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1. Introduction

Stages of computation arise naturally in many programs, depending on the availability
data or the frequency with which data changes. Code for later stages can often be optimi
based on data available in earlier stages. The division of programsvottagesas been
studied intensively in the area pértial evaluation[8, 18, 35] to separate those program
expressions that can be safely evaluated at specialization time from those that cannot. Pa
evaluation can now be considered as one of the most advanced techniques for autorn
program manipulation.

The main problem with standard partial evaluation, e.g., as presented in [37], is the nee
specify the availability of data in terms of ‘known’ and ‘unknown’. This two-point domain
does not allow to specify multi-level transition points (e.g., “unknown until StAl€eThis
has limited the operation of partial evaluators to a conservative two-level approximatio
Our goal is more generainulti-level specialization

This paper not only investigates multi-level specialization theoretically, but also preser
the key ingredients foefficient multi-level specializationa generalization of standard
techniques for offline partial evaluation and their integration witlttgen approacfv, 31].
This requires several non-obvious extensions of standard partial evaluation techniques, <
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asmulti-level generating extensiaresgeneralization of Ershov’s generating extensions [20].
The program generator which we designed and implemented for a higher-order sub
of Scheme converts programs into very compact multi-level generating extensions tt
guarantee fast successive specialization.

The main payoff of this novel approach becomes apparent in the case of multiple se
application: experimental results show a remarkable reduction of generation time a
generator size when compared to previous attempts of multi-level specialization by se
application [23]. The program generator permits multi-level specialization without the prot
lems inherent in re-specialization of the output of automatic program specializers, whi
has been, among others, an obstacle to the generation of compilers from meta-interpre
(in the sense of interpreters taking a language definition, a program, and its data as inp
Our approach to multi-level specialization seems well-suited for applications where ge
eration time and program size are critical, such as run-time code generation or operat
systems.

Our approach to multi-level specialization, which we ealllti-cogen approachshares
the advantages of the traditional cogen approach [7, 31], but for multi-level specializ
tion: the generator and the generating extensions can use all features of the implements
language (no restrictions due to self-application); the generator manipulates only syn
trees (no need to implement a self-interpreter); values in generating extensions are re
sented directly (no encoding overhead); and it becomes easier to demonstrate correct
for non-trivial languages (due to the simplicity of the transformation). Last but not leas
multi-level generating extensions are portable, stand-alone programs that are indepen
of the multi-level generator.

We claim that the multi-cogen approach scales up to other programming languages as

idenced by the fact that program generatorstfa-level generating extensiohave been
implemented successfully for a wide range of languages, including-taculus [12],
ML [5], Prolog [38], and ANSI C [1]. Recently our work has been extended to continuation
based partial evaluation [49] and closely related work has been initiated by several |
searchers including a language for hand-writing program generators [47], an algebr
description of multi-level lambda-calculi [43], and a framework for staged computation i
modal logic [19].

1.1. This paper

This paper covers multi-level specialization starting from theoretical considerations al
basic principles, to the design and implementation of the multi-level program generator a
the assessment of experimental results. The paper falls into three parts:

e Multi-level specializationWe review standard tools for specialization, formulate multi-
level specialization more precisely, and discuss the theoretical limitations and practic
problems of standard specialization tools (Section 2).

e Multi-level program generatorWe present the principles behind our design in a case
study (Section 3), define the multi-level binding-time analysis, the heart of our multi-leve
program generator (Section 4), and extend the basic methods into a full implementatior
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multi-level generating extensions with higher-order, polyvariant specializatiol
(Section 5).

e Experimental resultsln the last part, we discuss experimental results with application:
that have been considered theoretically in earlier sections (Section 6) and conclude
presentation with comparative remarks (Section 7). Appendix A describes the me
interpreter example in detail.

The main emphasis in this paper is on principles and methods. We explain the techniq
for the construction of multi-level generators and generating extensions in sufficient det
to allow their implementation. We assume familiarity with the basic notions of partia
evaluation, for example as presented in [37] or [35], Part Il . The paper extends our earl
work [26] and draws upon results of [27].

2. Multi-level program specialization

In this section we review standard tools for specialization, formulate the properties of mul
level specialization more precisely, and discuss the theoretical limitations and practic
problems of standard specialization tools.

Notation. For any program textp, written in language L we let ], in denote the
application of the L-programp to its inputin. We usetypewriter font for programs
and their input and output. The equality between applications shall always mean stro
(computational) equivalence: either both sides of an equation are defined and equal, or &
sides are undefined. For notational convenience we assume that all program transformer:
L-to-L-transformers written in L; for multi-language specialization see [24]. The notatior
is adapted from [35].

2.1. Standard tools for specialization

Turning a general program into a specialized program can be conceived of as turnin
one-stage computation into a two-stage computation, and performing the first stage. T
is traditionally done using a program specializer or a so-called compiler generator.

2.1.1. Program specializer. Suppose is asource progranwith inputing andin;. Com-
putation in one stage is described by

out = [p]L ing in; } one stage Q)

Supposeng is data known at stage ors&#tic) andin; is data known at stage twdynamig.
Computation in two stages usingeogram specializegpec is described by

p-res = [spec]Lp ‘SD’ ing

out = [p-res]. ing two Stages 2)
where thebinding-time classificatioriSD’ indicates the binding times gfs input (we
classify each argument of a source program as stésic, or dynamic,‘D’, according
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to its binding time). The result of specializing the source progpawith respect taing

is aresidual programp-res that returns the same result when applied to the remaininc
input in; as the source prograpmwhen applied to the inpuitny andin;. We obtain the
mix-equatior{37], the correctness criterion epec, by combining the above equations:

[plL ing iny = [[ spec]L p “SD’ ing]L ing 3

All residual programs are faithful to the source program, but are often significantly faste
The main task of a specializer is to recognize which'®tomputations can be precomputed
at specialization time and which must be delayed ysntites’s run time. For clarity we
useding anding, but it is easy to see that each of them can be replaced by a sequence
inputs.

2.1.2. Compiler generator. A program generatotogen, which we call acompiler gen-
erator for historical reasons, is a program that takes a progsaamd its binding-time
classification as input and generates a program gengragen, calledgenerating exten-
sion[20], as output. The task @f-gen is to generate a residual prograrres, givenp’s
static dataing. We callp-gen atwo-levelgenerating extension efbecause it realizgss
computation in two stages.

p-gen = [cogen], p ‘SD’
p-res = [p-gen]. ing
out = [p-res]L ing

} two stages )

Combing the equations in (1) and (4) we obtain an equational definition, the correctne
criterion of cogen:

[ple ino iny = [[[ cogen] p “SD’]i ino]L imy ()

Specialization op is now done in two steps: the compiler generatogen produces’s
generating extensiop-gen which is then used to generate the residual progpsages.
The generating extensigrrgen produceg-res potentially much faster than the program
specializespec becausg-gen is program generator specialized with respegi.to

2.2. Specialization pipelines

We discuss two forms of multi-level specialization, online and offline pipelines, and intro
duce the concept of a multi-level program generator and a multi-level generating extensit

2.2.1. Online specialization pipelines.Program specialization can do more than divide a
computation into two stages. Suppgsis a source program with arguments, whereng

is data known at stage oney; data known at stage two, and so on. Computation in one
stage can be described by

out = [p]L ing---inn1 } one stage (6)
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Computation im stages using a program specializeec is described by

p-res; = [spec]L p ‘SDD---D’ ing
p-res, = [spec]. p-res; ‘SD---D’ im
: n stages @)
p-res,_; = [spec]. p-res,_, ‘SD’ inn_»
out = [p-res,_;]L inp_1

In each stage the residual prograrres; obtained from the previous stage is specialized
with respect to the nextinptit; . The firstargument ai-res; is always classified as static,
the remaining arguments are always dynamic. In each stage the number of argume
decreases by one, thus the binding-time classification describes fewer arguments as
multi-level specialization proceeds. It is easy to verify that the specialization sequence
correct using the equational definitionsdec in (3).

Alternatively, we can use a compiler generatogen instead ofspec to convert the
residual progranp-res; at stagel + 1 into a generating extensig-gen;. This may
improve the performance of the specialization at siagel, e.g., ifp-res; is specialized
with respect to different input.

p-gen; = [cogen] p-res; ‘SD---D’
p-res;; = [p-gen]L in;

} stagei + 1 (8)

Multi-level specialization op realized by one of the two methods above is a forrardine
specialization because specialization at stagfecan take all daténg - - - inj_; into account
that has been provided in earlier stages (regardless whether the specialization method |
at stage + 1 is online or offline). Recall that the defining featureodffine specialization

is that it does not take static data into account, only the binding-time classification of tt
input. Hence, we call this sequence of connected specializatiooslze specialization
pipeline

2.2.2. Assessment of online specialization pipeline&n online specialization pipelines
has two main advantages:

e Precision specialization at stage+ 1 (0 < i < n — 1) can take alktatic valuednto
account that have been provided in earlier stages.
o Flexibility: at each stage we are free to choasgbinding-time classification.

But the advantages of an online specialization pipeline are also its disadvantages. Fi
the precision gained by applyirgec’s full transformation power to every ‘intermediate’
programp-res; hasits price: specialization time. For example, program pieces that depel
only on input that will be available at some later stage, may be re-analyzed in each of t
preceding stages. Itis also likely that these program pieces have been duplicated during
earlier stage, e.g., by polyvariant program point specialization.

Second, an online specialization pipeline may be too flexible in those cases where
order of inputing - - - inn_1 is fixed. Consider specializing a meta-interpreter with three
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arguments: a language definition, a program and its data. Multi-level specialization dc
not make much sense unless the language definition is available before the program,
the program is available before its data.

Finally, it may be difficult to perform binding-time improvements on a machine-produce
program, e.g.p-res; at stagé + 1, because the structure of the original proggamay
have changed dramatically during the preceding stages (unless we have fully autom:
methods for binding-time improvements). For example, a residual program resulting fro
specializing an interpreter with respect to an interpreted program will usually reflect tt
structure of both programs. This makes the overall behavior of an online specializati
pipeline less predictable since the success of specialization atistagienay depend on
the static data provided in an earlier stage.

Moreover, how should one modify the original prograno avoid the need for binding-
time improvements at a later stage? For this, we need to predict the staticness of [
gram pieces ip independentlyf static values (binding-time improvements do not make
much sense unless they improve the result of specialization for a large class of ste
values).

2.2.3. Offline specialization pipelines.Our approach to multi-level specializatiompigrely
offline A program generataticogen, which we call multi-level compiler generator, or
multi-level generatofor short, is a program that takes asinput progranp and a binding-
time classificatiorty - - - t,_1 Of p's input and produces multi-level generating extension
p-mgen, as output. The order in which the input is supplied is specified by the binding
time classification. The smaller the binding-time vatuethe earlier the input becomes
available.

Without loss of generality we assume thatinput is supplied in the ordeimg - - - inp_1,
and thus its binding-time classificationdis- - n — 1. Multi-level specialization using multi-
level generating extensions is described by

p-mgeny = [mcogen], p ‘0---n-1’
p-mgen; = [p-mgeny] . ing

: n stages 9)

p-mgen,_, = [p-mgen, 3] inn-3

p-res,_; = [p-mgen, ,]i inn>
out = [p-res;_;]L inn_1

Combining these and (6) we obtain an equational definition, the correctness criterion
mcogen:

[plL ing---inp1=[---[[mcogen] p ‘0---n-21°]_ ing---JL inp_1 (10)
Given its first inputing, the multi-level generating extensigrrmgen, produces a new

specialized multi-level generating extensipimgen, and so on, until the final resudtut
is produced given the last inpih,_;. This is also illustrated in figure 1 where a box
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p‘0...n—1’ ing ing,_» in,
mcogen p-mgen, . p-mgen, ., p-res, _,|—» out

Figure L Program specialization with multi-level generating extensions.

denotes a program run with the input supplied from the top and the output shown to t
right.

We call this sequence of specializationsddftine specialization pipelinbecause once
the binding-time classification is consumeddogen no classification is required later.
Note that progranp-mgen; returned by stagedoes not become the input of a specializer
at the next stage, but can be executed directly. Running a multi-level generating extens
p-mgen; Will be faster than using a general specialigpec. Multi-level specialization of
p using multi-level generating extensions is clearly advantageaussikpecialized with
respect to different inpuitng - - - inp_1.

Itis easyto see that a standard (two-level) generating extension is a special case ofam
level generating extension: it returns only an ‘ordinary’ program and never a generati
extension. Program-gen in (4) and progranp-mgen,,_, in (9) are examples of two-level
generating extensions.

Similarly, the standard (two-levetpgen is a special case of the multi-leugtogen and
one may defineogen in the following way:

[cogen]. p ‘SD’ dzefl[mcogen]h_ p ‘o1’ (12)

In other wordsmcogen can be used to set up any (combination of) online and offline
specialization pipelines, whileogen can be used only for online specialization pipelines
(or for incremental generation @-mgen, as explained below). This is a fundamental

limitation of the traditional “cogen approach”.

