
Scheme community has had a substantial role in rec-
ognizing and addressing this problem and promoting
the notion of hygienic macro expansion [19, 9]. More
recently, there have been more sophisticated propos-
als, like higher-order abstract syntax (HOAS) [33, 21,
17, 12], and FreshML [34]. The key contribution of all
these proposals is to provide a means to express the
fact that “programs are not just data.”

e MacroML does not allow macros that inspect or take
apart code (i.e., analytic macros). This restriction
seems necessary to maintain static typing. Instead all
macros in MacroML are limited to constructing new
code and combining code fragments (i.e., generative
macros). This paper presents a number of examples
that suggest that many useful tasks can be accom-
plished using such statically typed generative macros.

Especially the first point is inspired by multi-stage language,
but to an extent, so are the other two. A key issue that arises
in the presence of macros that define new binding constructs
is the handling of o conversion. While it is not clear how this
problem can be addressed in the untyped setting, it is also
addressed by the type system. As such MacroML tries to
achieve a balance between being an expressive macro system
and being a macro system that we can reason about.

Organization: Section 2 introduces MacroML by a series of
motivating examples, and discusses the issue of alpha equiv-
alence in the presence of macros that can define new bind-
ing constructs. Section 3 reviews the MetaML syntax, type
system, and semantics. Section 4 presents the main tech-
nical contribution: a compositional interpretation of Core
MacroML into MetaML that provides a semantics that is
both executable and reasonably easy to communicate. Nei-
ther the MacroML language nor the translation use any op-
erations nor side-conditions to generate fresh names. In-
stead this is relegated to the semantics of the target language
of the translation. The target language itself, MetaML, has
an operational semantics defined using nothing but the stan-
dard notion of substitution. The translation is shown to
produce only well-typed MetaML terms thus providing a
type safety result for MacroML. Section 5 considers several
extensions to Core MacroML and discusses implementation
issues. Sections 6 and 7 discuss related work and conclude.

2. MACROML BY EXAMPLE

In this section, we use a sequence of examples to intro-
duce the basic issues motivating and governing our design
of MacroML. Each example is followed by a summary of the
basic semantic concerns that it raises.

2.1 Simplelnlining: A First Attempt
Consider the following code excerpt, where the functions
iterate and shift_left have the expected meaning:

let val word_size = 8
in ... iterate shift_left word_size ... end

Here, word_size is used purely for reasons of clarity and
maintainability in the source code, and most implementa-



tions are likely to inline it producing:
. iterate shift_left 8 ...

But in a general situation where word_size is bound to a
more complicated expression like x+4 or an expression whose
evaluation might have side-effects like 1/x, the situation is
more delicate. Some compilers might inline x+4 and some
might not. And no compiler is at liberty to inline expressions
with effects: this is clear in a language like ML, but it is also
the case in “pure” languages like Haskell where compilers
must restrict inlining when dealing with built-in monadic
effects [36, 1]. Compilers also cannot be left to inline or not
inline at will when we care about resource behavior [27].

Since inlining affects not only the performance but also the
semantics of ML programs, we elevate it to a full language
construct with concrete syntax, typing rules, and formal se-
mantics. In MacroML, programmers can require inlining of
an expression using a new variant of let-expressions called
let mac. For example, the fragment:

let mac word_size = raise Unknown_size
in ... iterate shift_left word_size ... end

dictates that, even though raise Unknown_size is not an
ML value, we want it inlined, producing:

. iterate shift_left (raise Unknown_size)

Semantics: The semantics of this kind of inlining is simply
the standard capture-avoiding substitution of a variable by
an expression [6, 2]. Unfortunately, while this is a good
example of the “essence of inlining,” introducing inlining in
this fashion (through the mere occurrence of a variable) can
interfere with established reasoning principles for call-by-
value (CBV) languages. For example, in a standard CBV
calculus [35], K 5 x is observationally equivalent to 5 since
variables are values. But in the context:

let mac x = raise Error in ... end

these two terms behave differently, because, contrary to
the usual assumption about CBV variables, x is replaced
by a non-value. To retain the established reasoning prin-
ciples of CBV languages, we restrict all uses of macros in
MacroML to be syntactically non-values (e.g., applications,
let-expressions, etc).

