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Abstra
t. This paper des
ribes a general method of 
ompiler imple-

mentation using higher order abstra
t syntax and logi
 programming. A

working 
ompiler written in �Prolog is used to demonstrate this method.

Various stages of 
ompilation are formulated as higher order logi
 pro-

gramming in
luding parsing and the generation of higher order repre-

sentations, type 
he
king, intermediate representation in 
ontinuation-

passing style, and ma
hine-dependent 
ode generation. The performan
e

overhead of using higher order representations is also addressed.

1 Introdu
tion

The 
onstru
tion of 
ompilers and translators for programming languages in-

volves mu
h 
omputation that is of a symboli
 and dedu
tive nature. Although

there has been mu
h study of these aspe
ts of program analysis in the 
ontext

of de
larative languages, logi
 programming is still not used as a general tool in


ompiler 
onstru
tion. Implementations of 
ompilers still rely prin
ipally on im-

perative languages, whi
h are less 
apable of exploiting the inherently de
larative

aspe
ts of 
ompilation. In parti
ular, higher order abstra
t syntax [27, 38℄, a te
h-

nique that uses �-terms in the representation of programs, has been shown to be

a valuable tool in the de
larative analysis and transformation of programs. This

new form of abstra
t syntax however, is still not applied to pra
ti
al 
ompiler


onstru
tion. Studies of higher-order abstra
t syntax have so far been limited to

very small examples.

The aim of the proje
t des
ribed here is to develop a method of 
ompiler


onstru
tion using higher order abstra
t syntax in general, and a higher order

logi
 programming language in parti
ular. Some of the formulations des
ribed

here are syntheses and extensions of previous works, while new methods are

also introdu
ed when needed. We shall address the various stages of 
ompiler


onstru
tion, from parsing to ma
hine-dependent 
ode generation, in the 
on-

text of des
ribing an experimental 
ompiler written in �Prolog. Due to spa
e


onstraints, the dis
ussion here is ne
essarily limited to outline form, and exam-

ples are small to provide 
larity. The full implementation, larger examples, and

additional notes 
an be found at www.
s.hofstra.edu/~
s


l/ho
ompiler/.



It should be stated that we 
an only present and demonstrate a sele
ted

set of 
ompilation te
hniques. This paper does not seek to be 
omprehensive in

addressing the massive number of approa
hes developed for 
ompilation, both

in general and for parti
ular styles of programming languages. It is inevitable

that readers will inquire as to how our body of te
hniques will be appli
able

in spe
i�
 settings, as for instan
e, in abstra
t interpretation of logi
 programs,

polymorphism and inheritan
e in obje
t oriented languages, or register allo
ation

for parti
ular ma
hine ar
hite
tures.We 
annot hope to answer all su
h questions

here. Our purpose is to 
ondu
t an experiment on the appli
ability of higher

order abstra
t syntax in realisti
 
ompilation. We hope to open the door to the

investigation and in
orporation of other te
hniques in this de
larative setting.

2 Higher Order Abstra
t Syntax and �Prolog

Conventional abstra
t syntax representations of sour
e programs 
annot 
apture

the lo
ality of names that is essential in high level programming languages. As a

result, 
ompilers have traditionally relied on external stru
tures, namely symbol

tables, to hold this information. Higher order abstra
t syntax (HOAS) uses �-

terms to represent sour
e programs, thereby 
apturing the lo
ality of names in a

natural and de
larative manner. The appli
ation of HOAS requires a language in

whi
h �-terms 
an be used as data-stru
tures, and in whi
h enough 
onstru
ts

exists for reasoning with �-terms. Fun
tional languages may have fun
tions in

data stru
tures but they 
annot, for example, re
ognize �-equivalent terms. Thus

even languages su
h as ML 
annot fully exploit a higher order representation.

The logi
 programming language �Prolog [31℄ extends standard Prolog by us-

ing �-terms and higher-order uni�
ation [18℄ in pla
e of �rst order terms and

uni�
ation. It allows for universal quanti�
ation and impli
ation in goals. The

following are typi
al �Prolog 
lauses:

1

kind tm, ty type. % obje
t-level terms and types

type app tm -> tm -> tm. % appli
ation

type abs (tm -> tm) -> tm. % abstra
tion

type --> ty -> ty -> ty. % type 
onstru
tor

infixr --> 10.

type type
he
k tm -> ty -> o. % typing judgment

type
he
k (app A B) T :- type
he
k A (S --> T), type
he
k B S.

type
he
k (abs A) (S --> T) :-

pi v\ (type
he
k v S => type
he
k (A v) T).