2.3. How to generate multi-level generating extensions

Assume that we have only the standard specialization tools: a specigtizerand a
compiler generatotogen. Then we know of two methods [23] that can, in principle, be
used to generate multi-level generating extensianstemental generatioand multiple
self-application

As example consider a three-input program, namely a meta-interpreter that takes
a language definitiodef, a programpgm, and its datalat as input. Letdef be written
in some definition language D, lpgm be written in programming language P (defined by
def), and letmint be written in programming language L.

The equational definition afint is

[mint], def pgm dat = [def]p pgm dat = [pgm]p dat = out (12)
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What we look for is the three-level generating extensidmt-cogen of the meta-
interpretemint to perform the computation in three stages.

comp = [mint-cogen], def
tar = [comp] | pgm three stages (13)
out = [tar]_ dat

The programtar is an L-program that returns the same result when appliedtas the
P-programpgm when applied to the same input. Thus, progred is a target program.
The two-level generating extensi@pmp is a program which, when given a P-program
pem, returns an L-programar and is thus a P-to-L-compiler. The three-level generating
extensiomint-cogen is a program which, when applied éef, yields comp and is thus

a compiler generator.

2.3.1. Incremental generation. A three-level generating extension can be constructed ir
two steps using the compiler generatogen (or the Futamura projections [21] together
with a self-applicable specializepec): firstthe meta-interpreterint is converted into an
‘auxiliary’ generating extensiogen-aux which takesief andpgm as input, thegen-aux

is converted into a generating extensiomt-cogen’ which takes onlylef as input.

- — 3 ¢ )
| genraux = [cogen] mint SSD incremental generation (14)
mint-cogen’ = [cogen], gen-aux ‘SD’
Itis straightforward to verify thatint-cogen’ is a three-level generating extension using
(14) and the equational definition ebgen.

[mint], def pgm dat = [[ gen-aux] def pgm], dat
= [[[ mint-cogen’], def]. pgm]. dat (15)

Incremental generation has two main problems:

e Step-wise generation problenn general, it takesr — 1 generation steps to convert a
program into am-level generating extension using standard specialization tools. Itis nc
possible to obtain the generating extension directly. This has its price: generation tim

e Respecialization problemln practice, the main difficulty is the need to generate and
transform several intermediate generating extensions. This is more difficult than tl
respecialization of residual programs becatsgen is not just applied to an ‘ordinary’
program but to a program generator. Most compiler generators are not geared towards
transformation of the generating extensions they produce. Binding-time improvemen
should they be necessary, have to be performed on a machine-produced program gene
(cf. Section 2.2.2).

2.3.2. Multiple self-application. Given a self-applicable specializgsec there is another
way to obtain a multi-generating extension: by multiple self-application. This requires u
to three self-applications in our example (in contrast to the Futamura projections whi
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never require more than two self-applications). Note that multiple self-application require
a self-applicable specializer; a compiler generator cannot be used.

We now give four equations which specify the generation of a target progeath
a compilercomp”, a compiler generatatint-cogen” and a compiler-generator genera-
tor cogengen”. For readability we distinguish between the specializers with indices an
assume that each specializer has the appropriate arity (otherwise they are identical).

tar” = [spec;]. mint ‘SSD’ def pgm
comp” = [spec,]| spec; ‘SSSD’ mint ‘SSD’ def
mint-cogen” = [specs]| spec, ‘SSSSD’ spec; ‘SSSD’ mint ‘SSD’
cogengen” = [spec,]| spec; ‘SSSSDD’ spec, SSSSD’ spec; ‘SSSD’

(16)

Using the equations above and the equational definition of the corresponding speciali
spec; we have

out = [tar”], dat

tar” = [comp”]. pgm
/! s " (17)
comp” = [mint-cogen”] def
mint-cogen” = [cogengen”]| mint ¢SSD’

It can easily be verified thatint-cogen” is the three-level generating extension we are
looking for:

[mint]. def pgm dat = [tar”]. dat

= [[ comp”]. pgm]. dat
= [[[ mint-cogen”], def]. pgm]. dat (18)

We can obtaimint-cogen” either from the third equation in (16) or the fourth equation

in (17). Note that the compiler-generator generatg@engen” accepts programs written in

L, while the compiler generatarint-cogen” accepts definitions written in D, the definition

language of the meta-interpreteint (in other words, compiler generators with arbitrary

definition languages can be implemented given an appropriate meta-interpreter).
Multiple self-application has two fundamental problems [23]:

e Generation time problemAssume that is the run time of a program, thent = k" is
the time required to rup on a tower o self-interpreters, whereis the factor of their
interpretive overhead. Since most non-trivial, self-applicable specializers incorpore
a self-interpreter for evaluating static program pieces, the run time of multiple sel
application grows exponentially with the number of self-applications.

e Generator size problemEach level of self-application adds one more layer of code
generation to the produced generating extension, i.e., code is generated that genel
code-generating code that generates code-generating code, and so on. The result
variant of the notorious encoding problem in self-application (types in programs need
be mapped into a universaltype in a partial evaluator): it may lead to an exponential grow
of the size of the produced generating extensions (in the number of self-applications)
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e Overgeneralization problemn multiple self-application (16)spec,s environment con-
taining the static valudidef , pgm) is classified as a partially static structure wisgrc,
is specialized bypec,. In practice, this may require either strong enough specializatior
methods inspec, or binding-time improvements afpec,.

2.4. Ourgoal: A multi-level program generator

To conclude with our example, a multi-level generatosgen solves the meta-interpreter
problem elegantly in one step and, as we shall see, very efficiently:

mint-cogen” = [mcogen], mint ‘012’ (29)

Programnint-cogen” is, by definition ofncogen (10), the required three-level generating
extension:

[mint], def pgm dat = [[[ mint-cogen”], def], pgm]. dat (20)

To avoid the theoretical limitations and the practical problems of standard (two-level) sp
cialization tools we are going to develop a non-standard, multi-level program generat
mcogen in the remainder of this paper.

3. A case study: Approaches to a solution

We now turn to the basic methods for constructing a multi-level program generator. O
aim is to develop a program generator well-suited for multi-level specialization. Efficienc
of the multi-level generating extensions, as well as their compactness are our main goa

We present the principles behind our designin a case study. Afterintroducing the exam,
program, we develop our approach starting from two basic observations, and show how
example program can be converted into a two- and three-level generating extension. We
use Scheme [33], an untyped, strict functional programming language, as our presental
language. The same principles apply other programming languages.

3.1. Source and residual program

Suppose the source program is a three-input program for computing the inner praduct
of two vectorsv andw of dimensiom. Programiprod is shown in figure 3 wheréref i

v) is used to access thi¢h element of a vector while leaving the internal representation
of the vector unspecified (e.g., it may be a list).

Figure 2 shows how the computation of the inner product can be performed in one, tw
and three stages (the number below each box refers to the figure in which the respec
program is shown). For example, given valuesif@ndv, the task ofiprod’s two-level
generating extensiotprod? is to produce a residual progratprod-nv.

Figure 4 shows a residual programprod-nv wheren =3 andv =[7 8 9]. The recur-
sion has been unfolded and the vector elements have been in-lined, eliminating the neec
bound checks and data references. Running the residual pragtam@-nv on the remain-
ing inputw will be faster than running the source prograprod on the input, v, andw.
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nvw

iprod +—— out one stage
(3)
nv W

iprod2 iprod-nv —— out two stages
() (4)
n v W

iprod3 iprod3-n iprod-nv —— out three stages
(7) (9) (4)

Figure 2 Case study overview: Performing a computation in one, two, and three stages.

(define (iprod n v w)
(if &> n 0)
(+ (* (ref n v) (ref n w))
(iprod (- n 1) v w))
0))

Figure 3 Source program.

(define (iprod-nv w)
(+ (x 9 (ref 3 w))
(+ (* 8 (ref 2 w))
(+ (x 7 (ref 1 w)) ON)))

Figure 4 Residual programm(=3, v =[7 8 9]).

But how can one obtain a two-level generating extensign®d2 or even a three-level
generating extensiotprod3 from iprod?

3.2. Constructing a two-level generating extension

In offline partial evaluatiorihe transformation process is guided Hyiading-time analysis
performed prior to the specialization phase [35]. The result of the binding-time analys
is a program in which all operations are classified (annotated) as either static or dynar
Operations annotated as static are performed at specialization time, while operations ar
tated as dynamic are delayed until run time (i.e., residual code is generated). Binding-til
annotations can be represented conveniently usingdevel syntaf42], e.g., by marking
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(define (iprod2 n v w)
(if > n 0)
(_+ (_x (Qift (ref n v))
(_ref (1ift n) w))
(iprod2 (- n 1) v w))
(1ift 0)))

Figure 5 A two-level program.

(define (_+ x y) “(+ ,x ,y))
(define (_*x x y)  “(* ,x ,y))
(define (_ref x y) ‘(REF ,x ,y))
(define (1ift x)  ‘(QUOTE ,x))

Figure 6. Two-level code generation.

every dynamic operation with an underscorer), while leaving every static operation
unchangeddp).

Observation 1 (Annotated programs are generating extensions) annotated program
PannCan be viewed as a generating extension of progud&1]. It is only a question of the
language in which one considepg,, as a program: a static operatiop can be executed,

while a dynamic operationop generates program code. In other words, a binding-time
analysis, together with a phase annotating the source program, can be viewed as a gene

of generating extensions.

Let us continue with our example.

1. Two-level programAssume that the first two argumentsigfrod are static and that the
last argument is dynamic, i.ex; static, v:static, andw:dynamic. Figure 5 shows
the result of annotatingprod with the corresponding binding-times. The operation

1ift that has been added converts static values into corresponding pieces of progr
code.Lifting is necessary when static values appear in a dynamic context [41, 44]. F

example, the result of the static expressi¢nsf n v) andn has to be lifted.
2. Two-level code generation-igure 6 shows how dynamic operations, e.aef, can

be defined. Their definition is the same for all two-level programs. The backquot

notation of Scheme is convenient for building list structures. For exarmiplet ’REF
’x ’y) can be written a$ (REF ,x ,y). Recall that the expressigratun is just an
abbreviation for(QUOTE datum). Thus, expressiof (QUOTE ,x) generates a literal
constant. For clarity we use upper case letters when we generate code.

3. Running a two-level programThe body of the residual program in figure 4 can be
obtained by evaluating the annotated program in figure 5 together with the definitions
the dynamic operators in figure 6, where-3, v=[7 8 9], and the dynamic variable
w is bound to the symbail. Numerical constants need not be quoted and we omitted th
quotes generated i ft.

Remark In general, specialization will fail to terminate if all function calls in a source
program are unfolded unconditionally. A standard method to avoid this problem is tf
insertion of specialization points. This method will be explained in Section 5.2.
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3.3. Constructing a multi-level generating extension

We have seen that a two-level program can be viewed as a two-level generating extens
Consequently, we can view a multi-level program as a multi-level generating extensi
(and use a non-standard, multi-level binding-time analysis to obtain the multi-level progra
annotations).

Observation 2 (Multi-level annotation) A static/dynamic annotation of a program is a
special case of a multi-level annotation where binding-time vadyes. . ., n indicate at
what stage an operation can be reduced.

A multi-level generating extension, in our case a three-level generating extension, can
obtained as follows.

1. Multi-level program.Figure 7 shows a three-level version of the inner product assumin
that the arguments afprod have the following binding-timesi:0, v: 1, andw:2. The
program is annotated usingnaulti-level syntaxwvhere all dynamic operations have a
binding-time value as additional argument. The general formét isopte --- €,)
wheret is the binding-time value angl are annotated argument expressions (note that
is a legal identifier in Scheme).

2. Multi-level code generationFigure 8 shows the functions for multi-level code genera-
tion. They are the same for all multi-level programs.

Generic code generation. Functiohas three arguments: an operatpra binding-
time valuet, and the argumentss of the operatosp (code fragments). Code generation

(define (iprod3 n v w)

(if (> n 0)
(_ '+ 2
(L% 2
(_’1lift 11

(_ ’ref 1 (1ift 1 n) v))
(_ ’ref 2 (1ift 2 n) w))
(iprod3 (- n 1) v w))
(1ift 2 0)))

Figure 7. A multi-level program.

(define (_ op t . es)
Gf (=t 1)
“(,op . ,es)
‘(_ (QUOTE ,op) ,(-t 1) . ,es)))

(define (lift s e)
(if (= s 1)
< (QUOTE ,e)
¢(LIFT ,(- s 1) (QUOTE ,e))))

Figure 8 Multi-level code generation.
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(define (iprod3-n v w)
(C 2+ 1 (L% 1 (Lift 1 (ref 3 v))
(_ ’ref 1 (1ift 1 3) w))
(C’+ 1 (L% 1 (Qift 1 (ref 2 v))
(_ ’ref 1 (lift 1 2) w))
(C2+ 1 (_ 1 (Lift 1 (ref 1 v))
(_ ’ref 1 (lift 1 1) w))
(1ift 1 0))))

Figure 9. A generated generating extensian 3).

works as follows: ift equalsi then the function produces an expressiorndfethat can

be evaluated directly by the underlying implementation. Otherwise, it reproduces a c.
to itself wheret is decreased by 1. Running the function several times corresponds
a ‘count-down’ untilt reached which means thaip expects its arguments in the next
stage.

