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L-Closures: A Language Mechanism for Implementing Efficient
and Safe Programming Languages

MASAHIRO YAsuGr, Tt Tasuku Hiraisul, 12 TAKENARI SHINOHARA !
and TA1ICHI YUASAT!

We propose a new language mechanism called “L-closures” for a running program to le-
gitimately inspect/modify the contents of its execution stack. L-closures are lightweight lex-
ical closures created by evaluating nested function definitions. A lexical closure can access
the lexically-scoped variables in the creation-time environment and indirect calls to it pro-
vide legitimate stack access. By using an intermediate language extended with L-closures in
high-level compilers, we can implement high-level services such as garbage collection, check-
pointing, multithreading and load balancing elegantly and efficiently. Each variable accessed
by an L-closure uses a private location as a register allocation candidate other than a shared
location. Operations to keep coherency with shared locations as well as operations to initialize
L-closures are delayed until an L-closure is actually invoked. Because most high-level services
create L-closures very frequently but call them infrequently (e.g., to scan roots in garbage
collection), the total overhead can be reduced significantly. Since the GNU C compiler pro-
vides nested functions, we enhanced GCC at relatively low implementation costs. We present
the implementation details. We also present the results of performance measurements which
exhibit quite low costs of creating and maintaining L-closures, with additional experimental
results on our transformation-based implementation of L-closures.
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kv = getmem(&KVpair_d);
kv->key = x->key; kv->val
a = getmem(&Alist_d);

rest = a;

return rest;

Alist *bin2list(Bintree *x, Alist *rest){
Alist *a = 0; KVpair *kv = 0;
if (x->right) rest = bin2list(x->right, rest);
x->val;

a->kv = kv; a->cdr = rest;

if (x->left) rest = bin2list(x->left, rest);

/* allocation */

/* allocation */
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Fig.1 A motivating example: tree-to-list conversion.

typedef void *(*move_f) (void *);

Alist *a = 0; KVpair *kv = O;
x = mv(x); rest = mv(rest);
a =mv(a); kv = mv(kv);
scan0(mv) ;

kv = getmem(scanl, &KVpair_d);

a = getmem(scanl, &Alist_d);

a->kv = kv; a->cdr = rest;

rest = a;

return rest;

/* scan0 is an L-closure pointer. */
Alist *bin2list(void (*scan0) lightweight (move_f),
Bintree *x, Alist *rest){

void scanl lightweight (move_f mv){ /* create L-closure */

} /* pass pointer to L-closure "scanl" on the following calls. */
if (x->right) rest = bin2list(scanl, x->right, rest);

kv->key = x->key; kv->val = x->val;

if (x->left) rest = bin2list(scanl, x->left, rest);

/* scan roots */
/* scan roots */
/* scan older roots */

/* allocation */

/* allocation */
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Fig.2 Scanning GC roots with L-closures (nested functions).
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/* L-closure 0 O
(“..” = “lightweight”) */
void f..(int x) { --- }
/* L-closure 0 00O
L-closure 00 O0O0OO00O OKO =/
void f..(int x)..(short) { --- }
/* L-closure 00 OO0 QOO0
L-closure OO =*/
void (*f..(int x))..(short) { --- }
/* L-closure 000 QO0QO0Q0OO0OO
oooo =/
void f (void (*g)..(short)){ --- }
/* 000 */
void f (void g..(short)){ --- }
/* L-closure 000000000
gooooooooo */
auto void f (void..(short));
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Fig.3 Examples based on the proposed syntax.
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Alist *a 0; KVpair *kv = 0;
void scanl(move_f mv){
x = mv(x); rest = mv(rest);
a =mv(a); kv = mv(kv);
scanO(mv) ;

/* private variables */
Bintree *p_x
if (p_x->right){

Alist *bin2list(void (*scanO) (move_f), Bintree *x, Alist *rest){

/*
/%
/%
/*

} /* pass pointer to "scanl" on the following calls. */

x, Alist *p_rest = rest, *p_a = a; KVpair *p_kv

X = p_x, rest = p_rest, a = p_a, kv = p_kv; /* pre-processing */
Alist *_r = bin2list(scanl, p_x->right, p_rest);
p_x = x, p_rest = rest, p_a = a, p_kv = kv, /* post-processing */
p_rest = _r;

