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ABSTRACT

Inspired by the successes of program generation, partial eval-
uation, and runtime code generation, multi-stage languages
were developed as a uniform, high-level, and principled view
of staging. Our current goal is to demonstrate the util-
ity of these languages in a practical implementation. As
a first step this paper presents MetaOCaml, a type-safe,
multi-stage language, built as an extension to OCaml’s byte-
code compiler. Future-stage computations are represented
as source programs. This makes it possible to ensure type-
safety, produce better dynamically compiled code, and ap-
ply crucial runtime source-to-source transformations such
as tag elimination. We have used MetaOCaml to measure
performance for a set of small staged programs. The gains
are consistent with those of partial evaluation and runtime
code generation, and support the claim that multi-stage lan-
guages are well-suited for building staged interpreters, even
when the runtime compilation times are taken into account.

1. INTRODUCTION

Program generation, partial evaluation (PE) [19], dynamic
compilation, and runtime code generation (RTCG) [23] are
all techniques to facilitate writing generic programs without
unnecessary runtime overheads. These systems have proven
effective even for implementing high-performance operating
systems [38, 8, 7]. Multi-stage languages have been devel-
oped as a uniform, principled, and high-level view of these
diverse techniques. A key idea in these languages is the use
of three simple annotations to allow the programmer to dis-
tribute a computation into distinct stages [50, 43, 52]. To
illustrate how these annotations work, we consider a small
example in MetaOCaml, the language presented in this pa-

per. The power function [19] can be defined as follows:
let power (n,x) = (* : intXint -> int *)
if n = 0 then 1
else if even n then square (power (n/2,x))
else x * power (n-1,x);;

where square is defined by let square x = x * x.
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By staging such a function we get another function that
generates specialized code at runtime. This is useful, for
example, if we want to compute a certain exponent (say 72)
for a number of different values. The three annotations that
we will use in this paper are the same as those of MetaML
[50, 43, 52], and are Brackets .<e>., Escape ."e, and Run
.1 o. The Brackets .<e>. construct a future-stage compu-
tation, Escape .~"e interrupts the construction of a future-
stage computation to perform an immediate computation.
Thus, an Escape must always occur inside a Bracket, and
the result of the “escaped computation” must itself be a
future-stage computation. Run .! e executes a future-stage
computation. To stage power so that it performs some of
its computations before its second argument is known, we
annotate it as follows:

let power’ (m,x) = (* : intX.<int>. => .<int>. *)

if n = 0 then .<1>.
else if even n then .<square .  (power’ (n/2,x))>.
else .<."x * .7 (power’ (n-1,x))>.;;

The type has changes to reflect the fact that x is “late”:
the type .<int>. (read “code of int”) means this is a value
of type int “but it cannot be used yet”. Any sound type
system for a multi-stage language (c.f. [47, 32]) ensures that
this condition is enforced. For example, because we assumed
the input x is not yet know (or “late”), the return type of
the function (which depends on x) can only be late.

To be consistent about the return type we annotate the
1 with Brackets. Annotating the next line causes the con-
struction of a delayed application of the square function.
The argument in this application is the result of the escaped
call to power’. Because of the Escape, this call is performed
immediately and not in a future stage. This call returns a
delayed computation that becomes the argument to square.
Exactly the same is done on the next line, except that the
delayed computation is a multiplication * rather that an ap-
plication of square. The x is escaped because it is bound to
a delayed computation that we want to incorporate into the
context of a bigger delayed computation.

To use power’ to generate a specialized version for z | the
slightly non-intuitive step is how to create a “late value”.

uch a value is ust a variable bound by a dynamic lambda:

(system response in italics):

let power 2’ = .<fun x -> .7 (power’ ( 2,.<x>.))>.;;
< >, < >.

The variable x is bound by the fun construct (MetaOCaml!’s
version of lambda) inside brackets. o, when we are com-
puting (power’ ( 2,.<x>.)) the variable x is not yet bound.



evertheless, the application to power’ is performed, because
power’ returns its result without ever trying to se its argu-
ment other than by escaping it into the context of another
late fragment.

While MetaOCaml does not print back future-stage com-
putations (to give freedom in how future-stage computations
are represented), in MetaOCaml the result of the above com-
putation is essentially the following:

.<fun x -> square ( square ( square
(x #* square ( square ( square
(x *1))IN)>. .<int -> int>.

The percentage is added in front of square and * to indicate
that these names in fact have no significance (except to the
human reader) in this representation. Rather, it is the a e
that was bound to those variables at the time this fragment
was constructed that is referred to here. Thisis called oss
stage e sistence (C P) [50], and is the way constants from
outside Brackets are incorporated directly into a delayed
computation. Without it, multi-stage programming would
be quite impractical, as it would require writing functions
such as print and len th inside Brackets before they can
be used inside Brackets, and then again inside Bracketed
Brackets, and so on. This construct can also complicate the
semantics [43, 45], and its implementation can be subtle.

Finally, to re-integrate this new specialized function gen-
erated at runtime into the currently executing program we
use the Run .! construct:

let power 2 = .! power 2’ (* : int -> int *);;

This new function can now be used ust like any regular
function anywhere we need to compute * e ciently.

Brackets, Escape, and Run are the only staging annota-
tions in MetaOCaml. It is our thesis that they are su cient
for achieving performance benefits in a wide range of appli-
cations.