Multi-level lifting. Function1ift ‘freezes’ its argumen¢ (a value). It counts the
binding-time values down to 1 before releasingas literal constant. An expression of
theform(_ ’1iftt s e is used when it takesspecializations before the value®is
known and + s specializations before it can be consumed by the enclosing expressit
(s > 0). Sincelift is just an ordinary function, it can be delayed using function
(which is necessary as long as the value of not available).

3. Running a multi-level program.The body of the two-level generating extension in
figure 9 can be obtained by evaluating the three-level generating extension in figure
together with the definitions for multi-level code generation in figure 8 whete 3.

The resultis a specialized version of the two-level generating extension in figure 5 whe
bound checks are eliminated (and a multi-level annotation is used instead). Note tl
the binding time arguments have been decremented(e.g.ref 1...w), while other
operations have become executable, €xpf 3 v). Evaluatingiprod-n with v=[7

8 9] returns the same program as shown in figure 4.

3.4. Construction principles

To conclude, we have shown that annotated programs can be considered as gener:
extensions given an appropriate interpretation for their annotated operations, and that
standard static/dynamic annotation is a special case of amore general multi-level annotat
From these two observations, we draw the following conclusions for the design of our mul
level program generator and the corresponding multi-level generating extensions.

e A non-standard, multi-level binding-time analysis together with a phase converting a
notations into executable multi-level generating extensions form the core of a multi-lev
generator.

e Multi-level generating extensions consist of two parts: a multi-level program in exe
cutable form and a library providing the appropriate interpretation of annotated operatio
(code generation, etc.)
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The case study also illustrates the main advantages of our approach: fast and com
generating extensions. No extra interpretive overhead is introduced since library fur
tions are linked with the multi-level program at loading/compile-time. Static operation
can be executed by the underlying implementation. In principle, one could provide ¢
interpreter for multi-level programs, but this would be less efficient. (Alternatively, one
could stage such an interpreter, a way to proof the correctness of the library operatic
[49]).

The library adds only a constant size of code to a multi-level program (in contrast t
Holst [31] who used macro-expansion). The size of a multi-level generating extensic
is independent of binding-time values (if we ignore the logarithmic costs of representir
numbers). Thus, the size of a multi-level generating extensions depends only on the <
of the multi-level program (and the static data consumed in earlier stages). Indeed, mu
level generating extensions are very compact. Take the multi-level generating extens
iprod3 (figure 7) as example: it is not dramatically larger than the two-level generatin
extensioniprod? (figure 5), althoughiprod3 produces a generating extension as output
(not just an ‘ordinary’ residual program agrod?2).

Programs can be generated very elegantly in Scheme because its abstract and con
syntax coincide. Other programming languages may need more effort to obtain syntactice
correct multi-level programs. Generating extensions for languages with side-effects, st
as C, require an additional management of the static store to restore previous computa
states [1]. However, this does not change the principles underlying our approach.

4. Multi-level binding-time analysis

We are going to develop multi-level binding-time analysi@MBTA) for the multi-level
program generator in this section. The task of the MBTA is briefly stated: given a sour
programp and the binding-time values (bt-values) of its input together with a maxima
bt-value, find a consistent multi-level annotationpivhich is, in some sense, the ‘best’.
We give typing rules that define well-annotated multi-level programs and specify the an:
ysis. The MBTA developed here is monovariant (all calls to the same function have tt
same bt-pattern). The main motivation for this is efficiency: type-inference based, mon
variant binding-time analysis can be done by constraint normalization in almost-line
time in the size of the analyzed programs [30] (in contrast to abstract interpretation-bas
methods).

After defining the multi-level language (Section 4.1), we introduce binding-time types
give typing rules for well-annotated multi-level programs, and specify minimal (best) corr
pletions (Section 4.2). We conclude with a strategy for multi-level binding-time improve
ments (Section 4.3).

4.1. Multi-level language

The multi-level language is an annotated, higher-order subset of Scheme [33] where ev
construct has a bt-valie> 0 as additional argument (figure 10). In addition the multi-level
language has a lift operatbift ;. The underlining of an operator, e.dx,, together with
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p € Program d € Definition, e € Expression ¢ € Constant
x € Variable f e Fctname op € Operator, s,t € BindingTimeValue

p:=di...dm

d::=(define (f X1...Xpn) €)

e:=c I X | (ift €1 € €3)
| (lambdai (X1---Xn) € | (eg @t €1---€n) | (Let¢((X €1)) &)
I (fer-en) | (op er---e) | (Liftfe

Figure 10 Abstract syntax of multi-level higher-order programs<{®, 0 < m).

the bt-value attached to it, is itennotation Consistency and minimality of annotations
will be defined below. Function calls are always unfolded so no annotation is used (t
insertion of specialization points will be explained in Section 5.2).

The source language, the multi-level language without annotations igitdoperator,
is identical to the core language of Similix [10], a state-of-the-art partial evaluator, exce
that we omitted user-defingdary constructors (which are not part of Scheme).

Definition (Underlying program) Erasing all annotations and lift operators from a multi-
level programpann gives theunderlying progran] pannl Of Pann

4.2. Consistency and minimality of annotations

Not all multi-level programs have a consistent bt-annotation. We give typing rules th:
formalize the intuition that early values may not depend on late values. They defilhe
annotatednulti-level programs.

4.2.1. Binding-time values. For every source program the bt-valueg; of its input are
given, as well as a maximal bt-valwe Expressions with bt-value= 0 are calledstatic,
otherwisedynamic The meta-variables t range over bt-values.

Definition (Binding-time value) A binding-time valudbt-value) is a natural numbegre
{0, 1, ..., v} wherev is themaximal bt-valudor the given problem.

4.2.2. Binding-time types. A binding-time type contains information about the type of
a value, as well as the bt-value of the type. The bt-value of an expressiamulti-level
program is equal to the bt-valtie= ||z || of its bt-typer. When an expression is well-typed
(in a monomorphic type system with recursive types and one common base type), the ty
component of its bt-type is the same as the standard type.

Definition (Binding-time type) Atyper is a (well-formedpinding-time typevith respect
to v, if Ft :t is derivable from the rules below. #z :t then the typer has a bt-value,
and we define a mapping| from types to bt-valuesjjz| =t iff 7 :t.



AN AUTOMATIC PROGRAM GENERATOR 129

t < AFTi'S AbFT:S >t s>t
(Basg ——=" (Feyy 27TiS APT:S S=1 S=
AFB!:t AbFty- T —>tTt
tinA t< A Tt
Bryy LHNA t=sv o pag A0lyrTit
Ala:t AFpa.t it

Base bt-types, shown in RujBasg, are denoted bB' wheret is the bt-value. We do not
distinguish between different base types, such as integer, boolean, etc., since we are
interested in the distinction between base values and functions. The rule ensures that
all well-formed bt-typed|z| < v.

Rule{Fct} shows the bt-type for functions where - -7,—' r contains the bt-valueof
the function as well as the bt-type of its arguments (-7,,) and result{). Since a Scheme
function may take multiple arguments, we will often use the shorthand notatien ¢
wheret abbreviates ;- - -t,. Rule{Fct} requires that the bt-values of the argument types
and the result type arenotsmaller than the bt-valueof the function itself because neither
the actual arguments are available in the function’s body nor can the result be compu
beforethe function is applied.

Rule{Btv} ensures that the bt-valt@ssigned to a type variabié is never greater than

Rule{Reg for recursive typegia.t states that has the same bt-values the recursive
type na.t under the assumption that the type variabldas the bt-value. This is in
accordance with the equalitye.t = t[ua.t/a] which holds for recursive types. The
notationA @ {« : t} denotes that the bt-environmetutis extended witH« : t} while any
other assignment : t’ is removed fromA.

Henceforth, all binding-time type are assumed to be well-formed.

4.2.3. Equivalence of binding-time types.An equivalence relatioln bt-types allows us

to typeall expressions in our source language even though the language is dynamicze
typed. In particular, we can type expressions where the standard types cannot be uni
because of potential type errors (function values used as base values, base values us
function values). We defer such errors to the latest possible bindingutirde example

will be shown in Section 4.2.5 after introducing the typing rules. Alternatively, this coulc
be encoded in the typing rules, but we choose a separate equivalence relation for clarit)

Definition (Equivalence of bt-types) Let v be a maximal bt-value and l&t be the fol-
lowing equation:

B —»'B =B

Given two bt-typesr and r’ well-formed with respect to, we say thatr and ¢’ are
equivalent, writter-t =1, if = 7’ is derivable from equatiot), the equivalence of
recursive bt-types (based on types having the same regular type [15]), and the usual rela
for equality (symmetry, reflexivity, transitivity, and compatibility with arbitrary contexts).

4.2.4. Typing rules. The typing rules for well-annotated multi-level programs are defined
in figure 11. Most of the typing rules are generalizations of the corresponding rules us
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{Conj T'c: BO (Vap Tl
'x:t
(If) e :B! ThFe:t Thes:it 7] >t {CaII}FFQ:Ii fir...tn>trinl
F'E(if;e1e2€3) 17 F'E(fe...en):t
F'te:r T{x:t}re: o |T|>|t I'+q:Bt
Let {x:7} I .H / Izl {op} -
Fl—(lit“,"((xe))e/).r Fl—(o_;)Iel...en).B
I{x:tile: FFey:ti...tn =t THe it
{AbS {I |} : — {App} 1 n — i
I'E g X1 .. Xn.€) i71. .. =T 'H(eg @ €1...60) T
4 I'e: B! ket Fr=1
(Lift) e s>0 (Equl et Fr=t
[ (Liftde) : B!S M-e:¢

(Def} I'{Xg:t1,..., XniTnibe:t

[+ (define (f X1...Xn) € :71...Th—'1

fi:fi=liginTF (define (fi %) §):Ti—lg

{Prog} - =
I (define (fgXg) €) ... (define (fy X,) €,):T

Figure 11  Typing rules for well-annotated multi-level programsgnges over < i < n).

for two-level programs in partial evaluation [35]. For instance, fiflefor if-expressions
annotates the construcf with the bt-valuet of the test-expressiog because the f-
expression is reducible when the result of the test-expression becomes known &t tim
The rule also requires that the test expression has a first-order type.

Rule{Lift} shows the multi-level operataift &: the value of its argumethas bt-value
t, but its result is not available until+ s (wheres > 0). The bt-value of an expression
(1ift 7 e) is the sum of the bt-valudsands. In other words, the multi-level lift operator
delays a value a value to a later binding time. As is customary in partial evaluation (s
[35] for a discussion of this point), the rule allows lifting of base values only [42]. The lift
operator known from standard partial evaluation (Section 3.2) is a special case of multi-le\
lifting, wheret ands are constantslift 3.

For practical reasons, and for unique canonical completions, we require thafaf
operators in a multi-level program have maxirsaln other words, we merge all nested lift
operators into a single operator using the following equivaleiteft{*5e) = (lift,
(1iftje)).

Rule{Op} requires that all function-type arguments of primitive operators have bt-value
This is a necessary and safe approximation since we assume nothing about the type
primitive operator (the same restriction is used in the binding-time analysis of Similix [10]
it can be avoided [50]).

Rules{Def} and{Prog} type definitions and programs, respectively.

4.2.5. Minimal completions

Definition (Well-annotated completion, minimal completionfiven a progranp, a maxi-
mal bt-valuey, and a bt-patterty - - - t,, of p’s goal functionfy, awell-annotated completion
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of pis a multi-level programpann with |pannl = p iff the following judgment can be
derived:

Fpann: {fo: B BB, fiiTi—>t7q, ..., i Tt}

A well-annotated completion iminimalif the bt-value of every subexpressiein pis less
than or equal to the bt-value efin any other well-annotated completion pf

Every programp has at least one well-annotated completmg, since the operations
of a program can always be annotated withwhich corresponds to all subexpressions
in the completion having the bt-typB”. A program p can have more than one well-
annotated completion. The goal of the MBTA is to determine a well-annotated completic
Pann Which is, preferably, ‘minimal’, i.e., all operations in a program shall be performec
as early as possible. It can be shown, as for the two-level casenthiaiial completions
always exists [27]. The correctness of typing schemes for two-level BTA has been sho
by several authors, e.g., [29, 52]. Similar proof methods can be used for the multi-lev
case (not shown).

