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compiled code:
unsigned char codel] = { ...,
PUSH_GLOBAL_VAR,

X,
PUSH_CONST,
3
ADD, ...};

bytecode implementations:
int *stackPointer;
unsigned char *instructionPointer = code - 1;
for (;) {
unsigned char bytecode = *++instructionPointer;
switch (bytecode) {
/* ... %/
case PUSH_GLOBAL_VAR:
*++stackPointer =
getVarFromSymbol (x++instructionPointer) ;
break;
case PUSH_CONST:
*++stackPointer = *++instructionPointer;
break;
case ADD:
—--stackPointer;
*stackPointer += stackPointer[1];
break;
VA T ¥
}
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N

expr: (+ x 3)

int eval(List* expr) {

}

switch (testElementType(expr)) {
VA SR Vi
case NUMBER :
return getIntegerElement (expr);
case SYMBOL :
return getVarFromSymbol (expr) ;
case PLUS :
return eval(getSecond(expr)) + eval(getThird(expr));
VE SR Vi
}

U222 0000000000000b0004d
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*++stackPointer = getVarFromSymbol (x);
*++stackPointer = 3;

--stackPointer;

*stackPointer += stackPointer[1];

032 x+300000000000000
- %

O0OO00O0O0O0O0O0O0O0O0O0O0O0O0O0O00O0DbOD0ODOO instructionPointer
gbodgboobbboobodbooboobboboboooboab
OO0 switchDcase DO OO OOOOODOOODOODOOODOO2000
OOstackPointer U0 00000000000 OO0OOOODODOOOOO
gbobogobuoguoobubbogbbogbooboboobob 210
obobobooobobobooboob3oboobooooobooboon
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int* stackPointer; )
void code_NUMBER() {
int ret_val;
HOLE(code_NUMBER_hole, ret_val);
*x++stackPointer = ret_val;
}
void code_SYMBOL() {
char* symbol;
HOLE(code_SYMBOL_hole, symbol);
*++stackPointer =
getVarFromSymbol (symbol) ;
}
void code_PLUS() {
LABEL (code_Plus_section_1);
LABEL (code_Plus_section_2);
stackPointer—-;
*stackPointer = stackPointer[1];
}
033 00o000d
\ )
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00000000000 case 000000000 ODOOODOO (O 3.3)
000000000000 210 case PUSH.GLOBAL.VARO OO 3.3 0
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compiled code:
unsigned char codel] = { ...,
PUSH_GLOBAL_VAR,

X,
PUSH_CONST,
3
ADD, ...};

bytecode implementations:
BlockCompnt* analyze(unsigned char* inst_pter) {
BlockCmpnt* cmpnt;
for (;;) {
unsigned char bytecode = *++inst_pter;
switch (bytecode) {
VA S Vi
case PUSH_GLOBAL_VAR:
appendBlock (cmpnt,
initByTemplate(v_code_SYMBOL));
addHoleInfo (cmpnt,
v_code_SYMBOL_hole,
*++inst_pter);
break;
case PUSH_CONST:
appendBlock (cmpnt,
initByTemplate(v_code_NUMBER)) ;
addHoleInfo (cmpnt,
v_code_NUMBER_hole,
*++inst_pter);
break;
case ADD:
appendBlock(cmpnt,
initByTemplate(v_code_Plus);
break;
VE SR
}

034 0000000noo0n
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FoTL—k
TMPL_PUSH
FEIRIR
A label: TMPL_PUSH R
holes: {hole1:=2}
PUSH 2 2%PUSHY %
label: TMPL_PUSH
PUSH 3| [0 _ )
holes: {hole1:=3} 3&PUSHY %
ADD AEAYIDEYTIZHB
label: TMPL_ADD 2DODEEME
holes: NULL
FoFL—k
TMPL_ADD
035 000000000000000
HREXK

second

hERR
PLUS label

NUMBER 2

PLUSOETHIC
NUMBER®DE1T&1T5

MR EXARDKEIR

PLUS

NUMBER 2

PLUS

PLUS_label1 NUMBER 3

PLUS

036 0000000000000O0O
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label: ...
INA ha—FZEHh: 0x0200