}

{
X = p_x, rest = p_rest, a = p_a, kv = p_kv; /* pre-processing */
KVpair *_r = getmem(scani, &KVpair_d); /* allocation */
p_x = x, p_rest = rest, p_a = a, p_kv = kv; /* post-processing */
p_kv = _r;

}

p_kv->key = p_x->key; p_kv->val = p_x->val;

{
X = p_x, rest = p_rest, a = p_a, kv = p_kv; /* pre-processing */
Alist *_r = getmem(scanl, &Alist_d); /* allocation */
p_x = x, p_rest = rest, p_a = a, p_kv = kv; /* post-processing */
p_a = _r;

}

p_a->kv = p_kv; p_a->cdr = p_rest;

p_rest = p_a;

if (p_x->left){
X = p_x, rest = p_rest, a = p_a, kv = p_kv; /* pre-processing */

bin2list(scanl, p_x->left, p_rest);

Alist *_r =
p_Xx = X, p_rest = rest, p_a = a, p_kv = kv,
p_rest = _r;

}

return p_rest;

nested function */
scan roots */
scan roots */
scan older roots */

kv;

/%

post-processing */
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Fig.4 Adding private variables and pre-processing and post-processing in C.

This is not the real code but shown for explanation purpose only.
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bin2list getmem  gc scanl
(owner of scanl) (L-closure)
[l Pre-Processing
call call L-call
’ Post-Processing
return return return return
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Fig.5 Usual pre-processing and post-processing.
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bin2list getmem  gc scanl
(owner of scanl) (L-closure)

. Pre-Processing

(delayed)
call call L-call
Conditional
Post-Processing
(enabled by
return return return return

Pre-Processing)
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oooooooo
Fig.6 Delayed pre-processing and conditional post-
processing performed only if the L-closure is actu-
ally called.
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. Pre-Processing
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Post-Processing
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Pre-Processing)
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(restoring
callee-save
registers)

96,78

06,7,8,9,10,

@ Selector
(selecting
branches)
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07 0000000O0DOOODODODOO0000000L-closure O
goo0ooO0oooo0ooO0oo0o00ooOoboO0oO0bO0OO0o0o00 8
goooooono
Fig.7 (Non-local) temporary return to the owner of the L-

closure to be called for correct pre-processing. An-
notated numbers correspond to those in Fig. 8
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bin2list: // owner of scani

o0

ol : call getmem with selector o3.

02 ...

03 : /* selector for o1 */

o4 : if (L-closure to be called is in this frame) jump
to pre-processing o6.

05 : else jump to quasi-epilogue 018.

06 : /* pre-processing for ol */

o7 : copy values from private locations to shared
locations.

08 : initialize all L-closures (function-pointers and
static chains).

09 : save and modify o1’s return address to enable
post-processing o11.

010 : continue the L-call.

o1l : /* post-processing for ol */

012 : save the return value.

013 : copy values from shared locations to private
locations.

014 : continue the actual return with saved return
address/value.

0l5: ...

016 : /* selector for modified return addresses */
017 : continue the L-call.

018 : /* quasi-epilogue */

019 : restore callee-save registers.

020 : temp-return to the selector for the call in
previous frame.

gc: // caller of scanl (= scan)
gl : L-call scan with selector g3.

g3 : /* selector for g1 */
g4 : jump to quasi-epilogue g6.

g6 : /* quasi-epilogue */

g7 : restore callee-save registers.

g8 : temp-return to the selector for the call in
previous frame.

L-call f:

LcO : save f and registers.

Lcl : temp-return to the selector for the call in
previous frame.

Lc2 : restore f and registers.

Lc3 : setup f->static_chain and jump to f->code.
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Fig.8 pseudo code and calling steps.
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Table 2 Performance measurements (for creation and maintenance cost). (1/2).