Example (bt-type equivalence in a derivationConsider the expression
(if #t 5 (lambda (x) x))

where the standard typB of base values and the standard type—t of abstraction
(lambda (x) x) cannot be unified (which is necessary to type the conditional expres
sion). Using the equivalence relation we can assign both expressions th8'tygred

still derive a type for(lambda (x) x). The following is a derivation for the completion
(if o #t (1ift§5) (lambda,(x) x)):

I'{x : B'}-x:B"
-5:8° '+ (lambda, (x) x):B'—"B" FB"=B"—"B"
MH#t:B% Ik (1ift)5) B '+ (lambda, (x) x):B"
[k (ify#t (1ift}5) (lambda,(x) x)):B

4.2.6. Implementation. Based on the normalization algorithms for constraint systems
described in [13] we developed an efficient MBTA [27] that runs in almost-linear time
in the size of the analyzed programs. Experiments show that it runs (on selected t
programs) slightly faster than the corresponding two-level analysis in Similix, which i
notable because we did not optimize our implementation for speed [27] (our MBTA he
the same accuracy as the BTA in Similix). The results are also significant because tt
clearly demonstrate that multi-level specialization scales up to advanced languages with
performance penalties. This implementation of the MBTA has been used in the multi-lev
generator and the experiments in Section 6.
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4.3. Improving programs with multiple binding times

Certain programming styles can complicate the MBTA, while others make it easier |
analyze programs. The need for changing the programming style in certain situations is wi
known from standard partial evaluatioBinding-time improvement8TI) are semantics-
preserving transformations that make it easier for the analysis to make more operatic
static (a collection of BTI can be found in [35], Chapter 12).

The question has been raised whether multiple binding times require new methods
BTI. Fortunately, the problem can be reduced to the two-level case where all known B
techniques apply. A straightforward strategy for multi-level specialization is to make
two-level BTI passes over a program to improve the separation between all bt-levels. S
by improving the binding-time separation between bt-leyéls. ., v — 1} and{v}, then
between bt-levelq0, ...,v — 2} and {v — 1, v}, until the final separation between bt-
levels{0} and{1, ..., v}. Starting the separation ‘at the end’, immediately identifies those
operations in an expression that have to be delayed longest and appropriate modificati
can be made (e.g., reorder associative operations).

In conclusion, multiple binding times do not cause new complications for binding-tims
improvements, except that they require- 1 two-level BTI passes.

5. Multi-level generating extensions

Programs annotated with multiple binding-times need to be converted into executable p
grams and supplied with an appropriate interpretation for their annotated operations. T
section extends the basic methods developed in Section 3 into a full implementation
multi-level generating extensions with higher-order, polyvariant specialization.

We give the structure of generating extensions (Section 5.1), define the conversion fr
annotated programsinto a concrete representation (Section 5.2), and explain the mechan
for code generation (Section 5.3) and multi-level specialization (Section 5.4). We conclu
with a small, but complete example (Section 5.5).

5.1. Representation of multi-level programs

A multi-level generating extension consists of two parts (cf. Section 3.4):

1. Multi-level program.The result of converting an annotated program into an executabl
program.
2. Library. Functions for code generation and specialization.

The representation of a multi-level program has to accommodate bt-values, specializat
points, and auxiliary functions for code generation. We follow the approach suggested
Observation 1 (Section 3.2): static expressidns=(0) are evaluated by the underlying
implementation, while dynamic expressiohs-( 0) are calls to code generating functions.
To avoid infinite unfolding at specialization time, we need to insert specialization point:
The concrete syntax of multi-level programs is shown in figure 12 (the operators will b
explained below).
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p € Program d € Definition, e € Expression ¢ € Constant x € Variable
f € Fctname op € Operator, ¢ € Labet spe SpecPoint g € Group
s, t € BindingTimeValue

pi=di...dn
d = (define (f X1...Xpn) €)
e =c | x
| (ope...en) | (_’opte...e)
| (iferexes) | (L ’ifterexey)
| (1iftse | (_ ’lifttse
| (let ((Xe)) e) | (_lette; (lambda (X) €))
| (fer...en) | (_apptep...en)
| (lambda (X1...Xn) € | (_lambdat n (lambda (Xi...Xn) €))
| (1ist ’closure f £Qo...0n) | (_closuret sp)
\

(_calltsp)
sp::=(memot £Qp...0n)
g i=(t(er...en) (e1...6¢))

Figure 12  Concrete syntax of multi-level programs £0n, 0 < m).

5.2. Converting annotated programs

The conversion of annotated programs into multi-level generating extensions is straightf
ward, except for two pointsspecialization pointseed to be inserted and functions created
by abstractions need to be representedasures A summary of the translation is shown
in pseudo-code in figure 13. Program code is generated by a recursive decent over
annotated program. The right hand sides show the construction of the code. For simplic
function definitions are emitted as side-effect when specialization points are inserted.

5.2.1. Choosing specialization points.Compared to standard evaluation, partial evalua-
tion uses a different reduction strategy when processing dynamic conditionals and dyna
abstractions [9, 11].

Standard evaluation evaluates only one of the branches of a conditional, but par
evaluation specializes both. Partial evaluation is therefore strict in both branches of
dynamic conditional A dynamic abstractiorcannot be beta reduced at specialization
time: an abstraction has to be generated where the new body expression is the resu
partially evaluating the original body. Hence, when processing dynamic abstractions, par
evaluation is strict in the body of the abstraction.

In both cases, partial evaluation is less terminating: there is a danger of infinite unfoldil
even if standard evaluation terminates. Hence we must create specialization points
dynamic conditionals and dynamic abstractions: every dynamic conditional/abstraction
replaced by a call to a named function where the actual arguments are the free variable
the expression and the entire conditional/abstraction is the body of the new function. The
calls become the specialization points in a generating extensions, while all user-defir
function calls will be unfolded at specialization time.

This strategy, introduced in Similix [9, 11] for the two-level case, is straightforwarc
and surprisingly effective in practice, also for multi-level specialization. It guarantees th
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Constant, variable:
[cl

[x1

Operator:

[(op e~ en)] = (op[ed] - [enlD
[Cop e -en] (_ ’optle]---[ea]d

I
X -
o

Lifting:
[iftie]
[(Liftf ed]

(LIFT s [e])
(_ ’LIFTts[e])

Local binding:

[ (Lety ((xe)) e)] = QET (X [e])) [e]D
[(let; ((xe)) e)] = (_LETt[er] (LAMBDA (X) [e2]))

Function call, application:

[(fe---enl = (f[e] - [eaD
[(o@ e ---ed] = (_APPt[eg][e] - [en]D
Conditional (insertion of specialization point):

[Gfg e e e3)] = (IF[ed] [ed [esD

[ (it &1 & €3)] = (_CALLt (MEMOt ’fhewQs))

emit((DEFINE ( frewys) (_ IFt [er][e] [es])))
where (ys gs) = FormalsGroup§ (if, e; & €3)]

Abstraction (insertion of specialization point):

[ (Lambdayxs €] = (LIST 'CLOSURE fpew ’frewds)
emit((DEFINE ( fhewysS) (LAMBDA (xs) [€])))
where (ys g9 = FormalsGroup§ (Lambdagxs €]

[ (1ambda, xs ©] = (_CLOSUREt (MEMOt ’fhewds))
emit((DEFINE (fpewyS)
(_LAMBDA t |xs (LAMBDA (x9) [€]))))
where (ys gs) = FormalsGroup§ (lambda, xs €]

Auxiliary function FormalsGroupge] returns a tuple with formal arguments ys and
groups gs. The formal arguments ys are the free variables of expression e; the groups
contain the free variables of expression e ordered according to their bt-value and type.

Figure 13  Conversion of annotated programs into multi-level generating extensions.

infinite unfolding occurs only if specialization enters a completely statically controllec
loop. Standard evaluation wouttbt terminate in this case and we accept that the gen-
erating extension does not terminate either [35]. Strategies for guaranteeing terminat
in such situation, but without being overly conservative, are a topic of current resear
[2, 22].

5.2.2. Representing specialization pointsFunctions specialized in one stage, may be
specialized again in the next stage (as opposed to two-level partial evaluation wher:
specialized function becomes part of the residual program and is never specialized age
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Hence, multi-level specialization points must have a more general structure than their tw
level counterparts.

e Intwo-level partial evaluation it is sufficient to divide the arguments of a functiamo
two groups (static, dynamic). In the multi-level case the arguments may have more th
two different bt-valuest < {0, ..., v}.

¢ In two-level partial evaluation, a dynamic conditional/abstraction always has the sar
bt-value: dynamic. Inthe multi-level case a dynamic conditional or abstraction may ha
any dynamic bt-valuet € {1, ..., v}.

To accommodate multi-level specialization in the generating extensions, we choose
format

(memot f go...q)

for a specialization pointemo where f is the name of the function to be specialized and
t the bt-value of the specialization point. The arguments of the function are ordered in
groupsgo - - - g according to their bt-tags. A group has the form

g:=(bo
b ::= (epase- - - Epase
C ::= (Eglosure- - - Eclosure)

wheres is the bt-value of the expressions contained in the groupgargandegosure are
expressions of base type and function type, respectively. The separation of expressi
according to their type facilitates the comparison of closures during specialization. V
assume that there is a group for each bt-value @ In the actual implementation empty
groups are omitted (hence, the number of groups is limited by the number of argumel
and independent af).

Auxiliary functions for manipulating groups are shown in pseudo-code in figure 1
and will be used later. Functiatecr-groups decrements the bt-value in a list of groups;

(decr-groups (1 bg c1) ... (t bt ct)) => ‘(0 ,by ,c1) ... (,t-1 ,bt ,ct))
(drop-groups (0 bp cp) ... (t bt ¢t)) => (append bg co ... bt ct)
(merge-groups ((1 by c1) ... (t by ¢)) ... ((1 by c}) ... (t by ¢))) =>
‘((1 ,(append by ... b)) ,(append c1 ... cp)) ...
(t ,(append by ... b;) ,(append ct ... ¢{)))

(code-groups (0 bp (k1 ... kp)) (1 by c1) ... (t by ct)) =>
(list go g1 ... &)
where
go = ‘(LIST 0 (LIST . ,bp) (LIST ,kj ... k)
gs = '(LIST s (LIST . ,bs) (LIST . ,cs)) fors=1,...,t
k| = ‘(LIST ’CLOSURE , (k->f ki) ’,(k->1 k)
. ,(code-groups (k->gs ki))) fori=1,...,n
Functions to select components of a closuke>£ returns function f k->1 returns
label ¢, andk->gs returns a list of group<go - - - gt) .

Figure 14 Auxiliary functions for manipulating argument groups.
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functiondrop-groups creates a list of all expressions contained in a list of groups; functior
merge-groups joins two or more lists of groups; and functieade-groups generate an
expression that creates a list of groups when evaluated.

Example (Multi-level specialization) Consider the specialization of a functiérwhere

the argument expressioBs. . . e are grouped according to their bt-values 0, 2, 3, and 4,
respectively. Assume that allarguments are of base type, expeptich is of function type.
Sincef has no arguments with bt-value 1, the corresponding group has been omitted. Mu
level specialization proceeds by specializihgn each stage with respect to the available
values until the result of the function can be computed by a direct (static) cdbtad.

(memo 4 £ (0 (&) O) (2 (&pe) O) 3 O (&) 4 (e) O))
(memo 3 fa (1 (gpe) O) (2 O (e)) (3 (&) O))

(memo 2 fa (0 (ge) O) (1 O (ep)) (2 (&) O

(memo 1 fabc (0 () (&)) (1 (&) O))

(fabcd &)

5.2.3. Representing functions. With polyvariant program point specialization it is nec-
essary to compare the values of static arguments at specialization time. In a higher-or
language, a static value may be a function, so we need to compare functions for equal
Since extensional equality of functions is undecidable, we use closure equality as appr
imation. A closure may, depending on the implementation, be an expression/environm
pair containing a function and a list of values for its free variables. To accommoda
higher-order specialization in multi-level generating extensions, we choose closures of 1
form

k ::= (CLOSURE f £ gp...q)

wheref is a closed functiory, a label that identifies the abstraction that created the closure
andgp . .. g; are groups containing arguments for the free variables. The groups constitt
the environment component of the closure and are sorted according to their bt-tag. Funct
f is a closed expression that has not yet been applied to the arguments of the free varia
contained inthe groups. When applied to these arguments, furfct&tarns a new function
that can be applied to the actual arguments of an application (see the description of clos
application in Section 5.3.4). Note that it is possible to build closures that contain closure

Our approach is similar to the one used in the partial evaluators Similix [10] an
Schism [16], but generalized to multi-level specialization. A possible optimization is
choose the closure representation only for functions that will become arguments of sj
cialization points [50] (an easy optimization is to use ordinary lambda-expressions f
abstractions with = v). Other partial evaluators for higher-order languages, such a
Lambdamix [28] and the hand-written compiler generator for SML [12] do not specializ
functions with respect to functions and thus need no closure representation.

Remark Partially static data structures can be represented in a way very similar to cl
sures. The corresponding extension of the MBTA adds no further complications and t
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specialization mechanism can be adapted easily (the present implementation of our mt
level generator includes partially static data structures).

5.2.4. Avoiding code duplication. To prevent the duplication of residual expressions when
unfolding function calls, we insert let-expressions [11] for all formal arguments in a functio
definition (including those definitions introduced for dynamic conditionals and dynami
abstractions). Inserted let-expressions are unfolded only when the corresponding varic
becomes static.

5.3. Code generation library

The code generating functions required to run multi-level generating extensions are
scribed in this section. The mechanism for multi-level specialization will be explained i
Section 5.4. Together they constitute the library added to the programs obtained by
conversion described in the previous section. The code generating functions are listec
figure 15.