0x10000000

label: ...
INA ba—FZEHh: 0x0204

0x10000020

—

el
label: NULL
INA ba—FZFEHh: 0x0300
type: jump
DX TA Ty -0x0100

0x10001000

Srisan 45 A
PERER

37 o0bboogoooon

HEEE
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g

jmp 0x10000000
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‘ label: SUB |

¥

label: MUL

label: TMPL_PUSH_CONST
holes: {holel => 2}

label: TMPL_PUSH_CONST
holes: {holel => 3}

label: ADD

24

hERE (R#ELE)
AMEdR
(ZZ
] label: TMPL_SUB_MUL
E DB H A
||~ label: TMPL_PUSH_CO
holes: {holel => 5}
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4.2.1 0O000O0OOOOODOOOOOOOO
O0OoooOd API

goboboboobbobouooooooooobbbobbbbooooood
OoooobOooooQJITtoobobobobbb0oogn 41000 obj-
dumpparse U0 OO0 JITOOODODOODODODOOOOOOOOOOO
gobobooooon

041: 000000000 API

gdo objdump_parse

ooad void

0000 | char* begin_label

0000 | char* end_label

0o 0000000000000 0D0000Obegin label 00O end_label
gdododododououououood
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0804cd2c <code_Evallf>: )

804cd2c: 55 push  Yebp

804cd2d: 89 eb mov hesp, hebp

0804cd2f <code_Evallf_sectionl>:

804cd2f: al b0 16 05 08 mov 0x80516b0, feax

804cd34: 83 e8 01 sub $0x1,%eax

804cd37: a3 b0 16 05 08 mov %eax,0x80516b0

804cd3c: al b0 16 05 08 mov 0x80516Db0, %eax

804cd41: 8b 04 85 20 17 05 08 mov 0x8051720(,%eax,4) ,%heax

804cd48: 85 c0 test %eax, heax

804cd4a: 74 02 je 804cd4e <code_Evallf__e>|
0 4.1: objdump 000000000 ODOOOOOOODOOO

OO000O000O0000DO0OO0DO0O0O0OO APIODOCOOO obj-
dump_parse DO O OO0 Oobjdump OO0 O0OO0DOOOODOOOO
gbooboboodbbduobobooobboobbooboobbood
OO0D000O0000D00000D00D0O00 LabelinfoO D ODOOODOO
0000000000000 0D0O000 410000 Ocode_Evallfd O
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Labelinfo0 00D O0O0O000O0OO0OO00OO0DOOOOOOODODOOOOOO
0000000000000 Instructininfo0 00 0000000O0ODOO
0000000000000 0000000000000000o000n
0000000000000 o0ooo0o0oDbOo0oooooooOon
000000000000 0000D0DO0O0O00000000oooon
0000000000000 0000O0000Instructioninfod Labellnfo O
O0000000000000Labellnfod OO Instructioninfo D 0 0O 0O O
0000000000 bO0doo0oDoooDoDoooDoOooDoOooDoOon
O0000O0OLabellinfo0 00000000 OOOOOODOOOOOO
O0D0O000000 Instructioninfo0 0000000 DOOOOOO0O 4.1
00000000000 DODOOOO0O0 420000000000 absOO
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Key: code Evall Key: code_Evallf_section1

Labellnfo , Labellnfo

code_ Evallf code_Evallf_section1
0804cd2c 0804cd2f

v

\ 4

0804cd2c 0804cd2d 0804cd2f

abs » abs » abs [
push %ebp mov %esp,%ebp mov 0x80516b0,%eax
InstructionInfo InstructionInfo Instructioninfo

042 000000000000000000
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begin_label
end_label > ¢ » bcode address
bcode_address 1
Holelnfo Holelnfo jump_offset
address
— Size > >
value
InnerBlockInfo InnerBlockInfo
- address > >
BlocklInfo BlockInfo
— +——>
BlockInfo
.

