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Abstract

A new kind of metaobject protocol, that controls the compilation of programs, alows users to
participatein the compilation in a principled and modular way. Such acompiler makes it possi-
bleto program in a high-level language and still maintain control over crucia implementation
issues. Thisresult isthat anumber of simple and e egant Scheme programs can be compiled as
efficiently asif they had been written with specia purpose primitives.

1 Introduction

Consider aworldinwhichyou get to haveyour cakeand eat it too. You do your day-to-day program-
ming in ahigh-level languagelikeLisp, that providesyou with powerful abstractionsand allowsyou
to write your programs in a principled and modular way. But, on those crucial occasions where it
is important that an abstraction be implemented in a particular way, you get to help the compiler
achieve that end, also in a principled and modular way. In thisworld, you get to enjoy the benefits
of high-level abstraction without paying traditional performance, interoperability and functionality
costs.

In this paper, wewill show how a proof-of-concept metaobject protocol based compiler we have
developed for Scheme alows programmers to cleanly, concisely and portably code the following
examples, and have them work as efficiently and as robustly as if they had been implemented prim-
itively:

¢ Procedures that dispatch on the number of arguments they receive — such as those returned
by thecase- | anbda facility of Chez Scheme [Dyb91].

¢ Proceduresthat have extra data associated with them. Functionality likethisiswhat underlies
objectsin T [RA82, RAM84], entities and application hooks in MIT Scheme [Han91] and
funcallableinstancesin CLOS[BDG* 88, KdRB91].

o Data abstractions that are truly opague, immutable, or only mutable by privileged parts of a
program (e.g. arecord which cannot be mutated onceit isinitiaized).

*3333 Coyote Hill Rd., Palo Alto, CA 94304; (415)812-4888; Gregor—L amping@parc.Xerox.com.
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¢ CLOS like method dispatch.

o Powerful, seamless access to code and datain the surrounding environment (i.e. Unix, DOS,
Windows).

¢ Powerful analysisof programsto determine, both statically and dynamically, information such
aswhereacertain valuecan reach, wherethe val uethat reaches acertain point could have come
from, whether there are dead branches in the code, €etc.

Providing users with the kind of power these examples illustrate can significantly reduce the
complexity of a number of programs. As an example, consider the implementation of CLOS in
straight Common Lisp. While it is possible to implement a somewhat efficient CLOS in a small
amount of code (10 pages or so) thefastest ‘ portable’ implementation, PCL [KR90], is several hun-
dred pages of code. Much of the bloat could be reduced if acompiler likethe one we are devel oping
were available.

Our compiler makes al this possible by using a metaobject protocol (MOP) to provide an aux-
iliary interface to the language that gives users the ability to incrementaly modify the language's
implementation and behavior. When working with our compiler, users focus the majority of their
attention on writing a clean ssmpleprogramin the base language (i.e. Scheme). They only occasion-
ally turn to the metaobject protocol, to write meta-code that ensures their simple program compiles
efficiently, or that extends the base language so their simple program can remain simple.

Previousmetaobject protocols|[KdRB91, BKK ™86, Mae87, Coi87, WY 88, WY 91, Fer88, Y TT89,
MWY 91, MMWY 92, CM93] have been metacircular runtimeimplementationsof an object-oriented
language. The system presented here—aswell astherelated Anibus system[Rod91] —differsin sev-
era important ways. First, the base language our MOP controls, Scheme, is not object-oriented.
Asaresult, theissues our MOP is concerned with are somewhat different; where earlier MOPs are
concerned with the implementation of objects, our MOP is concerned with the implementation of
primitive data types like pairs and procedures. Similarly, our MOP is concerned with ordinary pro-
cedure invocation, not method dispatch. Second, our MOP runs at compile-time, not run-time; the
MOP controlsthe compilation of the Scheme program, rather than executing it directly. Finaly, our
MOP is not metacircular; the MOP is written in an object-oriented extension to Common Lisp, not
in Scheme.

A principlegoal in the design of our MOP isto give users the benefits of a high-level language
like Scheme, together with the benefits of lower-level languageslike C. Since theprimary difference
between thesetwo languagesisthat Scheme provideshigher-level dataabstractions— both by being
pointer based and by including pairs, integers, strings, procedures' and so on as primitive datatypes
— our MOP design emphasi zes user control of the layout of runtime data. Aswith any MOP, it also
governs the implementation of Scheme control structures.

