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Abstract

A major obstacle in partial evaluation {program specializa-
tion) is the need for binding time improvements [HH90]. By
reorganizing a source program, the residual programs ob-
tained by specializing the source program may be improved:
more computations can be done statically, that is, at spe-
cialization time.

One well-known effective reorganization is (manual or
automatic) conversion into continuation passing style (cps)
[Dan91, Jor90, HG91, KS91, CD91, Bon91b, Jor92]. This
conversion allows data consumers to be propagated through
frozen expressions to the data producers. In this paper we
show how such improvements can be obtained without af-
fecting the source program: by writing the program special-
izer itself in cps; traditionally, specialization has been for-
mulated in direct style.

The advantages of avoiding cps-converting source pro-
grams are: (1) no cps-conversion phase is needed; (2) the
generated residual programs are not in c¢ps; (3) since no
source level continuations are added, there is no overhead of
manipulating closure representations in the generating ex-
tensions (e.g. compilers) obtained by self-application; (4)
manual “binding time debugging” is easier since binding
time analysis is done on a non-converted program.

We have implemented a cps-based program specializer;
it is integrated in the partial evaluator Similix 4.0 [Bon91b].

Using a cps-specializer, partially static data structures
[Mog88] can be handled safely in a straightforward way. The
difficulty is to ensure antomatically that residual expressions
that become part of a partially static data structure are nei-
ther duplicated nor discarded. This is achieved by binding
such residual expressions in automatically inserted frozen
let-expressions; cps is needed to propagate operations on
the partially static data structure through these frozen let-
expressions. Based on this idea, we have implemented an
extension of Similix 4.0 that handles partially static data
structures.
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1 Introduction

When using a partial evaluator, a small seemingly innocent
change in a source program may have severe effects on the
quality of the residual programs obtained by partially eval-
nating the source program. It thus often occurs that if the
source program is written in one way, the specializer hap-
pily performs some computation statically — while if the
program is formulated in a slightly different way, the spe-
cializer has to suspend that computation, leaving it in the
residual program.

For an example, consider the following typical piece of
code (written in Scheme syntax):

(f (Qet ((val (evalu E ...))) (1
(lambda (name) (... val ...))))

Such a code piece could for instance appear in an interpreter
where a value val is computed and bound to a name in an
environment represented as function. Assume that val is
dynamic (its value unavailable at specialization time). Then
the specializer should not unfold the let-expression: due to
the occurrence of val under a lambda, unfolding might du-
plicate (or discard) the residual version of the expression
(evalu E ...). Thisis unacceptable: for linear time source
programs, duplication may lead to exponential time residual
programs [Ses88]. Also, discarding a possibly side effecting
residual expression is unacceptable [BD91].

We have therefore, using two-level syntax [NN88,
GJ91b], annotated the let-expression as “to be frozen” by
underlining the keyword let in the source code. In a typical
specializer [GJ91b, BD91, Bon91a), freezing a let-expression
implics freezing its body expression. Consequently, the
lambda-expression becomes frozen (hence the underlined
lambda). Function f therefore gets a dynamic argument,
that is, a piece of residual code: reductions in the definition
of £ depending on f’s argument thus cannot be performed
(concretely: applications of £’s argument cannot be beta
reduced by the specializer).

Now let us consider an equivalent piece where £ is applied
directly to the body of the let-expression:

(let ((val (evalu E ...))) (2)
(f (lambda (name) (... val ...))))

The result of specializing the whole body expression
(f (lambda ...)) must be a piece of residual code (a frozen
expression), but the frozen let-expression no longer forces



the lambda-expression itself to be frozen. Hence £ now gets
a non-frozen argument rather than a piece of code, and
therefore reductions that depend on f’s argument can be
performed in £'s body. (Note: the lambda-expression may
still become frozen due to f’s internal operations. When
that happens, the expressions (1) and (2) give equally bad
results.)

The problem with version (1) is that the let-expression
blocks the consumer £ from being propagated to the pro-
ducer, the lambda-expression. Rewriting programs to prop-
agate consumers to producers in general requires more com-
plex non-local rewritings. This can be illustrated by the
following only slightly more complex example:

(f (gE ... ... (3)

(define (g E ...)
(let ((val (evalu E ...)))
(lambda (nmame) (... val ...))))

Propagating the consumer £ to the lambda-expression now
cannot be done locally: it requires changing the definition
of g, for instance by passing f as an argument:

(gE ... ©)

(define (g E ... f)
(let ((val (evalu E ...)))
(f (lambda (name) (... val ...))))

Other places calling g then of course also have to be taken
into account.

The problem of propagating consumers through frozen
let-expressions often appears in practice. A typical exam-
ple is interpreters that iteratively compute a number of val-
ues and store these in an environment, for instance when
interpreting function calls in interpreters for functional lan-
guages.

Improving binding times by manual cps-conversion of
parts of programs has been studied by several authors
[Dan91, Jor90, HG91, KS91, Bon91b, Jor92]). It was pro-
posed in [CD91] to automatically transform source programs
into cps, to maximally propagate consumers through frozen
expressions. We shall refer to (both manual and automatic)
source program cps-conversion as explicit cps-conversion.

The key idea of this paper is, instead of explicitly cps-
converting source programs, to write the specializer in cps.
What we shall do is the following:

1. Define a traditional direct style specializer D.
2. Define a cps specializer C and show it equivalent to D.

3. Obtain C?, an improved version of C.

Obtaining C? will be done by modifying € in order to prop-
agate consumers through frozen let-expressions to produc-
ors. The modification is based on the following operational
Scheme equivalence ~: for all variables V, all expressions
Eq, E2, and all contexts which are “safe” (defined in section

4) E[):
E[(let ((VE1)) E2)]~ (let ((VE1)) E[E2])

Being an equivalence based on distributing contexts, it is not
surprising that continuations come into the picture: in direct

style, there is no explicit context that can be manipulated; in
cps, however, the continuation (context) can be manipulated
explicitly.