043 0000000
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040 OO 33
0 42: 0000000
0 O O BlockInfo 0ddododooooooooooooooaoa
O OO begin_label 0000ddooooooobbooooooOoooo
000 end_label OddddoooooooooooooOooooo
OO O beode_address 00000000000 (booo0ooooooooo
ooooog)
000 next 0000000000000 00000b0Ooooan
BlockInfo
0 O O hole_info 00000000000 D000 holeO OO
000 innet_template_info | OO0 0000000000000 0OOOOOOOO0O
Oooad
000 Holelnfo | OO0 D OOOO0O0OOOOOOO holeOO0O
000 address | holeO O OO O
000 size holeO O OO
00O value holeOODODOOOOO
000 next 00 holed OO OOO Holelnfo
000 InnerBlockInfo | OO OOOOO0OOOODOOO0OODOOOOOOOOOO
000 address O00doooooooooooo
0 O O block_info 0000000000 D000000DOO BlockInfo
000 next 0000000000 0000D00000 InnerBlock-
Info
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000 beodecaddress | 00000000000 (COO0O0O0OOODOOODOO
oooooo)
000 next 0o0d0db00ooO0obOooboooooboooooon
BlockInfo
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043: 0000000000 API

odad init_by_template

ooo BlockInfo*

0000 | Address* begin_label

0000 | Address* end_label

0000 | BCodeAddress™ becode_address

0o 0000000000000 00000Obegin_label 00O end_label
0000000000 BleckIlnfoOOOOOOOOOOOOOOO
O0Obcodeaddress 0O 00 0O0O00O0O0O0O0OOOOOO0O

ooad appendBlock

oo void

0000 | BlockInfo* block_info_prev

0000 | BlockInfo* block_info_next

aad block_info_prev O O O block_infonext 0 0O 0O O 0O O

ooad addHolelnfo

oo void

0000 | BlockInfo* block_info

0000 | Address* insertion_label

0000 | long value

HEN block_infoO OO O OOOOOO0O insertion_label 0 O O O value O
goddooooooodgoon

ooad addInnerBlock

oo void

0000 | BlockInfo* outer_block_info

0000 | BlockInfo* inner_block_info

0000 | Address* insertion_label

0o outer_block_info [0 inner_block_info 0 insertion_label O 0 0O O O O

O00000000000 insertionlabel OO0 OO0O0OO0OODO
gobobooogbon
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000000000000000 510 (+x3)000000o0ooooo
gbobobooggbxg3goooobodad

gobobbobobbobuouuooooobobbbbbbboodaoad
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051 (+xy)00000
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goooooboad 00 01 02
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03
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5.2.1 Threaded code interpreter

Threaded code [3]0 Forth OO0 OO0 O O0O0O0O0O0O0O0OOOOOOOO
OO00O0D0O0ODO0O0O0O0OOthreaded codel DO OOOOOOODOODOMO
O0000000000000000 direct threading[1) 0 00O
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gbob210000b00000bbobooooobon
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2. 0000000000000000000 (0000000000
000000000OswitchD0O0OOO0OO0O0O000000O0O00OO
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Direct threaded code 1 00 000000 O0OO0OO0O0OOOOOOODODOOO
O0000d00O0dbO00bodDoodoodDoooDoooDoooDoOon
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000000000000 DooOoo00ooDbOoooooooo
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Gforth O O direct threaded code O O OO0 O OO0 OO OO Gforth O O
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NEXT P2ODOODOODOOOOOOOOOOOOOCPUODOODODOO
gooboboobboboooooobobbobboodooooooooboo
gbo3bbbougoobbbooooobbouooan
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gboboggbbuoggbbuoogbbuoggossbbis4tuun
gbogboboboobodobobobobboboobabobobbob
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0530000000000000 (JITOO)O Ogforth-fast —no-dynamic
-ss-number=0 000 0000000000O0GforthODOOOOOODOO
O0000000DO0O0000 configureDO0DODOOODODOOODOOO
-02 -fomit-frame-pointer -force-addr -fforce-mem -march=pentium -fno-gcse
-fno-strict-aliasing -fno-crossjumping -fno-defer-pop -fcaller-saves -fno-inline
0000000000000 000000000DO00o00oDOooon 2
Os5000000000000