The focus of this paper is to illustrate the usefulness of a compiler based metaobject protocol.
This paper includes only a sketch of the architecture of our MOP, we are currently preparing a com-
panion paper that presents its detailed workings. This paper proceeds by successively presenting
examples of Scheme programs that can be more efficient with our MOP-based compiler than with a
traditional compiler. The structure of the MOP is presented in stages as we work through the exam-
ples.

!In keeping with the R* RS terminol ogy, we will usethe term procedure throughout, even when the procedureis closed
over free variables.
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2 ProceduresWith Extra Data

As our first example, consider the case of a programmer who wants to associate an additional item
of datawith procedures. One such example is the generic functions of CLOS, which are first-class
procedures with an associated list of methods and other information.

Thedetail s of the mechanism required depend somewhat on the usein question, but for purposes
of exposition, assume that the user wants anew kind of | anbda expression, called DI anbda, that
returns procedures that can hold extra data. The extra data can be read and written using two new
procedures, pr ocedur e- dat a and pr ocedur e- set - dat a! .

A natura way toimplement thisin Schemeisto usenormal proceduresasastheresultsof DI anbdas,
and a global alist that maintains a correspondence from each procedure to its data.? The code that
implementsthisisfamiliar. First, DI anbda would be defined as amacro, which would expand into
something like:

(register-procedure-with-data (lanbda (...) ...))

where thefirst argument is the lambda expression whose value will be returned and passed around.
Theproceduresfor accessing thedata, together withr egi st er - pr ocedur e- wi t h- dat a would
be defined as follows:

(define procedure->data '())

(define register-procedure-with-data
(1anbda (procedure)
(set! procedure->data
(cons (cons procedure #f) procedure->data))
procedure))

(define procedure-data
(lanbda (procedure)
(cdr (assq procedure procedure->data))))

(define procedure-set-data!
(lanbda (procedure new)
(set-cdr! (assq procedure procedure->data) new)))

That thiscode is so simpleis atestament to the power of Lisp. But, this code has (at |east) two
major problems: First, the time required to lookup the data of a procedure is linear in the number
of procedures. Second, the procedures and data cannot be garbage collected, even if they redly are
garbage to the rest of the program.

Theéefficiency problems could be addressed by rewriting the code to use hash-tabl es, except that
vanilla Scheme doesn’t supply them. To address the garbage collection problem as well, the hash

2 An aternative implementation is also possible, in which the real procedure is wrapped in another one, that usually
forwards calls to the real procedure, but can be called with special arguments to access the extra data. This strategy is
better in some ways and worse in others than the one we will work with here. The point to note is that our MOP could be
used to optimize that base Scheme program aswell, in a manner similar to that shown in Section 7.
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tables would have to be weak-pointered, but vanilla Scheme doesn’t provide these either. But these
suggestionsskirt the obviousimplementation, the onethat wouldin all likelyhood have been chosen
if procedures with extra data had been provided primitively: the datawould be stored directly inthe
procedure object.

The question is, is it possible to allow the user to do thiswithout drowning them in the details
of the compiler or the runtime. To see how this can be done, consider that what the user actually
wants to do is modify the contract that governs the implementation of procedures, to say that there
should bean extracell in each procedure, to hold theassociated data. Consider that somewhereinside
the compiler, whether explicit or implicit, thereis inherently a declaration of the runtime format of
procedures, which might look something like:

(procedure
(nargs (int 8)) ... (code ptr) (environnent ptr))

that is, a number of fields, some of which may be packed, some full pointers, some uniqueto a par-
ticular implementation, some an inherent part of all implementations and so on. Without having to
understand the full structure definition, the user can reason about wanting to add one field, to get a
structure definition something like:

(procedure
(nargs (int 8)) ... (code ptr) (environnent ptr) (data ptr))

to provide aplace to store the data.

3 Decisonsand The Granularity of Decision Making

Whileallowing usersto changethisstructure definition might be easy enough, on closer examination,
it isn't really what we want to do. The problem is that the scope of the change the user would be
making istoo large: al procedures would be affected, rather than only those created by aDl anbda.