The kind and type 
lauses de
lare the signature of an obje
t-level language,

whi
h in this 
ase is that of typed �-terms. Obje
t-level terms and types are 
at-

egorized by tm and ty respe
tively at the meta-level. The in�x operator --> is

1

These 
lauses are a
tually L� 
lauses. L� [25℄ is a sublanguage of �Prolog that uses

a de
idable and deterministi
 form of higher order uni�
ation. Most �Prolog 
lauses

in pra
ti
e are in fa
t in L�.



the obje
t-level fun
tional type 
onstru
tor, whi
h should not be 
onfused with

the �Prolog type 
onstru
tor ->. The predi
ate type
he
k represents type judg-

ment. Appli
ation is written in Curried form: (f x) instead of f(x). The �rst

type
he
k 
lause is an ordinary �rst order Horn 
lause. In the se
ond 
lause, A

is a �-term variable. �-abstra
tion is written with the in�x symbol \ (e.g., the

identity is x\x). Impli
ation '=>' and universal quanti�
ation 'pi v\' 
an appear

in the bodies of 
lauses. The operational meaning of these new 
onstru
ts are

derived from intuitionisti
 proof theory: 8x:A holds if A holds under a fresh

eigenvariable x not appearing free elsewhere. A ) B holds if B holds with

de�nite 
lause A lo
ally visible. When 
ombined with higher-order uni�
ation

(or L� uni�
ation [25℄), these 
onstru
ts allow re
ursion over the stru
ture of

�-terms while preserving the integrity of bound variables. They permit a lan-

guage to analyze and manipulate the internal stru
ture of abstra
tions, making

it suitable for applying HOAS. The two �Prolog 
lauses above implement type


he
king for obje
t-level �-terms, and are representative of the kind of 
lauses

used in our 
ompiler.

It should be noted that our use of �Prolog is se
ondary to our use of higher

order abstra
t syntax. Future developments may permit the appli
ation of HOAS

in other systems, possibly in
luding fun
tional-logi
 hybrid languages. Previous

investigation [28℄ has determined the 
riti
al 
hara
teristi
s of any language

that 
an truly support HOAS (illustrated by the �Prolog extensions des
ribed

above). But experimental 
ompiler implementation also requires the pra
ti
al

features of a realisti
 programming language. �Prolog is 
urrently one of the

only languages that satisfy both 
riteria. One signi�
ant alternative is Elf [37℄,

whi
h has been used for the theoreti
al investigation of many topi
s pertaining to

programming languages, in
luding 
ompiler veri�
ation [15℄. The justi�
ation of

our preferen
e for �Prolog lies primarily in the availability of a high-performan
e

implementation, whi
h is dis
ussed in Se
tions 3 and 9.

For more information on �Prolog and higher order abstra
t syntax, the reader

is asked to 
onsult [27, 31℄.

3 Obsta
les to Appli
ation

From the beginning, work in higher order abstra
t syntax have pointed in the di-

re
tion of its appli
ation in 
ompiler writing. It has been known for some time, for

example, that HOAS 
an give de
larative formulations of type 
he
king. Other

works in
lude using HOAS for the re
ognition of tail re
ursion [32℄, and vari-

ous program transformations [14℄. Interpreters for very small languages (without

parsing) have also been formulated. These experiments are useful in demonstrat-

ing (and even proving) theoreti
al aspe
ts of programming languages. However,

they are uniformly limited in s
ale. None has been applied to a
tual 
ompilation.

We 
an identify two major fa
tors that have dis
ouraged the appli
ation of

HOAS as an a
tual 
ompilation paradigm:

1. La
k of a high-performan
e implementation of a suitable programming lan-

guage, one that 
an support HOAS.



2. La
k of general tools for deterministi
 parsing (su
h as Ya

), whi
h are

needed to generate HOAS representations from sour
e text.

Re
ent developments have signi�
antly improved the situation with both of these

obsta
les. First of all, work in improving the representation and normalization

of �-terms, su
h those using DeBruijn indi
es and expli
it substitutions [1, 30℄,

have lessened the overhead of systems that need to reason with �-terms. The

re
ent Teyjus implementation of �Prolog [33℄ uses su
h advan
ed te
hniques.

Teyjus is also 
ompiler-based in that it extends Warren's Abstra
t Ma
hine to

a

ommodate �Prolog. In addition, Teyjus has a module system and suÆ
ient

I/O 
apabilities to support 
ompiler 
onstru
tion. We shall further dis
uss how

Teyjus lessens the overhead of HOAS in Se
tion 9. The se
ond obsta
le listed

above is addressed in the next se
tion.

4 Parsing and the Generation of �-Syntax Trees

Realisti
 
ompilation with HOAS 
annot begin unless higher-order represen-

tations 
an be 
onstru
ted automati
ally from sour
e text. A parser, 
oupled

with suÆ
iently expressive \semanti
 a
tions" 
an be used for this purpose. But

standard parsing tools (Ya

 and derivatives) have been ina

essible to logi


programming languages that 
an support HOAS. Parsing in logi
 programming

has traditionally relied on De�nite Clause Grammars (DCG - [35℄). Though gen-

eral in s
ope, DCGs have no inherent 
apability to resolve non-determinism. For

example, there is nothing that would prevent the user from writing an ambigu-

ous grammar as a DCG. Compilers using DCGs do exist (see [4℄ for a survey of

early work). However, the programmer will have to manually provide the me
ha-

nisms needed for deterministi
 parsing (su
h as lookahead symbols). In 
ontrast,

Ya

-style tools generate deterministi
 parsers from appropriate grammars auto-

mati
ally. Even if DCGs are a viable solution for general 
ompiler writing, they

must still be extended to the higher order 
ase, with ri
her 
onstru
ts. Attempts

to thus extend DCGs exist [8, 19℄, but they have not led to any usable tools.