5.3.1. Generic code-generation.A generic function, denoted hy, can be used for prim-
itive operations, conditionals, and theft operator. Let-expressions, abstractions and

(define (_ op t . es) ; operator
(if (=t 1)
‘(,op . ,es)
‘(_ (QUOTE ,op) ,(-t 1) . ,es)))

(define (lift s e) ; lifting
(if (= s 1)
‘(QUOTE ,e)

‘(LIFT ,(- s 1) (QUOTE ,e))))

(define (_let t e f) ; local binding
(let* ((x (new-vname)) (body (f x)))
Gf (=t 1

“(LET ((,x ,e)) ,body)
“(_LET ,(- t 1) ,e (LAMBDA (,x) ,body)))))

(define (_lambda t arity f) ; abstraction
(let* ((xs (new-vnames arity)) (body (apply f xs)))
(if (=t 1)

¢ (LAMBDA ,xs ,body)
¢(_LAMBDA ,(- t 1) ,arity (LAMBDA ,xs ,body)))))

(define (_app t e . es) ; application
(1if (=t 0)
(apply (apply (k->f e) (drop-groups (k->gs e))) es)
‘(_APP ,(- t 1) ,e . ,es)))

Figure 15 Library for multi-level code-generation.
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applications cannot be handled because local bindings and closures require a special ti
ment. The function takes three arguments: an opesgtaa bt-valuet, and the arguments
es of the operatopp (code fragments). If the bt-valueequalst then the function pro-
duces an expression fop that can be evaluated directly by the underlying implementation.
Otherwise, it reproduces a call to itself where the bt-valiedecreased by 1.

Remark A possible extension is to perform certain peephole optimizations by inspectin
code pieces on the fly. For example, instead of generating an expréssiork), one may
simplify it to x. However, this can also be accomplished by a post-processing phase or
optimizing compiler.

5.3.2. Multi-level lifting. We use the following representation of the multi-level lift oper-
ator:

liftge = (LIFTse and liftie = (_’LIFTtse)

In the first case the argumeats static, but needs to be liftegitimes. In the second case
the argumente has the bt-valu¢ and1ift has to be delayettimes before lifting the
arguments times. Functionlift then counts the bt-valugdown to 1 before releasing
valuee as a literal constant. (The function is calleiift for historical reasons, although
the name_quote might be more appropriate since what it does can be called multi-leve
quoting).

5.3.3. Lambda abstraction and local binding.The treatment of dynamic abstractions and
let-expressions is straightforward. To avoid variable capture, fresh variables are introduc
at each stage. They replace the old variables in the let-expression or the abstract
respectively. Here substitution is handled by lambda-expressions that are applied to the fr
variables. This correspond to the renaming performed in a standard two-level reducer [3
except that we use lambda-expressions as in [49]. Let-expressions are unfolded ont
they are static (normal evaluation). This can be refined by using an occurrence col
analysis [11] to determine which dynamic let-expressions can be unfolded safely withc
changing the termination behavior of the program.

5.3.4. Application. Since functions are represented as closures (Section 5.2.3), functic
application has to be implemented @ssure application Closure application app is
done in two steps: first the function contained in the closure is applied to the values of t
free variables (after removing the group structure withp-groups), then the resulting
function is applied to the actual argumeantsof the application.

Example (Closure application) Consider the following expression which is the result of
converting the annotated expressiOflLambdag(x) (+;x y)) @, z) into executable
code. The expression building the closure contains fundtigna label’ £47, and a single
group with bt-tagd. When the expression is evaluated, the value of the free varjable
captured and the closure is created. Closure applicatipp then applies functiof47
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contained in the closure to the valueyoénd the resulting function to the actual argument
z. The auxiliary functionf47 could also be inlined as lambda abstraction.

(_app 0 (list ’CLOSURE f47 ’£f47 (list O (list y) (1list))) z)
aux. function: (define (£47 y) (lambda (x) (+ x y)))

5.4. Specialization points

The multi-level specialization mechanism used in a multi-level generating extension
described in this section. The insertion and representation of multi-level specializatic
points has been discussed in Sections 5.2.1 and 5.2.2.

A specialization poinis a call to a named functiofithat is not unfolded at specialization
time, but treated in the following way: if the tup{d, arg) with function namef and static
argument&rg has been specialized before, then a call to the already specialized function
inserted; otherwise the tupld, arg) is recorded in anemoization tabland the functionf
is specialized with respect to the static argumangs This method is known gsolyvariant
program point specializatiofiL4] because the same program point may be specialized witl
respect to different static arguments.

5.4.1. The multi-level specialization mechanismFigure 16 defines the functiatemo
for polyvariant and depth-first specialization. The function may generate a new functic
definition as side-effect. The function has two tasks:

1. Memoization. The function maintains a memoization tablegmo-list of previously
encountered program points of the fofth stat-spine), wheref is a function name
andstat-spine are the static componen&g) of the arguments. If the program point
pp has not been specialized before, the corresponding body is generated by applyin
to stat-spine, and then added to the memo-list (recall that an annotated function).

2. Self-generationThe function decreases the bt-vatugnd produces a call to itself unless
t becomed. Inthe latter case only the name of the residual function and the new grouy
are returned.

(define (memo t f . gs)
(letx ((new-args (decr-groups (get-dyn gs)))
(stat-spine (cut-dyn gs))
(pp ‘(,f ,stat-spine)))
(if (notSeenB4 pp)
(begin
(addToMemoList pp)
(updateMemoList pp (apply (eval f) (drop-groups stat-spine)))))
(let ((fnew (getResName pp)))
G1f (=t 1)
‘(,fnew . ,new-args)
‘(MEMO ,t-1 (QUOTE ,fnew) . ,(code-groups new-args))))))

Figure 16 The multi-level specialization mechanism.
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Afew auxiliary functions are used in the definition of functimsmo: functionnotSeenB4
checks whether the current program point exists in the memo-list; funeiidfoMemoList
adds a program point to the memo-list and generates a new residual function name which
be retrieved by functiogetResName; functionupdateMemoList updates the memo-list
with the specialized body df; and functioncall applies a function to a list of arguments.
Note thatmemo adds a new specialization point to the memo-tisfore specializingf
because in depth-first specialization one may encounter the same specialization point a
while specializingt’s body; otherwise specialization may loop.

The functionsget-dyn and cut-dyn are complementary: functioget-dyn collects
all dynamic expressions contained in a list of groups, while functiot+-dyn replaces all
dynamic expressions contained in a list of groups by fresh variables. We explain functio
cut-dyn and get-dyn first for the first-order case and then for the higher-order cas¢
(figure 17).

o First-order polyvariant specializatiorSince functions are never specialized with respect
to static functions in the first-order case, the closure component of the static group
always empty. As aresult, the definitionsaift-dyn andget-dyn are straightforward:
function get-dyn removes the static group and returns only the dynamic groups, an
function cut-dyn replaces all expressions in the dynamic groups by fresh variable:
These definitions are sufficient, if polyvariant specialization is restricted to first-orde

First-order specialization:

(get-dyn (0 bp ) (1 b1 c1) ... (& by c)) =>
‘(a ,b1 ,c1) ... (,t ,bt ,cr))

(cut-dyn (0 bg O) (1 b1 c1) ... (t by ct)) =>
00 ,bp O) (1 ,x1 ,y0) ... Gt ,x ,y0)
where

xs = (map newVar bs) fors=1,...,t
ys = (map newVar cg) fors=1,...,t

Higher-order specialization:

(get-dyn (0 by (k1 ... kn)) (1 by c1) ... (t bt ct)) =>
(merge-groups gs1 ... gsn ‘((1 ,b1 ,c1) ... ,t ,br ,c0)))
where

gsi = (get-dyn (k->gs k) fori=1,...,n

(cut-dyn (0 bg (k1 ... kn)) (1 by c1) ... (t by ct)) =>
0 ,bo GEy ..o L)) (L L,xa Ly - GEoLxe Ly))
where

xs = (map newVar bg) fors=1,...,t
ys = (map newVar cg) fors=1,...,t

K = ‘(CLOSURE , (k—>f ki) , (k->1 ki)
. ,(cut-dyn (k->gs ki))) fori =1,...,n

Figure 17. Finding and removing dynamic components.
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values, as in [26], SML-Mix [5], and the hand-written cogens [12, 49] or if monovarian
specialization is used, as in Lambdamix [28].

e Higher-order polyvariant specializationA closure is a partially static structure which
contains static and dynamic components. Two closures are equal when their labels
equal and their static groups are equal (modulo variable renaming in the static closure
The recursive traversal and replacement of dynamic components is done by functi
cut-dyn. The extraction of the dynamic components is done by funcgijetr+dyn.
Since each closure contains a list of groups, the extracted components have to be mel
with the already existing groups. In the actual implementation, the traversal of the grou
is done only once.

5.4.2. Generating code for function calls and closuresWhen a specialization point
disappears because=1, an ordinary function call or a closure has to be generated. Fo
this purpose, each specialization pointis enclosed in a cattbL. or _CLOSURE (figure 13).
The functions are defined by

(define (_CALL t e)

Gf (=t 1)

“(,(m->f e) . ,(drop-groups (m->gs e)))
“(LCALL ,(- t 1) ,e)))

(define (_CLOSURE t e)

Gf (=t D)

¢ (LIST ’CLOSURE , (m->f e) , (newlabel) . , (code-groups (m->gs e)))
“(_CLOSURE , (- t 1) ,e)))

where_CALL constructs a proper call to functidrby dropping the group structure around
the arguments, andCLOSURE builds an expression which, when evaluated, returns a closur
that can be applied withapp. One could instead introduce two versionsmefo, one

for dynamic conditionals and one for dynamic abstractions. However, encapsulating t
memoization mechanism in a single function has the advantage that both constructs ca
treated in a uniform way. The functionas>f andm->gs extract the function name and the
groups from the list returned hyemo.

5.5. A higher-order multi-level generating extension

Letusillustrate some points of higher-order multi-level generating extensions by asmall,
complete example: the insertion of specialization points, the representation of functior
and the handling of local bindings. For readability, we left out let-expressions inserte
before the MBTA phase (Section 5.2.4). Otherwise the code presented here is identica
the one generated by the multi-level generator. The source program, the annotated prog
and the generated generating extensions are shown in figure 18.
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Source program:

(define (f x y 2z)
(let ((c (lambda (x) (+ x y))))
(if z (c x) )

|} mcogen: MBTA (figure 11)
Annotated source program:
(define ( fxy 2)

(lety ((c ( lambday (x) ( #; (Liftd x) ¥)))
(if; z (Lift} (c x) (ift___ 3 X))

1} mcogen: conversion (figure 13)
Three-level generating extension:

(define (_sim-goal x y z)
(f xy2))
(define (f-lambda-1 y)
(lambda (x) (_ ’+ 1 (1ift 1 x) y)))
(define (f-if-2 x ¢ z)
(_’if 2z (_ ’1lift 1 1 (Lapp 0 ¢ x)) (Lift 2 x)))
(define (f x y z)
(let ((c (list ’closure f-lambda-1 -1 (list 1 (list y) (1list)))))
(_call 2 (memo 2 ’f-if-2 (list 0 (list x) (1list c))
(list 2 (list z) (1ist))))))

| static inputx=11
Two-level generating extension:
(define (_sim-goal$2-1 y$1 z$1)
(_call 1 (memo 1 ’f-if-2$2-2 (list O (list y$1) (1list))
(1ist 1 (list z$1) (list)))))

(define (f-if-2$2-2 y$7 z$8)
(_ ’if 1 z$8 (lift 1 (+ ’11 y$7)) (Lift 1 ’11)))

| static inputy=22
Residual program:

(define (_sim-goal$1l-1 z$2) (f-if-2$1-2 z$2))
(define (f-if-2$1-2 z$4) (if z$4 ’33 ’11))

| static inputz=#t

Output: 33

Figure 18 An offline specialization pipeline.



AN AUTOMATIC PROGRAM GENERATOR 143

1. Source and annotated progranT.he source programs takes two numberg and a
boolean value as input, and creates a function which is conditionally applied dependin
on the boolean value. What the program does is not essential for our purpose. Assu
the input variableg, y, andz have the bt-values 0, 1, and 2, respectively. The prograrr
is annotated by the MBTA according to the typing rules shown in figure 11.

2. Multi-level generating extensiohe annotated program is converted into an executable
three-level generating extension by the conversion rules shown in figure 13. The gen
ating extension consists of four functions.

The conditionalif is dynamic (the test has bt-value 2) and therefore a specializatio
pointmemo has been inserted together with a new functienf-2 whose body is the
annotated conditional (Section 5.2.1). In the specialization point the free variables
the conditional £, ¢, z) and the arguments of the new functionif-2 are grouped
according to their bt-value and type (base value, function) (Section 5.2.2). There is|
argument with bt-value 1 and thus only groups for the bt-values 0 and 2 are needed.

The abstractionambda is not dynamic, so code has been added that evaluates to
closure (Section 5.2.3). The closure includes the functiehambda-2, the negative
number-1 as label, and a group for the bt-value 1 which captures the value of the fre
variabley when evaluated. Functidi+lambda-2 evaluates to a function when applied
to the value of the free variable

3. Running the generating extensioridunning the three-level generating extension pro-
duces a two-level generating extension which in turn returns a residual program
compute the final result. Let us run the specialization pipeline by supplying the inpt
11, 22, and#t.