But the scope of a change to procedure layout cannot just be the | anbda that constructs the
procedure. Both | anmbdas and applications must agree on the layout of procedures they have in
common: where the code pointer is, how the environment is recorded, etc. In genera, al anbda
and an application must agree if thel anmbda might produce a procedure that will beinvoked by the
application.

Our MOP achieves this agreement by grouping applicationsand | anbdas that must agree, and
treating the group collectively. One contract governs the layout of al procedures manipulated by
the group. User specialization of runtime data layout is thus specialization of these contracts. This
contract arrangement isanatural consequence of acompiletime MORP. Unlikearuntime MOP, where
object dispatch can achieve agreement between the creator and the users of an object as uses occur,
acompiletime MOP must bring all concerned partiestogether at compiletimeto achieve agreement
and avoid runtime dispatch.

Stepping back, a MOP gives programmers control over design and implementation issues that
were previously out of their hands. But, to do this elegantly, a MOP designer must decide not only
what previously hidden design decisionsthey want to give programmers control over, but also what
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Figure 1. showing the overall architecture of the compiler.

the natural granularity of decision making is.®> Getting this granularity right is what leads to good
scope control. In our MOP, we want to expose decisions about layout of runtime data, and these
groups are the natural grain size of the decision making. Contracts are the point where the decisions
and the grain size come together.

4 The Architectureof the M etaobj ect Protocol

A metaobject protocol based compiler works by exposing some traditionally hidden analyses, data
structures and decision making processes. But a primary goal of metaobject protocol designis to
ensure that unimportant or idiosyncratic details remain hidden, and to expose only those issues that
are both crucia and inherent to the compilation process— issuesthat any compiler will haveto dea
with.

A metaobject protocol works by using explicitly documented objectsto represent the user’spro-
gram, or informati on about theimplementation of that program. Thesemeta-level objects, or metaob-
jects, follow awell-documented protocol to compile (or in other systemsexecute) theuser’sprogram.
The user can specialize the compiler by arranging for metaobjects that control appropriate parts of
their program to have appropriately specialized methods that will be run at appropriate timesduring
the course of compilation.

In our protocol there are three principle categories of metaobjects. Program graph metaobjects
represent the source program, and aretheinputstothe compiler. Thereisasinglecontract metaobject
for every group of program graph metaobjects that must agree on the layout of runtime data. RTL
metaobjectsare the output of the MOP — they are statementsin asimple register transfer language.

Thework of the compiler, as controlled by our protocol, is divided into three phases, as shown
in Figure 1. Thefirst phase does flow analysisto determine what groups of program graph metaob-
jects must agree on runtime data they share, and creates a contract metaobject for each group. In
the second phase each contract metaobject plans the layout it will use for the data it governs. The
third phase generates the RTL, based on these decisions. Thereisafina tranglation of the RTL into
primitive machine instructions, which is not under MOP control.

®It should be stressed that there is no such thing as a MOP that gives users accessto all decisions. It simply isn't
possibleto do so. Metaobject protocols are intended to provide programmers with more flexibility, not infinite flexibility.
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| Type | Constructors | Destructors |
Procedure | anmbda applications
Pair cons car,cdr
Environment || | anbda, |l et,l et* andl etrec | variableaccessesandset!’s
Number +,-,% . +,-,% L
Vector nmake- vect or vector-ref,vector-set!

Table 1: A few of the different types of contract, together with the constructors and destructors of
the data they govern. In addition, all the various predicates (eq?, pai r ?, pr ocedur e? etc.) can
be destructors for any data type.

4.1 Flow Analysis

The compiler accepts program graph metaobjectsasinputs. Thereisadefault classof program graph
element corresponding to each kind of expression in Scheme, for example lambda expressions are
instancesof <l anbda- expr >. Specialized methods can be attached to program graph metaobjects
to affect their behavior, or the behavior of contract metaobjects derived from them. (We have built
aspecia abject-oriented language that facilitatesthistransfer of methods. See [Kic93] for details.)

Thefirst phase of the compilation buildsa contract metaobject for each group of program graph
metaobjects that must agree on runtime data they share. Each group is made digjoint from al the
others and as small as it can be while guaranteeing that metaobjects that must agree will be in the
same group.