2.2 Functional Inlining

Macros that take arguments are just as useful if not more
useful than simple inlining. Their form (as applications) also
provides the added advantage that they do not interfere with
the established semantics of CBV languages. Consider:

fn x => e

e O

mac $ e
mac 7 e

The declared operators $ and ?, read “delay” and “force,”
respectively, implement a simple variant of Okasaki’s pro-
posal for suspensions [29]. There are two notable features
about this example. First, we cannot define $ as a function
since the evaluation of $ e’ should not allow the premature
evaluation of e’. Thus, this is a genuinely useful application
of a macro system. Second, macro expansion should not al-
low the binding occurrence of x in the macro definition to
accidently capture free occurrences of x in macro arguments.

Semantics: The semantics of functional inlining involves two
substitutions. First, the argument of the macro application
is substituted into the body. Given that we are using the
standard notion of substitution, the variable x in the above
example cannot occur in the expression bound to the vari-
able e. Second, the resulting macro body is substituted
back into the context of application, again using the stan-
dard notion of substitution. In our example, the expres-
sion fn x => § (t1 x) expandstofn x => fn x’ => tl x
where x’ is a freshly generated name (with a base name x
only to hint to its source).

This example demonstrates another key feature of macro
systems: because macro calls can occur under binders, the
semantics requires evaluation under binders. This is signif-
icant because evaluation under a binder generally involves
manipulating open code which is significantly more compli-
cated [41, 26, 38] than the restriction to dealing with only
closed terms imposed by most semantic specifications and
implementations of languages (whether CBV, CBN, or call-
by-need).

2.3 Recursive Macros

‘What if we wish to perform more computations during macro
expansion? Consider the classic power function pow:

let fun pow n x =
if n = 0 then 1 else x * (pow (n-1) x)
in pow (2#3) (5+6) end

If we replace the fun keyword by mac, macro expansion
goes into an infinite loop, which is probably not the de-
sired behavior. What happens? Intuitively, the macro call
pow (2*3) (5+6) expands into :

if 2%3 = 0 then 1 else (5+6) * (pow (2%3-1) (5+6))

which itself expands into :

if 2%3 = 0 then 1
else (5+6) * (if (2*3-1) = 0 then 1
else (5+6) * (pow ((2%3-1)-1) (5+6)))

and the expansion goes on indefinitely. Macro expansion
can only terminate if the if-expression is evaluated dur-
ing expansion, and not reconstructed as part of the result.
To require the execution of the if expression during macro
expansion, we must explicitly indicate that n is an early pa-
rameter, rather than a regular macro parameter (which we



call late), and annotate the term to distinguish among early
and late computations. The intended pow macro can now
be written as:

let mac pow "n x =
“(if n = 0 then <1> else <x * “(pow (n-1) x)>)
in pow “(2%3) (5+6) end

The two constructs escape “e and brackets (e) are borrowed
directly from MetaML, and work as follows: the first con-
struct “escapes” from the “macro expansion mode” to reg-
ular ML evaluation to perform a computation; the second
construct interrupts regular evaluation to return a result to
the “macro expansion mode.” The expansion of the macro
call above now yields:

(5+6) * (5+6) * (5+6) * (5+6) * (5+6) * (5+6) * 1

Semantics: The need for introducing the brackets and es-
cape constructs is directly related to the need to have a
well-specified order for evaluating various sub-expressions.
In particular, with recursion, it becomes clear that there
are two different kinds of computations: early ones and late
ones. The need to intermix these two kinds of computation
is what requires a more substantial type system than usual.
In particular, we must enforce what is called congruence in
the partial evaluation literature: a well-formed multi-stage
computation should not contain an early computation that
depends on the result of a late computation [18]. A simple
example of the kind of program that the type system has to
reject is:

let mac f b n = “(if b=0 then <n> else <n+1>)
in fn a => fn m => f a m end

The macro argument a is needed during macro expansion
but, being a run-time variable, it is unbound at that time.

2.4 Defining New Binding Constructs

We now come to one of the most novel features of MacroML:
the ability to define new binding constructs in the typed
setting. Let us say that we are using the macros $ and ? for
suspensions to implement a notion of a computation [23].
We define a suitable monadic-1let for this setting as follows:

mac (let seq x = el in e2 end) =
$(let val x = 7el in 7e2 end)

The definition introduces a new binding construct let seq
which expands to the core binding construct let val. For
example,

let seqy = f $7 in g y end
expands to:

$(let val x = ?(f $7) in ?(g x) end)