1.1 Background

taging computations into distinct phases seems to have
been first advocated by rring and cherlis [21]. tudying
staged computation from the programming language point
of view goes back at least to the seminal work of ielson
and ielson on two-level languages [33, 34]. The notion of
multi-stage ang ages, however, originated in work of ones
on a different kind of two-level language developed primar-
ily to model the internal workings of PE systems [20, 15],
which were in turn inspired by quasi-quotes in LI P and to
uine’s corners o [43]. Gluck and rgensen [12, 13] were
the first to generalize the techniques of two-level languages
to a multi-level setting. Over the last six years, significant
efforts have been invested in the development of a theory of
multi-stage computation, starting from the work of avies
on linear temporal logic [9] and Moggi on functor-category
and topos-theoretic semantics [30, 31], then continuing as
various studies on the semantics [47, 3, 43] and type systems
for MetaML [32, 5, 4], and the use of monads for modeling
meta-computations [17, 18]. ey contributions include the
identification of a wide range of linguistic subtleties that
arise from the introduction of staging constructs into a pro-
gramming language and pointing out practical safety prob-
lems (bugs in type systems). Insights from studying these

The construct itself is not available to the programmer,
mainly for safety, but also because what it carries is system
dependent.

languages have also lead to solving some long-standing prob-
lems in PE, such as ones-optimality [19, ection .4] using
a new transformation called tag elimination [48, 49].

1.2 Problem

The theoretical strengths of multi-stage languages are ex-
pected to translate to benefits such as clarity, soundness, and
type-safety, without interfering with the key goal of staging,
which is to improve performance. The only publicly avail-
able implementation of a multi-stage language is MetaML
[50, 29]. The presence of MetaML has been invaluable for
the conceptual development of multi-stage languages and
programming and as a research and educational tool. But
MetaML can still be improved in a number of significant
ways [40]. For example, MetaML is interpreted, and so is
not a convincing basis for demonstrating the practical po-
tential of multi-stage languages in a compiled setting. When
earlier studies tried to show how multi-stage languages can
be used to implement domain-specific languages, this could
only be done by inspecting the generated code, and not by
measuring its performance [50, 43, 41, 52]. Printing the re-
sult of a staged interpreter and then running it separately
using a compiler is problematic for a number of reasons

1. Parsers of mainstream compilers can be particularly
bad at parsing automatically generated code.

2. The pervasive use of cross-stage persistence means that
there must be a mechanism for de-compiling values
that have been interpreted or compiled back into source
code.

3. It does not help in estimating how much time it takes
to generate this code with a more e cient implemen-
tation of MetaML.

In addition, MetaML was built from scratch. While this
is an advantage from the point of view of portability (and
MetaML runs on the many platforms that ML sup-
ports), being built from scratch makes it quite hard to be
fully compatible with an existing implementation of ML,
and to make sure that it has good error messages (which is
particularly hard in typed functional languages).

Our goal is to show that the theoretical machinery be-
hind multi-stage programming can indeed be put to work
in a systematic and practical manner, and in ways that
do not require radical changes to existing compilers. As
a first step, this paper presents MetaOCaml, a new, full-
blown multi-stage programming language, together with a
bytecode compiled implementation. This compiler is now
available online [28]. Preliminary experiments with the im-
plementation indicate that performance gains are consistent
with previous studies on PE and RTCG.

1.3 Organization of the restof the paper

ection 2 describes the design of MetaOCaml and explains
the basic design decisions and their significance. ection 3
describes the implementation of MetaOCaml, the key is-
sues, and how these issues are addressed. ection 4 reports
basic performance measurements. We have used some sim-
ple programs to collect empirical data about MetaOCaml.
The examples include ones used in previous publications on
MetaML, in addition to some new examples. ection is a
conclusion and a discussion of future work.



2. THE DESIGN OF METAOCAML

MetaOCaml is designed as an implementation of the ba-
sic multi-stage programming ideas in MetaML. o MetaO-
Caml!’s syntax for staging annotations is a minor variation of
MetaML’s syntax. The change is made to minimize impact
on the system as an OCaml compiler. 0, MetaOCaml
inherits MetaML’s explicit . Also
like MetaML, MetaOCaml uses a high-level code

MetaOCaml departs
slightly from MetaML in the treatment of typing, in that
type checking is always performed before executing a code
fragment. This is necessary for ensuring . The
key design goal of MetaOCaml, however, is to capitalize on
an implementation of an existing functional language in or-
der to achieve a higher-level of sa 7t .

In the rest of this section we discuss each of these issues
in more detail, and in the context of various related systems
that form important points in the design space of staging
systems.

2.1 Annotation Languageand Uniformity

Every staging framework provides the user with a mech-
anism for specifying what should be staged. We call any
such mechanism the annotation language. The two extreme
approaches to annotation can be described as the Binding-
Time Analysis (BTA) style and the explicit style. BTA style
is more declarative, and only requires the programmer to
specify the order in which parameters to a function will be-
come available. For example, yC (read “dice ”) [1 ] an-
notations can be considered to be BTA style. In yC, the
programmer can also specify the aggressiveness of the opti-
mizations to be applied based on this information. With the
explicit style, the user has to specify when each fragment of
the program should be executed.

BTA style can be viewed as an approach to automating
explicit style. But automation in this case can come at a
severe cost to both controlability and predictability, much
in the same way that automation can affect the task of theo-
rem proving. imilarly, unless supported by a clear internal
language (which would probably be a multi-stage language),
this kind of automation can have the down-side of making
staging system harder to predict and debug.

