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Abstract

In arder to simplify the compilation process, many som-
pilers for higher-order languages mse the contimation-
pasing styla (CFPS) transformation in a first phase to
generats an intermediate representation of the soures
program. The salient aspect of this mtermediate form
is that all procedures take an argument that represants
the rest of the somputation (the “zontinuation”™ ). Sinee
the naive CFP5 tramformation considerably inereases
the size of programs, CPS compilers perform reduetions
to produes a more sompact intarmediate e presantation.
Although often implementad as a part of the CPS trans-
formation, this step is conceptually a second phase. Fi-
nally, ende generators for typical OPS compilers treat
continuations spesially in order to optimize the inter-
pretation of contination pammetars.

A thorough analysis of the abstract machine for CPS
terms shows that the actions of the sode generator in-
verd the naive CPS translation step, Put diflerntly,
the sombined effect of the three phases & squivalent
1o & Eores-fo-soures trandomation that simulates the
compastion phase. Thes, fuly devalopad CPS sompil-
ars do not mead o employ the CPS transformation but
can achisve the same reults with a simple soures Jewal
tramsformation.

1 Compiling with Continuations

A vumber of prominent.eompilers for applicative highear-
ofdat prgramming languages e the language of
continuation-passing style (CPS) terms as their inter-
meadiate repras ntation for programs [2, 14, 18, 18], This
strategy apparently offers two major advantages, First,
Plotkin [I16] showed that the Avahie ealenhs based on
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the F-walue rule is an operational semantics for the
sourea langnage, that the conventional full Acalenlns
ie A cemanties for the intermadiate language and, mos
importantly, that the d-calesulus proves more aquations
between CPS terms than the A,-calkulus does between
enrresponding terms of the soures language. Translated
into practics, 8 compiler can perform more transforma-
tions on the intermediate language than on the sourss:
language [2:4-5). Sacond, the language of CPS tarms is
hasically a stylized assembly language, for whish it is
asy 1o gemerate actual asssmbly programs for different
machines [2, 13, 2], In short, the CFS transformation
provides an organizational principl that simplifies the
eonstretion of ompilars.

Ter gain a berter understanding of the mle that the
P transformation plays in the compilation proeess,
we meently studied the presise connection between the
A -ealenlue for sourea terms and the A-cakulus for CFS
terma The result of this reseateh [17] was an extended
A-calenl that precialy eorresponds to the A-ealen-
I of the intermediate CPS language and that is srill
samuantically sound for the souree language. The ex-
tended caleulue ineludes a sst of reduetions, called the
A-reduetions, that simplify soures terms in the same
manmet as realistic CPS transformations simplify the
autput of the naive trandfomuation. The effest of thes
reductions is to name all intermediate results and to
merge cade blocks acmoss declarations and sonditionals
Dimet eompilers typically parform these redustions on
an ad hoe and ineomplers hasis '

The goal of the presant paper is toshow that the troe
purposs of wing CPS tarms as an intarmeadiate pepre
santation is alzo achiaved by wsing A-normal forme We
base our argument on a formal development of the ab-
atract machine for the intermediate code of 8 CPS- basad
eampiler. The development shows that this mashine is
identizal to a mashine for A-normal forme. Thus, the
hack end of an A-mormal form eompiler ean employ the
same code generation techniques that a CP5 eompiler
wees, Inoshort, A-normalization provides an organiza-

'Persomal sommunication: H. Hoshm {aka [4]), K. Dybvig,
AL Hieh { Apil 32).
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CPS

(cf. [Strachey/Wadsworth 74])




Int main(int Xx)

{ goto LO;
try { LO: return sub(x); }
catch { raise; }}

I nt sub(int Xx)

{ 1If x =0 then rai se;
return x; }

: 1

Int main(int Xx)
{ If x =0 then rai se;
return x; }







L1:

1f 1 = 10
then return r;

L2:

r r * afi];
i I+ 1;
goto L1;

else f2(a, r, 1)

f2(a, r,
let r

)
r
|



int main(int af[])

{ int r, i1;
r = 1;
I = 0;

L1:
i1f 1 =10

then return r;
L2:

r = mul (r,

I =1 + 1;

goto L1; }

int mul (i nt X,
{ return x * vy; }

2

af1]);

i nt vy)

=

if 1 =10
then k(r)
else f2(k, a, r, i)
f2(k, a, r, 1)
let ki (r) =
let | =1
f1(k, a, r,
in mul (k', r,
mul (k, X, y) =

+ 1 in
1)
al1])

k(x * y)
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int main(int af[])
{ int r, i;
try
{r
i
L1:
i1f 1 =10
then return r;
L2:
i1 f a[i] =0
t hen ral se;
L3:
r =r * a[i];
I =1 + 1
goto L1; }
catch
{ L4

1;
0;

return O;

+}

=

I = 10
then k(r)
el se f2(k,

f2(k, a, r,
i f a[i] =
then f4(k,
el se f3(Kk,

f3(k, a, r,
let r =7
let | =1

f1(k, a

f4(k, a, r,

r,

I N
I N
)
1) =
a, r, i)
1) =
0
a, r, 1)
a, r, i)
1) =
*a[i] in
+1in
)
1) = k(0)
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| Nt mai n(?nt al])

{ int r, i;
try
{r =1
I = 0;
L1:
i1f 1 =10

then return r;
L2:

{ L3: return 0; }}

=

r = mul(r, afi]);
I =1 + 1
goto L1; }

cat ch

int mul (int x, int vy)