O 5.3: GlorthOOQOOOOO
doooooon sieve bubble matrix fib
0000 (JITOO)[ms] 476 630 773 710
0000 (JITOO)[ms] 229 317 165 187
JITOOOOOOO [ms] 297 23.2 185 1.14
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gbobooboobbooboobooooo 306
Jroodogogooooooooooooogo 2283(629+1348+-306)
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BlockCmpnt* analyze_eval(List* expr) {
BlockCmpnt* cmpnt;
switch (testElementType(expr)) {
VE SR Vi
case NUMBER :
cmpnt = initByTemplate(v_code_NUMBER) ;
addHoleInfo (cmpnt,
v_code_NUMBER_hole,
GetIntegerElement (expr));
return cmpnt;
case SYMBOL :
cmpnt = initByTemplate(v_code_SYMBOL) ;
addHoleInfo (cmpnt,
v_code_SYMBOL_hole,
GetSymbolElement (expr)) ;
return cmpnt;
return cmpnt;
case PLUS :
cmpnt = initByTemplate(v_code_PLUS);
addInnerBlock(cmpnt,
analyze_eval(GetSecond(expr)),
v_code_PLUS_section);
addInnerBlock(cmpnt,
analyze_eval (GetThird(expr)),
v_code_PLUS_section);
return cmpnt;

U s.1: 0000dbbobuoogobbbuooaobn
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int* stackPointer;

void code_NUMBER() {
int ret_val;
HOLE(code_NUMBER_hole, ret_val);
*++stackPointer = ret_val;

void code_SYMBOL() {
char* symbol;
HOLE (code_SYMBOL_hole, symbol);
*++stackPointer =
getVarFromSymbol (symbol) ;

void code_PLUS() {
LABEL (code_Plus_section);
stackPointer—-;
*stackPointer = stackPointer[1];

U 52 00000bbbuodobobbuooaobn
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void *codel[] = { ...,
&&opcode_push3,
&&opcode_push4,
&&opcode_add, ... };

/x 00000000000 =/
#define NEXT() goto **++instructionPointer

void *x*instructionPointer = code - 1;

/* 0000: 00000DOoo0OoOoooooa =/
NEXTQ);

/ 0O000O0O0og +/

opcode_push3:
*++stackPointer
NEXTQ ;

opcode_push4:
*++stackPointer
NEXTQ) ;

opcode_add:
--stackPointer;
xstackPointer += stackPointer[1];
NEXTQ;

/* ... x/

3;

4;

O 5.3: Direct threaded code
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LABEL(plus) /* + ( nl n2 -- n ) */

/x x/

NAME("+")

{

DEF_CA

Cell ni;

Cell n2;

Cell n;

NEXT_PO; /00000000000 0000 1 %/
vm_Cell2n(sp[i]l,nl); /x 000000000000 n10O00 %/
vm_Cell2n(spT0S,n2); /x DDOUOUOOOOODOOn2000 =/
#ifdef VM_DEBUG

if (vm_debug) {

fputs(" ni1=", vm_out); printarg_n(nl);

fputs(" n2=", vm_out); printarg_n(n2);

}

#endif

sp += 1;

{

#line 681 "./prim"

n = nl+n2;

#line 2883 "prim.i"

}

#ifdef VM_DEBUG

if (vm_debug) {

fputs(" -- ", vm_out); fputs(" n=", vm_out); printarg_n(n);
fputc(’\n’, vm_out);

}

#endif

NEXT_P1; /+ 000000000000 000 2 %/
vm_n2Cell(n,spT0S); /# n00000000000 =/

LABEL2 (plus)