MetaOCaml annotations are explicit style, and its three
simple constructs give the programmer full control over what
is generated. Furthermore, the type system statically pre-
vents the programmer from writing unsafe programs. By in-
teracting with the type inference checking system in MetaO-
Caml!’s top-level loop, a programmer can learn very quickly
how programs can and cannot be correctly staged. ere is
a simple example (system response in italics):

Lfun x -> .7(x 1)>.;;

ote that the system also underlines the offending variable.
An important aspect of the annotation language is its
uniformity. The design of MetaOCaml is extremely uni-
form: as long as the phase distinction is respected, stag-
ing constructs can be introduced anywhere in an expres-
sion (this is inherited directly from MetaML). This is true

We choose not to implement MetaML’s 1ift [50] as a sep-
arate construct. Instead, cross-stage persistence automati-
cally performs lifting for values that can be lifted.

even if the expression already contains staging annotations.
Thus, the basic advantage of multi-level languages with re-
spect to two level-languages is that programs of the former
are closed under staging. The ability to stage staged pro-
grams is essentially the main reason why MetaOCaml sup-
ports “multi”-stage annotations. The design allows us to
inherit various key features of OCaml: expressivity of type
system, higher-orderness, ML-style effects (references, state,
exceptions, etc), and a module system. It is useful in this
context to note that C (read “ ic  ”) [11] does not allow
the construction of future-stage computations that contain
a goto, continue, case, or break statement, and only one
function can be generated at a time. MetaOCaml has non
of these restrictions, and so, in a sense, it is a more expres-
sive imperative staging framework that C. Finally, when
explicit staging annotations are combined with higher-order
features, they become an excellent tool for explaining many
of the basic concepts of staged computation. For example,
the introduction presented the full code of the staged power
example that any programmer can enter into MetaOCaml
and start using runtime code generation and compilation.

2.2 CodeRepresentationand Cost Model

The primary goal of staging is enhancing the performance
of programs. The extent and the manner to which a system
makes this possible is the cost model for the system. A key
determinant for the cost model for staging systems is the
choice of representation for future-stage computations. The
two extremes of representation are as high-level (L) source
code, represented at runtime by an abstract syntax tree, or
as low-level (LL) machine code. L has been often used by
PE such as Tempo [35] and by meta-programming languages
such as MetaML [50]. LL has been used by dynamic com-
pilation systems such as ynamo [2], yC, and by runtime
code generation systems such as Fabius [25, 24, 2 ], C, the
categorical RTCG machine [54], Thiemann’s higher-order
code splicing [53], and binary-level components [22].

The basic trade-off is that L requires substantially more
compilation at runtime, but can produce fast programs than
LL. Fabius and ’C in particular developed extremely fast
instruction generation (as little as six instructions might be
executed at runtime to generate one instruction). lightly
slower generation times (on the order of a thousand instruc-
tions) can lead to substantially improved code. yc employs
dynamic versions of many standard optimizations, and ap-
plies a wide range of ideas from the PE literature (which has
been largely in the L setting) to the LL setting. In addi-
tion, it uses interesting techniques like caching dynamically
generated compiled code.

MetaOCaml uses the L model. There were a number of
reasons for this choice. First, it seemed easier to implement,
and easier to implement in a way that could scale from the
bytecode compiler to the native code compiler. Tempo in-
troduced a clever technique for using existing compilers to
do LL RTCG, but it still requires an part which is depen-
dent on the machine language, and is somewhat fragile in
that an optimizing compiler can produce incorrect results
[35]. econd, it is necessary for ensuring type safety, as en-
suring type safety currently requires dynamic type checking.
If LL is chosen, it would be necessary to tag all values with

The current implementation allows staging inside mod-
ules.  taging whole modules and structures is still work
in progress.



typing information, which would mean a substantial run-
time overhead. Fourth, the L representation allows more
optimizations that can be hard with LL, such as strength
reduction, global scheduling, or register allocation. One of
the most interesting features of Tempo is that it combines
both LL and L approaches, and those provide a rare insight
into the relative effectiveness of the two approaches. In that
work, it seemed that the code generated with LL is about
70-90 as fast and 1.5-3 times as big as the code generated
by L. The quality of the generated code by the LL strategy
can never be better than the L strategy: if there is a bet-
ter compiler for the LL, it can be used to construct a better
compiler for the L. But more importantly, we are particu-
larly interested in the using MetaOCaml for building staged
interpreters, where a runtime source-to-source transforma-
tion called tag-elimination [48, 49] (see next subsection) can
yield on the order of two or even three fold speedups (see
[49] and performance section in this paper). It is not at all
clear how such a transformation can be implemented in an
LL context.

Practical experience reports with the performance of var-
ious representations in general is still sparse, and have often
compared compilers that do a lot of optimizations with opti-
mized RTCG engines. Being a bytecode compiler is an inter-
esting feature of the current implementation of MetaOCaml,
because the byte code interpreter is significantly faster (5-10
times) the native code compiler (which itself is considered
to be a fast optimizing compiler for a functional).

An interesting possibility is to have MetaOCaml use byte-

code as the representation for future-stage code. This would
make the cost model to closer to LL, but it is likely make
dynamic type checking, tag elimination, and various kinds
of type-based optimizations much harder. It is also more
work than the system that we have built, because relative
umps, for example, may need to be re-computed. Once a
fully static type system is implemented, a more interesting
medium will be to represent future-stage code by OCaml’s
la a intermediate language, which is more or less a tree-
like representation of bytecode.

2.3 Interpretersand Tag Elimination

A key application for multi-stage programming languages
is rapidly developing compiled implementations of domain-
specific languages. The feasibility of developing implemen-
tations of domain-specific languages has been demonstrated
( ee for example [41]). The basic idea is to develop the
implementation in two steps:

Interpreters are generally the sim-
plest way of implementing a domain-specific language.
nfortunately, they tend to suffer from a performance
cost called the “interpretive overhead” [19].

taging interpreters often
yields a clear separation between the cost of interpret-
ing a program and the cost of running. By separating
the two, it becomes possible to completely isolate the
first part of the cost. Thus, the interpretive overhead
is paid only in a phase right after parsing, and is not
repeatedly incurred during the execution of the pro-
gram.