Semantics: A key insight behind this aspect of our proposal
is to allow the user to only define new binding constructs
that follow the patterns of existing binding constructs, such
as lambda abstractions, value declarations, and recursive
declarations. In these binding constructs every occurrence of
a variable can be tmmediately identified as either a binding
occurrence or a bound occurrence. The semantics of our
proposal is designed to reflect this distinction. But even
when this distinction is taken into account, a equivalence
is still subtle. For example, the definition above cannot be
written into:

mac (let seq x = el in e2 end) =
$(let val y = 7el in 7e2 end)

with the justification that “y is a binding occurrence, and
it does not occur in the body ?e2.” The problem here is
that there are in fact two different binding occurrences of
the variable x, and each one of them is of a different nature.
In essence, the first one (in the parameter of the macro)
says that “there is a variable, let’s call it x, which can occur
free in the expression bound to e2”. Because of this, the
use of the variable name x in the second declaration now
has special meaning. In essence, the second declaration now
says “use x locally as a normally variable name, but make
sure that it is treated in the output of the macro as the
binding occurrence for the x in e2.”

The type system for MacroML addresses this issue through
two mechanisms: first, special type environments are used
to keep track of the declarations of macro parameters, and
most importantly, the bindee parameters like e2 above. Sec-
ond the type of these bindee parameters will explicitly carry
around the name of the binder parameter x, which comes
from the first declaration of x. The second declaration of
x itself is in fact a completely normal declaration. With
this typing information, it is possibly to reject the local re-
placement of x into y as above. It is important to note the
difference between this mechanism and the classic “acciden-
tal dynamic scoping:” the dependency on a “free” variable
is reflected explicitly in the type. Essentially the same princi-
ple underlies the recent proposal for implicit parameters [20].
‘We know that the type system provides an adequate solution
to the problem of a conversion in the source program be-
cause the type system guarantees that well-typed MacroML
programs can be translated to MetaML programs, and in
the latter, a renaming is completely standard, even in the
untyped setting.

At this point, the reader may wonder “how are variables
passed around in MacroML?” We return shortly to this ques-
tion in Section 4.

3. MULTI-STAGE LANGUAGES

Macro systems introduce a stage of computation that should
happen before the traditional stage of program execution.
Early computations during this new stage include macro
expansion as well as various other traditional computations
(e.g., conditionals, applications, etc).

As mentioned in the introduction, multi-level languages have
been developed to model such kinds of staged computation.
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Figure 1: MetaML Type System

Multi-level languages offer constructs for building and com-
bining code, often in a typed setting. Multi-stage languages
are multi-level languages that provide the user with a means
of executing the generated code. The notion of “code” de-
scribed here is an abstract one. For example, it has been
proven that beta-reductions are sound inside this notion of
code [39]. This means that code in such systems is never in-
spected (nor observed) syntactically. An alternative, equally
valid way of thinking about these languages, therefore, is
that they provide fine control over the evaluation order [41,
40, 37].

A premier example of a statically-typed, functional, multi-
stage language is MetaML. In addition to the normal con-
structs of a functional language, MetaML also has three
constructs for building, efficiently combining, and execut-
ing code. These three constructs are brackets (e),escape e,
and run run e. For the purposes of our study here, we use
the following small MetaML language as our multi-stage lan-
guage:

e€ Eyeta = z|Aze|ee
| letrec f 1 x2 z3 =e1 ines
|

(e) | "e | rune

We have restricted the number of arguments of recursive
functions to three, only for simplicity.

We present a type system for this language with the follow-
ing types:

t € Tveta == nat|t—t](t)

Here nat is the type for natural numbers, used as an example
of various base types. In this paper, we have omitted giving
constructs that work on this type because their treatment
is trivial, and space is limited. Function types as usual have
the form ¢ — t. The MetaML code type is denoted by (t).
In this section we present a sound type system for MetaML.
The soundness of this type system is studied and estab-
lished elsewhere [40, 26, 38]. While this type system is not
the most expressive type system available for MetaML (see
for example [26, 38, 5]), it is simple and sufficient for our
purposes here.

The judgments of the type system have the form I" " e :
t, where m is a natural number called the level of a term.
The role of the notion of level is explained below where we
consider the type rules and the semantics for brackets and
escape. The context I' is a map from identifiers to types and

levels, and is represented by the following term language:
r == [||ITz:t"

In any valid T', there should be no repeating occurrences of

the same variable name. We write z : t"* € I' when z : t" is
a sub-term of a valid T.

The rules of the type system are presented in Figure 1. The
first four rules of the type system are standard, except that
the level n of each term is passed around everywhere. Note
that in the rule for lambda (and recursive functions), we
take the current level and use it as the level of the bound
variable when we add it to the environment.