Contracts, in general, cover forms that construct and access (i.e. destruct) some kind of data
Lanbdas and applicationsare one such case: | anbdas construct procedures, and applications ac-
cessthe datain the procedure to perform the application. Similarly, cons constructs pairsand car
and cdr destruct them. Table 1 liststhe different kinds of contracts, with their constructorsand de-
structors.

Theinformation used in grouping the program graph metaobjects under contractsis which con-
structors' results could reach which destructors, which is calculated by flow analysis. In the case of
| anbda and applicationsthisinformationisthefamiliar call graph. For more detailssee[LKRR92].

Oneissuethat arisesin the flow analysisis how to handle flows through code that the compiler
does not have access to, code in other compilation units. Our prototype implementation is a block
compiler; it skirtsthe issue by assuming that all codeis available. One piece of futurework isto ex-
plore extending existing modul e systemsto include flow and contract information as part of modules
so that it can be used in compiling other modules.

Since any flow analysis of Scheme isinherently imprecise, our default analyzer can lead to con-
tractsthat cover more program graph metaobj ects than necessary, which means coarser unitsof deci-
sionmaking. Our analyzer sticksto the MOP philosophy; it followsan extensibleprotocol so that the
user can augment it with declarations or even metacode necessary to result in any smaller contracts
the user wants. The details of this protocol are beyond the scope of this paper.
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4.2 Contract Planning

Once the contracts have been formed, ahigh-level protocol decides how the runtime data controlled
by a contract will be laid out. Each program graph metaobject that participatesin the contract can
contribute methods to any of the steps of this protocol.

The contract first determineswhat it is responsiblefor storing, accumul ating requirements from
al theparticipantsinthecontract. Thenit decideshow that informationwill belaid out. For example,
the default kind of procedure contract might decide that it needs to store the code for the procedure,
the procedure’s environment, as well as severd truly implementation-dependent values. Similarly,
the default pair contract will probably decidethat it must storetwo el ements, in atwo-word structure.

43 RTL Generation

For reasons of portability, our MOP generates machine-independent RTL that islater translated into
native binary in anon-specializableway. The protocolsthat generate the RTL use destinationdriven
code generation [DHB90] which enables tail-recursion optimizations and avoids the generation of
many redundant moves and jumps.

RTL generation isdone by a collaboration between the program graph and contract metaobjects.
Since the contract metaobjects know thelayout of runtime data structures (including environments),
each contract isresponsiblefor generating al code that creates or accesses the data structuresthat it
covers. The program graph metaobjects, on the other hand, know the structure of the program, and
are responsiblefor ensuring the connections between the individua data structure accesses.

The collaboration can be illustrated by the generation of the code for an application. When the
application is requested to generate its code, it requests its contract metaobject to generate a call,
passing it the program graph metaobjectsfor the procedure and for each of the arguments. The con-
tract object requests each of those program graph metaobj ectsto generate code for their expressions,
placing the results in the places required by the call contract. Finaly, the contract metaobject gen-
erates the remaining code for the application to do frame management and the actua calling.

5 ProceduresWith Extra Data, Continued

Given this architecture, a user who wants to implement procedures with extra data must do two
things: (i) Arrange for the contract of procedures returned by a DI anbda to have an extracell for
the dataand (ii) arrange for pr ocedur e- dat a and pr ocedur e- set - dat a! tobeableto ac-
cess the extra cell. To do this, the user edits their base code as follows. First DI ambdas must be
changed to expand to:

(register-procedure-w th-data
{procedure-with-data}(lanmbda (...) ...))

and the support procedures are edited as follows:

(define register-procedure-with-data
(lanbda (procedure)
(set-procedure-data!l procedure #f)))
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(define procedure-data {procedure-wi th-data-reader }dummy-reader)

(define procedure-set-data! {procedure-wi th-data-witer}dummy-witer)

Wherethe specia annotation syntax withthe curly bracesindicatesthat the program graph metaob-
ject that represents the immediately following expression has special methods named by the anno-
tation. (Again, exactly how these methods are defined, associated with the annotation names, and
propagated throughout the compilation is beyond the scope of this paper.)