The annotated programs are generally only marginally dif-
ferent from interpreters, yet they can have performance com-
parable to that of hand-written compilers. In essence, a

staged interpreter translates a user’s representation of a lambda
term to the compiler’s representation. Thus instead of being
interpreted, the term can now be compiled and executed by
the existing compiler. In the PE literature, this is known as
“removing an entire level of interpretive overhead”. Prag-
matically, a staged interpreter gives the user direct access to
the compiler at runtime, and providing a simple mechanism
for dynamically loading new components.

The staged lambda interpreter that will be discussed in
the performance section does not achieve optimal speedups.
In fact, it could be made two or even three times faster [48].
Assume the syntax for the interpreted language is repre-
sented by a datatype e for expressions:

of e x e of strin
of strin * e;;

of int
of e x e

t pe e =

Then we define a datatype v for values of the language:

t pe v = of int of v => v;;

For convenience, we can also define two helper functions:

let un ( i) =1i;; let un ( v) = v;;

The staged interpreter interp’ is simply an interpreter with
some staging annotations, namely brackets .<e>. and es-
capes .~ e, added in the appropriate places. When we ap-
ply the staged interpreter to the representation of the term
( = 4)5 as follows:

let o el = interp’ ( ( ( a’’, ), )) env0;;
< >. < >,

ote that the result is a host-language version of the ob ect-
language program which, when compiled, would execute at
native speed. In MetaOCaml we compile and run this code
by simply writing 1. The key problem, though, is that
there are many extra tagging and untagging operations that
are still around in o e1l. ome of them are even obviously
superfluous, such as un ( ...) which can be immediately
reduced. But the superfluous tagging and untagging opera-
tions can be less obvious (consider the term resulting from
(z(x7)( )). This problem of tags is a fundamental
one that arises when both the ob ect and the meta-language
are statically typed (and there is more than one type). All
instances of tags in the term above are handled by a new
transformation called tag-elimination [48, 49] which we
intend to implement in future distributions of MetaOCaml.

2.4 Type Safetyin MetaOCaml

Like OCaml, MetaOCaml supports polymorphism, higher-
order functions, ML-style effects (pointers, state, exceptions,
and so on). The language is type-safe. This means, for ex-
ample, that programs that pass the type checker never at-
tempt to add an integer to a string or a pointer at runtime.
For the most part, MetaOCaml is statically typed. But be-
cause of subtleties that can arise from the use of Run or
effects (such as state, exceptions, or continuations) in com-
bination with open code, certain staging errors can escape
static typing. While there are currently type systems that
can allow us to statically avoid these kinds of errors [47, 32,
5], their expressivity is not yet fully understood. Thus, in

For the reader familiar with boxing unboxing optimiza-
tions [37], tag elimination is a generalization.



designing MetaOCaml, the choice has been made to type-

check any dynamically generated future-stage code before

executing it. This scheme can be viewed as a hybrid between

the standard multi-stage type systems, and the staged type

inference system developed by hields, heard, and Peyton-
ones [42].

The only reason runtime type checking can fail is “late”
variables. In particular, it has been shown that having the
Run construct or side-effects can cause a confusion of the
level of a variable, and that this can lead to runtime er-
rors. By always type checking code before executing it we
avoid this problem. If runtime type checking fails it raises
an exception rx. pe he in rror, which can be caught
like an regular OCaml exception. To illustrate, consider the
following example:

tr .<fun x -> 7.l <x>.>.
with rx. pe he in rror -> .<fun => >.;5;

The tr -with construct is OCaml’s way for running a com-
putation while providing a handler for an exception that
this computation might raise. The first part of the clause
contains a classic example of a simple program that would
cause a runtime error during the evaluation that is initi-
ated by the inner .! call [47]. The computation leads to
a runtime type-checking error. When this error is encoun-
tered, the rx. pe he in rror is raised. The last line of
the example above catches this errors, and returns the com-
putation .<fun -> >. instead.

If Run and side-effects are not used, type safety is com-
pletely guaranteed statically, and the runtime type checks
are all redundant.

2.5 Usability

A system that implements new ideas but is hard to use
and easy to break might not be usable in practice. sabil-
ity is a function of many factors, such as robustness, test-
ing, portability, and user-base, among others. Robustness
is in part a function of engineering, but also a function of
the basic design and the analytic understanding of the new
idea. Thus we view robustness as including verifiability and
the ability to provide guarantees (at least) about the ba-
sic design. The verifiability of the design and type safety
in a staging framework are unique features of the design of
MetaOCaml.

Robustness is also affected by the extent to which the
system can be tested. Many of the early staging systems do
not seem to have undergone significant testing. While we
have so far only written a few small multi-stage programs
in MetaOCaml, the system compiles the whole MetaOCaml
compiler (37 lines of executable OCaml code). This gives
potential users the assurance that the new feature will at
least not break old programs. This puts MetaOCaml in par
with systems such as C, yC, and Tempo, which do not
interfere with basic functionality of the system they extend.

Portability is a function of both the language design and
the implementation. This includes the nature of the annota-
tions themselves (their syntax, type system, and semantics),
whether we allow the observation of code. We don’t have
full information on all the systems in this regard, but yC,

The problematic example shown here is a variant of an ex-
ample by Rowan avies, personal communication 1997. A
more detailed analysis of this example can be found else-
where [47].

for example, is part of a proprietary EC alpha backend.
C is available online, but only for a PARC and a EC mi-
croprocessor. Tempo is available online and has been used
independently by people other than its developers. It is
available online for the 38 architecture and PARC olaris.
By carefully extending OCaml, we are able to maintain the
portability of MetaOCaml, which includes nix, PC, and
the Macintosh platforms.