A deterministi
, bottom-up parser generator has re
ently been developed for

�Prolog, and is des
ribed in [23℄. The parser generator requires a di�erent restri
-

tion of LR grammars than the LALR grammars used in other Ya

-style tools.

It requires the user to write a few more produ
tions: the grammar used in our


ompiler required eight more produ
tions (out of approximately seventy) 
om-

pared to traditional Ya

. However, mu
h of the 
hara
ter of Ya

-style parser


onstru
tion is preserved. The essen
e of this parser generator is illustrated by

the following pair of grammars:

LR: S ! A BRC: S ! A

A! (B) j x A! (B) j x

B ! (A) j x B ! CA) j x

C ! (

Both grammars generate the same language, and both grammars are sensitive

to whether the terminal symbol x is surrounded by an even or odd number of



pairs of parentheses. For the LR grammar on the left this distin
tion requires

the generation of a �nite state ma
hine, whi
h is used to resolve the \redu
e-

redu
e" 
on
i
t between A ! x (even) and B ! x (odd). The bounded right


ontext (BRC) grammar

2

on the right is also an LR grammar. However, the

state information as to whether an even or odd number of '('s have been read is

maintained by the grammar itself, in the form of the extra non-terminal symbol

C. In a bottom-up derivation using the se
ond grammar, new '(' symbols will

be alternately shifted on to the sta
k (if it's an odd o

urren
e) and redu
ed to

C (if it's an even o

urren
e). x must be redu
ed to A if it's pre
eeded by C on

the sta
k, and to B if pre
eeded by a '('. There is no need to maintain state in-

formation externally. Every LR grammar has an equivalent BRC grammar [12,

20℄. In the 
ontext of logi
 programming, the advantage of this simpli�
ation

of LR parsing is that it fa
ilitates the formulation of deterministi
 bottom-up

parsing as deterministi
 proof sear
h. Instead of implementing general LR pars-

ing algorithms by brute for
e, a pro
ess that destroys mu
h of the 
hara
ter of

logi
 programming, our parser generator 
onstru
ts inferen
e rules su
h as the

following (whi
h should be read bottom-up):

: : : (B

: : : (x

Redu
e

: : : CA

: : : Cx

Redu
e

: : : (C

: : : ((

Redu
e

: : : C(�

: : : C(

Shift

(� is the next input symbol.) A pairwise mat
hing of the bottom sides of these

rules will 
on�rm that there are no \redu
e-redu
e" or \shift-redu
e" 
on
i
ts

3

The parser generator also 
ontains a 
ustomizable lexi
al analyzer. Sin
e the

parser generator is written in �Prolog and outputs �Prolog 
ode, the semanti


a
tions asso
iated with grammar rules are in fa
t �Prolog goals. These goals 
an

be written so that they generate �-term syntax trees as sour
e text is parsed

bottom-up. The formation of abstra
tions over text is a

omplished by the fol-

lowing 
opy 
lauses, whi
h �rst appeared in [26℄:


opy (app A B) (app C D) :- 
opy A C, 
opy B D.


opy (abs A) (abs B) :- pi v\ (
opy v v => 
opy (A v) (B v)).

These 
lauses formulate substitution over obje
t-level �-terms. The goal

pi u\ (
opy u S => 
opy (A u) B)

su

eeds only if B is �-equivalent to (A S). For example, given sour
e text (in

pseudo-ML syntax)

"fun f x = (g x);"

2

BRC grammars were well-studied in the 1960's and 70's (e.g. see [11, 12, 16℄), but

they were eventually overshadowed by general LR parsing. However, they were never


onsidered in the 
ontext of logi
 programming.

3

The 
onne
tion between parsing and formal dedu
tion has been studied in the past

[36℄, but deterministi
 parsing in su
h a framework has re
eived little attention.



the subexpression "(g x)" will be parsed �rst (sin
e it's bottom-up) into an

ordinary syntax tree, namely (app "g" "x"). The abstra
tion over "x" will be

seen next, and at this point the �-term syntax tree

(abs v\ (app "g" v))

will be generated by the goal

pi u\ (
opy u "x" => 
opy (A u) (app "g" "x")), !

The meta-level variable A will be instantiated to the meta-level abstra
tion

v\(app "g" v). Any subsequent "x" en
ountered in the sour
e text 
annot be


onfused with the bound variable in this abstra
tion

4

. We use the standard logi


programming 
ontrol feature \!" when ne
essary. Although \logi
ally perfe
t"

alternatives 
an be be fashioned with some e�ort, we are also 
on
erned with

eÆ
ien
y. Our use of �Prolog is as a real programming language. The de
larative

paradigm at work here is not merely logi
 programming, but also the higher-

order form of abstra
t syntax. An alternative method of 
reating the abstra
tion

A is to use �Prolog's built-in higher order uni�
ation pro
edure and provide the

programmer means to bias proje
tions over imitations. The uni�
ation goal

(A "x") = (app "g" "x")

will then a

omplish the same purpose.

