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Eikovikég Mnxavég (Virtual Machines)

Ot eikovikecg pnxavec (VMs) anoteAouv £va evOLAEDTO
OTAOIO OTN HETAYAWTTION TWV YAWOOWV NMPOoYPAUUATIOUOU

* OLVNMs gival pnxavec d10TL ENTPENOUV TN BAMA NPOG
BAHO EKTEAECN TWV MPOYPALUUATWV
* OLVNMs gival sikovikec (1) apnenuevec) dLOTL ouvNBwg

- OEV UAOMOLIOUVTAL OTO UALKO KAMOLOU UMOAOYIOTH

- napaAeinouv NOAAEG and TIG AENTOUEPEIEG TWV NPAYHATIKWY
UMOAOYIOTIKWY pNXavwy (aQuTtwv nou uAonolouvTal o€ hardware)

* Ot VMs ouvBwg €xouv CUCTATIKA OTOLXELO MOU UAOMNOLOUV
AEITOUPYIEG NOU €lval AvAYKAIEC YIa TNV UAOMOINon
OUYKEKPILEVWY (KAAOEWV) YAWOOWV NPOYPAUUATIOHOU
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Eikovikég Mnyavég: NMAgoveKkTApOTA

* [‘€UpPWVOUV TO XAOUO TOU upnAou €nnEdOU TwvV
VYAWOOWV NPOYPOUUATIOHOU KAl TOU XapnAou nnEdou
TWV NPAYHATIKWY UMOAOYIOTWY HUNXOVWV

* Anattouv AlyoTtepn npoonabela yia tnv uAonoinon Toug
KOL YIO TN HETAYAWTTION TWV NPOYPAUUATWY
* O NEPAPATIONOG KAl N HETATPONN TOUG ElVAL EUKOAOTEPN

ano OTL N HETATPONN EVOG HETAYAWTTIOTH VIO TN YAwooQ
- ZNUAVTIKEG IOIOTNTEG, EOIKA VIO NPWTOEUPAVICOUEVEG YAWOOEG
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Eikovikég Mnyavég: NMAgoveKkTApOTA

* [lpoo@epouv augnuevn @opntotTnTa (portability)
- O1dteppnveic VM ouvnBwcg uhonolouvtal o C

- O VM KwdIKAG pnopel va petapepOei pEow OLadIKTUOU KAl vVa
TPELEL OTIC NEPLOCOTEPEG UNOAOYIOTIKEG NAATPOPUEG

- 2uvBwg, o VM KwdIKag yla £va Npoypappa ival (OnUavTiKA)
LIKPOTEPOG O€ HEYEBOG aNO TOV AVTIOTOLXO KWOIKA UNXavig

e APKETEG OIOTNTEC aoPAAelag Tou VM KwdIKa prnopouv va
enaAnBeubouv (verified) pnxavika

« Eival eukoAdTEpPO va anodeigoupe Tunika TNV opboTNTA
TOU OXeALAOMOU Kal TNG uAonoinong twv VMs

* H puetpnon t™ng enidoong (profiling) Kat N anoo@aApuaTwon

(debugging) npoypPaUUATWY EiVAlL EUKOAOTEPEG
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Eikovikéc Mnyxavég: MelokTRuaTa

o XelpoTtepn €nidoan (o€ XpOVO) TwV OIEPUNVEWY ELKOVIKWY
LNXAVWV OE OXEON HE TNV EKTEAECN EVTOAWYV OE YAWOOQ
HNXavAG AOyw Tou

- EmnA€ov k6oTtoug dieppnviag (overhead of interpretation)

- 'OTLeival onupavTika no dOUCKOAO va enw@eAnBoupe anod Kanoua
XOPOKTNPLOTIKA TOU POVTEPVOU hardware Twv UrnoAoylotTwy
(n.x. Tou hardware-based branch prediction)
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loTopia Twyv Eikovikwv Mnxavwyv

Outnpwteg VMs gpgaviotnkav ota T€AN tng dekastiag tou 1950

 Ounpwteg uhonotioelg tng Lisp (1958) xpnowonoinocav VMs pe autopaTn
avakUukAwon pvAung (garbage collection), sandboxing, reflection, kat
d1adpaoTIKO PAoLO (interactive shell)

*  2TIG apXEG TNG dekaetiag Tou 1970, n yAwooa Forth xpnoponoinoe pa pikpn
KAl OXETIKA eUKOAa ulonotjoun VM

 HyAwooa Smalltalk (téAn Tou 1970) ATav and TIC NPWTEC YAWOOEG TNG 0noiag n
uAornoinon enetpene TNV aAAayrn TOU KWALKA KATA Tn OIAPKELD EKTEAEONG TOU
NPOYPAUMATOC (NPWTO NPAYHATIKA dladPACTIKI) UAOMOINoN
QVTIKEIUEVOOTPEPOUG YAWOOAG NPOYPAUUATIONOU)