The rule for brackets says (e) can have type (t) when e has
type t. In addition, e must be typed at level n + 1, where n
is the level for (e). The level parameter is therefore counting
the number of “surrounding” brackets. The rule for escape
does basically the converse. Note, therefore, that escapes
can only occur at level 1 and higher. Escapes are supposed
to “undo” the effect of brackets.

Finally, the rule for run e is rather subtle: we can run a term
of type (t) to get a value of type t. However, we must be
careful to note that the term being run must be typed under
the environment T'", rather than simply T. We define T'"
as having the same variables and corresponding types as T,
but with each level incremented by 1. Without this (rather
subtle) adjustment the type system is unsafe [40, 26, 38].

Figure 2 defines the big-step semantics for MetaML. There
are a number of reasons why the big-step semantics for
MetaML [26, 40] is an instructive model for the formal study
of multi-stage computation: first, by making “evaluation un-
der lambda” explicit, this semantics makes it easy to illus-
trate how a multi-stage computation often violates one of the
basic assumptions of many works on programming language
semantics, namely, the restriction to closed terms. Second,
by using just the standard notion of substitution [2], this se-
mantics captures the essence of static scoping, and there is
no need for using additional machinery to perform renaming
at run-time.

The big-step semantics for MetaML is a family of partial

functions - <> _: Ereta — Eifeta from expressions to “an-
swers,” indexed by a natural number n (the level). Taking
n to be 0, we can see that the first two rules correspond to
the rules of a CBV lambda calculus. The rule for run at
level 0 says that an expression is run by first evaluating it
to get an expression in brackets, and then evaluating that
expression. The rule for brackets at level 0 says that they
are evaluated by rebuilding the expression they surround at
level 1. Rebuilding, or “evaluating at levels higher than 0,”
is intended to eliminate level 1 escapes. Rebuilding is per-
formed by traversing the expression while correctly keeping
track of levels. Thus rebuilding simply traverses a term until
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a level 1 escape is encountered, at which point normal (level
0) evaluation function is invoked. The escaped expression
must yield a bracketed expression, and then the expression
itself is returned.

Interesting examples of MetaML programs can be found in
the literature [41, 38, 37]. For the purposes of this paper,
we focus on illustrating how three kinds of computation can
be achieved using MetaML:

Evaluation Under Lambda: Consider the term Azy.(Az.2) ©
and let us say that we are interested in eliminating the inner
application. In both CBV and CBN, evaluation only works
on closed terms, and therefore, never “goes under lambda.”
With MetaML it is possible to force the inner computation
by rewriting the expression as run (Azy.”((Az.z) (z))), and
then evaluating it. The result is the desired term: Azy.z.
We use such a pattern of run, brackets, and escape in our
interpretation of the macro language to ensure that compu-
tations are performed in the desired order.

Substitution: Consider the term (Az.f = z) (g y). Can we
force the application to be done first, producing f (g y) (g ¥)?
This operation is not expressible in CBV or CBN ewaluation
semantics, but is expressible in MetaML by annotating the
term as follows: run ((Az.(f "z "z)) (g ¥)).

Renaming: While it may be obvious to experts, it seems
not widely known that simply using the standard notion
of substitution in defining the semantics of a language like
MetaML is sufficient for providing the correct treatment of
free and bound variables everywhere. In MetaML, there is
never any accidental variable capture, and there is never any
need to express any freshness conditions or to use a gensym-
like operation. Our semantics for MacroML is simple, be-
cause we build on the fact that using the standard notion
of substitution in the MetaML semantics really means that
everything is taken care of.

4. CORE MACROML

We are now at a point where we can precisely define and
interpret our macro language. We present the syntax, type
system, and semantics of the core of MacroML (called Core
MacroML). The language has the usual expressions for a
CBYV language, augmented with the previously-motivated
let mac-construct for defining macros, and the “e and (e)
used to control recursive inlining:

e € Eracro = z|Arel|ee

| letrec f 1 x2 x3 =e1 in e

| letmac f(~3:‘0, T, )\.’L‘z.xg) =e1 in e
|

flet, e, Az.e) | {e) | "e

For clarity, all macros in Core MacroML have exactly three
parameters representative of the three kinds of possible pa-
rameters in MacroML. Restricting ourselves to macros with
exactly three parameters allows us to avoid substantial ad-
ministrative detail in Core MacroML. The three kinds of
macro arguments are as follows:

1. zo, as indicated by the preceding 7, is an early param-
eter, which can be used during macro expansion,

2. x1 is a late parameter, which might appear in the out-
put of the expansion, and

3. Az2.zs defines a binder/bindee pair of parameters. The
two variables 2 and z3 are bound variables in the
scope of the macro definition but they can only be used
in rather special ways enforced by the type system.
The variable z2 must be bound again using a regular
binding construct before x3 can be used. The variable
z3 can only be used in the scope of z3. A legal use of
such a binder/bindee pair is:

letmac f(_,, Az.y) =Aa.Ara+z+yin ...