There are four of these methods. The first is responsible for causing the generic placeholder
reader and writer (durmy- r eader and dummy-wri t er) to join the procedure contract as de-
structors of the procedure. The remaining methodsall end up specializing the contract of the proce-
duresin question. The first method runs during contract planning, it uses the symbolic layer of the
protocol to request that an additional field be allocated in each procedure produced by the contract.
This method looks roughly like:*

(rmethod initialize (contract) ; NOTE this
(cal | - next - net hod) S
(request-cell contract 'pointer 'slots)) ; met acode.

The second two methods aso run at the symbolic layer of the protocol. They give the place-
holders dummy- r eader and dunmy-wri t er their actua behavior. Specificaly, they read and
write the extrafield that the first method requested be alocated. In al this metacode, the user isn’t
confronted with having to know exactly what layout the procedures has, or what el se the rest of the
compiler putsinto them. They only ask for an extra pointer-sized field, and ask to be able to access
it.

6 Immutable Structures

While Scheme doesn’'t provide a mechanism for ensuring that a user-defined structure will be truly
opaque, such athing can be quite useful, as away to guarantee that other parts of the program won't
make inappropriate access to a data abstraction. The degree of opacity desired can vary, including
wanting to prohibit any access, or just wanting to prohibit side effects. Such immutability, itself,
comes in various degrees. For example auser might like a structure to be mutable whileit is being
initialized, but then immutable afterwards, asin the following piece of code:

(define make-tandem
(lanbda ()
{mut abl e-regi on}
(let ((I {imutable-pair}(cons 'left #f))
(r {imutabl e-pair}(cons 'right #f)))
(set-cdr! 1| r)
(set-cdr! r I)

1))

*In our current implementation, these methodsare not quite this clean, for avariety of uninteresting technical reasons.
We are currently reworking the protocol details so that they will be this clean.
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(define left cdr)
(define right cdr)

This, admittedly somewhat silly, exampledefinesnmake- t andemtoreturn a“left-hand object,”
whose “right-hand object” can be fetched and vice versa. But, the opposite hands can't be changed
once the objects have been created.

The{i mut abl e- pai r } annotation specializesthe pair contract for each of the conses, with
methods that override the normal codefor processingset - car! andset - cdr! . Theoverriding
methods simply check whether the call in question is within the scope of the mut abl e- r egi on
annotation, and if not signal an error at compile time.

Because the default flow analysisisimprecise, there can be cases where the flow analysisinfers
that apair that wasdeclared immutabl e might escapeto some mutator, even though that can’t actually
happen. It would put the mutator in the same contract as the immutable pair, resulting in a compile
time error compiling the mutator.

Thus, if theuser sees such acompiletimeerror, there are severa possibilities. It may bethat their
program actually hasthisbug, and needsto be corrected. Theuser may know that the pair can’t reach
the mutator, in which case the flow analysis can be augmented with enough additional information
toinfer that. Finaly, if the user isn't sure, they can change the behavior of {i nrut abl e- pai r }s
to emit code for mutators that does a run-time check.

Thisexamplecould easily be enhanced, to ensurethat no oneoutsidethescopeof the {i mut abl e- pai r }
annotationwaseven allowedtocal car orcdr onthepairsdirectly. (Inwhich case theannotations
would probably be renamed to be something like opaque- pai r.)

Thisexample pointsout that because our MOP' s flow analyzer is extensible, it can be used to do
powerful global analyses of programs, such as determining whether a pair might be side-effected,
where datastructures can reach etc. In an environment likethisit is crucia to give the user toolsto
understand these global interactions. Our prototype compiler includesawindow based environment
that gives point-and-click access to the metaobjects and their interconnections. Thistool has proven
to be invaluablein understanding the Scheme programs and metacode we are working with.

Thisisagood point to pause and contrast the MOP approach of letting the user add special fea-
turesthey requireto the language, rather than thetraditional approach of tryingto includeexactly the
right features in the language in thefirst place. The problem with the later approach isthat if every
feature that anyone could want wasin thelanguage, thelanguagewould betoo big. Further, afeature
that is present might be more general that the user needs, leading to a less efficient implementation
than necessary. Or it might not have quite the behavior the user wants, asillustrated by the range of
conceivably useful behaviorsfor {i mrut abl e- pai r }. The MOP approach letsthe user craft the
features they need, tuned to their requirements. Of course, in order for this approach to be viable,
the new features need to run as fast as they would have if that had been provided by the language
implementor. That'swhat the MOP is designed to allow.