The two-level generating extensiopim-goal$2-1 is obtained by running the three-
level generating extension with sim-goal 11 ’y$1 ’z$1), wherel1l is the static
input and’y$1 ’z$1 are placeholders for the dynamic input. Functiorif-2$2-2
in the two-level generating extension is a versiorteif-2 specialized with respect
to the static valua 1 and the functiorf-lambda-1. The specialized function has two
arguments wherg$1 corresponds tg and appears as argument becauses a free, but
dynamic variable of-1ambda-1. The new specialization pointmo has two groups
tagged with bt-values 0 and 1.

The residual programsim-goal$1-1 is obtained by running the two-level generat-
ing extension with(_sim-goal$2-1 22 ’z$2), where22 is the static input andz$2
is a placeholder for the dynamic input. Applying the residual programm-goal$1-1
to the valuett returns the final resufi3.

6. Assessment of the multi-level generator

The multi-level program generator has been used on several problems, all of an experime
nature. We discuss experiments with applications that have been considered theoretic
in Section 2. We compare the multi-level generator withitiple self-applicationand use

it for online andoffline specialization pipelinesOne of the larger applications has been
the generation of a compiler generator capable of a form of supercompilation, a proble
that we previously [25] attacked unsuccessfully with a state-of-the-art (two-level) parti:
evaluator usingncremental generatian
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6.1. Comparison with multiple self-application

The payoff of the multi-cogen approach becomes apparent when compared to specializa
by multiple self-application. The main problem of multiple self-application is the exponen
tial growth of generation time and code size (in the number of self-applications). While th
problem has not limited the use of self-applicable specializers up to two self-applications
becomes critical in applications that beyond the third Futamura projection (Section 2.3.:

Experiment. The first experiment with multiple self-application was carried out in [23]:
staging a program for matrix transposition into 2 to 5 levels. To compare both approach
we repeated the experiment using the multi-level generator.

Lettransp be a source program that transposes a matrix where each argument takes
row of the matrix. Assume we want to transposesarbmatrix and leta, . . ., e denote its
five rows. Then the application afransp to the matrix is described by

out = [transp] a b ¢ d e

whereout is the transposed matrix (a list of rows). Using a multi-level genetatogen,
we convertedransp into four different multi-level generating extensiqren?, . . ., gen5.

Results. The generation time for the multi-level generating extensiggi2,. . ., genb
and their code size are given in Table 1. It also shows how the total generatiog,inee t
composed ofit,, the time for doing the multi-level binding-time analysis, agg, the time
for converting the annotation into an executable multi-level generating extension (includir
the insertion of specialization points, etc.).

Table 2 shows the size and run time of each generating extengéass gen5,,.. .,
genby when applied to the rows.. . ., e of a 5x 3 matrix.

Table 1 Performance of the multi-level generator.

Out Run thta/MS tan/Ms tiota/mMS Size/cells
gen2 = [mcogen] transp 00001 ’ 5.5 8.0 13.5 180
gen3 = [mcogen] transp ‘00012’ 5.4 11.0 16.4 236
gen4 = [mcogen] transp ‘00123’ 5.1 151 20.2 295
gen5 = [mcogen] transp ‘01234’ 5.1 195 24.6 357

Table 2 Sizes and run times of the generating extensions.

Out Run Time/ms Size/cells
gen54 =[gen5] a 28 357
gen5p =[gen54] b 19 810
gen5¢ =[gen5p] ¢ 12 608
gen5gq =[gen5.] d 5.6 427

out =[gen54] e 0.1 150
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The run times are cpu-seconds obtained with Chez Scheme 3.2 on a Sparc Station 2/
OS 4.1 (excluding time for garbage collection, if any). The size of the programs is give
as the number of cons cells needed to represent the program.

Discussion. The results show (Table 1) that the run time of the multi-level binding-time
analysis does not depend on the number of staging levels. The time required for genera
the program grows because more specialization points need to be inserted (their nun
is bounded by the number of conditionals in a program). The code size of the generati
extensions grows for the same reason: extra code is added for specialization points. Otl
wise, the size of the generating extensions is independent of the number of the binding-ti
levels.

The results show an impressive reduction of generation time and code size compa
to the result reported for multiple self-application. The absolute size of the generatir
extensions produced by multiple self-application ranges from 112 to more than 12000 cc
cells [23]. In other words, the ratio between the code sizeap andgens is reduced from
1:100 when using multiple self-application to 1:2 when using the multi-level generatc
(Table 1).

The absolute run time of multiple self-application to produce the generating extensio
ranges from less than 100 ms to more than 15 minutes (obtained on a hardware differ
from the one used here) [23]. Thus, the ratio between the time needed to ggeeatsdmd
genb is reduced from 1:9000 when using multiple self-application to 1: 1.8 when usin
the multi-level generator (Table 1).

6.2. Comparison with incremental generation

A multi-level generating extension can be constructed by repeated application of a compi
generator. However, existing (two-level) compiler generators are not geared towards |
transformation of the generating extensions they produce. The main difficulty is the ne
to retransform several intermediate generating extensions (Section 2.3.1). This can mal
difficult, or evenimpossible in practice, to obtain efficient multi-level generating extension
automatically.

Experiment. The specializer projections [24] tell us how to obtain specializers from in-
terpreters; the Futamura projections [21] tell us how to obtain compiler generators fro
specializers. It is an intriguing thought to combine both projections in order to genera
(more powerful) compiler generators from instrumented interpreters, an application inve
tigated in [25] where an interpreter extended with a driving mechanism was converted ir
a specializer capable of a form of supercompilation.

Let an interpretetint2 for two-input programs be defined by

[int2]. pgm ing iny = [pgm]p ing iny (21)

Using the specializer projections and the Futamura projections, a compiler genegzto®
can be obtained in two steps from the interpretet2: first by converting the interpreter
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into a specializespec2, and then by converting the specializer into a compiler generato
cogen2. The incremental generation ebégen? is described by

(22)
(23)

spec2 = [cogen] | int2 ‘SSD’ | . )
incremental generation
cogen2 = [cogen] spec2 ‘SD’

Supposespec? is a supercompiler, thetogen? is a compiler generator that is strong
enough to achieve supercompilation effects. For example, one can convert a naive pat
matchematch into a generating extensiaatch-gen that, given a fixed pattern, produces
specialized matchers that are equivalent to those generated by the Knuth, Morris, ¢
Pratt algorithm [46]. The programmtch takes a pattern and a string as input and checks
whether the pattern occurs as a substring in the string. Computati@rt cif in two stages
is described by

match-gen = [cogen2]| match ‘SD’ (24)
kmp-match = [match-gen]| pattern (25)
out = [kmp-match], string (26)

The question whether (22), the generation of a specializer from an interpreter, is compu
tionally feasible has been answered positively [25]. But the generationgef2 in (23)
failed. It became impossible to respecialize the generating exteapiar2. The necessary
(manual) binding-time improvements of the machine-produced progpae® turned out
to be too difficult (progranspec?2 is written in continuation-passing style where static and
dynamic values flow together [25]).

We repeated the experiment wiithogen:

cogen?2 = [mcogen]| int2 ‘012’ (27)

Results. Using the multi-level generatatcogen, we converted the driving interpreter
int2 defined in [25] into a compiler generator that is capable of supercompilation witl
a-identical folding (calls are folded if they are identical up to renaming). Indeed, given
naive pattern matcher, the new compiler generatgen2 produces a generating extension
match-gen (24) that generates specialized matchets-match (25) that are equivalent

to those generated by the Knuth, Morris, and Pratt algorithm.

The size of the driving interpreter is 1494 cons cells, the total generation time of tt
generated compiler generator was 1.77 s and the size of the program is 3364 cons ¢
The run times are cpu-seconds obtained with Chez Scheme 3.2 on a Sparc Station 2/
OS 4.1 (excluding time for garbage collection, if any).

Discussion. The multi-level generator solved the transformation problem elegantly in on
step. The need to generated ‘intermediate’ programs is avoided. Note the speed of
transformation.

The result is also remarkable because the compiler generator obtained from the ins
mented interpreter by three-level staging (27) is stronger than the program generator u
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for its generation. The self-application scheme used in the generation of the compi
generator is different from the 3rd Futamura projection. This can be seen by writir
out (23) using a self-applicable specializgrec instead ofcogen (self-application would
requirespec = spec2). Indeed,spec is not self-applied, which would ‘only’ generate a
cogen of the power okpec, but applied to a more powerfepec2 which results in a more
powerful cogen?.

cogen2 = [spec] . spec ‘SSD’ spec2 ‘SD’ (28)

6.3. Specialization pipelines for meta-programming

A multi-level generator can divide a computation into two or more stages, with the pleasir
consequence that a multi-level generator can be used to set up online and offline special
tion pipelines (Section 2.2). This allows applications that would otherwise not have be
possible. The purpose of this section is to show, using a concrete example, how a multi-le
generator can eliminate the interpretive overhead of meta-programming using online &
offline specialization pipelines.

For many well-defined classes of language definitions, one may, in principle, write a met
interpretermint such that, given a language definitiaaf that defines some language
P, mint can directly execute P-programs (Section 2.3). While this approach has mal
theoretical advantages, there are substantial efficiency problems in practice: considere
time may be spent interpreting the language definitiedi rather than computing the
operations specified by the P-program.

Experiment. Let meta-interpreterint be defined asin (12). To redueént’s interpretive
overhead, we perform its computation in three stages. There are two ways for doing thi:

e Online pipeline. Generate a two-level generating extensiant-gen, aninterpreter
generator with the binding times'011’ and use it to convert a P-language definition
def into a P-interpreteint. Then convert the interpreter into a P-compitemp, and
use it to compile programgnm. Finally, run the target programar.

o Offline pipeline.Alternatively, generate a three-level generating extension, a compilel
generatomint-cogen, frommint with the binding times 012’ and run the generating
extensions.

Online pipeline Offline pipeline
(8) int-gen =[mcogen] mint ‘011’ mint-cogen = [mcogen] mint ‘012’ (w)
(b int =[int-gen] def comp, = [mint-cogen] def x)
(¢  comp; =[mcogen] int ‘01’ tar; = [comp,] pgm )
(d) tar; = [comp,] pgm out = [tar;] dat (2
(e out =[tar;] dat

In our experiments, the meta-interpreteimt interprets a denotational-style definition
language. The definitiosef describes a small functional language (the applied lambdz
calculus extended with constants, conditionals, and a fix-operator). The pregtais
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the factorial function and the inpdtt is the number 10. The size of the meta-interpreter
is 533 cells. The structure of the meta-interpreter is straightforward, and no binding-tin
improvements were necessary when writing it, but then of course it was an “insider job
The reader is referred to Appendix A for more details about the meta-interpreter.

Results. Table 3 shows the generation times, the memory (mem) allocated during tt
generation and the sizes of the two- and three-level generating extension obtained fr
mint (the output). For each generating extension the total generation time is given (the s|
of the run times of the multi-level binding-time analysis and the conversion phase). Ti
size of the programs is given as the number of cons cells needed to represent the progt
Table 4 shows the generation times and sizes of the comgitenyy and comp, gen-
erated from the definitiodef. Table 5 shows the performance of the compilessp,
and comp, given programpgm. Table 6 shows the run times of the example program

Table 3 Performance aficogen.

Out Run Time/s Mem/kcells Size/cells
(a) int-gen = [mcogen] mint ‘011’ 10.9 529 1486
(w) mint-cogen = [mcogen] mint €012’ 10.0 529 1525

Table 4 Compiler generation.

Out Run Time/s Mem/kcells Sizelcells
(b)  int =[int-gen] def .66 32 640
(¢) comp; = [mcogen] int ‘01’ 10.8 483 1262
(X) comp, = [mint-cogen] def .63 34 840

Table 5 Compiler performance.

Out Run Time/ms Mem/kcells Size/cells
(d) tar; =[comp;] pgm 233 11.5 285
(y) tarz =[comp,] pgm 83 5.18 109

Table 6 Performance of programs.

Out Run Speedup Time/ms Mem/kcells
(m) out = [mint] def pgm dat 1 630 44.3
(i) out=[int] pgm dat 5.3 120 8.20
(e) out =[tari] dat 30 21 2.17
(z2) out =[tary] dat 72 8.7 1.93

(n) out = [fac] dat 708 .89 .037
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using the meta-interpreter, the generated interpreter, and both target programs. For c
parison, we also list the run time détc, the standard implementation of the factorial in
Scheme.

All run times were measured on a SPARC station 1 using SCM version 4el.

Discussion. Contrary to what one might expect the offline pipeline gives the fastest targe
programtar, for the factorial which is ‘only’ around 10 times slower than the factorial
fac written directly in Scheme (Table 6). Programar, is more than twice as fast asr;
which in turn is more than five times faster than the interpretation of the factgiaby
int. Finally, interpretingpgm with mint is 700 times slower than running the Scheme
version of the factoriatac.