NEXT_P2; /* 000000000000 0O000 3/
}

O 5.4: GforthOOOQOOOODOODOO
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JIT_LABEL(plus) /* + ( nl n2 -- n ) */

{

Cell ni;

Cell n2;

Cell n;

vm_Cell2n(spl[1]l,nl); /* D0OO0O00OO0O0OO0ODOn10O0O0O0
vm_Cell2n(spTOS,n2); /+ D0OO0OO0O0OOOO 2000 =/
sp += 1;

n = nl+n2;

vm_n2Cell (n,spT0S) ; /A n00000000000 */

}

L 0 5.5 GforthOODOD addO00O0OO0O0OOO

*/




45

el OUUUOO

choooboobooobbooobooboOoobbooobobboOoobbooo
gbbodgbboogbbobbodobbuoobbooobboaobod

6.1 U0OOUOoogn

RossiO Sivalingam 00 4|0 0000000000000 0O0OOOO
gooboooobbboooobbbooon

direct threading with selective inlining(5| 0000000000000
googobobooobooooJiIrogoboooboobboobbon
goooobObbooooooooobobobobobooooooooooo
goobgboooboboboobboobobobobbobbobbon
0000000 ODynamic Superinstruction 0 0 0000000000
gooooooooooboboobbbobooooooooooog JIr
goooobObbooooooooobobobobobooooooooooo
goobobobobbooooooobobobobbboodoouooooobooboo
goooobObbooooooooobobobobobooooooooooo
goobobbododoooooobbbobbbodooouoooooboobo
oo

Vitale 0 Abdelrahman[6| 0 00 0000000000000 0O0O00O0O
000000000000 0000b00bO0obOooOoogoSPARCODO
TelOOODOOODOOOOOOODODOOODODODOODOODODODO
Jodb0oooboboboobobuoobboooboooobobooo
goboboooobbboooobon

6.2 UUO0OUOOOOOoOOnO

Tempo[7]0 DyC[8] 0 O0CO OO O Run-time specializer 0 O O OTempo
oo oouooogd



o6 0OOOO 46

gbbobbbbouoooooobobbbbbouoouoooobbbo
gobboboobobboudgooogobboobbbouoooooobooboo
OoOoobodbOTempoUDOOOOOJITOODODOODOOOO
gobbbobobbooudooooobobboudguoooooboboo
gobbobbbobouodoooooobbbbbobouodoooooobbo
OO0D0oO0DoOOoODbyCOOTempoO O OOOOOOODOOODOOODOO
gobbboobobbouodogooobbbbbobbbouooooooobobo
goboboboobboodoooooobbbobboodoooogbo
gbboboogobood

6.3 UOUUbooooooogn

Ertl 00 JITOOOOOOODODODODOODD 90000000oog
gooboboboobbbbbodoooooooooooobbooboobobbn
OOooOooooooOoEtlDODooooooJIrooooooboonon
ooooboooobooboooJIrocoocbooboobobooobog
obooboboobobobobooooJitbboboooboboboobg
00000000000 DO0 APIDODOOOOODOODODODODO
ooooJirooooooooobooboboobobobobooboboon
goobooogn

64 U00O0OOO0OOOOOOOOOO

VCODE[10] 0 GNU Lightning0 0000000000000 OOO
gobobobbooobbbbobbbudooooooooooboboo
gobbbbbobouoooooobobbbobbbouodoooooobbbo
gobobobbbouooooooobobbbbuoooooooboo
gobbbbbouoooooobbbbbbuooooooobbbo
gobobobooobboouooobbobbboooogooboboboo
gbooooao



o6 0OOOO 47

6.5 UOUOOOOUOOOOOOOOO0OOOOOn
[]

vimgen[13]0 00 0000000000000 O00OCOOOOOOOOO
00000000000000000000D0000 [14oo0vMO00
gobboboobbooogoooobbobbboodooooooboboo
gobbbobbobotouooooobbbbbbuodooooooobbo
gbobobobbboudgoooooobboobbbodgoooooooo
gbbbuoooboboboooobo