5 An Experimental Compiler

On
e an adequate means of generating higher order representations from sour
e

text is available, we 
an �nally begin to apply HOAS in formulating 
ompilers.

This and the next few se
tions des
ribe how HOAS is used in ea
h of the basi



ompilation stages.

The sour
e language we have 
hosen for our experimental 
ompiler is an

imperative-style language with enough 
exibility for experimenting with new

features. Many aspe
ts of the language, in
luding its syntax, are based on the

\Tiger" language des
ribed in [3℄, whi
h has versions in ML, Java, and C. It

is hoped that this 
hoi
e will fa
ilitate the 
omparison between our methods of


ompiler writing with those of other styles of programming. The target language

is Spar
 assembly language. An existing assembler (g

 in its role as an assem-

bler) is used in the last step to produ
e Spar
 exe
utables. Ex
ept for this last

step, every aspe
t of the 
ompiler is written in �Prolog.

Although the s
ale of the sour
e language and 
ompiler is still limited, it is a

signi�
ant expansion of previous experiments that used HOAS for implementing

programming languages (e.g. [14, 32℄). These early experiments typi
ally used

4

The 
lauses presented here are stylized for brevity. In reality di�erent 
opy 
auses

must be de�ned for ea
h type, i.e, for expressions and for strings. A default 
lause

that 
opies terms to themselves is also needed so that "g" is preserved before its

abstra
tion is en
ountered.



sour
e languages with only four or �ve 
onstru
ts. None of them involved the

building of a 
omplete system that in
ludes eÆ
ient parsing, intermediate lan-

guage, and realisti
 target language. Clearly a new level of experimentation is

required if higher order abstra
t syntax is to a
quire more than theoreti
al im-

portan
e.

Our sour
e language admits nested s
opes and fun
tions within fun
tions,

but it is not higher ordered. To partially 
ompensate for this la
k, we imple-

mented Java-style 
lasses and obje
ts (without inheritan
e, so far)

5

. This means

that a fun
tion requires an additional parameter that points to heap re
ords

with bindings for its free variables (the Spar
 registers %o5 and %i5 are reserved

for this purpose). Some of the 
avor of 
omputing with 
losures is therefore 
ap-

tured. A higher order, fun
tional language will require a more general treatment

of 
losures. The runtime sta
k 
annot be used easily sin
e lo
al variables may

persist in 
losures, ne
essitating a garbage 
olle
tor. These are topi
s that we

wish to explore in the future, but we de
ided to �rst demonstrate our methods

on a 
onventional sour
e language.

�-Syntax Trees

HOAS is appli
able to more than one stage of 
ompiler writing (see Se
tion 7).

We shall refer to the spe
i�
 stru
tures generated by the parser as �-syntax trees.

We shall 
ontinue to use \higher order abstra
t syntax" to refer to the general

te
hnique of using �-terms in representations.

The �Prolog signature for �-syntax trees of the sour
e language is simi-

lar to the abstra
t syntax stru
tures des
ribed in [3℄, ex
ept of 
ourse, for its

higher-order 
omponents. The 
onstru
ts of the language are de�ned by type

de
larations su
h as the following:

6

kind texp type. % meta-level type for values

kind ttype type. % type for obje
t-level types

kind tde
 type. % type for de
larations

type intexp int -> texp. % integer 
onstant

type strexp string -> texp. % string 
onstant

type opexp string -> texp -> texp -> texp. % binary op.

type ifexp texp -> texp -> texp -> texp. % if

type whileexp texp -> texp -> texp. % while

type 
allexp texp -> (list texp) -> texp. % fun
tion 
all

type letexp tde
 -> texp -> texp. % let

type dabs (tvar -> tde
) -> tde
. % de
laration abstra
tion

type pabs (tvar -> texp) -> texp. % parameter abstra
tion

% et
 ...

5

Classes and instan
es are represented with bound variables, but (
urrently) their

members are not.

6

The exa
t de�nition of our sour
e language, as well as its abstra
t syntax stru
ture,

is transitory as we explore di�erent strategies for 
ompilation.



The meta-level type for �-syntax tree expressions is texp. The most important

higher-order 
onstru
tors are dabs and pabs, whi
h abstra
ts over de
larations

and formal parameters of fun
tions respe
tively. dabs abstra
tions are used in

letexp statements to abstra
t over the names of a set of (possibly mutually

re
ursive) identi�er de
larations.

6 Type Che
king and Type Inferen
e

A number of 
ompilation strategies, su
h as stati
 analysis and partial eval-

uation, 
an potentially bene�t from the ability to reason with a higher order

representation dire
tly. Some of these subje
ts have already been studied in the


ontext of HOAS.