{ if y =20 then raise;
L4: return x * vy;

mai n(k, h, a) =
let r =1 1in
let 1 =0 1in
f1(k, h, a, r, 1)
fi1(k, h, a, r, i) =
1 f 1 = 10 then k(r)

else f2(k, h, a, r, 1)

f2(k, h, a, r, 1) =
let k' (r) =
let 1 =1 + 1 1in
fi1(k, h, a, r, i)
and h' () =

f3(k, h, a, r, i)
in mul (k', h', r, af[i]
f3(k, h, a, r, i) = k(0)
mul (k, h, x, y) =

1f y =0 then h()

el se f4(k, h, x, vy)
f N0 1/ h v v — /(v * vy




int main(int x) { mai n(k, h, x) =
goto LO; f1(k, h, x)
try { f1(k, h, x) =
LO: return sub(x); let k' (r) = k(r)
} catch { and h' () = f2(k, h, x) i
rai se; sub(k', h', x)
} -fZ(k, h, x) = h()
}
sub(k, h, x) =
I nt sub(int x) { I1f x =0
If x =0 t hen h()
t hen raise; el se k(x)
return x;
L




int main(int x) { mai n(k, h, x) =
goto LO; f1(k, h, x)
try { f1(k, h, x) =
LO: return sub(x); let k' (r) = k(r)
} catch { and h' () = f2(k, h, x) i
rai se; sub(k', h', x)
} -fZ(k, h, x) = h()
}
sub(k, h, x) =
I nt sub(int x) { I1f x =0
I1f x =0 then h()
t hen rai se; el se k(x)
return x;
L



N

o,

int main(int x) {
goto LO;
try {
LO: return sub(x);
} catch {
rai se;
}
}

I nt sub(int x) {
I1f x =0

t hen rai se;
return X;

el se k' (x)
f2(k, h, x) = h()



int main(int x) { mai n(k, h, x) =
goto LO; f1(k, h, Xx)
try { f1(k, h, x) =
LO: return sub(x); let k' (r) = k(r)
} catch { and h' () = f2(k, h, x) i
rai se; 1f x =0
} - then h' ()
} el se k' (x)
f2(k, h, x) = h()
I nt sub(int x) {
If x =0
t hen rai se;
return Xx;
N



int main(int x) { mai n(k, h, x) =

goto LO; f1(k, h, x)
try { f1(k, h, x) =
LO: return sub(x); I1f x =0

} catch { then f2(k, h, x)
rai se; el se k(x)
} -fZ(k, h, x) = h()
}
I nt sub(int x) {
If x =0
t hen rai se;
return x;
___

N



int main(int x) { mai n(k, h, x) =

goto LO; f1(k, h, x)
try { f1(k, h, x) =
LO: return sub(x); I1f x =0

} catch { then f2(k, h, x)
rai se; el se k(x)
} -fZ(k, h, x) = h()
}
I nt sub(int x) {
If x =0
t hen rai se;
return x;
___

N



int main(int x) { mai n(k, h, x) =

goto LO; f1(k, h, x)
try { f1(k, h, x) =
LO: return sub(x); I1f x =0
} catch { then h()

rai se; el se k(x)
} )
}
I nt sub(int x) {
If x =0
t hen rai se;
return x;
___

N



int main(int x) { mai n(k, h, x) =

goto LO; f1(k, h, x)
try { f1(k, h, x) =
LO: return sub(x); 1f x =0
} catch { t hen h()

rai se; el se k(x)
} )
}
I nt sub(int x) {
If x =0
t hen rai se;
return x;
L




int main(int x) { mai n(k, h, x) =
goto LO; If x =0
try { t hen h()
LO: return sub(x); el se k(x)

=

} catch {
rai se;

}

}

I nt sub(int x) {
I1f x =0

t hen rai se;
return X;

o,



int main(int x) { mai n(k, h, x)
I1f x =0 1f x =0
t hen rai se; then h()

return Xx; el se k(x)
}




IMP

m IMP CPS
m MP CPS




IMP

{Dl,,Dn}

f(@){var ¥; Bo;
Li(H1) : B1;...; Ln(Hp) : By

S I O
|

if * <y then L1 else Lo
rajise




T:

T({D1,...,Dn})
= T(D1)U...UT(Dp)

T(f(Z){var 7, Bg; L1(Hy) : B1;...Ln(Hyp) : Bn}
= {f(k,h,@) =

let y1 = 0 in

let ym;m = 0 in
T(fv kvha (Tvy)aj—aBO)a
f.Ll(kyh,Tyg) — T(fakvha (fag)aHlvBl)n

‘ an(kv hﬂTv g) — T(fv kv hv (fv g)v an Bn)}
k., h fresh



T:

T(f k,h,V,H,(z :=1; B))
T(f k,h,V,H,(z ==y, B))
T(f,thH(a: =y —2;B))
T(f kB, V, L (2 :=g(¥); B))

T(f .k, h, (Z), L, (x := g(y); B))

T(f7 k? h7 (2)7 H7 gOto L)
T(f,k,h,V,H return x)

T(f,k,h,V, L raise)
- T(f k,h,(Z), L,raise)

let x = ¢ in T(f,k,h,V, H, B)
let =y in T(f,k,h,V,H, B)
let x =y —2 in 7(f,k,h,V,H, B
let ' = Xz. T(f,k,h,V, L, B) in
g(k', h,7m) k' fres
let k' = \a. T(f. k. h,V, L, B)
and h' = \_. f.L(k,h,Z) in
g(k',h'., %) k', h' fres
F.L(k h.7)

k(x)

T(f,k,h,(Z),H,if x <y then Ll else Lo5)

if x <y then f.L1(k,h,Z)
else f.Lo>(k,h,Z)
h()

f.L(k,h,Z)
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— CPS
m [Kelsey 95]: CPS SSA
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= [Appel 98]: SSA  CPS

— SSA
CPS

[ 00]
m [Ramsey/PeytonJones 00]. C--

— stack cutting
e OCaml




CPS

- SSA
CPS

— Java C++
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