1.1 Programming language

A program is a set of recursive procedures (functions) writ-
ten in a subset of Scheme [IEE90], see figure 1 (essentially
the Similix core language [Bon91b]). An expression is a
constant (atomic value or quoted expression), a variable, a
conditional, a let-expression, a primitive operation, a call to
a named procedure, a lambda-abstraction, or an application
(of an expression evaluating to the value of an anonymous
lambda-abstraction). For convenience, the three application
forms (O E*), (P E®), and (A E*) are kept syntactically dis-
tinct (the distinction is made automatically during parsing).
We do not consider side-effects in this paper. However, the
ideas presented here are not restricted to side-effect free lan-
gnages. The Similix system indeed does treat a limited class
of side-effects [Bon91b].

II € Program ; D ¢ Definition ; E, B, A& Expression;

C € Constant; V &€ Variable; O € PrimopName;

P € ProcName;

I u= D*

D (define (P V*) B)

E,B,A == C| V| (if E; E; E3) |
(let ((VE1)) E2) [(OE") | (PE") |
(lambda (V*) B) | (A E*)

Figure 1: Scheme Subset

We shall write annotated source programs to be spe-
cialized in a two-level notation, see figure 2. Each com-
pound expression construct thus exists in two forms, as “to
be performed” and as “to be frozen” (underlined). We do
not in this paper discuss how to annotate a program: this
i1s done automatically by a binding time analysis (see e.g.
[J5S89, NN88, BD91]). When a program is safely annotated,
no tag progection error can ever occur [GJ91b]; injection tags
can therefore safely be omitted, one of the main motivations
for doing separate binding time analysis.

II € Program ; D &€ Definition ; E, B, A € Expression;
C e Constant; V, W &€ Variable; O € PrimopName;
P € ProcName; M € Lambdald

II n= D*
D 2= (define (P V*) B)
E,B,A u= C| V| (if E; E; E5) |

(let ((VE1)) Ep) | (OE") | (PE") |
(lambda~M (V*) BIW*]) | (AE*) |
(1ift E) | (if Ey E; E3) |

(let ((V E1)) E) | (OE") | (PE") |
(lambda-M (V*) BIW*1) | (AE*)

Figure 2: Two-Level Scheme Subset

The lift-form allows static first order values to be co-
erced into residual expressions [GJ91b]. This is done by
“adding a quote”. The syntax of lambda-abstractions is



augmented: each lambda-expression in a program has a
unique identification M, and W” is a list of the free vari-
ables in the body B.

2 Direct Style Specialization

We now define a direct style memoizing specializer D, see
figure 3. Many of the details are not important for un-
derstanding the points of this paper, but we have included
the full specializer for completeness. The specializer is the
one from (the older direct style version of) Similix, but the
points we make when improving binding times in section 5
are not specific to Similix.

A residual program is a set of recursive specialized pro-
cedures, as described in e.g. [JSS89]. During specialization,
procedure calls (P E*) are either unfolded or, if the an-
notation is underlined, a residual call is generated. When a
residual call (P’ E'*) is generated, a residual procedure defi-
nition (define (P’'..) ...) is added to the residual program
by memop. Procedure P’ is a specialized version of proce-
dure P. To generate the specialized procedure P, memop
performs a recursive D-call DB p where B is the body of
procedure definition P.

However, it can happen that P is called with values that
are equivalent to values seen in a previous call to P: then
the previously generated residual procedure P’ is reused
[J8S89, Bon9la] (memoization/function caching). The spe-
cialization process is initiated by processing an initial “goal”
call (P_E*). The details of memoization are of no impor-
tance here except for one point: to enable the specializer
to recognize functional values equivalent to those seen in a
previous call, functional values must be represented as first
order data objects (closures). Details on when values are
considered equivalent are described in [Bon91a] for Similix.
Consel’s Schism system [Con90b] uses similar representa-~
tions. Lambda-mix performs no memoization and so can
represent functional values by functions [GJ91b].

2.1 Notation

D is written in a functional style in a completely call-by-
value (strict) meta-language. D is written operationally:
there is no value representing non-termination, and hence
all functions are partial: an expression DE p may not eval-
uate to any value. The text of the source program is a
global constant II which it is accessible everywhere The
residual program is stored in a globalized “invisible” vari-
able II’ which is accessed and updated only by memop. We
could have written the specializer in a completely functional
way by passing II' around, letting D take II' as an addi-
tional parameter and letting D return II' as an additional
result (packaged in a tuple, for instance), but for expository
(and implementational) reasons, we prefer to keep II’ global-
ized. One more non-functional feature is used: the function
gen-var which simply generates a fresh residual variable.

The value error is used to represent all kinds of errors
(type errors, tag projection errors, division by zero, etc.).
We use Derror to denote the domain DU {error}. The or-
dering of all domains (also domains of form Derror) is the
flat one; domains are thus simply sets. All functions with an
argument domain Derror are error-preserving: when given
the value error, they return error. All non-error-values are
called proper values.

Index ranges are implicitly defined by the context, see
e.g. the rule for (O E*) where E; is an expression in the list

E*. We use [ _]_ to denote function updating, and [_—_]
to denote updating the “initial” function that maps every-
thing to error. Subscripted function updating abbreviates
nested function updating, see e.g. the rule for (P E*). (_)_
creates a list (cf. list comprehensions); see e.g. the rule for
(O E*): the list generated there has the same length as the
length of E*. _f and _| are used for injecting into and
projecting out from tagged sum domains. Projecting with
a wrong tag gives error; error] gives error. Precedence:
application binds stronger than™T and |. Residual syntax
domains are denoted by '-symbols; these domains are iden-
tical to source syntax domains. The function arrow — de-
notes the domain of (partial error-preserving call-by-value)
functions.