In this se
tion we fo
us on one essential 
omponent of most 
ompilers: type


he
king. The two type 
he
king 
lauses presented in Se
tion 2 do not 
ompletely

suÆ
e in realisti
 settings. One feature we 
an expe
t to �nd in many languages is

mutually-re
ursive de�nitions. Higher order logi
 programming o�ers interesting

solutions for type 
he
king and inferen
e under mutual re
ursion. Consider an

ordinary pie
e of sour
e 
ode su
h as

let

var a := 10

fun
tion g(n:int) = if n>0 then f(n-1)

fun
tion f(n) = if n>0 then g(n-1)

in g(a) end

The type of fun
tion f is not known while type 
he
king g. We also may not

have the bene�t of any \headers," (as is the 
ase with fun
tion f). In the �-syntax

tree, this let-stru
ture is represented by two abstra
tions over a pair 
onsisting

of �rst the de
larations followed by the body of the let. In the sample 
ode

below, typeof is a predi
ate that asso
iates an expression with a type. dabs is

a se
ond-order 
onstru
tor that represents abstra
tion over a list of de
larations

followed by an expression in whi
h they appear (its argument will be a � term).

varde
 and fixptde
 are 
onstru
tors for variable and fun
tions de
larations

respe
tively. intexp and 
allexp are 
onstru
tors for integer 
onstants and

fun
tion 
alls respe
tively. namety is a 
onstru
tor for (obje
t-level) primitive

types, and --> is an in�x 
onstru
tor for (obje
t-level) fun
tional types.

typeof (let (dabs T)) U :-

pi v\ (typeof v A => typeof (T v) U).

typeof (varde
 Var Exp) :- typeof Var A, typeof Exp A.

typeof (fixptde
 F f\(pabs (T f))) (A --> B) :-

typeof F (A -> B),

pi f\ (typeof f (A --> B) =>

pi x\ (typeof x A => typeof (T f x) B)).



typeof (
allexp Fun Arg) B :- typeof Fun (A --> B), typeof Arg A.

typeof (intexp N) (namety "int").

% et
 ...

The �rst 
lause is key: for ea
h abstra
tion it introdu
es an eigenvariable for the

name of the identi�er that will be de
lared. It also introdu
es a (meta-level) free

variable for the initial type of every identi�er. Thus for the sample program above

the types for f and g are assumed to be distin
t free variables initially. These free

variables will be instantiated (via uni�
ation) into appropriate type expressions

when the de
larations are pro
essed. For example, for a variable de
laration

varde
, the type asso
iated with the identi�er Var must mat
h the type of its

initial value Exp. Subsequent o

urren
es of Var are therefore 
onstrained to

have types 
onsistent with the type of Exp.

Uni�
ation is a natural tool for type 
he
king that imperative languages la
k.

A 
onventional 
ompiler will also require a symbol table to keep tra
k of types.

In the higher order logi
 programming formulation the symbol table is repla
ed

by the de
larative 
onstru
t of intuitionisti
 impli
ation (=>), whi
h, together

with �-abstra
tion, respe
ts s
opes in a natural way.

The above formulation of typing suÆ
es for a non-polymorphi
 language (as

is the 
ase with the language used in our experimental 
ompiler). A language

with generi
 type variables su
h as ML would require the use of a higher order

representation of type s
hemes [5℄. A quanti�ed type su
h as �a:a ! a has

a natural higher order representation where the type variable a is bound by

an abstra
tion, i.e., ��a:a ! a where � is now a se
ond order 
onstru
tor.

A prin
ipal type s
heme 
an now be thought of as an �-equivalen
e 
lass of

terms. Type inferen
e using su
h representations of type s
hemes has also been

formulated in HOAS [13, 22℄, though they require an indire
t way of using meta-

level uni�
ation than the \mono-typing" des
ribed above. In [22℄ a type inferen
e

algorithm is des
ribed that targets ML-style let-polymorphism. The expression

let val f = (fn x => x) in (f f) end;

is typed by asso
iating f with the type s
heme ��a:a ! a. �-equivalent in-

stan
es of this type s
heme are then asso
iated for ea
h o

urren
e of f in the

body of the let-expression: ��a:a! a and ��b:b! b. Sin
e the type variables

in these instan
es are bound at the meta-level, they 
annot be 
onfused. In a logi


programming implementation, ea
h instan
e 
an be instantiated with a distin
t

meta-variable, allowing the 
orre
t derivation of the type of the let-expression.

7 A Continuation Passing Style Representation

Modern 
ompilers require intermediate languages. One su
h language that is

based on the �-
al
ulus already exists, and there is 
onsiderable work on trans-

lating programs to 
ontinuation passing style (\CPS" - see for example [2, 9,

21, 39, 40℄). What 
an higher order abstra
t syntax and higher order logi
 pro-

gramming add to this well-studied and well-applied subje
t? In a language that




annot fully support HOAS, in
luding fun
tional languages, a meta-level CPS

representation is, ironi
ally, not higher ordered. For example, in [2℄ a CPS repre-

sentation is de�ned in ML, but the ML data stru
ture for CPS expressions is in

fa
t �rst order. What should be bound variables are represented with ordinary

symbols, and not with abstra
tions in the meta language. That is, CPS 
ontinu-

ation fun
tions are not represented using ML's native abstra
tions (fn =>). This

is due to the inability of ML to look inside its abstra
tions, whi
h is ne
essary

during the analysis and transformation of CPS terms. A HOAS representation

of CPS should be able to take advantage of the fa
t that a CPS term is after all,

a �-term.