S: UltraSPARCIII

P: Pentium4 Elapsed time in seconds
X: Xeon (relative time to plain C)
C: Core2Duo no closures trampolines closures | L-closures(SC) L-closures
BinTree S(GCC) 0.191(1.00) 0.225(1.18) 0.215(1.13) 0.191(0.999) | 0.183(0.961)
copying P(GCC) 0.146(1.00) 0.156(1.07) 0.156(1.06) 0.152(1.04) | 0.145(0.991)
GC P(ICC) 0.132(0.904) — — 0.138(0.941) —
X(GCC) 0.154(1.00) 0.170(1.11) 0.166(1.08) 0.161(1.05) 0.158(1.03)

X(ICQ) 0.153(0.995) — — 0.154(1.00) —

C(GCC) 0.0814(1.00) | 0.0894(1.10) | 0.0905(1.11) 0.0842(1.03) | 0.0833(1.02)

C(ICC) 0.0788(0.969) — — 0.0803(0.987) —

Bin2List S(GCC) 0.295(1.00) 0.329(1.11) | 0.294(0.997) 0.307(1.04) | 0.293(0.993)
copying P(GCQ) 0.146(1.00) | 0.149(1.02) | 0.148(1.01) 0.153(1.05) | 0.149(1.02)
GC P(ICC) 0.100(0.685) — — 0.110(0.751) —
X(GCC) 0.160(1.00) 0.163(1.02) 0.163(1.02) 0.167(1.04) 0.163(1.02)

X(ICC) 0.120(0.752) — — 0.130(0.810) —

C(GCCQC) 0.100(1.00) 0.104(1.04) 0.104(1.03) 0.108(1.08) 0.103(1.03)

C(ICC) 0.0795(0.793) — — 0.0814(0.812) —

fib(37) S(GCC) 0.888(1.00) 3.87(4.36) 1.39(1.56) 1.13(1.27) 0.990(1.12)
check- P(GCC) 0.285(1.00) | 0.552(1.94) | 0.406(1.42) 0.549(1.93) | 0.329(1.15)
pointing P(ICC) 0.291(1.02) — — 0.482(1.69) —
X(GCC) 0.335(1.00) 0.636(1.90) 0.468(1.40) 0.608(1.81) 0.394(1.17)

X(ICC) 0.330(0.986) — — 0.577(1.72) —

C(GCC) 0.435(1.00) 0.570(1.31) 0.464(1.07) 0.712(1.64) 0.497(1.14)

C(ICC) 0.343(0.789) — — 0.381(0.875) —

nqueens(13) S(GCC) 0.471(1.00) 0.935(1.98) 0.747(1.58) 0.589(1.25) 0.570(1.21)
load P(GCC) 0.318(1.00) | 0.436(1.37) | 0.443(1.39) 0.422(1.33) | 0.452(1.42)
balancing P(ICC) 0.317(0.995) — — 0.482(1.51) —
X(GCC) 0.228(1.00) 0.339(1.49) 0.382(1.68) 0.350(1.53) 0.322(1.41)

X(ICC) 0.266(1.17) — — 0.403(1.77) —

C(GCCQC) 0.257(1.00) 0.305(1.19) 0.357(1.39) 0.354(1.38) 0.315(1.23)

C(ICC) 0.267(1.04) — — 0.375(1.46) —
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Table 3 Performance measurements (for creation and maintenance costs). (2/2).

S: UltraSPARCIII

P: Pentium4 Elapsed time in seconds
X: Xeon (relative time to plain C)
C: Core2Duo no closures trampolines closures | L-closures(SC) L-closures
fib(37) S(GCC) 0.888(1.00) 3.87(4.36) 1.33(1.50) 1.48(1.67) 1.18(1.33)
load P(GCOC) 0.290(1.00) 0.524(1.81) 0.479(1.65) 0.631(2.18) 0.475(1.64)
balancing P(ICC) 0.290(0.999) — — 0.599(2.06) —
X(GCC) 0.318(1.00) 0.575(1.81) 0.541(1.70) 0.688(2.17) 0.525(1.65)
X(ICC) 0.306(0.963) — — 0.643(2.02) —
C(GCCQC) 0.380(1.00) 0.554(1.46) 0.495(1.30) 0.738(1.94) 0.488(1.29)
C(ICC) 0.306(0.805) — — 0.560(1.47) —
Comp(20000) S(GCC) 7.78(1.00) 22.0(2.83) 10.6(1.37) 8.76(1.13) 8.83(1.14)
load P(GCOC) 2.84(1.00) 3.96(1.40) 3.34(1.18) 4.15(1.46) 3.46(1.22)
balancing P(ICC) 3.81(1.34) — — 4.93(1.74) —
X(GCC) 2.39(1.00) 3.96(1.66) 3.26(1.36) 4.09(1.71) 3.28(1.37)
X(ICC) 3.41(1.43) - - 4.65(1.95) —
C(GCQ) 2.50(1.00) 3.60(1.44) 3.18(1.27) 4.17(1.67) 3.52(1.41)
C(ICC) 2.95(1.18) — — 3.50(1.40) —
Pentomino S(GCC) 2.73(1.00) 5.15(1.88) 4.66(1.70) 2.90(1.06) 2.75(1.01)
load P(GCC) 1.54(1.00) 2.19(1.42) 1.91(1.24) 1.98(1.29) 1.86(1.21)
balancing P(ICC) 1.50(0.975) — — 1.72(1.12) —
X(GCC) 1.09(1.00) 1.70(1.56) 1.52(1.39) 1.49(1.37) 1.37(1.26)
X(ICC) 1.05(0.961) - - 1.39(1.28) —
C(GCC) 1.25(1.00) 1.77(1.41) 1.81(1.45) 1.53(1.22) 1.52(1.21)
C(ICC) 1.12(0.894) — — 1.29(1.02) —
LU(1000) S(GCC) 3.06(1.00) 3.08(1.01) 3.05(0.995) 3.06(0.999) 3.08(1.01)
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X(GCC) 1.05(1.00) 1.05(1.00) 1.05(1.00) 1.05(1.00) 1.05(1.00)
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C(ICC) 0.457(0.703) — — 0.413(0.636) —
04 0000 (QOOODDOO)
Table 4 Performance measurements (for invocation costs).