OBSERVATION 1  Inspecting the let-rule in the definition
of D, we observe that specializing the body expression E;
must result in a piece of residual code. This was exactly
the problem pointed out in the introduction: “freezing a
let-expression implies freezing its body expression”. a

3 Continuation Passing Style Specialization

Figure 4 defines C, a cps-version of D. Although we wrote C
by hand, cps-versions of direct style programs can be derived
automatically [Ste78).

The identity continuation (Av.v) is denoted by ¢. Func-
tion memoc is identical to memop, except that memop per-
forms a call DB p; memoc instead performs a call CBpe.
Notice that C’s continuation parameter x thus is initialized
to ¢ when initiating generation of a new residual procedure.

3.1 Equivalence with direct style

The cps specializer can be proved equivalent to the direct
style specializer: whenever D gives a proper result, C gives
the same result and vice versa.

DEFINITION 2  For all expressions Exp1 and Exp, we use
Exp, € Exp, to denote that if Exp: evaluates to a proper
value V then Exp. also evaluates to V. We write Exp, =
Exp, iff Exp, C Exp, A Exp; J Exp,. We say that Exp
is proper iff Exp evaluates to a proper value.

Correctness of C with respect to D can then be stated as
VE,p : DEp = CE p¢; this follows from the following more
general theorem by inserting ¢ for «:

THEOREM 3 VE,p,k: k(DEp) =CEpx.
ProoF Follows from lemma 4 and lemma 5. 0

LEMMA 4 VE p,x: k(DEp) C CEpxk.

PROOF The proof is by induction on the structure of evalu-
ation trees. We have to prove that if K(DE p) evaluates to a
proper value v (the assumption}, then CE p k also evaluates
to v. Since k is strict and error-preserving, the assumption
implies that DE p is proper.

Transform each right-hand side of the C-rules to a form
identical to the corresponding D-rule, with the only excep-
tions that it contains recursive calls of form CE; p¢ rather
than DE; p and that k is applied to the result. The trans-
formation is done by using corollary 7 (going from right to
left) to move continuations out from argument to apply po-

sitions and then beta-reducing the generated applications
(Avi. ... )(CE;pu).



u,v,w € 2Val = Ba+ Cl+ Co

— two-level values

p € 2Env = Variable — 2Val — two-level environments
ba € Ba =... — base values (integers, booleans, etc.)
c € Cl = 2Val* x Lambdald — closures

co € Co = Expression’ — residual code expressions

D : Expression — 2Env — 2Valerror

DCp = ClBa
DVp = p(V)
D@Gf EyEx Ez)p = if DEy plp, then DE.p else DEzp
D{(let ((VEp)) Ep = DE;[V—DE;: plp
DOE"» = OO(DE;plBa)ilBa
DMPE"p = DB[Vi~DEip} where I =...(define (P V*) B)...
D (lambda-M (V*) BIW*D p = ({(p(W;));M)T ¢y
D(AEp = DB[VimDE: ph[Wjrw);
where (w*, M) = DAplg, I =...(lambda-M (V*) BIW*D)...
D (lift B)p = bld-cst(DE plga)Tco
D(if E1 E2 Esdp = bId-IDE; plco, PE2plcos PEaplce)lco
D (et ((VE1)) E2)p = bld-let(V', DE1 plco, PE2p1lco)T o where V' = gen-var(), p1 = [V=—V']p
D(OE")p = bld-primop(0, {DE; pl 0o)i)Tco
DMPE"p = bld-pcalP’, u*)T ¢, where (P’,u*) = memop P (DE; p);

D (Qambda-M (V*) BIW*1) p = bid-lam({Vi)i, DB[Vi—Viliplco)T oo where Vi = gen-var()
D(AE*) p = bld-app(DAp, (DEiplco)i)Tco

O : PrimopName —+ Ba*error — Baerror

memop : ProcName — 2Val*error — (ProcName' x Co*)error
bld-cst : Ba — Co

bld-if: (Co x Co x Co)error — Coerror

Figure 3: Direct Style Specializer

Then apply lemma 4 inductively to each occurrence of Proor By induction on the structure of evaluation trees,

expressions of form DE; p in the right-hand sides of the def-
inition of D (and to the expression DB p inside memop).
Validity of induction: by assumption, D E p is proper; hence,
for any evaluation tree, any expression of the form DE; p in
the evaluation subtree is proper. Thus lemma 4 can be ap-
plied. m]
LEMMA 5 VE,p,x:k(DEp) O CEpk.

PROOF By induction on the structure of evaluation trees,
assuming that CE p« is proper. The proof is similar to the
proof of lemma 4. ]

PROPOSITION 6 VE,p, &, p: p(CE pr) = CE p pok.
PRrRoOF Follows from lemma 8 and lemma 9. 0

COROLLARY 7 VE,p,k:k(CEpi) =CEpxk.
PROOF Follows from proposition 6 by inserting + for k. O

LEMMA 8 VE,p,k,u: u(CEps) C CEp pok.

assuming that p(CEps) is proper. From the assumption,
it follows that CE p is proper since p is strict and error-
preserving. For each right-hand side in the definition of C,
propagate g inwards so that it is applied to the results of
the recursive C-calls. Then use lemma 8 inductively. a

LEMMA 9 VE,p,,u: u(CEpk) 3 CEp pos.

PrROOF By induction on the structure of evaluation trees,
assuming that CE p gok is proper. Similar to the proof of
lemma 8. a

4 Well-behaved continuations

Some of the continuations in figure 4 turn out to be of a
form not well-suited for the transformations we shall per-
form to improve binding times. In this section we rewrite
the definition of C to bring the continuations on the needed
form.