The z in the macro declaration binds the two occur-
rences of x in the macro definition! All three occur-
rences of z could be renamed to z without changing the
meaning. The semantics would, however, be changed
if we only change the inner term to Az.a + z + v,
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Figure 3: MacroML Type System

because we would be returning a result that could
have an unbound variable (that was bound to z) in
a subterm (that was bound to y). The binder/bindee
parameter illustrates how defining new binding con-
structs works in MacroML. For Core MacroML we
have picked the simplest binding construct in the lan-
guage, namely lambda abstraction Az.e. The other
binding constructs follow naturally.

The application of a macro f(e1, e2, Az.€) also takes exactly
three arguments: the first is an early argument, the sec-
ond is a late argument, and the third is a binder/bindee
argument. The binder/bindee argument explains the core
of our treatment of new binding constructs: it must be clear
what variables are free in what sub-expressions, and both
must always be passed together. Note that a binder/bindee
argument must have the right form for the binding struc-
ture (in this case, lambda). For example, the application
f(0, (), Az.z + a) of the macro defined above expands to

Aa' Az.a’' +z + (z + a).

4.1 Typing Core MacroML
The types of MacroML are the same as MetaML:

t € Thacro ::= nat | t—t | (t)

The type system, however, is more involved. Typing judg-
ments have the form 3; A;II; T F™ e : t where m is the level
of a term. We restrict the levels here to 0 (representing early
computations) and 1 (representing late computations). The
environments have the following roles (and definitions):

Y the macro environment. It keeps track of the vari-
ous macros that have been declared. These bindings
are of the form (t1,t2, [ts]ts) = t5. In this binding,
the tuple provides information about the three stan-
dardized parameters. Note that we write [t3]ts to de-
scribe the binder/bindee argument. Intuitively, the

binder/bindee pair is a pair of a “bound” variable de-
clared to be of type t3 and an expression of type t4,
which could contain a free occurrence of the “bound”
variable. This notation is inspired by types in FreshML
[34].

A the bindee parameter environment. It carries bindings
of the form [z : t1]t2. This environment is needed
for type-checking the body of a macro that uses a
binder/bindee parameter of the form Az.zi, so that
we know that we can only use z; at type t2 in a con-
text where z is bound (with type t1).

IT the late parameter environment. It carries bindings
of the form ¢. This environment is needed for type-
checking the body of a macro that uses a late param-
eter.

T" the regular environment. Because we are in a two-stage
setting, it carries bindings of the form ¢™.

The rules of the MacroML type system are presented in
Figure 3. The first three rules deal with variable lookup.
The first rule is the variable (projection) rule from MetaML.
The next rule is similar, although it reflects the fact that late
macro parameters can only be used at level one. The third
rule is similar but it checks that the bindee variable is used in
a context where its binder variable has already been bound.

The next three rules are standard for a multi-level language.
All the usual rules of SML would be lifted in the same man-
ner (although some care is required with effects. See Sec-
tion 7.)

The next four rules are specific to macros. The first rule
is for a macro definition. Because we allow macro defini-
tions to be recursive, the body of the macro declaration is
checked under the assumption that the macro being defined
is already declared. We also add the appropriate assump-
tions about the binder/bindee parameters, the late param-



eter, and the early parameter to the appropriate environ-
ments. The rest of the rule is standard. Macro application
is also analogous to application, although one should note
that e1 and e» are checked at different levels. The rules for
brackets and escape are special cases of the same rules in
MetaML.

4.2 The Semanticsof Core MacroML

In this section, we present the definition of the semantics
of Core MacroML via an interpretation into MetaML. For
any well-typed Core MetaML program [|; [J;[J;[] F' e : t the
interpretation [[J; [|;[; | F* e : t] will define a MetaML term
(call it ep). To get the final result of running the MacroML
program, we simply evaluate the MetaML term run {eg). To
get a more fine-grained view of the evaluation of ej, we can
view it as proceeding into two distinct steps:

e Macro expansion: the MacroML program e expands
to a MetaML program e} if:

0
(eo) = e

where ej is the interpretation of the MacroML program
into MetaML described above (and defined below).

e Regular execution: The expansion e of e then evalu-
ates to the answer e} if:

r 0
run e; <— es

Note that the only new part in the above semantics is the
translation from MacroML to MetaML. The two stages of
MetaML evaluation are then just standard MetaML rebuild-
ing and evaluation, respectively. Whenever the original term
does not have any code types in its MacroML type, the latter
step would coincide with standard ML evaluation.