We use a higher order CPS-like representation as the intermediate language

in our experimental 
ompiler. We di�er from the traditional CPS representation

in the following way. Instead of adding an extra 
ontinuation parameter to ea
h

fun
tion and operator, we modify the appli
ation of ea
h fun
tion and operator

so that they 
arry a 
ontinuation abstra
tion. Essentially, this form of CPS is

equivalent to what is referred to as the dire
t style [6℄ or A-normal form [10℄

representation. It has been shown (see [10℄) that this form of CPS is equivalent

to the traditional form, with less 
lutter.

Our CPS intermediate language is essentially a miniaturized version of the

sour
e language. Ea
h 
onstru
t is modi�ed to 
arry one or more 
ontinuations.

It has the essential 
hara
teristi
s of CPS in that ea
h operator and fun
tion is

applied only to primitives. However, it preserves some of the top-down stru
ture

of a higher-level abstra
t syntax representation by dupli
ating 
ertain essential


onstru
ts

7

. In the following signature of our CPS language, re
all that texp is

the type for expressions in the �-syntax tree:

kind kexp type. % meta-level type for 
ontinuation expressions

type 
ps texp -> kexp -> kexp. % primitive operation

type kabs (texp -> kexp) -> kexp. % 
ontinuation abstra
tion

type kreturn texp -> kexp. % return value, (stop)

type klet (texp -> kexp) -> kexp. % ``let''

type kformal (texp -> kexp) -> kexp. % formal parameter

type karg texp -> int -> kexp -> kexp. % a
tual parameter

type k
all texp -> int -> kexp -> kexp. % fun
tion 
all

type kvar tvar -> ttype -> texp -> kexp -> kexp. % variable

type kfun
 tvar -> ttype -> kexp -> kexp. % fun
tion

type klass tvar -> (list texp) -> kexp -> kexp. % 
lass

type kif kexp -> kexp -> kexp -> kexp -> kexp. % if-else

type kwhile kexp -> kexp -> kexp -> kexp. % while loop

kabs is a se
ond-order 
onstru
tor for 
ontinuation abstra
tions, whi
h are 
ar-

ried by all stru
tures save the terminating kreturn. The 
onstru
ts kvar, kfun


7

A stri
t adheren
e to the CPS prin
iple 
an be ex
essive. For example, if we sequen-

tialize the boolean 
ondition of a while-loop before transforming its body, it will

be
ome un
lear as to where the while loop a
tually starts. Some top-down stru
ture


an be helpful when generating 
ode from the CPS representation.



and klass respe
tively de�ne variables, fun
tions and 
lasses for their 
ontinu-

ation. These 
onstru
ts also 
arry limited type information due to the presen
e

of 
lasses. Although many 
onstru
ts 
arry more than one 
ontinuation, only

one of these is the \true" 
ontinuation surrounding the 
onstru
t. For example,

in kif, the 
ondition, \then" and \else" parts of the 
onstru
t are represented

by 
ontinuations that terminate in (kabs v\ kreturn v), or essentially �x:x.

Only the third kexp subexpression is the 
ontinuation that follows the if-else


onstru
t.

An expression su
h as a+ b � 2 is represented by the kexp term


ps (opexp "*" (varexp (simplevar b)) (intexp 2))

(kabs u\ (
ps (opexp "+" (varexp (simplevar a)) u) K))

Here K is the 
ontinuation that always surrounds any expression. It should be

emphasized that the symbols a and b are not strings but bound variables , sin
e

the higher-level �-syntax tree is also higher-ordered.

The following are sample 
lauses that make up the (
all-by-value) translation

from the �-syntax tree to the CPS representation. These 
lauses make use of

de
idable \higher order pattern" uni�
ation:

type atomi
, primitive texp -> o.

type form
ps kexp -> texp -> kexp -> o.

atomi
 (intexp A).

atomi
 (varexp (simplevar S)).

primitive A :- atomi
 A, !.

primitive (opexp S A B) :- atomi
 A, atomi
 B.

form
ps K A (
ps A K) :- primitive A.

form
ps K (opexp OP A B) AK :- atomi
 B, !,

pi v\ (atomi
 v => (form
ps K (opexp OP v B) (L v),

form
ps (kabs L) A AK)).

form
ps K (opexp OP A B) BK :-

pi v\ (atomi
 v => (form
ps K (opexp OP A v) (L1 v),

form
ps (kabs L1) B BK)).

% et
 ...

The form
ps predi
ate takes a surrounding 
ontinuation (K), an expression, and

the resulting 
ontinuation as parameters. The use of ! here is for eÆ
ien
y. It

is worthwhile to note that if our sour
e language 
onsisted only of appli
ation

and abstra
tion, then the CPS transformation would be de�ned as follows (where

kapply and kformal represent general appli
ation and abstra
tion respe
tively):

type kapply texp -> texp -> kexp -> kexp.

form
ps K (app A B) BK :-

(pi u\ ( form
ps (kabs v\ (kapply v u K)) A (L u)) ),

form
ps (kabs L) B BK.

form
ps (kabs v\ kreturn v) (abs A) (kformal AK) :-

(pi u\ (atomi
 u => form
ps (kabs v\ kreturn v) (A u) (AK u))).