2Val, 2Env, Ba, CI, and Co as in figure 3
&,p € 2Cont = 2Valerror — 2Valerror

C: Expression — 2Env — 2Cont — 2Valerror
CCpx = &(CTBa)
CVpk = x(p(V))
C(if E1 Ex E3) p&
C(let ((VE1)) E2)px

— continunations

= CE1p (Aw1.ifvil g, then CEz pk else CE3 pk)
ES CEl p (/\V] . CEz [VHV]]pK:)

C(OE") p& = CE1p(Avi. ...CEnp (Ava.5(OO0 (vilp,)iTBa))---)
CPE") p& = CE1p (Avi....CEnp (AVn.CB[Vimovili 5)...) where Il = . .. (define (P V*) B)...
C (lambda-M (V*) BIW*'D) pr = &(({p(W}));, M)Tcp)
C(AE") p& =CAp(Au.CEyp(Ava....CEap (Ava.CBpik)...))
where (w*, M) = ul gy, p1 = [Vievii[Wj—=w;];, T = ... (lambda-M (V*) B[W*D)...
C(lift E) px = CEp (Av.&(bld-cst(vlBa)}T o))
C(if E1 E; Es) pk = CE1p (Av1.CE2p (Av2.CEsp (Avs. s(bld-iflv1l co s V2laos Valco)Tca))))
C(let ((VED) E pkr = CE1p (Av1.CE2p; (Ava.s(bld-let(V', vil oo, v2lco)T o))
where V' = gen-var(), p1 = [V—V']p
C(OE") p& = CE1p (Avi....CEnp (Avy.k(bld-primop(0O, (vilo)i)Teo))---)
C(PE" pr = CE1p (Avi....CEqp (Ava.k(bld-pcallP’, u*)t o)) --.)

where (P’, u*) = memoc P (vi);
C (lambda-M (V*) BIW*D) px = CB[VieVilip (Av. k(bld-lam({Vi)i, vlco)T o)) where V] = gen-var()
CAE" p& = CAp (Au.CE1p (Av1....CEnp (Ava.s(bld-app(u, {vil co)i)Tco)) - )

Figure 4: Continuation Passing Style Specializer

DEFINITION 10 E[_] denotes a context: an expression with
one missing subexpression. E[E; ] denotes the expression ob-
tained by filling the hole in the context expression E[.] with
expression E;. E[_] may be the empty context [_] in which
case E[E1] = E;. o

DEFINITION 11 We define the safe contexts recursively: if
E[_] is safe, then the following contexts are also safe:

[-]; (if E[] Ez E3); (et ((VE[]) E2);
(O E1,...,E[]-.-,En); (P Ey,... B[], En);
(A[JE1,e. . ,En) 5 (A Eq,.. E[],... En)

We define: safe(E[_]) = E[__] is safe. 0

It follows from this definition that the unsafe contexts are
those that contain a (sub-)context of one of the forms

(if E; E[._] Ez); (if E; E2 E[_]);

(let ((VED) E[]D; (1ambda (V*) B[]

Thus, if the hole in a context E[_] lies in some sub-context
that is the then- or else-branch of a conditional, the body of
a let-expression, or the body of a lambda-expression, then

E[_] is unsafe.
We use ~ to denote equivalence between expressions:

DEFINITION 12 VE3,E; : E; ~ E» iff E; and E» are opera-
tionally equivalent. m]

We state the following property without proof:

PROPERTY 13
VYV, E1, E2, E[_] : safe(E[_]) =
E[Qet ((VE1)) E2)]~ (Qet ((VED)) E[E;) O

It is easy to see that the equivalence does not hold
for unsafe contexts: (1) A conditional is not strict in
the then- and else-branches, so E; need not be evalu-
ated in E[(let ((V E;)) Ez)], but is always evaluated in
(et (V E)) E[Ez]). {2) A let-expression introduces a
binding that may be used in E; in E[(let ((V E;)) Ea)];
this binding is not visible to E; in (let ((V E1)) E[E2].
(3) Alambda-expression both introduces bindings and is not
not strict in its body-expression.

That the let-equivalence only holds for safe contexts mo-
tivates the following definition to distinguish continuations
that behave like safe contexts from those that do not:

DEFINITION 14 A continuation & is well-behaved iff wh(x)
holds:
Vi : wh(s) <

(Vco : 6(colg,) is not proper) V

(FE’[) : safe(E'[_]) A Vco: k(col cp) = E'[colt ). B

Thus, when given an argument cof¢,, a well-behaved con-



C(if E; E; E3) pk
C (let ((VED) Ex)pk

1

Il

C (lambda-M (V*) BIW*1) px

CE1p (Avi.k(bld-iflvi}co, CE2ptl 0o, CEsptloo)Tco))

CEip (/\V1 . n(bld—let(V' y vilooy CE2p1 ”lCo)TCo))
where V' = gen-var(}, p1 = [V=V']p

k{bld-lam({V}{};, CB[Vi—Viliptl o)1 o) where Vi = gen-var()

Figure 5: Making the Continuations Well-Behaved

C2 (ng «v El)) E2) PR = CQ E] P (AV1 . bId‘Iet(V', VllC'o: C2 E2 £1 K"LCO)TCO)
where V' = gen-var(), p; = [V V']p

Figure 6: Improved let-rule

tinuation & either always fails or always generates an expres-
sion E’ which contains co as a subexpression; notice that
context E’[_] is safe and does not depend on co. Also notice
that continuations expecting an argument balg, or <l ¢
are trivially well-behaved.

We observe from figure 4 that some of the continua-
tions are not well-behaved: the (Avz....)-and (Avs....)-
continuations in the if-rule, the (z\vz. ...)-continuation in
the let-rule, and the (Av....)-continuation in the lambda-
rule. These continuations all “dump” their argument in an
unsafe position, the then- or else-branch of a generated con-
ditional, the body of a generated let-expression, or the body
of a generated lambda-expression.

We can make all continuations well-behaved (without
changing the meaning of C) by transforming the if-, let-,
and lambda-rules: use corollary 7 (going from right to left)
to move the non-well-behaved continuations ¢ out in apply-
position, then beta-reduce the application p(...). This gives
the rules in figure 5. When we refer to C in the rest of this
paper, we mean the well-behaved version with the if-, let-,
and lambda-rules from figure 5.