Figure 4 presents the translation, first defined on environ-
ments, and then defined on judgments. Although the trans-
lation can be made to map untyped terms to untyped terms,
it is context-sensitive, and it is therefore easier to define it
on judgments of well-typed Core MacroML programs. To
avoid the risk of potentially confusing notation, the trans-
lation maps judgments to terms (rather than judgments to
judgments), as the full MetaML judgments are easy to re-
construct.

Empty environments are mapped to empty environments.
The binding for a macro is translated into a MetaML type
that, in essence, reflects the semantics of the special notation
we have used; the (level 0) MetaML type:

t1 — (t2) — ((t3) — (t1)) — (ts5)

corresponds to a function that takes three (curried) pa-
rameters. The first parameter is a “true” value of type
t1 corresponding to the early parameter. The second pa-
rameter, however, is a “delayed” or code value of type t2
corresponding to the late parameter. The third parame-
ter (the binder/bindee parameter) is in fact translated to
a function. It is at this point that we can start to ex-
plain how the interpretation of the binder/bindee parame-
ters works. Recall that in the examples section we promised
to explain how “variables are passed around.” The answer

is, in fact, that variables are never passed around! Dur-
ing macro-expansion time, the binder/bindee parameter is
passed in what can be considered its HOAS representation.
The type of a binder/bindee parameter is also translated
to a function type. Naturally, this is consistent with the
external type of this parameter. The type of a late param-
eter is simply a “delayed” or code version of the MacroML
type of that parameter. No translation is shown for regu-
lar environments, as the translation is simply the identity
embedding.

The translation on judgments proceeds as follows. Terms
that do not involve macros are translated homomorphically.
Late parameters are translated by putting an escape around
them. The intuition here is that late parameters only occur
inside the definition of a macro, and when they occur, they
are supposed to be “spliced into” the context where there
are used in order to appear in the output of macro expansion
as expected.

The key rule in the translations is the one for the bindee
parameters: when a bindee parameter x» is used in the
body of a macro definition, its translation corresponds to
an application of 2 to a piece of code carrying the corre-
sponding binder parameter 1! All of this is escaped so that
the application is performed at macro expansion time. To
understand what is going on here, keep in mind the trans-
lation of the environment A, and note that it introduces an
arrow type “out of nowhere” during the translation. Thus,
in the target of the interpretation, z» has an arrow type.
This is because, as we said earlier, the translation produces
code that is passing around a HOAS representation of the
binder/bindee pair.

Macro declarations are translated to escaped function dec-
larations, i.e., function declarations that are to be executed
during expansion. Note however that the body of the func-
tion being defined and the context where it is used are both
in brackets. This is because we want to treat both as code,
except in places where the translation has added other es-
capes.

A macro application is translated into an escaped applica-
tion, for similar reasons. Note that the first (early) argu-
ment to the application is not bracketed, but the second
(late) argument is. As hinted earlier by the translation of
the types, the binder/bindee argument is translated into a
function whose body is itself a piece of code. Intuitively,
making the body a piece of code delays its evaluation. It
is worth noting that the HOAS entities only exist during
the first stage (macro expansion), and not during the exe-
cution of the program proper. The translation of brackets
and escape is straightforward.

We illustrate the translation on the example at the begin-
ning of the section, with @ bound in I" to the type nat!:

[0:0; ;@ : nat’
letmac f(_,.,Az.y) =Aa.Ava+z+y

in £(0,0,Az.z +a)] =
“(letrec f - _y = (Aa.Az.a+z + (y ()

in (°(f 0 0 (Az.(Cz+a))))
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Figure 4: Translating MacroML to MetaML

As we said at the start of this section, the output of the
translation is wrapped in the context run (...) and then
evaluated in MetaML to produce the result of macro ex-
pansion. Because big-step semantics derivations are hard to
draw (and maybe to read), we can “animate” the compu-
tation using the following sequence of sound MetaML left-
reductions [38].

run ("(letrec f - _y = (Aa.Az.a +z +"(y {z)))
in ((£ 0 0 (Az.(z+a))))))

— (call f, rename a when doing substitution)

run {"("(Aa’ Az.a’ +z + " ((A2.("z + a)) (z)))))

— (cancel escape with brackets)

run (Aa’.Az.a’ + z + ((A\z.(z + a)) (z)))

— (call inner X)

run (Aa’ Az.a’ +z + "("(z) + a))

— (cancel escape with brackets)

run (Aa' Az.a' +z + (z + a))

— (run)

Aa' Az.a' +z+ (z+a)

which is the expected result of macro expansion.