7 Dispatching on Number of Parameters

A useful programming idiom isto be able to have a procedure that dispatches on the number of ar-
gumentsit receives. This can be used in some ways of packaging readers and writers, and for some
functions that have optional arguments, such as:
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(define increnent
(case-1 anbda
((n) (+n 1))
((mn) (+nm)))

This dispatching functionality is useful enough that some, but not all, Scheme implementations
provideit. Theway to implement case- | anbda in vanillaScheme isto define it as amacro, that
expands something like the following:

(lanbda .args.?®
(let ((.length. (length .args.)))
(cond ((= .length. 1) (apply (lambda (n) (+ n 1)) .args.))
((= .length. 2) (apply (lambda (n m (+ n m) .args.))
(otherwise (error ...)))))

Once again, that this code is so simpleto writeis atestament to the power of Scheme. But, that
expressivenesscomesat acost. Unlessthe compiler includesaspecia mechanismfor tryingto detect
this case, this code will run more slowly than one might like, first marshalling the argumentsinto a
list, then taking the lenght of thelist, and then dispatching on that length.

But for an application that is known to call a particular case- | anbda, and that has a fixed
number of arguments, the user would like the compiler to count the arguments at compile time and
emit acall directly to the appropriatecase. Thisiseasy to expressin our MOP, by relying on adocu-
mented optimization the compiler isaready doing. During flow analysis, the compiler makesalist,
for each application, of al the | anbdas that might produce procedures that could be caled from
there. If thereisonly one | anbda on the list, then emitted code calls the code for that | anbda
directly, rather than fetch the code pointer out of the procedure.

Giventhis, dl that is needed to support case- | anbda isto intercept the accumulation of pos-
siblel anbdasandindicatethat for acall toacase- | anbda thelambdathat iscalled iswhichever
inner oneis selected by the case. The necessary method definitioniis:

(et hod destructor-flow (application case-lanbda) ; NOTE this
(if (fixed-arity? application) ;i's
(cal | - next - net hod ; et acode.
application (which-inner-|anbda case-|anbda application))
(call -next-nethod)))

Thismethod runs as part of the flow analysis protocol, whenever the analyzer discoversthat the
result of a particular case- | anmbda can be called by a particular application. If this method can
uniquely determinewhat casethe applicationshould call, it short circuitsthe anaysistothat case (the
first cal | - next - met hod). Otherwise, it allowsthe analysisto proceed normally. So, at the end
of theanalysis, every fixed-arity applicationthat callsaparticular case- | anbda will be compiled
as adirect jump to the appropriate case.

While thisis not the most general optimization that can be done for case- | anbdas, it does
handle the most common case. Handling specific casesis exactly what the MOP isintended for.

*We aren’t being hygenic here, not because we don’t appreciate the value of cleanliness, but rather just to make the
example easier to read — particularly for those who may not be able to read hygenic macros easily.
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8 Exploitingthe RTL

(Because of space limitationsin this review version of the paper, this section has been substantially
abridged.)

All of the examples presented so far have been expressible solely in terms of the higher level
protocols for data structure layout and access. Those protocols themselves are built on top of the
lower level protocols for emitting RTL. Some cases, such as providing interfaces to foreign code,
require the the complete flexibility and low level specificity that comes with the ability to emit RTL
directly. Another example is generating method dispatch code such asin PCL, whereitis desirable
to generate direct jJumps and specia bitwise operations.

There is crucial difference between the RTL protocol in our compiler and the ability to insert
machine instructions that some languages and compilers support. Because the RTL protocol runs
as part of the compiler, it has complete access to the compilation environment, and can exploit that
information in generating the RTL. So, for example, it can know where a given variable value will
be sitting, what the exact layout of a given datastructure will be and so on. Thus, the user can work
with RTL either by writing high level code and controlling its compilation in RTL, or by directly
generating RTL. In either case, their code will be much less brittle than a traditional machine code
sequence sitting in the midst of higher level code.