48

070 0O40do

oohogoooooooJiIrbogoobooobooboooboon
gubogbooboobbobbuooobbobbobbobboiob
obooboooboobooboobooobooJitbooobobooobog
gobbbbboboouoooooobbbbbouoooooobbbo
gobboboobboougooogbobobboodooooooboboo
gbobbooodgbobbod

gobobboobbooogooooobboobboodooooood
OO0O00OO00oD0oDOOoOooOOoOoDOoOoAPIDOOODOOODDOO
gboodgboogbogbuodgbogbooboboobooboobogob
gobbbobobbbbotbouoooooooooobobbobobobobbo
gbobobuoooobbbooobboboooobbbouooobobobod



49

HRERERE

1]

M. Anton Ertl: A Portable Forth Engine. In  Pro-
ceegings of the euroFORTH 793, pp. 253-257,  (1993).
http://www.complang.tuwien.ac.at/forth/threaded-code.html

Charles H. Moore, Geoffrey C. Leach: FORTH - A Language for
Interactive Computiong, Technical Report, Mohasco Industries, Inc.,
(1970). http://www.dnai.com/ jfox/F70POST.ZIP

James R. Bell: Threaded Code, Communications of the ACM, 16(6)
pp. 370-372, (1973).

Markku Rossi, Kengatharan Sivalingam. A survey of instruction dis-
patch techniques for bytecode interpreters. Technical Report TKO-
C79, faculty of Information Technology, Helsinki University of Tech-
nology, (1996).

Ian Piumarta, Fabio Riccardi, Optimizing direct threaded code by
selective inlining, Proceedings of the 1998 ACM SIGPLAN Conference
on Programming Language Design and Implementation (PLDI), pp.
291-300 (1998).

Benjamin Vitale, Tarek S. Abdelrahman: Catenation and specializa-
tion for Tcl virtual machine performance. In IVME 04 Proceedings,
pp. 42—50, (2004).

Francois Noel, Luke Hornof, Charles Consel, Julia L. Lawall: Auto-
matic, template-based run-time specialization, Implementation and

experimantal study. In IEEE International Conference on Computer
Languages (ICCL 98), pp. 123-142, (1998).



Oovo 000 50

[8] Brian Grant, Markus Mock, Matthai Philipose, Craig Chambers, Su-
san J. Eggers, DyC: an expressive annotation-directed dynamic com-
piler for C, Theoretical Computer Science, Vol. 248 No.1-2, pp. 147-
199, (2000).

9] M.Anton Ertl, David Gregg: Retargeting JIT compilers by using C-
compiler generated executable code, Proceedings of the 13th Inter-
national Conference on Parallel Architecture and Compilation Tech-
niques (PACT’ 04), pp. 41-50, (2004).

[10] Dawson R. Engler. VCODE: A retargetable , extensible, very fast dy-
namic code generation system. In SIGPLAN °96 Conference on Pro-
gramming Language Design and Implementation , pp. 160-170, (1996).

[11] M. Anton Ertl , David Gregg, Combining stack caching with dynamic
superinstructions, Proceedings of the 2004 workshop on Interpreters,
virtual machines and emulators, June 07-07, 2004, Washington, D.C,
(2004).

[12] M. Anton Ertl, David Gregg: Optimizing indirect branch prediction
accuracy in virtual machine interpreters. In SIGPLAN °03 Conference
on Programming Language Design and Implementation, (2003).

[13] M. Anton Ertl, David Gregg, Andreas Krall, Bernd Paysan : vm-
gen — A generator of efficient virtual machine interpreters. Software—
Practice and Experience, vol. 32, No. 3, pp. 265-294 (2002).

14 OO0 00,00 OO,00 0:0000000000000000
O00000d00bObo0oo0o.0o0bobooOo ood, Vol. 46, No. 6,
pp. 1-17 (2005).