5 Improving binding times

As stated by theorem 3, we so far have not gained anything
by going from direct style to cps: D and € produce the
same results. What we shall do now is to modify C’s let-
rule, yielding an improved specializer C?. The improvement
is done by propagating the consumer, the continuation «,
through the bld-let to the producer, the let-body. This is
exactly the distributive consumer-propagation discussed in
section 1.

The right-hand side of the let-rule from figure 5 is im-
proved in two steps:

CE1p (Avi.k(bld-Iet(V', vilco, CE2p1 o)l o)) =B
C E1p (Avi . bld-let(V' , vilay, 5(C Ez p1 0l o)l Co) on
C’E, P (/\Vl . bld—let(V’ s Vllco s C’E, Pkl CO)TCO)

The improved let-rule is given in figure 6. All other C*-rules
are identical to those of C, except that all recursive C-calls
should be replaced by C?-calls. In section 5.2 we come back
to why the two steps improve the binding times.

The improved let-rule looks very natural, resembling the
rule for the non-underlined let a lot. If one had originally
formulated specialization in cps, not having an equivalent
direct style style specializer in mind as we did, it is most

likely that one would have written the improved let-rule in
the first place.

5.1 Correctness of the steps

In this section we show correctness of C? with respect to C
(and thus also with respect to D). Correctness is expressed
by corollary 18, which is an instance of theorem 17: when-
ever C gives a proper result, C? gives an equivalent result.

We need to extend definition 12 to handle values from
2Val, not just from Co:

DEFINITION 15

Vco1, coz 1 co1T gy ~ co2l o if cor ~ cop
Vvi,vo:vi~voifvy = v =]
The equivalence coy ~ co; is defined in definition 12; recall

that Co = Expression. We also need a slightly modified
version of definition 2:

DEFINITION 16 For all expressions Exp; and Exp, we use
Exp, <X Exp, to denote that if Exp; evaluates to a proper
value V; then Exp, evaluates to a proper value V; such that
Vi~ V. ]

Notice that Vi and V, need not be equal, they need only
be equivalent according to the definitions 12 and 15. Also
notice that < is transitive.

The following theorem expresses correctness of €2 with
respect to C:
THEOREM 17 VE, p,k: wh(k) = CEps < C*Epk.
Proo¥ Follows from lemma 21, lemma 23, and transitivity
of <. 0
COROLLARY 18 VE,p:CEp. < C*Epu.
PROOF Follows from theorem 17 by inserting ¢ for . & is
trivially well-behaved. ]

The central lemma is lemma 19:

LEMMA 19
V& : wb(k) A (Veo: k(cot ) is proper) =
(YV',Ef, B - k(bld-let(V', Ef , E5)TCo) ~
bld-let(V', E7, 5(E2T o)l Co)T Co)-

PROOF If the condition holds, then, since « is well-behaved,
there exists a safe context E’'[_] such that x(colg,) =
E'[colT oo for any co. We therefore have to prove



YV Ei,ES, E'[] s safe(E'[]) = E'[(Let ((V' ED)) ED]~
(et ((V'E}D)) E'[Ez]

which is stated by property 13. O

The following lemma expresses that C’s continuation argu-
ment is never discarded, but always applied:

LEMMA 20

VE, p,x : wh(k) A CE pk is proper =

k is always applied and the result of the application is
proper.

PrOOF By induction on the structure of evaluation trees.
For any evaluation tree, & is eventually applied to some argu-
ment (by induction, the continuations of form (Av....x...)
are applied, so eventually & is also applied); the result of this
application must be proper, otherwise the inductive assump-
tion would be contradicted. ]

LEMMA 21 VE,p,k: wh(k) = CEpk < C'Epxk

PROOF By induction on the structure of evaluation trees,
assuming that CE p & is proper. For each syntactic case, in-
duction is valid because if k is well-behaved then the continu-
ations supplied in the recursive C-calls are also well-behaved
(C only introduces well-behaved continuations, cf. section 4).

The only non-trivial case is then the one for let. Here
lemma 19 is used to rewrite the right hand side of C’s let-
rule, moving & inside of bld-let. The condition of lemma 19
is fulfilled because: (1) » is well-behaved by the inductive
assumption; (2) by the inductive assumption, by lemma 20,
because k is well-behaved, and by the fact that « is applied
to an argument of form cof ¢y, it holds that Vco : k(cof )
is proper. o

The converse of lemma 21 (CE px = C'E p ) does not hold.
If we were to prove it, we would need to use lemma 19 “the
other way around” to move k outside of bld-let. But this is
not possible in general: in C'’s let-rule, x’s argument can
be of a form different from . .. T, while C' may still produce
a proper result.

For the same reason, the equivalent of proposition 6 does
not hold for C!. However, we do not need proposition 6 in
full generality anymore, a weakened “one-way” form will
suffice:

LEMMA 22 VE,p, &, pu: wh(p) = u(C*Epxk) < C'Ep pok.

PrOOF By induction on the structure of evaluation trees,
assuming that p(C' E p &) is proper. From the assumption,
it follows that C* E p k is proper since g is strict and error-
preserving. All generated continuations are well-behaved,
so induction is always valid. The proof is similar to the
proof of lemma 8, but everywhere ~ is used instead of =,
and lemma 19 is needed additionally for the let-case to
propagate u through bid-let. The condition of lemma 19 is
fulfilled by a reasoning similar to the one used in the proof
of lemma 21. 0

LEMMA 23 VE, p,k: wh(k) = C'Epx < C*Epx
PROOF By induction on the structure of evaluation trees,
assuming that C* E p & is proper. The proof is similar to the

proof of lemma 21, except that lemma 22 is used for the
let-case instead of lemma 19. ]

5.2 V\hat is the improvement?

Asindicated by theorem 17, there exist expressions for which
C? produces a proper result while C does not. This happens
when processing let-expressions: there is no requirement to
freeze the body expression of a let in C2! This is different
from C (and the equivalent D), cf. observation 1.