Finally, a key dimension of usability is the quality of error
messages, error handling, ease of downloading and availabil-
ity of documentation.

arious features of OCaml contributed to the overall us-
ability of MetaOCaml:

e Availability of a runtime bytecode generator: Like most
Lisp and ML implementations, OCaml supports inter-
active use via a top-level loop where program frag-
ments are compiled and executed on the fly. It was
easy to re-package this top-level loop as a runtime code
generator suitable for use within multi-stage programs.
Compilation is done not to native machine code, but
to an e cient bytecode for a virtual machine, which
strikes an interesting compromise between fast compi-
lation times and fast execution of the generated code.

o Reasonable performance: The speed of the code gen-
erated by the bytecode compiler is, on average, one-
fourth of that of the code generated by the native
code compiler, which itself is one of the most e cient
compilers for functional languages. (The bytecode-to-
native speed ratio varies between 2 and 15 depend-
ing on applications.) Also, the two compilers differ
mostly in the details of the back-end. These obser-
vations give us more confidence that the gains from
staging reported here should also carry over to the na-
tive code setting.

e Good error reporting: The front end of the OCaml
compiler tracks the line source code location associated
with each construct. When an error is encountered,
this information is used to simply underline the source
of the error in the source text. We have found this way
of reporting errors to be very informative.

e Good runtime error handling: The bytecode compiler
and the runtime system interact well, even when the
compiler is being used at runtime. This is partly be-
cause the compiler is written in OCaml and can be
loaded as a regular library that uses the same excep-
tion mechanism, and also because of the overall ro-
bustness and effectiveness of the exception mechanism
(implemented by the runtime system).

e Wide use: OCaml is one of the most widely used func-
tional languages, and is ported to many architectures
and operating systems.

e Large code base: ot only is this essential for further
investigation of the effectiveness of multi-stage features
in improving the performance of real programs, but it
is also important for new languages to have existing
libraries that they can build on.

ulia Lawall. Personal communication, 2000.



2.6 Summary and Interdependencies

ome of the key features of the systems we discussed and
MetaOCaml can be summarized as follows:

Fabius ML subset LL E|C|1
C C IL(2) |E |C |2
yC C LL T [C|]
Tempo C L LL|I |C
MetaML ML L E |1
MetaOCaml OCaml L E |C
Where the columns are: Language chosen as basis
Annotation language: xplicit or mplicit Repre-
sentation: igh-level () or low-level ( ). In the case
of ’C, two different LLs were studied Implementation:

ompiled or nterpreted Portability: umber of avail-
able ports. In the case of yC, this port is not publicly
available.

The various dimensions of the design space that we have
described above are not unrelated. Two important points
to make are:

1. The combination of L and a native code compiler
can yield the biggest swings (positive or negative) in
overall runtime cost. This may make it more natu-
rally suited to the explicit style of annotation, where
the programmer has direct control over all the staging
decisions.

2. The LL approach may be more naturally suited for the
BTA-style annotations or fully-automated optimiza-
tions in general, because of the smaller swings.

3. IMPLEMENT ATION

The MetaOCaml implementation is a modified OCaml
bytecode compiler. Minor changes are made to the parser
and type-inference check to accommodate the three stag-
ing annotation and the one type constructor. Because these
changes are very localized and are done by direct analogy
with other constructs in the language, error reporting con-
tinues to be reliable and accurate (as mentioned earlier, good
error reporting is particularly hard in typed functional lan-
guages).

The main change is the addition of a source-to-source
compilation phase right after type-inference checking. This
one-pass phase translates the staging constructs into oper-
ations that build and manipulate abstract syntax trees, in-
voke the compiler at runtime, and execute the result. The
parse trees are exactly the same ones used internally by the
compiler.

3.1 The Core Translation Function

Because we use a functional language to implement the
translation, the implementation is similar in appearance to
the formal translation presented in this section. The essence
of the compilation function can be illustrated as follows. As-
sume the OCaml compiler takes a language with the syntax:

T T

This also seems to be part of the appeal of the IT approach
in ava systems [1, ]

Where x is a variable, is an application, x is a
lambda abstraction, and is a tuple of length , and

is an application of a value constructor (or attachment
of a union type tag)  to the result of the expression
The idea will be to represent the staging manipulations as
operations on parse trees, while will be constructed using
value constructors coming from a datatype declaration such
as the following:

t pe exp = ar of strin pp of exp * exp
a of strin * exp r of exp
s of exp un of exp
sp of val

where each variant (respectively) represents a production in
the syntax taken by the MetaOCaml compiler we want to
build:

Zr Zz

where the first three new constructs are the standard ones,
and is a placeholder for C P constants. We will use the
following standard short-hand:

The translation is a function [e] : , were is an
integer called the e e of the term, and is an environment
mapping free variables to levels. Intuitively, the level of the
term will ust be the number of surrounding brackets less the
number of surrounding escapes. At level 0, the translation
[e] does essentially nothing but traverse the term. When
the translation finds a Bracket, the level is raised by one,
and the translation shifts to [e] At levels 1, for
the most part, the translation takes a term and generates
a new term that represents that first one. That is, if the
translation encounters the term ( z x) ( ) at level 0 it
generates the term ( (= x) ( .

In implementation terms, at level 1 the source-to-
source translation roughly generates the abstract syntax tree
for an expression which will construct at runtime the ab-
stract syntax tree for the specialized program that will be
passed to the runtime compiler and evaluator etao a l-run.