* H uAonoinon t™ng yYAwooag Self peéow VM (Tt€An tou 1980), pag yAwooag pe
NoAAG Kowva otolxeia pe tn Smalltalk, katagepe va gival TETola woTe n €nidoao)
NG va pn dla@EPEL NOAU and AUTAV MNOU AVTIOTOLXOL HETAYAWTTIOTEG TNG
vyAwooag enttuyxavav

 HJava (p€oa tou 1990) €kave TIC VMs eupEwG XPNOIUONOIOUUEVEG KAL YVWOTEG
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EmiIAoyég oxediaouoU TwV EiKoviIKwy Mnxavwv

« Kdanoleg enthoyeEg oxedlaopou Twv VMSs gival napouoLleG E EMAOYEG
NOU KAVOUME KATA TO OXEOIOOUO TNG HOPPRG TOU EVOLANETOU KWALKA
EVOG HETAYAWTTIOTA. ['a napdadeypa

- @€NOUpE N UNXavh va Xxpnotuotnoleitatl o€ NOAAEG DLAPOPETIKEG
QPXITEKTOVIKEG KAl AEITOUPYIKA CUCTAUATA; (Onwg n.X. n JVM)

- @€NoupE n unNxavh va xpnotpotnoleitatl o€ NOAAEG OLAPOPETIKEC YAWOOEC
nnyaiou Kwdika; (6nwg n.x. To CLI/CLR (.NET))

« Kanoleg GAAEG gival NapoOuoLlEC UE QUTEG Tou backend evog compiler:
- Eival kaAUTtepn enidoon No onUavTIKA and PEYOAUTEPN OPNTOTNTA;
- Eival n aglonotia nio onuavtikh ano tnv enidoon;
- Eival To (LKpOTEPO) HEYEBOG TOU KWOIKA MO ONUAVTIKOG NAPAYOVTAG
anod tnv €nidoon o€ TaxuTNTA TNG KNXAVAG;
« Kdanoleg AANEG NAPOUOLEG LE QUTEG TWV AEITOUPYIKWY CUCTNUATWV:

- lNwg vAonoleital n dlaxeipton KvUNG, 0 TAUTOXPOVIOUOG, Ol ECALPETELG, ...

- Eival n pikpR katavaAwon pvnung, to scalability, 4 n ao@dAsla nio
ONUAVTIKA XOPAKTNPLOTIKA and Tnv enidoon;
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2UCTOTIKAO TwV EiIKoviKwv Mnyxavwyv

« EtaptwvTal and noAAoUg NapAayovTEeG:
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Eival n yAwooa (to neptBaAAov TNG YAWOooaG) dladpaoTIKH;

H yAwooa unootnpilel evdookonnon (reflection) kavr) duvapiko
POpTWHA KwdIKa (dynamic loading);

Eival n enidoon to nav;

Xpewaletal n yAwooa va unootnpilel TAaUTOXPOVIOUO;

Eival anapaitnto to sandboxing;



YAoTtroinon Twv Eikovikwv Mnyxavwyv

* Ol EIKOVIKEG HNXAVEG ouvNBwG ypagovTal o€ “@opnTeG”
vYAwooeg npoypappatiopou onwg n C A n C++

* [ pEpN Nou givat onuavTika yia tnv nidoon tng
EIKOVIKNG UNXaVNG, ouvhOwg Xpnotlponoloupe assembly

* EIKOVIKEC pnxaveg yia kanoleg yYhAwooeg (n.x. Lisp, Forth,
Smalltalk) ypag@ovTtal pe xprjon tng idlag tTn YAwooag

* [loAAoi dieppnveic ya VMs ypagovtal oe GNU C, yia
AOYOUG nou Ba yivouv Npo@aveic oTIC ENOUEVEG
OlAPAVEIEG
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Mop@ég Alepunveéwy

* APKETEC UAONOINOEIC YAWOOWYV MPOYPAUHATIOHOU
XPNOolponolouv dlepUNVEIG OUO E10WV:

- Command-line interpreter

« AlaBadel kat avaAUEL OUVTOKTIKA KOUMATIA NNyaiou KwolKa
TNG YAWOOOG TA onoia KAl EKTEAEL

« XpnNOoonoleital o€ cuoTAHaTa Nou aAANAENIdPoUV HE TO
Xpnotn
- Virtual machine instruction interpreter

o AlapBadlel Kal EKTEAEL EVTOAEC HIOG EVOLAPEONG HOPPNG
EKTEAEOIMOU KWOLIKA Onwg bytecode evToAwy HIAG EIKOVIKNG

HNXavNng
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YAotroinon Twv AlEpunvEwyY

Yndapxouv noAAoi TpOMotL uAonoinong dlEPUNVEWV:

1. Direct string interpretation

Source level interpreters are very slow because they
spend much of their time in doing lexical analysis

2. Compilation into a (typically abstract syntax) tree and
interpretation of that tree

Such interpreters avoid lexical analysis costs, but they still have

to do much list scanning (e.g. when implementing a ‘goto’ or ‘call’)

3. Compilation into a virtual machine and interpretation of
the VM code
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Aigpunveic EvroAwyv Eikovikwv Mnyxavwyv

* By compiling the program to the instruction set of a virtual
machine and adding a table that maps names and labels
to addresses in this program, some of the interpretation
overhead can be reduced

* For convenience, most VM instruction sets use integral

numbers of bytes to represent everything

- opcodes, register numbers, stack slot numbers, indices into the
function or constant table, etc.