When using C?, we may choose to freeze the bodies of
let’s (in which case we get residual programs equivalent to
those produced by C, cf. theorem 17), but we do not have to
do so. By choosing not to freeze, we get exactly the binding
time improvements we are looking for: a consumer can be
propagated through let’s to a producer. Thus, to obtain
such a propagation, it s not necessary to convert source
programs. For example, specializing the example expressions
(1) and (2) from section 1 (with expression (1)’s 1ambda non-
underlined) now gives equally good results. Also, example
(3) from section 1 can now be specialized with the lanbda
non-underlined; reductions that depend on f’s argument can
now be performed by the specializer.

5.3 Implementation

We have integrated a C2-based specializer in the Similix sys-
tem (the specializer of Similix 4.0 is thus directly based on
C?). Compared to the earlier D-based specializer, the C2-
based specializer allows source programs to be expressed in
a much more natural and readable way. Major examples
are the Similix specializer itself and the BAWL-interpreter
(an interpreter for an Orwell-like lazy functional language)
from which a compiler was generated by partial evaluation
[Jor92].

6 Discussion and Comparison with Explicit CPS-
Conversion

6.1 Residual programs

When specializing explicitly cps-converted source programs,
residual programs will always be in cps. This is not al-
ways desirable as pointed out in [Dan92] in which automatic
transformation back to direct style is described. A special-
izer written in cps such as C? does not generate residual
programs in cps (unless of course the source programs are
in cps in the first place).

6.2 Generating extensions

Explicit cps-conversion of source programs has negative
effects on the “generating extensions” generated by self-
applying the specializer mix, for instance the compilers
generated by specializing mix with respect to interpreters:
comp = mix(mix, int). In a memoizing specializer, functions
in int, including continuations, must be represented as clo-
sures by mix (cf. section 2). Operations on these closures
are dynamic at self-application time and thus cannot be re-
duced when generating comp; these relatively costly opera-
tions therefore remain in the code of comp.

These problems do not occur with our approach: since
there is no cps-conversion of source programs, int contains
no additional continuations that would give an overhead in
the code of comp. Note: compared to a direct style mix,
we do get an overhead in the compiler generator cogen =
mix(mix, mix) since the second mix is in cps.

Compiler comp is a specialized version of mix (which is
in cps) and so will itself be written in cps; but since the



continuations in comp are not represented as closures, this
is not a problem. In [CD91], the mix being specialized to
generate comp need not be cps-converted (mix is a special
case there since it only operates on cps-programs, not ar-
bitrary programs); hence their generated compilers will not
themselves be written in cps.

6.3 Manual debugging of binding time analysed source
code

It is being considered increasingly important in the par-
tial evaluation community to provide useful feedback from
the binding time analysis. With explicit cps-conversion, the
user sees a binding time analysed converted program which
he/she then has to relate to the hand-written input code (un-
less the binding time analysed program is converted back to
direct style [Dan92]). With our approach there is no conver-
sion into cps, so binding time analysis is done on the user
written code (modulo other source transformations such as
macro-expansion). Hence the user sees his/her own hand-
written code with added binding time information.

6.4 Specialization points

Explicit cps-conversion allows context information to be
propagated through specialization points (calls (P_E*) to
be specialized), but our memoc (see figure 4) does not spe-
cialize with respect to k. Instead, k is applied in the (P_E*)-
rule. This means that C (and C? as well) does not propagate
context information through specialization points!

There is nothing that prevents us from rewriting C/C>
to propagate context information through specialization
points: rather than applying & in the (P_E*)-rule, we could
give it as an argument to memoc. Then memoc should per-
form a recursive call C B p k instead of the current CB p ¢ (cf.
the beginning of section 3).

However, there would be some disadvantages with this
approach. In addition to identifying when values are equiv-
alent to values seen in an earlier call (cf. section 2), memoc
should now also identify when the continuation k were equiv-
alent to a continuation seen in an earlier call. In order to
perform such a comparison, k would need to be represented
explicitly as a first order data structure, a closure; s could
no longer simply be a function in the implementation lan-
guage (in our case Scheme). Representing x as a closure
would have negative effects on the efficiency of mix, and the
code of the generating extensions would be severely wors-
ened: there would be a large overhead of code for closure
manipulations.

Specializing with respect to continuations also increases
termination problems: explicit cps-conversion introduces an
additional source of non-terminating specialization [CD91];
continuations sometimes need to be generalized to ensure
termination. Similarly, if memoc always memoized with
respect to k, specialization would hardly ever terminate:
larger and larger continuations & would be built during spe-
cialization. Therefore, to ensure termination, x would some-
times need to be reset, for instance by using the (P_E*)-rule
of figure 4; resetting x parallels the effect of generalizing
continuations in explicitly cps-converted source programs
[CDoa1].

6.5 Dynamic choice of static values

We can binding time improve the treatment of if by us-
ing the following distributive Scheme equivalence: for all
expressions E;, Ez, Es, and all safe contexts E[_]:

E[(if Ei Ez Es)] ~ (if E; E[E;] E[Es])

By rewriting the right-hand side of the if-rule in figure 5
using steps similar to step 1 and step 2 in section 5, we
obtain

C?E1p (Av1.bld-ifivil o, CPE2pklce, CCEaprloe)lco)

Now C? supports dynamic choice of static values [Mog89]:
even though the test E; is frozen, the branches E; and Es
need not be frozen. Notice a problem of code duplication,
though: & is duplicated in the above expression (x is dupli-
cated nowhere else in C?, cf. figure 4).