The translation is presented in Figure 3.1. ote that the
result of the translation consists mostly of either unchanged
programs, operations to build trees (using constructors),
or the use of the two functions ens and etao a 1l-run.
Taking the interesting cases from top to bottom (all of them
at a level greater than 0), first, we encounter variables.
There are two cases at level 1, depending on whether
the variable was bound at level 0 or any other level. If the
variable was bound at level zero, then we construct a marker
around it as a C P, otherwise it is treated as expected. The
next interesting case is that of a lambda abstraction, where
the essential trick is to use a fresh-name function to generate
a new name so as to avoid accidental name capture. uch
a function is used in the translation by Gomard and ones
[15] and in the macro systems by ent ybvig [10]. For
Brackets and Escapes, we always ad ust the level parame-
ter. But note that no r is generated at level 0, or s at
level 1.  ote also that there is no case for s at level 0 (such
terms are re ected by the type system). At level 0, a Run

[With more space, we will present a few lines from the
implementation of the translation here.]

[With more space, we will add more examples here.]



[=] z

[=] x (2) 1
[=] z z) 0
[ 1] L1011

[ 1] a [1 )
[z ] z[] 0

Lo ] (@[] )
[ | [1]

[ I [1]

[ 1 [1]

[ 1 [1]

[[ ]] etao a l—run|[]]

[ ] [1]

[ 1]

[ 1]

is replaced by an application of the constant etao a 1-run,
where, assuming that native-run is the existing compilation
routine, etao a l-run is defined as:

etao a l-run native-run (|[ ]] )

C P constants are essentially left unchanged.

3.2 Formal Verification

Based on our previous experience with the formal seman-
tics of MetaML, we expect that formally establishing the
operational correctness of this translation will be straight-
forward. The definitions, theorems, and proofs needed for
establishing correctness will be presented elsewhere.

3.3 Implementation Issues

aturally, the implementation itself is more complicated
than the core translation function presented above. In ad-
dition to the fact that abstract syntax trees for the rest of
the language are bigger, OCaml propagates source code file
information in each construct, for very accurate error mes-
sages. Furthermore, the type of the abstract syntax tree
changes during type-checking (although its structure does
not change very much), raising the need to work with two
different representations.

In extending the treatment to the full language, a num-
ber of interesting subtleties arise.  pecial treatment has
to be given to binding constructs, C P, datatype declara-
tions, and exception handling. Fortunately, the treatment
of all three is not complex, and we expect that extending
the soundness proof to include these refinements should not
be problematic.

3.3.1 Careis Still Needd with Binding Constricts
In principle, once we have addressed lambda at levels

higher than 1 correctly, we have captured the essence of

how all binding constructs should be handled. In practice,

[We’ve been busy hacking, so, as of yet, this proof has not
been carried out. We do not view it as essential to this
paper, but if the result is achieved before publication, it will
be reported in this paper and will be made available in a
technical report.]

some care is still needed when dealing with syntactic sugar
for other syntax that uses binders. It is easy to get it wrong.
For example, the following translation for let is wrong:

z 0
@[ 1 [1 )

In particular, whereas an x in would have been bound
somewhere completely outside this expression, in the new
term, we are replacing it everytime by a completely new
fresh name that is not bound in the scope of . Fortunately,
once attention is drawn to this kind of problem, it is easy to
fix as follows

[ « I

[]
| x 0
(z [ 1] )

3.3.2 ImplementingCrossStage Persisterte (CSP)

We were able to implement C P almost exactly as sug-
gested in the first work on MetaML [50]: C P values are
pointers to values that have already been compiled. This
idea is very easy to implement in an interpreter, but less ob-
vious to implement in a compiled setting. owever, it turns
out that C P is essentially identical to the “quote” operator
of Lisp and cheme, which also allows embedding any value
resulting from an arbitrary computation in the abstract syn-
tax tree. We were able to add this “quote” construct to the
OCaml compiler with little effort.

The translation presented above does not reflect this sub-
tlety because it abstracts away from the distinction between
source code and compiled code. We opted to do so because
C P is the only place where it is useful to make this distinc-
tion, and it simplifies the presentation substantially.

uring the development of MetaOCaml, we had experi-
mented with a less system-dependent way of implementing
C P, providing a reasonable alternative when a “quote”-like
construct is not natively supported by the compiler. The al-
ternate approach hinges on the idea of using a global registry
for all C P variables. This way, all the translation needs to
do is to construct a piece of code that represented the “num-
ber” of the constant at hand. This means the translation
was implemented as follows:

[] (
[ ]
[ ]

where store is a function that stored its argument in some
global repository, and returned a new number correspond-
ing to this new constant. Then, when this C P constant is
encountered during a future compilation phase, it is simply
replaced by a code fragment to loo up this constant in the
global repository by its number. There are also variants of
this strategy that ensure that the new constant is garbage-
collected when it is not needed, and are also equally system-
independent. All of these techniques, however, incur more
runtime overheads than the “quote”-like mechanism that we
have chosen.

For literals, a simple optimization on the basic scheme
is quite desirable, namely, simply producing a parse tree
that would later ust compile to that literal.  oing this

z) (x) O

ote that we do not need a substitution function (which is
costly) or a complex environment to get this right.



has two advantages: First, a pointer de-reference is elimi-
nated, making such constants a bit more e cient. econd, it
enables further optimizations such as constant propagation
and strength reduction, which would otherwise be blocked.

C P values are similar to A M sections in a C program.
The two differences are that C P values need no work during
compilation, and they are not a construct available directly
to the user (mainly to ensure safety).