A similar higher order CPS transformation was given in [7℄, and was implemented

in Elf. However, the purpose of this transformation was to prove a theoreti
al

result with Elf, and was 
on�ned to appli
ation and abstra
tion.

It is also possible to use the sour
e language itself to write CPS terms (\dire
t

style"), but we de
ided to 
onstru
t a new language to avoid some of the 
lutter

of the sour
e language.

A higher-order representation of CPS expressions 
an fa
ilitate the formu-

lation of various transformations on the intermediate form. For example, the

following optimization 
lause pushes a purely fun
tional operation inside the

\else" 
ase of an kif-statement, if the 
ontinuation abstra
tion (over u) is va
u-

ous over the other 
omponents of the 
onstru
t.

optimize (
ps A (kabs u\ (kif C THEN (ELSE u) K)))

(kif C THEN (
ps A (kabs ELSE)) K) :- not (side_effe
t A).

The s
opes of the variables in upper-
ase, as per Prolog 
onvention, are over the

entire 
lause, and therefore 
annot 
ontain free o

urren
es of u. ELSEmust there-

fore abstra
t over u, allowing the 
ontinuation abstra
tion kabs to be pushed

inside the else-
ase. We 
an similarly formulate dead variable elimination as va
-

uous abstra
tions, whi
h are represented by the \higher order pattern" x\A. A

�rst-order meta-level CPS formulation, without the bene�t of higher-order pat-

tern mat
hing, would have to manually keep tra
k of and possibly rename bound

variables during su
h transformations.

It may be interesting to 
onsider the formulation of intermediate languages

other than CPS in HOAS. However, as argued in [2℄, there is nothing wrong

with using CPS. The CPS representation is 
exible enough to still allow the

appli
ation of other te
hniques, even if they 
annot take advantage of the higher

order nature of CPS.

8 Code Generation

Higher-order abstra
t syntax is most useful in the middle stages of 
ompilation.

At the 
ode generation stage, its bene�ts be
ome less 
lear. However, there is

nothing to indi
ate that it is ne
essarily an impediment if there are enough

language features to support it.

Our experimental 
ompiler generates ma
hine-dependent assembly language

text for the Spar
 ar
hite
ture [34℄. We make use of Spar
's register windowing

me
hanism. Future work will involve an additional intermediate stage that will

generate 
ode for a general abstra
t ma
hine.

The Spar
 ar
hite
ture is �rst represented in abstra
t syntax. A meta-level

type store is de�ned to represent Spar
 registers, memory lo
ations, immediate


onstants, and labels. The meta-level type inst represents Spar
 instru
tions.

The prin
ipal predi
ate used for generating 
ode for CPS expressions is

type gen
ode int -> int -> kexp -> store -> (list inst) -> o.



The �rst two arguments to this predi
ate keep tra
k of an integer label 
ounter,

whi
h is used to generate unique string labels. The \output" of this predi
ate is

�rst of all a store lo
ation for the return value of a 
ode fragment, followed by

a list of instru
tions. On pro
essing a CPS term su
h as a subtra
tion operation

(
ps (opexp "-" A B) (kabs K)), the appropriate instru
tion is generated for

the subtra
tion. This involves �nding a store lo
ation to hold the result of

the operation. The store lo
ation, 
ommonly a register, is then passed to the


ontinuation abstra
tion. Ea
h value (texp) expression (in
luding A and B above)

is therefore always asso
iated with a store lo
ation. A predi
ate asso
 is used to

\remember" the store asso
iated with ea
h expression. A typi
al gen
ode 
lause

has the form

gen
ode LC0 LC1 (
ps A (kabs K)) RETURN [INST | INSTS℄ :-

% generate expression A into instru
tion INST,

pi v\ (asso
 v STORE => gen
ode LC0 LC1 (K v) RETURN INSTS).

where STORE is the store lo
ation asso
iated with the result of the instru
tion.

The prin
ipal diÆ
ulty in de�ning the gen
ode predi
ate is register assign-

ment. No matter how de
larative a meta-language is, it must deal with the fa
t

that registers in a real ma
hine must be used in spe
ial ways. Registers assigned

to expressions need to be eventually deallo
ated, whi
h requires gen
ode to keep

tra
k of state information. Our experimental 
ompiler uses intuitionisti
 impli-


ation (=>) 
ombined with ! to model mutable information. This method is not

entirely satisfa
tory, not only be
ause it relies heavily on extra-logi
al features,

but also be
ause it is not eÆ
ient. An alternative would be to use a table-like

data stru
ture, something we have avoided up to this point. That is, gen
ode


an 
arry extra parameters that lists expressions and their asso
iated stores.

Perhaps a limited linear logi
 programming language [17℄ will be able to

de
laratively formulate register assignment. However, no pra
ti
al, higher-order

version of su
h a language 
urrently exists.

9 Performan
e Overhead

The use of �-terms in the representation of programs in
urs an extra 
ost in

speed and memory usage during 
ompilation. With a naive implementation of �-

terms and �-normalization, this extra 
ost 
an indeed be overwhelming. However,

advan
ed implementation te
hniques are being developed [30℄ to redu
e this

overhead to a reasonable level.