One of the main reasons why the target prograas, andtar, are slower than the
standard versiofiac is that primitive operations are still interpreted in the target programs
e.g., an expressiofr 1 2) gets translated intG((ext ’+) 1) 2) whereext is a func-
tion that, given’+, returns a curried version of the addition. This accounts for a factor o
around 4. Post unfolding of function calls improves the runtime of these programs furth
by a factor 1.3.

The reason whyar; runs slower thamar; is that the online approach does not improve
the specialization of our meta-interpreter, despite the higher precision it allows, and tt
our implementation uses only a simple post-processor to ‘clean up’ residual code (rec
that tar; is the residual program of a residual program!). Given a better (optimizing
post-processor, we expect thatr; andtar, come closer in performance.

The compilercomp, generated by the offline pipeline is almost 3 times faster than the
compilercomp; generated by the online pipeline (Table 5). The generated target progra
tar; is three times smaller thatar;. Again this difference is mainly due to the limited
post processing.

The generation of the compilebmp, by the offline method is—not surprisingly—faster
than using the online method (Table 4). Compdetip, is also smaller than compilepbmp, .
Oncemint-cogen has been generated, the generation of compilers is quite efficient and
are the compilers and their target programs.

The figures confirm our earlier results. Generation time and size of the two- and thre
level generating extensions are practically the same (Table 3). There is ho penalty for mu
level staging. The results demonstrate that both pipelines can yield substantial speedup
reducingmint’s interpretive overhead: they improve the performance by a factor 30 an
72, respectively.

7. Related work
7.1. Cogen approach

The first hand-written compiler generator based on partial evaluation techniques was,
all probability, the systenRedCompilefor a dialect of Lisp [4]. Romanenko [44] gave
transformation rules that convert annotated first-order programs into two-level generati
extensions.
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Holst [31] was the first to observe that the annotated version of a program is alrea
the generating extension. What Holst called “syntactic currying” is now known as th
“cogen approach” [7]. Holst and Launchbury [32] studied this approach for a small LML
like language in order to overcome the notorious encoding problem associated with typ
languages in self-application (types in programs need to be mapped into an universal t
in the partial evaluator).

Birkedal and Welinder [5, 6] used the cogen approach for the Core Standard ML langua
Bondorf and Dussart [12] combined the approach with cps-based specialization for t
A-calculus, and Andersen [1] developed a compiler generator for the ANSI C languag
Lawall and Danvy describe how control operators can be used in hand-written compil
generators for functional languages [40]. Recently, Jgrgensen and Leuschel [38] adag
the cogen approach to logic languages. None of them considers multi-level specic
zation.

The multi-cogen approach presented here is based on earlier work [26, 27]. Thieme
[49] extended our approach using a continuation-based specialization style.

7.2. Multi-level languages

In the area of programming languages, Tennent [48] appears to be the first who me
an informal distinction between computations at compile-time and at run time in denot
tional definitions. Nielson and Nielson [42] investigated two-level functional languages ar
showed that binding-time analysis can be expressed as a form of type checking; the po
bility of multi-level languages is mentioned. Jones [36] were the first to use binding-tim
analysis for self-application of a partial evaluator; the reader is referred to the book [3
for a comprehensive presentation. These investigations grew out of the field of semanti
directed compilation [34].

Recently, Nielson and Nielson [43] presented an algebraic descriptiomoftalevel
lambda-calculusas a common framework for existing multi-level systems which also
describes a restricted version of our multi-level binding-time analysis. They assun
that the underlying language is typed which simplifies their treatment of our syster
but their framework is more general and can be used to formulate several other exi
ing multi-level (two-level) systems in such diverse areas as code generation and abst
interpretation.

Taha and Sheard [47] introduce MetaML, a statically typed multi-level language for han
writing multi-level generating extensions. Although the multi-level language in Section 4.
has not been designed for a human programmer—we were interested in automatic:
generating program generators—it can be seen, together with the multi-level typing-ruls
as a statically typed multi-level programming language (specialization points can be inser
manually or automatically based on the annotations).

The only other multi-level programming language we are aware Afigg [3], a logic
language which provides facilities for deductions at different meta-levels and a proof syste
for interleaving computations at different metalevels. Itisless obvious how to write progra
generators directly in such alanguage. However, there is a close connection between cel
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logical systems and computation staging as pointed out by Davies and Pfenning [19] w
give a framework for expressing staged computation in modal logic.

7.3. Self-application

Several approaches have been employed in order to improve the performance of s
application: action treeg[17], an offline method that compiles the information obtained
by the binding-time analysis into directives for a partial evaluator feeetermetasystem
jumps) [51] in supercompilation, an online method that allows the evaluation of partiall
known expressions by the underlying implementation. The multi-cogen approach is a ve
effectice alternative to multiple self-application in partial evaluation; the multi-level gen
erator could possibly take advantage of action trees, while the freezer is targeted towa
online transformers.

8. Conclusion

We investigated the theoretical limitations and practical problems of standard speciali:
tion tools, introduced multi-level program specialization, and designed and implementec
program generator for efficient multi-level specialization. The results demonstrate that,
connection with the multi-cogen approach, multi-level specialization is far more practicall
than previously supposed. This becomes apparent when compared to previous atter
of multi-level specialization by self-application. The multi-level generator presented hel
converts programs into very compact multi-level generating extensions that guarantee f
successive specialization. Our approach to multi-level specialization seems well-suited
applications where generation time and program size are critical.

The multi-level generator permits to set up (any combination of) online and offline
specialization pipelines which allows us to choose the approach that is suited best fo
given problem. It permits applications of partial evaluation that would otherwise not hav
been possible, such as the generation of a program-transforming compiler generator fi
an instrumented interpreter.

The multi-cogen approach takes standard (two-level) offline partial evaluation to its e
treme: offline partial evaluation for multi-level specialization. It inherits the advantage
and disadvantages of standard offline partial evaluation, such as a rigid control of a s|
cializer’'s behavior by a separate binding-time analysis and fixing the number of stag
and their binding-time classification before the actual specialization. On the other har
the multi-level binding-time analysis allows to predict the overall specialization behavic
and may provide valuable feedback to the user before running an offline specializati
pipeline which may be essential in practice. Indeed, one could argue that, in many realis
applications, predictability is even more important for multi-level specialization than fo
two-level specialization. Limitations of partial evaluation-based program transformatic
compared to other methods for program transformation have been discussed elsewt
[46].

As a side-effect we designed a multi-level programming language which, together wi
the typing rules, can be seen as a statically-typed programming language for hand-writ



152 GLUCK AND JBRGENSEN

program generators. Instead of using a multi-level program generator to obtain mul
level generating extensions automatically from ‘ordinary’ programs, one could hand-wri
program generators, thus possibly providing a more fine-grained control over a progre
generator to a programmer (an approach advocated in [47]).

The work presented here clarifies theoretical concepts of program specialization a
makes use of (or generalizes) several state-of-the art techniques of partial evaluation
cluding fast program analysis, efficient code generation and program annotation. It al
reflects how the field of partial evaluation has constantly evolved over the last deca
since the first self-applicable offline partial evaluator was put to work for a toy languag
[37].

Appendix
Meta-interpreter

This appendix describes the meta-interpreter used in the experiment in Section 6.3.
show the code of the meta-interpreter, the semantics definition, and the example progre

Example definition. The example semantics defines a small functional language: an a|
plied lambda calculus with constants, variables, conditionals, abstractions, applicatic
and fix-expressions. As meta-language we will use a form of denotational semanti
closely resembling that of Schmidt [45]. For simplicity we leave out syntax definition:
and semantics algebras and wrige] o = r instead ofE[e] = Ap.r. The spe-
cific form of the meta-language will be described below when we introduce the met:
interpreter. The denotational semantics of the example language has the following valuat
function:

E[clp =C
E[o] p = ext[o]
Elx] e = lup(p, X)

E[if & then & else &3] p = E[e1] p — E[e&] pOE[es] p

E[rx.€] p = AU.E[ €] (upd(x, u, p))
Elei el o = Ele] p (E[e] p)
E[fix €] p = fix(E[ €] p)

The semantics in the form that constitutes the input to the meta-interpreter:

; Valuation function:

(Val E
[(LCst ¢) r = (ASV ©)] ; constants
[(LExt o) r = (ext (ASV 0))] ; externals
[(Lvar v) r = (lup r v)] ; variables
[(LIf el e2 e3) r = (if (vfa E (ASV el) r) ; conditional

(vfa E (ASV e2) 1)
(vfa E (ASV e3) 1))]
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[(LAbs v e2) r = (abs u (vfa E (ASV e2) ; lambda abstraction
(upd v u r)))]
[(LApp el e2) r = (app (vfa E (ASV el) r) ; application
(vfa E (ASV e2) 1r))]
[(LFix e) r = (fix (vfa E (ASV e) 1r))]) ; fix

Example program. The example program written in the language defined by valuatior
function E is the factorial

(fix Afacax.if X = Othen 1 else X * (fac (x — 1))) input
The program represented as abstract syntax tree:

; factorial program:

(LApp
(LFix
(LAbs fac
(LAbs x (LIf (LApp (LApp (LExt =) (LVar x)) (LCst 0))
(LCst 1)

(LApp (LApp (LExt *) (LVar x))
(LApp (LVar fac)
(LApp (LApp (LExt -) (LVar x))
(LCst 1))))))))
(LVar input))

Meta-interpreter. The meta-interpreter takes as input a semantics defindtéd, the
name of the “goal” valuation functionf, a programast written in the defined language
(represented as abstract syntax tree), and injpfithe program.

A semantics definition is a list of valuation functions. Each valuation function consists ¢
a list of alternativeswhere each alternative describes the translation of one syntactic fori
into its meaning. Alternatives have the form

Flpat] o = rhs

whereF is the name of the valuation functiopat an abstract syntax patterp,an en-
vironment, and the right-hand sides is an expression of the meta-language. A pattern
describes syntactic forms using abstract syntax variables (asv) ranging over fragment:
abstract syntax; they are assumed to be linear (no repeated occurrences of variables).
environment maps program variables to values.

The expressiorhs has one of the following forms: a constamtan operation assigning
meaning to an externally defined operatexio] (e.g., addition of integers), an oper-
ation lup looking up entries in the environment, a conditional, an abstractiop, an
applicatione g a fix point operatofix(e), and a valuation function application. The ap-
plication of a valuation functiofr can have two formsF[v] p or F[as (upd(x, u, p))
whereupd(x, u, p) is the environmenp updated such that it mapsto u. The first argu-
ment to the call can only be an abstract syntax variable which ensures that definitions
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compositional. For simplicity, we assumed that the meta-language uses only one envir
ment (one can easily extend the meta-interpreter so that it can handle any number of envir
ments).

The code of the meta-interpreter is as follows:

(loadt "mini.adt")

(define (meta def* vf ast i)
((DE defx*) vf ast (lift-to ast (lambda (x) i))))

; Interpret definitions:
(define (DE defx)
(meta-fix
(lambda (f)
(lambda (vf ast r)
(MD def* f vf ast r)))))

; Match definitions:
(define (MD def* f vf ast r)
(if (null? defx*)
(meta-error ’MD "Unknown valuation function: ~s" vf)
(let* ([defl (def*->defl defx*)] [vfl (def->vf defl)])
(if (equal? vf vfl)
(MA (def->a* defl) ast f r)
(MD (def*->def* def*) f vf ast r)))))

; Match alternatives:
(define (MA a* ast f r)
(if (null? ax)
(meta-error ’MA "Failed to match alternative: ~s" ast)
(let* ([a (alt*->altl a*)] [pat (alt->pat a)l)
(P pat ast (init-ast-venv)
(lambda (s) (ME (alt->rhs a) f s r)) ; success
(lambda (s) (MA (alt*->next-alt* a*) ast f r)))))) ; failure

; Match pattern:
(define (P pat ast s sc fc)
(cond
((pvar? pat)
(sc (lambda (w) (if (equal? pat w) ast (s w)))))
(else ;(pcon? pat)
(if (equal? (ast->con ast) (pat->con pat))
(PM (cpat->pat* pat) (cast->ast* ast) s sc fc)
(fc 8)))))

; Match multiple patterns:
(define (PM pat* ast* s sc fc)
(if (null? pat*)
(sc s)
(P (car pat*) (car astx) s
(lambda (s1) (PM (cdr pat*) (cdr ast*) sl sc fc))
sc)))
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; Interpret meta-expressions:
(define (ME e f s 1)
(cond
((cst? e) (cst->cst e))
((ext? e) (ext (s (asv->name (ext->0 e)))))
((asv? e) (s (asv->name e)))
((if? e) (if (ME (if->el e) f s 1)
(ME (if->e2 e) f s 1)
(ME (if->e3 e) f s 1r)))
((abs? e) (lambda (v)
(ME (abs->body e) f s
(lambda (w)
(if (equal? (abs->var e) w) v (r w))))))
((app? e) ((ME (app->el e) f s r) (ME (app->e2 e) f s 1)))
((vfa? e) (f (vfa—>vf e) (s (asv->name (vfa->ast e)))
(let ((ee (vfa—>env-exp e)))
(if (upd? ee)
(lambda (w) (if (equal? (s (upd->var ee)) w)
(r (upd->val ee))
(r w)))
r))))
((fix? e) (fix (ME (fix->body e) f s r)))
((Lup? e) (r (s (lup—>avar e))))
(else (meta-error ’R "unknown meta syntax: “s" e))))