3.3.3 Implementing@atatypesand Excepions

In OCaml, datatypes constructors and case-statements
are partially interpreted during the type-checking phase.
The reason is that runtime values of datatypes do not con-
tain constructor names, but instead integer tags identify-
ing the constructors, and determined during type-checking
by examination of the datatype declaration to which the
constructors belong. Thus it would be incorrect to build a
code fragment that uses ust constructor names. If this is
done, and the code is type-checked and executed in the con-
text of another declaration for another datatype that hap-
pens to use the same constructor name, the representation
of that constructor would be determined in the wrong typ-
ing environment (dynamic scoping), and type safety would
also be violated. This issue would arise with the following
code sequence:

t pe t = of int;;
let v = .< >.53
t pe t = of strin ;; v;;

The correct implementation would allow us to execute the
last statement safely. To deal with this problem, we in-
terpret all constructors and case-statements when we type-
check the source program for the first time. In addition,
the parse tree is extended for these two cases with an extra
field that tells us if these constructs have been interpreted
before or not. The first time they are type-checked, their
interpretation is also recorded in the same field. If they are
type-checked again, they are not re-interpreted, but rather,
their original interpretation is used directly. This treatment
was inspired by the implementation of C P.
We had expected exceptions to be very similar to datatypes.

But because there is only one global namespace for excep-
tions, and they are represented at runtime by their names,

the treatment of exceptions is in fact simpler than for datatypes:

all that needs to be done is to construct a code fragment that
carries the exact same name of the exception.

4. PERFORMANCE

As we mentioned earlier, one of the key goals behind
developing MetaOCaml was to have a means for collect-
ing concrete data about multi-stage programming. At this
point, we have only collected preliminary data on a num-
ber of small examples. Larger and more extensive studies
are under way. In this section, we will present our findings
on these small examples. For the most part they are en-
couraging and are consistent with the experience with PE
and RTCG. The data provides concrete evidence to support
the utility of multi-stage languages for building simple yet
e cient Ls, and also point out some pecularities of the
bytecode compiler setting.

ote that the use of “tag” here and in “tag elimination”
are different. ere a tag is an integer, there a tag is a con-
structor.

4.1 What is Measured

Figure 2 summarizes the timings for a number of examples
programs, and two measures based on the raw data. The
first column, , contains a pair () where is the total
time in seconds for runs of an unstaged version of the
program at hand. The number of is chosen so as to 1)
be at least 10, and 2) so that the total time is at least 0.5
seconds. The rest of the timings related to a staged
version of the program, but are all normalized with respect
to the time of the unstaged program. is the time
needed to perform the first stage of the staged program,
which involves the generation of a code fragment.
is the time needed to compile that fragment using the .!
construct. is the time needed to run the code that
results from compiling that fragment. The next two columns
are computed from the first four. is the first run
time divided by the second run time. This is an indicator
of the improvement if the generation and compilation times
can be amortized. is the number of times that
we would need to run the program before the total time of
running the staged version (including a one-time generation
and compilation cost) would be greater than the time of
running the unstaged version. This is an alternative measure
of the effectiveness of staging.

4.2 The programs

Examples in Figure 2 are chosen from a variety of fields:
matrix computation, scientific computation, interpreter and
some classic examples for multi-stage programming.

® power: is a classic example of multi-stage programming
as we described in ection 1. The staged version runs about
5.4 times as fast as the unstaged program. The gain of
performance comes from moving the recursion and function
calls from runtime to code generation time.

e ot: ot product turns out to be a poor example for
staging, not because of the small performance gains, but
the very large compilation times. This situation does not
improve significantly when we move to RTCG [35].

evertheless this example pointed us to the issue of how
functional languages deal with arrays, because our gains
were slightly lower than those reported in Tempo [35]. In
the setting of Tempo, when the array and the index are both
known at RTCG time, the computation of the address of the
array element can be done entirely at RTCG time, result-
ing in a constant address being put in the generated code.
For garbage collected languages such as OCaml, arrays are
dynamically managed by the garbage collector, which might
even relocate them, so it is not possible to treat the array
pointer as a constant. It is still possible to exploit the knowl-
edge of the array index and the array size to 1- simplify the
address computation, and 2- eliminate the runtime bound
check (like ava, OCaml enforces array bounds checking).
The OCaml native-code compiler implements some of these
optimizations, but the bytecode compiler that MetaOCaml
uses does not. Because of the overhead involved in inter-
preting bytecode, in our setting, the specialization of array

All the test results were collected from a PIII 900M ma-
chine with 128MB of main memory running Linux redhat

.1. Times were measured using the OCaml timing func-
tion. The exact and full benchmarks instrumented with the
measuring functions are part of the distribution in directly

ex/ en h ar 1/. The eta a 1. 02_alpha 002 distribution
was the one used, and is available online [28].



power (744 1 ) 1x 2. bx 33 x 0.18x 5.43 41
ot (214 1 ) 1x 39.4x 3490x 0.80x 1.25 17500
ot 18 1 ) 1x 49.1x 43 0x 0.72x 1.40 15400

eval a a (299 10) 1x | 555 10 x|435 10 x 0.14x 7.29 1

eval nt un (1.92s 10) 1x |77 10 x|[297 10 x 0.03x 29.3 1

eval nt un (2.14s 10) 1x | 757 10 x |[430 10 x 0.10x 10.3 1

rewrite ( 11 ) 1x 13.2x 1200x 0.90x 1.11 12100

revrite (742 1 ) 1x 5. 9x 229x 0.08x 13.1 255
he shev (137 1 ) 1x 8.03x 1010x 0.32x 3.08 1510
he shev (137 1 ) 1x 8.39x 1050x 0.32x 3.12 1550

accesses does not improve performance significantly. witch-
ing off bounds checking in our experiment does not improve
runtimes significantly.
The eval a a example is an interpreter
for a lambda calculus with recursion. It is a particularly
good example of staging. This can be seen both by the rel-
atively high speedup, but more importantly, by the optimal
break-even point. If tag elimination [49] is performed after
generation, the speed up can be substantially higher. We re-
turn to this point in the next example and in the discussion
section.