Reasoning with �-terms inevitably involves �- and/or �-
onversion. For ex-

ample, 
onsider a CPS term of the form


ps A (kabs v\ (
ps B (kabs u\ (
ps C (kabs w\ ....

that involves n nested 
ps terms with kabs 
ontinuation abstra
tions. In order

to pro
ess su
h a term we would need to look inside the �-abstra
tions. This

is a

omplished (as des
ribed in the foregoing) by 
lauses of the representative

form



pro
ess (
ps A K) :- pro
ess A, pro
ess K.

pro
ess (kabs K) :- pi v\ (... => pro
ess (K v)).

The \..." represents 
lauses 
ontaining information asso
iated with the

eigenvariable v, su
h as the register it has been assigned. In a naive imple-

mentation of �-term normalization, The �-redu
tion of (K v) would involve a


omplete traversal over the stru
ture of K. All n 
ps subterms are thus vis-

ited after redu
ing just the �rst redex en
ountered. The redu
ed form of (K v)

still has n� 1 
ps subterms, ea
h with a similar 
ontinuation abstra
tion. The

pro
ess goal will therefore be repeated for the abstra
tion at the next level,

resulting in n� 1 additional visitations of 
ps subterms, and so on. Altogether,

the \pro
essing" of the above term will involve (n

2

+ n)=2 visitations of its 
ps

subterms, even though the CPS stru
ture is naturally linear. Sin
e the number

of nested 
ontinuations n is proportional to the length of the sour
e program, a

naive �-redu
tion strategy 
an indeed be 
ostly.

The redundant term traversals 
an be avoided using a more advan
ed imple-

mentation of �-redu
tion. In parti
ular, an expli
it substitution 
al
ulus [30℄ 
an

be used to delay the traversal over the term stru
ture until all �-redi
es have

been en
ountered. The �-redu
tion of a term (�x:s)a 
an be held in suspension

in a stru
ture of the form fs; (a; x)g .

When a term su
h as this is en
ountered in another redex, we 
an expand

the suspension environment to 
apture the substitution of more than one vari-

able: fs

0

; (a; x); (b; y)g. The �nal normalization of the term will involve a single

traversal, substituting for all variables simultaneously. This re�nement means

that the CPS stru
ture above 
an be \pro
essed" in one pass, whi
h is what one

would expe
t with a 
onventional, �rst order representation. Su
h re�nements

are used in the Teyjus �Prolog implementation [29℄.

A naive beta-redu
tion strategy may also need to repli
ate terms during

substitution, resulting in greater memory usage. It was found that, with a modi-

�
ation to Teyjus so that it uses a naive redu
tion strategy, a heap over
ow error

o

urred while 
ompiling a program just a hundred lines long, while we've su
-


essfully 
ompiled programs over a thousand lines long with (standard) Teyjus.

Timing 
omparisons also support our above analysis: using expli
it substitutions

to delay traversal over terms results in an order-of-magnitude improvement in

performan
e over a naive strategy. In one experiment, a one-page program was


ompiled (on a 1.1ghz workstation) in approximately 0.3 se
onds with (standard)

Teyjus and approximately 3.7 se
onds with a naive redu
tion strategy. Future

systems that 
an be used for the pra
ti
al appli
ation of HOAS must implement

enhan
ed strategies for representing and redu
ing �-terms

8

.

Work is 
ontinuing to further redu
e the overhead of HOAS. One promising

angle of approa
h is to optimize 
ases that appear most often in programs,

namely the L� subset of �Prolog with \�

0

-redu
tion" and se
ond order \pattern"

uni�
ation [25℄.

8

A forth
oming paper [24℄ will further dis
uss the relative advantages of various �-

term representation and redu
tion strategies.



10 Con
lusion

Although our presentation has been in outline form, we hope to have 
onveyed

a sense of the role that higher order abstra
t syntax 
an play during the prin-


ipal stages of 
ompiler 
onstru
tion. Certainly during portions of this pro
ess,

namely the initial and �nal stages, HOAS plays little if any role. But for many

of the operations and transformations performed on intermediate forms, HOAS


an o�er a simpler and 
leaner formulation. Our experimental 
ompiler, together

with the 
ontinuing development of high-performan
e language support for �-

term representations, shows that HOAS 
an be
ome useful for general 
ompiler


onstru
tion. Our 
ompiler also provides a platform for studying new problems

previously not 
onsidered. For example, with the joining of HOAS and CPS, it

is possible to study whether 
ertain optimizations, su
h as tail-re
ursion elim-

ination, are better formulated as transformations on �-syntax trees or on CPS

terms.

From a general perspe
tive, with the experimental 
ompiler we have hope-

fully taken work on higher order abstra
t syntax to the next logi
al level. It is a

ne
essary step in the development of higher-order abstra
t syntax into a pra
ti-


al, de
larative programming paradigm. Clearly a great amount of work remain.

We have immediate plans, for example, for expanding the 
ompiler by imple-

menting data-
ow analyses via abstra
t interpretation. We now have a platform

on whi
h to 
ontinue su
h work.
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