4.3 Type Safety

As mentioned in the introduction, defining the semantics of
Core MacroML by interpretation into MetaML makes prov-
ing type safety fairly direct. In what follows, we state and
outline the proof of this result.

THEOREM 4.1 (TYPE SAFETY). If [;[;[;[I F™ e : t is
a valid MacroML judgment, then translating it to MetaML
yields a well-typed MetaML program, and ezecuting that pro-
gram does not generate any MetaML runtime errors.

PROOF. The first part is by Lemma 4.2, and the second
part follows from the type safety property of the MetaML
type system presented in previous work [40, 26]. [

In the statement of the theorem, MetaML runtime errors in-
clude both errors that might occur at macro expansion and
run-time errors (defined precisely in [40, 26, 38]). The nec-
essary auxiliary lemma states that our translation preserves
typing.



LEMMA 4.2 (TYPE PRESERVATION). If 3 A;ILT H™
e :t is a valid MacroML judgment, then [X], [A], [1I],T ™
[Z; A ILT F™ e t] : t is a valid MetaML judgment.

PRrOOF. Routine induction on the height of the derivation
of 3; AT T HF™e:t. O

5. PRACTICAL EXTENSIONS OF CORE

Core MacroML handles simple functional inlining, recur-
sive inlining, and the definition of simple binding constructs.
By design, Core MacroML is a minimalistic language whose
purpose is to demonstrate how the main semantic subtleties
of a typed macro system can be addressed. We have im-
plemented Core MacroML using a toy implementation of
MetaML. We have used the implementation to run a bench-
mark of simple programs in Core MacroML, and the results
have consistently been as expected. In this section, we de-
scribe extensions of Core MacroML with additional features
that would be desirable in a practical implementation. We
expect that all these extensions are not hard to implement.

Let Bindings: In the introduction, we have presented exam-
ples of let-expression macros with only one binding. How-
ever, the same macro definition can be used to expand let-
expressions with multiple bindings. For this purpose, we
propose the use of a comprehension-like notation to allow
the user to express such macros. For example, the expres-
sion:

let mac (let seq x{i} = el{i} in e2 end) =
$(let val x{i} (print (Int.toString i);
7e1{i})

in 7e2 end)
in let seq y = £ $7
seq z =hy
in g z end
end

would expand to:

$(let val x1 = (print (Int.toString 1); ?(f $7))
val x2 = (print (Int.toString 2); ?(h x1))
in ?7(g x2) end)

where it becomes apparent that i is an implicit comprehen-
sion parameter that gets bound to the index of the binding
under consideration, and that x{i} and e{il}, are the pa-

rameters for this ith-binding.

Note that the number of declarations (the range of i) will be
known at translation time, as it is manifest from the appli-
cation of the macro. However, because vanilla MetaML does
not have support for constructing declarations of arbitrary
length, the most direct approach to interpret this proposal
would be to produce one MetaML function for each macro
application. This trick is similar to polyvariant specializa-
tion in partial evaluation [18]. The obvious disadvantage
of this approach is that it inflates the size of MetaML. We
would like to explore extensions to MetaML that would al-
low us to interpret this new construct in a more natural
fashion.

Recursive Bindings: A simple but still important issue is
how recursive binding constructs should be treated. In par-
ticular, when a macro is defining a new binding construct
in terms of an existing recursive binding construct, this in-
formation should be maintained in the type of the macro.
Consider the following declaration:

el{i} in e2 end)
el{i} in e2 end)

let mac (let fin x{i} _
= (let fun x{i} _
in ... end

This declaration may appear ambiguous because we can ei-
ther expand the fun comprehension into a sequence of fun
declarations or a sequence of mutually-recursive (“anded”)
fun declarations. However, this can be completely deter-
mined by how the fin construct is used: if it is used as
a disjoint sequence, then that is what should be produced.
If it is used as an anded sequence, then the result should
be like-wise. In the latter case, however, we need to check
that the parameters to the anded sequences of fins should
not have duplicate variables names. All these checks can be
done statically.