; Fix-point operator of the semantic language, i.e.,
; the source language of the denotational definitionms.
(define (fix f) (lambda (x) ((f (fix £)) x)))
; Fix-point operator used in the definition of the meta-language.
(define (meta-fix f) (lambda (x y z) ((f (meta-fix f)) x y 2)))
; Initial asv-environment
(define (init-ast-venv)

(lambda (w)

(meta-error ’asv-venv "unknown abstract syntax variable “s" w)))

; Function that makes sure that y has same bt as x
; i.e., it “‘lifts’’ y to x’s level
(define (lift-to x y) y)

The target program. The target programar, obtained by the offline pipeline approach
(see Subsection 6.3) looks as follows:

(loadt "mini.adt")
(define (f-lambda-15$1-5 x$15)
(lambda (x$16) ((x$15 (f-lambda-15$1-5 x$15)) x$16)))
(define (f-if-9%$1-4 x$13 x$12 x$11)
(if (((ext ’=) x$13) ’0)
’1
(((ext ’*) x$13) (x$12 (((ext ’-) x$13) ’1)))))
(define (f-lambda-10$1-3 x$8 x$7) (lambda (x$9) (f-if-9$1-4 x$9 x$8 x$7)))
(define (f-lambda-10$1-2 x$4) (lambda (x$5) (f-lambda-10$1-3 x$5 x$4)))
(define (_sim-goal$l-1 x$1)
((let ((x$14 (f-lambda-10$1-2 x$1)))
(f-lambda-15%$1-5 x$14))
x$1))
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By simple post unfolding (would be implemented in a more realistic system) of this w
would get:

(define (f-lambda-15$1-5 x$15)
(lambda (x$16) ((x$15 (f-lambda-15$1-5 x$15)) x$16)))
(define (f-if-9$1-4 x$13 x$12 x$11)
(if (((ext ’=) x$13) ’0)
1
(((ext %) x$13) (x$12 (((ext ’-) x$13) ’1)))))
(define (_sim-goal$l-1 x$1)
((f-lambda-15$1-5 (lambda (x$9) (£f-if-9$1-4 x$9 x$1 x$4))) x$1))

The first of these functions is a copy the functibix from the meta-interpreter and the
second which is the actual code of the target program is almost the same as the origi
expression. This shows that the two layers of interpretation have been removed.

Acknowledgments

Special thanks to Anders Bondorf for stimulating discussions about self-application al
partial evaluation. Thanks to Torben Amtoft, Olivier Danvy, Neil D. Jones, and Hann
Nielson for valuable discussions. Thanks to Eddy Bevers, Peter Sestoft, and Peter Thiem
for constructive comments on an earlier version of this paper. The anonymous refere
provided valuable feedback that improved the final version. Last but not least, we wou
like to thank all members of the Topps group at DIKU for providing an excellent working
environment.

The firstauthor was partly supported by an Erwin-®dmger-Fellowship of the Austrian
Science Foundation (FWF) under grant J0780 & J0964, the second author partly by f
European HCM Network “Logic Program Synthesis and Transformation” and the Belgia
GOA“Non-Standard Applications of Abstract Interpretation”. The work was also supporte
by the project “Design, Analysis and Reasoning about Tools” funded by the Danish Natut
Sciences Research Council.

References

1. Andersen, L.O. Program analysis and specialization for the C programming language. Ph.D. Thesis, DIl
Report 94/19. Dept. of Computer Science, University of Copenhagen, 1994.

2. Andersen, P.H. and Holst, C.K. Termination analysis for offline partial evaluation of a higher order function
language. IrBtatic AnalysisR. Cousot and D. Schmidt (Eds.). Springer-Verlaggture Notes in Computer
Sciencevol. 1145, pp. 67-82, 1996.

3. Barklund, J., Boberg, K., Dell’Acqua, P., and Veanes, M. Meta-programming with theory systevestan
Logics and Logic Programmind<. Apt and F. Turini (Eds.), Logic Programming, MIT Press, pp. 195-224,
1995.

4. Beckman, L., Haraldson, A., Oskarssén,and Sandewall, E. A partial evaluator and its use as a programming
tool. Artificial Intelligence 7:319-357, 1976.

5. Birkedal, L. and Welinder, M. Partial evaluation of Standard ML. DIKU Report 93/22. Dept. of Computel
Science, University of Copenhagen, 1993.



AN AUTOMATIC PROGRAM GENERATOR 157

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

. Birkedal, L. and Welinder, M. Binding-time analysis for Standard Mlsp and Symbolic Computatipn

8(3):191-208, 1995.

. Birkedal, L. and Welinder, M. Hand-writing program generator generatoPsogramming Language Imple-

mentation and Logic Programminyl. Hermenegildo and J. Penjam (Eds.). Springer-Veilagfure Notes
in Computer Sciencevol. 844, pp. 198-214, 1994.

. Bjarner, D., Ershov, A.P., and Jones, N.D. (Ed3a)tial Evaluation and Mixed ComputatioNorth-Holland,

1988.

. Bondorf, A Self-Applicable Partial EvaluatiafiPh.D. Thesis, Report 90/17. DIKU Dept. of Computer Science,

University of Copenhagen, 1990.

Bondorf, A. Automatic autoprojection of higher order recursive equatnience of Computer Programming
17(1-3):3-34, 1991.

Bondorf, A. and Danvy, O. Automatic autoprojection of recursive equations with global variables and abstr:
data typesScience of Computer Programmirigs:151-195, 1991.

Bondorf, A. and Jgrgensen, J. Efficient analyses for realistic off-line partial evalultional of Functional
Programming 3(3):315-346, 1993.

Bondorf, A. and Dussart, D. Improving cps-based partial evaluation: Writing cogen by hand. In ACN
SIGPLAN Workshop on Partial Evaluation and Semantics-Based Program Manipulation, Technical Rep
94/9. University of Melbourne, Australia, pp. 1-9, 1994.

Bulyonkov, M.A. Polyvariant mixed computation for analyzer prograftta Informatica 21:473-484,
1984.

Cardone, F. and Coppo, M. Type inference with recursive types: Syntax and semafdicsation and
Computation92:48-80, 1991.

Consel, C. Atour of Schism: a partial evaluation system for higher-order applicative langu&gesekdings
of the Symposium on Partial Evaluation and Semantics-Based Program Manipuka@dhPress, pp. 145—
154, 1993.

Consel, C. and Danvy, O. From interpreting to compiling binding time&3®P '90 N.D. Jones (Ed.).
Springer-Verlagl-ecture Notes in Computer Scienegel. 432, pp. 88-105, 1990.

Danvy, O., Qiick, R., and Thiemann, P. (Ed$artial Evaluation Springer-Verlagl-ecture Notes in Computer
Sciencevol. 1110, 1996.

Davies, R. and Pfenning, F. A modal analysis of staged computati@ynposium on Principles of Pro-
gramming Language#\CM Press, pp. 258-270, 1996.

Ershov, A.P. On the essence of compilatiorz-drmal Description of Programming Concepis.J. Neuhold
(Ed.). North-Holland, pp. 391-420, 1978.

Futamura, Y. Partial evaluation of computation process—An approach to a compiler-coBysilems, Com-
puters, Controls2(5):45-50, 1971.

Glenstrup, A. and Jones, N.D. BTA algorithms to ensure termination of off-line partial evaluatRemsjrec-
tives of System InformaticB. Bjarner, M. Broy, and |.V. Pottosin (Eds.). Springer-Verlaggture Notes in
Computer Scien¢eol. 1181, pp. 273-284, 1996.

Glick, R. Towards multiple self-application. Proceedings of the Symposium on Partial Evaluation and
Semantics-Based Program ManipulatigdCM Press, pp. 309-320, 1991.

Glick, R. On the generation of specializelsurnal of Functional Programming(4):499-514, 1994.

Glick, R.and Jgrgensen, J. Generating transformers for deforestation and supercompiftiatic. Amalysis

B. Le Charlier (Ed.). Springer-Verlagiecture Notes in Computer Scieneel. 864, pp. 432-448, 1994.
Glick, R. and Jgrgensen, J. Efficient multi-level generating extensions for program specializaflat. In
gramming Languages, Implementations, Logics and Progrénsiermenegildo and S.D. Swierstra (Eds.).
Springer-Verlaglecture Notes in Computer Scienwel. 982, pp. 259-278, 1995.

Glick, R. and Jgrgensen, J. Fast binding-time analysis for multi-level specializatRErsppectives of System
Informatics D. Bjgrner, M. Broy, and I.V. Pottosin (Eds.). Springer-Verlagcture Notes in Computer
Sciencevol. 1181, pp. 261-272, 1996.

Gomard, C.K. and Jones, N.D. A partial evaluator for the untyped lambda caldolusal of Functional
Programming 1(1):21-69, 1991.

Hatcliff, J. Mechanically verifying the correctness of an off-line partial evaluat®rdgramming Languages,
Implementations, Logics and Progranhs. Hermenegildo and S.D. Swierstra (Eds.). Springer-Vetlagture
Notes in Computer Scienoeol. 982, pp. 279-298, 1995.



158 GLUCK AND JBRGENSEN

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45,

46.

47.

48.

49.

50.

51.

52.

Henglein, F. Efficient type inference for higher-order binding-time analysiuhttional Programming

and Computer Architecture. Hughes (Ed.). Springer-Verldggcture Notes in Computer Scieneel. 523,

pp. 448-472,1991.

Holst, C.K. Syntactic currying: Yet another approach to partial evaluation. Technical report. DIKU, Depar
ment of Computer Science, University of Copenhagen, 1989.

Holst, C.K. and Launchbury, J. Handwriting cogen to avoid problems with static typing. Working paper, 199
IEEE. Standard for the Scheme programming language. IEEE Std 1178-1990, Institute of Electrical &
Electronics Engineers, 1991.

Jones, N.D. (Ed.pemantics-Directed Compiler Generation Proceediiggsinger-Verlaglecture Notes in
Computer Sciengevol. 94, 1980.

Jones, N.D., Sestoft, P., and Sgndergaard, H. An experiment in partial evaluation: the generation of a com
generator. IrRewriting Techniques and Applicatignk-P. Jouannaud (Ed.). Springer-Verlaggture Notes

in Computer Sciencevol. 202, pp. 124-140, 1985.

Jones, N.D., Sestoft, P., and Sgndergaard, H. Mix: A self-applicable partial evaluator for experiments
compiler generatiorLisp and Symbolic Computatip®(1):9-50, 1989.

Jones, N.D., Gomard, C.K., and SestofRdatial Evaluation and Automatic Program Generatidtrentice

Hall International Series in Computer Science, Prentice-Hall, 1993.

Jargensen, J. and Leuschel, M. Efficiently generating efficient generating extensions in Prolog. In [1
pp. 238-262, 1996.

Jarring, U. and Scherlis, W. Compilers and staging transformatio@oriference Record of the Thirteenth
ACM Symposium on Principles of Programming Languag€&M, pp. 86—95, 1986.

Lawall, J. and Danvy, O. Continuation-based partial evaluatioACIM Conference on Lisp and Functional
Programming ACM Press. pp. 227-238, 1994.

Mogensen, T.4. Partially static structures in a self-applicable partial evaluator. In [8], pp. 325-347, 1988.
Nielson, F. and Nielson, H.Rwo-Level Functional LanguageSambridge Tracts in Theoretical Computer
Science. Cambridge University Press, Vol. 34, 1992.

Nielson, F. and Nielson, H.R. Multi-level lambda-calculus: An algebraic description. In [18], pp. 338—35¢
1996.

Romanenko, S.A. A compiler generator produced by a self-applicable specializer can have a surprisin
natural and understandable structure. In [8], pp. 445-463, 1988.

Schmidt, David ADenotational Semantics, a Methodology for Language Developréph and Bacon,
1986.

Sgrensen, M.H., Gtk, R., and Jones, N.D. A positive supercompileurnal of Functional Programming
1996 (to appear).

Taha, W. and Sheard, T. Multi-stage programming with explicit annotatio#&CM SIGPLAN Symposium

on Partial Evaluation and Semantics-Based Program ManipiulathldP Press, 1997 (to appear).

Tennent, R.CRrinciples of Programming Language®rentice Hall International Series in Computer Science.
Prentice Hall, 1981.

Thiemann, P. Cogen in six lines.Ihiternational Conference on Functional ProgrammidgM Press, 1996,

pp. 180-189.

Thiemann, P. Towards partial evaluation of full SchemeRéflection’96 G. Kiczales (Ed.), pp. 105-116,
1996.

Turchin, V.FRefal-5, Programming Guide and Reference Mandkw England Publishing Co., Holyoke,
Massachusetts, 1989.

Wand, M. Specifying the correctness of binding-time analysiginal of Functional Programmin@(3):365—

387, 1993.