no closures trampolines closures | L-closures(SC) L-closures
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A.1 Capturing State with L-closures

int cpfib(void (*save0) lightweight (), int n)

int pc = 0;
int s = 03
void savel lightweight (){

/* pseudo program counter */

/* L-closure */

save0(); /* save caller’s state */

save_pc(pc) ; /* save pc state */

save_int(n); /* save variable state */

save_int(s); /* save variable state */
}

if (n <= 2) return 1;

pc = 1; /* inc program counter before call */
s += cpfib(savel, n-1);

pc = 2; /* inc program counter before call */
s += cpfib(savel, n-2);

return s;

A.2 Compilation Output for Appendix A.1

1 cpfib:

2 | #PROLOGUE# 0

3 save %sp, -160, %sp
4 ' #PROLOGUE# 1

5 add %fp, -32, %11
6 mov %i0, %10

7 add %il, -1, %ol
8 mov %11, %00

9 cmp %hil, 2

10 mov 1, %i0

11 ble .LL1

12 mov 0, %12

13 call cpfib, O

14 nop

15 .LL17:

16 ! pjmp .LL16

17 .LL13:

18 add %12, %00, %12
19 add %il, -2, %ol
20 mov %11, %o0
21 call cpfib, 0
22 mov 2, %i0
23 .LL18:
24 b .LL11
25 nop
26 .LL19:
27 cmp %00, 0
28 be,a .LL10
29 st %12, [Kfp-24]
30 b .LL14
31 1d [%fp-24]1, %12
32 .LL11:
33 b .LL1
34 add %12, %00, %i0
35 .LL16:
36 cmp %00, O
37 be,a .LL12
38 st %il, [Kfp+72]
39 1d [%hfp-241, %12
40 1d [%fp+72], %il
41 1d [%fp+68], %10
42 ! pjmp .LL13
43 .LL14:
44 call __cont_return, 0O
45 add i s, g2
46 .LL12:
47 st %10, [#fp-20]
48 st %10, [%fp+68]
49 st %g0, [hfp-24]



.LL8:

.LL10:

.LL1:

.LL2:

.LL20:

sethi
add
st
or
add
st
call
nop
nop
std
std
add
add
call
st

ret
restore

unimp 1;

cmp
bg
nop
call
nop
cmp
be
cmp
be
nop
call
nop

call
nop

%hi(savel.0), %gi

%fp, -16, %o5

%05, [hfp-28]

%gl, %lo(savel.0), %gi
%fp, -48, %g2

%gl, [hfp-32]

__hook_and_cont_L_call, O

%00, [hifp-64]

%£0, [Afp-561]

%fp, —48, %g2

%fp, -64, gl

__cont_post, O
%gl, [hfp-44]

%il, [Kfp+72]

%10, [hfp-20]

.LL8

%10, [%#fp+68]

unimp 1

g2, %fp

.LL20

__dup_cont

%o1, .LL2-(.LL18-8)
.LL19

%o1, .LL2-(.LL17-8)
.LL16

__cont_L_call

__stack_walk
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