9 Statusand Future Work

The system we' ve described is operational, and runs all the examples presented in this paper. We
have awindow-oriented interface that is a great help in writing and debugging user meta-programs.
The compiler itself isimplemented in an object-oriented extension to Common Lisp called Traces
[Kic93]. The RTL istrandated to native SPARC code. To get our compiler up and running more
quickly, we' ve chosentotry and get along without writing our own runtime, but instead workingwith
an existing one. For the time being we are using the Lucid runtime, which is *“compatible enough”
with Scheme for our purposes. We simply link our binary codeinto the Lucid image and it runsfine.

But our current systemisintended to be aproof of concept; it needs more engineering effort to be
fully capable. First of all, it doesn’t yet support al of Scheme; we have focused initially on facilities
that presented an interesting mix of implementation choices. Also, our current trand ation from RTL
to native binary weak; we don’t generate high quality machine code.

We believetheright eval uation metric to usefor this proof-of-concept MOPisatwo step one: (i)
Isthe control our MOP providesuseful, and, (ii) doesit seem that we ought to be ableto improvethe
quality of the runtime code generated. The examplesin thispaper demonstratethat the answer to the
first metric isyes. Asfor the second, our approach is complementary to most of the work on code
generation. The MOP focuses on front end issues and is compatible with the work that has been
done on machine-independent RTL optimization and quality machine-dependent code generation.
We expect that exploiting those techniquesin our back end will give good quality code.

Three kinds of future work are needed. First, we need increase our library of examples, toim-
prove our understanding of the style of working with such asystem. Thiswill help with our second
goal, improving the design of the protocol so it is more powerful and easier to use. Our next key
step in thisdirectionisto solidify the symbolic layer of the protocol, so that more can be said at this
level. Our third goal isto improve the quality of the final output code, primarily by improving the
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code generator. We plan to explore whether we can connect to some existing Lisp backend, such as
the CMU Python compiler, to take advantage of the implementation efforts of others.

10 Related Work

Metaobject protocols are a synthesis of procedural reflection and object-oriented techniques. Early
work on procedural reflection focused oninterpretersfor imperativelanguages[ Smi82, Smi84, dRS84,
dR88]. The realization that object-oriented techniques provide a powerful mechanism for harness-
ing reflection led to explorations of user control over object representation, method dispatch, con-
currency and distribution [Mae87, Coi87, WY 88, WY 91, Fer88]. Based on the intuition that open-
ing alanguage' simplementation to principled user intervention can improve performance, anumber
of researchers have pushed MOP techniquesin this direction [BKK 186, KdRB91, YTT89, Rod91,
Rod92, MWY 91, MMWY 92]. [Kic92] presents aconcise summary of theideasin thiswork.

But theideathat users should have meta-level control over the programming language goes back
much farther. Compilers have supported declarationsranging from thevery general, such as whether
to optimize for space or for speed, to the more specific, such as whether agiven procedure should be
inlined. Some of these facilities have been quite powerful, such as those found in the SETL repre-
sentation sublanguage [D*79]. An early summary of the motivationsfor providing this access can
be found in [SW80].

11 Summary

While more work must be done before our compiler can be usablefor day-to-day devel opment, the
work to date demonstrates that a metaobject protocol based compiler can give users useful control
over the compilation of their programs, without drowning them inirrelevant details. It appears that
this control can simplify existing programs. We estimate that functionality similar to that discussed
in three examples of this paper — procedures with extra data, programmable flow analysis and di-
rect generation of RTL for specia code vectors — could reduce the amount of code in PCL by at
least 20%. Thismakes us confident that we should proceed to the next stage of development for this
compiler.

Thetraditiona goal of language design has been to get the language— and itsimplementation—
“justright,” and then move onto build morefunctionality ontop of it. But thisisnot alwaystractable.
The reason isthat it simply isn't possibleto get an interface — or itsimplementation — just right
for very long, or for very many different clients. We believe that this work presents a fundamental
new approach approach in which the goal isto get the language to be “just adjustable”

In short, we' ve shown that adding metaobject protocol can move Lisp from being a*“ball of mud
that users can glom more mud onto” into a“ piece of clay that can be scuplted to suit the needs of a
far wider range of programmers than have traditionally used Lisp.”
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