Dynamic choice of static values is needed to handle the
pattern matcher example of [CD91]. Another “classical” ex-
ample of dynamic choice of static values is dynamic indexing
in a static environment (called “finitely dynamic values” in
[GJ91a}; see also [HH90, HG91, Bon91b]):

(f (lookup n ns vs))

(define (lookup n ns values)
(if (null? ns)
error
(if (equal?_n_(car ns))
(car vs)
(lookup n (cdr ns) (cdr vs)))))

Assume that ns and vs are static, but n dynamic. Since
the static ns decreases for every recursive call to lookup,
it is safe to unfold completely; termination is guaranteed.
The result will be a piece of non-recursive residual code,
essentially a case-expression that compares n to all values
in ns and in each case returns the corresponding value in
vs. Function £ will be propagated through the tests and
is applied to each of the possible (static) values in vs: ’s
argument becomes static.

We have not included dynamic choice of static values in
the Similix 4.0 implementation of C?. The reason is that Si-
milix 4.0 uses a simple specialization point insertion strategy
that inserts specialization points at all dynamic conditionals
[BD91]. Similix 4.0 does not propagate s though special-
ization points (because of the negative effects described in
section 6.4), so any dynamic conditional effectively blocks
propagation of k. To obtain dynamic choice of static val-
nes when using Similix 4.0, explicit cps-conversion of source
program as described in e.g. [HG91] is therefore needed. A
better, less conservative, specialization point insertion strat-
egy could be imagined: it would for instance neither insert
the unneeded specialization points in the pattern matcher
example of [CD91] nor in the dynamic indexing example.
Given such a specialization point insertion strategy, Similix
would be able to support dynamic choice of static values.

6.6 Other expression forms

Could we hope to propagate contexts through other under-
lined expression forms than let and if? The answer is no:
let and if are the only expression forms in our Scheme
subset which have distributive equivalences that allow us



to propagate the context into the subexpressions, and thus
these expression forms are the only ones that allow us to
propagate £ through the corresponding bld-... form.

7 Partially Static Data Structures

Treating partially static data structures [Mog88)] safely is
difficult due to the risk of duplicating/discarding residual
code expressions that become part of a partially static data
structure. Discarding is generally unsafe for languages with
side-effects [BD91]; it is also unsafe for side-effect free lan-
guages due to the risk of not preserving termination prop-
erties [BD91].
For instance, consider the expression Eq =

(let ((V (cons E; E3))) Ej3)

where E; is static and E; dynamic. Partially static data
structures enable operations on the data structure created
by the cons, so the result of specializing Eq will for instance
be

Ey if Es = (car V)

and
(+ E; E) if Es = (+ (cdr V) (cdr V))

(we use Ey to denote the result of specializing Ex).

However, notice that these reductions unfortunately re-
spectively discard and duplicate E5! We can get around
this problem by rewriting constructor expressions, wrapping
them into let-expressions that bind the arguments:

(cons E; Ep) =
(let ((V1 E1)) (Qet ((V2 E3)) (cons V1 V2)))

Note: cons evaluates its arguments in an arbitrary order; in
the transformation, we have arbitrarily chosen left-to-right
evaluation. Rewriting the example expression Eg would thus
give Eoo =

(let ((V (Qet ((V1 E1))
(1et ((V2 E3))
(cons V1 V2)))))
Ez)

The binding of the dynamic E, has been underlined to pre-
vent unfolding.

Specializing Eqo with a traditional direct style special-
izer such as D (extended to handle operations on partially
static data structures such as constructors and selectors)
will give poor results: V becomes dynamic due to the frozen
let-expression binding V2. Hence operations in E; on the
data structure created by the cons will not be performed at
partial evaluation time: the cons will be frozen and so will
the car and cdr operations in E3 that operate on V.

But with a cps specializer such as C* (extended to han-
dle operations on partially static data structures), the con-
text is propagated through the frozen let-expression binding
V2. The frozen let-expression does not cause the cons to be
{rozen. Operations such as car and cdr in the context can
now be reduced at partial evaluation time. For example, the
result of specializing Eqo will be

(let ((V2 E%)) E}) if Ez = (car V)

and
(let ((V2 ES)) (+ V2 V2)) if E3 = (+ (cdr V) (cdr V))

Thus we can at the same time provide partially static data
structures and still preserve safety: no residual expression
that becomes part of a partially static data structure is ever
duplicated or discarded!

Based on this idea, we have implemented an extension of
Similix 4.0 that handles partially static data structures. In-
stead of rewriting the source program, the extension inserts
the needed additional let-expressions during specialization,
thus not burdening the user with transformed source code
(cf. section 6.3).

The extension handles arbitrary n-ary user defined con-
structors, not just cons. This enables handling “disjoint
sum of product” values where the binding times of argu-
ments to different constructors do not get intermingled: the
tag of a constructed value determines the binding times of
the components. This kind of binding time information is
also treated in [Lau91], but not in [Mog88, Con90a] where
only the constructor cons is handled.

7.1 Related work

In [Mog88], safety (ensuring that no residual expression that
becomes part of a partially static data structure is ever du-
plicated or discarded) was obtained by keeping let-bindings
in the partially static structures. Manipulating these let-
bindings was extremely complex, and the operations were
all dynamic when self-applying the specializer. Hence, the
operations remained in the generated generating extensions.

In Fuse [WCRS91], the specializer generates residual
code graphs rather than residual code expressions; a post-
phase generates code expressions from the graph. Safety is
obtained by inserting appropriate bindings during the post-
phase. Generating residual code graphs works well for a
non-self-applicable specializer such as Fuse, but is not well-
suited for self-applicable specializers (such as Similix): the
(costly) operation of generating code from the graph would
be completely dynamic at self-application time and so would
be present in all generated generating extensions.

The safety problem is not addressed in [Lau91, Con90a].

8 Conclusion

We have shown how one of the most important binding time
improvement problems, that of propagating consumers to
producers, can be solved by using a cps-based specializer.
There is still a need for addressing binding time improve-
ments, for instance polyvariant closure and binding time
analyses.

Acknowledgements

Thanks to Fritz Henglein, Jesper Jgrgensen, and Torben A&.
Mogensen who all contributed to this work; to the rest of the
DIKU “TOPPS” group and to Peter Sestoft. Fritz Henglein
and Olivier Danvy also gave useful suggestions for improving
the presentation.