Dist-fix Operators: Finally, we come to an extension that
is rather orthogonal to the rest of our proposal. However,
in practical macro systems, it is a valuable addition. In
particular, it is relatively easy to add dist-fix operators to
our language. The key idea is that each macro definition
should still be determined by the first symbol used in its
name. With such an extension, it is possible to define some
other basic constructs in a language:

let mac {if, then, else} if c then t else f =
case c of
true =>t
| false => f
in if true then 1 else 2 end

The syntax simply extends what we have seen before by
a declaration of keywords that can be used in conjunction
with the macro if. Then, the rest of the argument list
dictates the “dist-fix arity” of this macro. The only com-
plication with the introduction of such macros is that they
make parsing context sensitive. However, this is already the
case in SML because of infix operators.

6. RELATED WORK

Our approach for deriving the type system for MacroML was
to first develop the translation in an essentially untyped set-
ting, and then to develop a type system that characterizes
when the result of the translation is a well-typed MetaML
program. The earliest instance of such a translation ap-
pears in a work by Wand [43]. Because we start with the
untyped setting, we expect that similar derivations are pos-
sible for richer MetaML type systems (including features
such as polymorphism and effects, for example).

The earliest use of a binary type constructor to indicate the
type of a “piece of code with a free variable in it” such as
our [t1]t2 seems to have been in Miller’s proposal for “an



extension of ML to handle bound variables in data struc-
tures.” Miller’'s proposal is more ambitious than ours in
that it tries to deal with data types that have some bind-
ing structure, but it neither addresses the issue of defining
new binding constructs in a user-level language nor gives a
formal semantics for the proposed constructs. Indeed, work
by Pagalié¢, Sheard and Taha suggests that Miller’s proposal
may need to be reformed before it can have a simple seman-
tics [32]. More recently, FreshML has also used a similar
binary type constructor based on a denotational model [34].
The Twelf system uses a mixture of dependent types that
seems to be, at least intuitively, similar to our [z : t1]¢t2 con-
struction. To our knowledge, our work seems to be the first
to investigate the application of such type systems directly
to the domain of macro systems, and to expose the connec-
tions with multi-stage languages and higher-order syntax.

Finally, the title of the paper by Bawden [3] suggests that
it is related to the present work, but it does not seem to
address the issue of typing or type systems formally.

7. CONCLUSION

We have presented a proposal for a typed macro system, and
have shown how it can be given a rigorous yet readable se-
mantics via an interpretation into the multi-stage program-
ming language MetaML. The interpretation is essentially a
denotational semantics where MetaML is the internal lan-
guage of the model. Such models have already been studied
elsewhere [4]. But because MetaML enjoys a simple and
intuitive operational semantics, our proposal is easy to im-
plement in a directly usable form.

The macro language that we have presented, MacroML, has
useful and novel features, combining both static typing and
allowing the user to define new binding constructs. In try-
ing to achieve this, we have used ideas from both HOAS
(to implement our proposal in a multi-stage setting) [33]
and FreshML (to provide the surface syntax and ideas in
the source language) [34]. It may well be that our language
provides some new insights on the link between the two ap-
proaches to treating binding constructs.

We have argued that macros are useful. But the moral of the
paper is of a more technical nature: multi-stage program-
ming languages are a good foundation for the semantics-
based design of macro systems. We have shown how a formal
multi-stage interpretation of macro systems provides an el-
egant way of avoiding binding issues, defining new binding
constructs, and provides a sound basis for developing type
systems for macro languages.

In this paper, we have not considered type safety in the pres-
ence of imperative features (references, exceptions) during
expansion time. In this setting, we expect the work on im-
perative multi-level languages to be of direct relevance [42,
5]. We have also not considered a multi-level macro sys-
tem primarily for the reason of simplicity. We would like
to consider such an extension in future work. But there
are restrictions on the system that may be a bit more chal-
lenging to alleviate. For example, we have not considered
higher-order macros (macros that take other macros as pa-
rameters) and we have not considered macros that generate
other macros. For such expressiveness, however, we expect

that it may be simpler and more appropriate to move di-
rectly to a full-fledged multi-stage programming language.
Part of the appeal of macro systems, we believe, goes away
when we attempt to push them to the higher-order and re-
flective setting. On the other hand, given that we have de-
fined macros in terms of a multi-stage language, it should
be possible to merge macros and MetaML into the same
language without any surprising interactions.

To conclude, while this paper addresses key semantic con-
cerns in developing an expressive, type-safe macro system,
this is only a start. We have only built a simple prototype
during this work. The prototype involved a direct implemen-
tation of MetaML semantics and a direct implementation of
the translation. In the future, we hope to integrate this work
with ongoing work on multi-stage extensions of the major
statically-typed functional languages, namely SML, Ocaml,
and Haskell.
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