® eval nt un: This is an interpreter for a micro-language
which only has an integer type and provides if-statement
and function calls as control constructs. It does not sup-
port high order functions as eval a a does. Because this
language only has one type, it eliminates the need of intro-
ducing a global datatype for values. Thus we avoid extra
tagging and untagging operations on values which are nec-
essary in eval a a. To show how important a role the tag
elimination plays in the overall performance, we did a com-
parison version in which we define a datatype v for values.

® eval a a:

atat pe v = of int

Except for the tagging and untagging operation on value,
eval nt un is exactly the same as eval nt un. From Fig-
ure 2, we can see that the staged program of eval nt un runs
about 3 times as fast as eval nt un . This is even better than
what had been anticipated in the work on tag elimination
[49].

e rewrite: This example appeared in the first paper on
MetaML [52], and is addressed in more detailed in Taha’s
thesis [43]. It is a matching function that takes a left-hand
side of a rule and a term and returns either the same term
or the corresponding right-hand side. taging this program
directly produced mediocre results, but staging it after it
converted to Continuation-Passing tyle (CP ) rewrite
produces siginificantly better results.

e he shef: Chebyshev polynomial is an example from a
study on specializing scientific programs by Gluck e a [14].
Although we achieve some speedup, our results are weaker
on this example than those achieved by others [14, 35]. We
suspect that the reason is again the issue with array lookups
in OCaml. he shef is without bounds checks.

4.3 Bytecode vs. Native Code Compilers

In interpreting the performance figures given in this pa-
per, it is useful to keep in mind that bytecode interpreters
do not have the same timing characteristics as real proces-
sors. Bytecode interpreters cannot execute several instruc-
tions in parallel, and incur an interpretation overhead on
each instruction (fetching, decoding, and branching to the
appropriate piece of code to perform the instruction) that
accounts for approximately half of the total execution time.
Thus, in a bytecode interpretation setting, most of the bene-
fits of runtime code specialization comes from the reduction
in the number of instructions executed, e.g. when eliminat-
ing conditional branches, or removing the loop overhead by
total unrolling.

In contrast, as we mentioned in the case of arrays, spe-
cializing the arguments to a bytecode instruction gains little
or nothing. A typical example is that of an integer multi-
plication by 5. A native code compiler might replace the
multiplication instruction (typical latency: 5 cycles) by a
shift and an add (typical latency: 2 cycles). In a bytecode
setting, this strength reduction is not beneficial: the over-
head of interpreting two instructions instead of one largely
offsets the 3 cycles saved in the actual computations.

For these reasons, we believe that using a native code
compiler instead of a bytecode compiler and interpreter would
result in higher speedups (of staged code w.r.t. unstaged
code), because this would take advantage of instruction re-
moval and of argument specialization. On the other hand,
runtime compilation times could be significantly higher, es-
pecially if the native code compiler performs non-trivial op-
timizations, resulting in higher break-even points. The ef-
fect of moving to the native code compiler on the break-even
point, however, is much less predictable. In particular, the
native code compiler can be ten times slower, and code gen-
erated by the native code compile can be ten times fast. If
we assume that the speedup will be constant in the native
code setting (which is a pessimistic approximation), then
the estimated break-even point in the native code compiler
shoots up by a factor of 40 times for many of the cases above.
The notable exceptions, however, are the interpreter exam-
ples, where the break-even point remains unchanged at 1.
This gives us confidence that no matter how things will be
for generic programs in the native compiler setting, MetaO-
Caml will remain particularly well-suited for building staged
compilers.

5. CONCLUSIONS AND FUTURE WORK



Multi-stage programming languages have reached a point
where the presence of usable and practical implementations
is essential for a healthy progress in their development. To-
wards addressing this need, this paper presented a simple yet
highly usable staging implementation of a multi-stage lan-
guage based on a thoroughly investigated theoretical foun-
dation and an industrial-strength compiler. MetaOCaml has
allowed us to run a number of small experiments to support
previous claims about the utility of multi-stage for building
staged interpreters, and to show that multi-stage language
yield can achieve performance gains consistent with those of
PE and RTCG. The current implementation is a bytecode
compiler, and the next step is extending the work to the na-
tive code compiler. We expect that the performance gains
will carry over to that setting.

tarting with an existing system has been invaluable for
allowing us to run experiments in a realistic setting, in ad-
dition to providing significant assurances about robustness
and usability. MetaOCaml has a notably simple and trans-
parent but nevertheless practical design that qualifies it as
an important point in the design space of staging systems.

An annoying problem that we have run into is the di -
culty in implementing the translation function for the full
language. In particular, constructing parse trees that repre-
sent other parse trees is not only tedious, but the type sys-
tem of languages like ML don’t help in this regard (one needs
at least a dependently typed system). This has hindered our
work (we cannot stage modules yet.) This also seems to be
another instance of the parsing unparsing problem noted by
Ramsey [39]. In the future, we intend to explore the use of
the Camlp4 pre-processor [27] to produce at least some parts
of our implementation.

We hope that MetaOCaml will facilitate the accumulation
of a real code base of multi-stage programs that can be used
to assess the practical effectiveness of these languages. As we
gain more experience and more confidence with the current
design, we expect to be able to extend our work to the native
code compiler. In this effort some implementation machine-
dependence may be needed, but that is not certain yet. The
current challenge is to make the compiler available in the
same memory space at runtime, and to be able to link the
code that it generates into the same memory space. The
data reported here is encouraging, and suggests that even
when we move to the native code compiler setting (which
has substantially higher compilation times), it is reasonable
to expect that multi-stage languages will continue to be very
well-suited for building staged interpreters. The data also
suggests that performance gains from tag elimination may
be even higher than was previously anticipated.
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