References

Anders Bondorf and Olivier Danvy. Automatic
autoprojection of recursive equations with global

[BD91]



[Bon91al

[Bon91b]

[CD91]

[Con90a]

[Con90Db]

[Dan91]

[Dan92]

[GJ91a]

[GI91b]

[HGO1)]

[HH90]

[IEE90]

variables and abstract data types. Science of
Computer Programming, 16:151-195, 1991.

Anders Bondorf. Automatic autoprojection of
higher order recursive equatioms. Science of
Computer Programming, 17 (Selected papers of
ESOP ’90, the 3rd European Symposium on
Programming, LNCS 432)(1-3):3-34, December
1991.

Anders Bondorf. Similiz Manual, system ver-
ston 4.0. DIKU, University of Copenhagen, Den-
mark, September 1991.

Charles Consel and Olivier Danvy. For a bet-
ter support of static data flow. In John Hughes,
editor, Conference on Functional Programming
and Computer Architecture, Cambridge, Mas-
sachusetts. Lecture Notes in Computer Science
523, pages 495-519, Springer-Verlag, August
1991.

Charles Consel. Binding time analysis for higher
order untyped functional languages. In 1990
ACM Conference on Lisp and Functional Lan-
guages. Nice, France, pages 264-272, June 1990.

Charles Consel. The Schism Manual. Yale Uni-
versity, New Haven, Connecticut, USA, 1990.
Version 1.0.

Olivier Danvy. Semantics-directed compilation
of nonlinear patterns. Information Processing
Letters, 37(6):315-322, 1991.

Olivier Danvy. Back to direct style. In
Bernd Krieg-Briickner, editor, ESOP’92, jth
European Symposium on Programming, Rennes,
France. Lecture Notes in Computer Science 582,
pages 130-150, Springer-Verlag, February 1992.

Carsten K. Gomard and Neil D. Jones. Compiler
generation by partial evaluation: a case study.
Structured Programming, 12:123-144, 1991.

Carsten K. Gomard and Neil D. Jones. A par-
tial evaluator for the untyped lambda-calculus.
Journal of Functional Programming, 1(1):21-69,
January 1991.

Carsten Kehler Holst and Carsten K. Gomard.
Partial evaluation is fuller laziness. In Sym-
posium on Partial FEvaluation and Semantics-
Based Program Manipulation, Yale University,
New Haven, Connecticut. SIGPLAN Notices,
volume 26, 9, pages 223-233, ACM Press, June
1991.

Carsten Kehler Holst and John Hughes. To-
wards binding-time improvement for free. In
Simon L. Peyton Jones, Graham Hutton, and
Carsten Kehler Holst, editors, Functional Pro-
gramming, Glasgow 1990. Workshops in Com-
puting, pages 83-100, Springer-Verlag, August
1990.

IEEE standard for the Scheme programming
language. May 1990. IEEE Std 1178-1990.

10

[Jor90]

[Jor92]

[758S89]

[KS91]

[Lau9l]

[Mog88]

[Mog89]

[NN88]

[Ses88]

[Ste78]

[WCRS91]

Jesper Jgrgensen. Generating a pattern match-
ing compiler by partial evaluation. In Si-
mon L. Peyton Jomnes, Graham Hutton, and
Carsten Kehler Holst, editors, Functional Pro-
gramming, Glasgow 1990. Workshops in Com-
puting, pages 177-195, Springer-Verlag, August
1990.

Jesper Jgrgensen. Generating a compiler for
a lazy language by partial evaluation. In
Nineteenth Annual ACM SIGACT-SIGPLAN
Symposium on Principles of Programming Lan-
guages. Albuquerque, New Mezico, January
1992.

Neil D. Jones, Peter Sestoft, and Harald Sgnder-
gaard. MIX: a self-applicable partial evaluator
for experiments in compiler generation. LISP
and Symbolic Computation, 2(1):9-50, 1989.

Siau Cheng Khoo and R.S. Sundaresh. Compil-
ing inheritance using partial evaluation. In Sym-
posium on Partial Evaluation and Semantics-
Based Program Manipulation, Yale University,
New Haven, Connecticut. SIGPLAN Notices,
volume 26, 9, pages 211-222, ACM Press, June
1991.

John Launchbury. Projection Factorisations
in Partial Evaluation. Distinguished Disserta-
tions in Computer Science, Cambridge Univer-
sity Press, 1991.

Torben /. Mogensen. Partially static structures
in a self-applicable partial evaluator. In Dines
Bjgrner, Andrei P. Ershov, and Neil D. Jones,
editors, Partial Evaluation and Mized Computa-
tion, pages 325-347, North-Holland, 1988.

Torben AE. Mogensen. Binding Time Aspects of
Partial Evaluation. PhD thesis, DIKU, Univer-
sity of Copenhagen, Denmark, March 1989.

Hanne R. Nielson and Flemming Nielson. Au-
tomatic binding time analysis for a typed A-
calculus. In Fifteenth Annual ACM SIGACT-
SIGPLAN Symposium on Principles of Pro-
gramming Languages. San Diego, California,
pages 98-106, 1988.

Peter Sestoft. Automatic call unfolding in a par-
tial evaluator. In Dines Bjgrner, Andrei P. Er-
shov, and Neil D. Jones, editors, Partial Eval-
uation and Mized Computation, pages 485-506,
North-Holland, 1988.

Guy L. Steele Jr. RABBIT: A Compiler for
SCHEME. Technical Report AI-TR-474, MIT,
Cambridge, Massachusetts, Cambridge, Mas-
sachusetts, May 1978.

Daniel Weise, Roland Conybeare, Erik Ruf, and
Scott Seligman. Automatic online partial eval-
vation. In John Hughes, editor, Conference
on Functional Programming and Computer Ar-
chitecture, Cambridge, Massachusetts. Lecture
Notes in Computer Science 523, pages 165-191,
Springer-Verlag, August 1991.