Opcode | Reg# CONJTANT

Example: The GET_CONST?Z instruction
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Mépn TnG YAotroinong Hiag Eikovikng Mnxaving

 To pEPOG Nou anoBnkKeUETAL TO MNPOYPAUHA (0O KWOIKAG)
- To npoypappa givat pia akoAouBia and EVTOAEQ
- ®optwtng (loader)

* Mgpn nou Kataypa@ouv TNV KAataotaon (TNG EKTEAECNG)
- 2Toifa (stack)
- 2ZWwpog (heap)
- Kataxwpnteg (registers)

* 'Evag €10IKOG KATAXWPNTNG, O LETPNTNG NPOYPAUHATOGC
(program counter), d€iXVeL NAVTA OTNV ENOUEVI NPOG
EKTEANEON EVTOAN

 To ouoTtnua Xpovou ekTEAeong (runtime system)

- 2U0TNHa napaxwpenong pvnung (memory allocator)
- ZUAAEKTNG okoundlwy (garbage collector)
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H Baoikn doun evog Bytecode Interpreter

byte *pc = &byte_program[0];
while(TRUE) {

opcode = pc[0];

switch (opcode) {

case GET_CONSTZ:
source_reg_num = pc[1l];
const_num_to_match = get_2_bytes(&pc[2]);
.. // get_const2 code
pc += 4;
break;

case JUMP:
jump_addr = get_4_bytes(&pc[1]);
pc = &byte_program[jump_addr];
break;

-
}
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To align or to not align VM instructions?

2 ¢ ha 32-bit pnxavn

Opcode

Jump Address

Opcode

Jump Address

NOTE: Padding of instructions can be done by the loader.
The size of the bytecode files need not be affected.
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Bytecode Interpreter with Aligned Instructions

byte *pc = &byte_program[0];
while(TRUE) {

opcode = pc[0];

switch (opcode) {

case GET_CONSTZ:
source_reg_num = pc[1l];
const_num_to_match = get_2_bytes(&pc[2]);
.. // get_const2 code
pc += 4;
break;

case Jump: // aligned version
jump_addr = get_4_bytes(&pc[4]);
pc = &byte_program[jump_addr];
break;

-
}
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Algepunvéag HE a@nPENMEVN KWOIKOTTOINON EVTOAWYV

byte *pc = &byte_program[0];

. #define GET_CONST2_SIZEOF 4
while(TRUE) { #define JUMP_SIZEOF 8
opcode = pc[0]; #define GET_CONST2_ARG1 1
switch (opcode) { #define GET_CONST2_ARG2 2
#define JUMP_ARG1 4

case GET_CONSTZ:
source_reg_num = pc[GET_CONSTZ2_ARG1];
const_num_to_match = get_2_bytes(&pc[GET_CONST2_ARG2]);
.. // get_const2 code
PC += GET_CONSTZ2_SIZEOF;
break;

case Jump: // aligned version
jump_addr = get_4_bytes(&pc[IJUMP_ARG1]) ;
pc = &byte_program[jump_addr];
break;

-
}

EIKOVIKEG HNXAVEG, OLEPUNVEILG KAL OlAXELPLON UVNHUNG 1o




Algepunveag HE aPNPNUEVO EAEYXO

byte *pc = &byte_program[0];

while(TRUE) { #define NEXT_INSTRUCTION \
goto next_instruction

next_instruction:

opcode = pc[0];
switch (opcode) {

case GET_CONSTZ2:
source_reg_num = pC[GET_CONST2_ARG1];
const_num_to_match = get_2_bytes(&pc[GET_CONST2_ARG2]);
.. // get_const2 code
pC += GET_CONSTZ2_SIZEOF;
NEXT_INSTRUCTION;

case JUMP: // aligned version
jump_addr = get_4_bytes(&pc[JUMP_ARG1]) ;
pc = &byte_program[jump_addr];
NEXT_INSTRUCTION;

}
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‘Eppeca NnuaTikoi Aiepunveig

e 2€ Evav eUeca vnUaTiko dlepunvea (indirectly threaded interpreter)
we do not switch on the opcode encoding; instead we use the
bytecodes as indices into a table containing the addresses of the VM
instructions

« The term threaded code refers to a code representation where every
instruction is implicitly a function call to the next instruction

« A threaded interpreter can be very efficiently implemented in
assembly

* In GNU CC, we can use the labels as values C language extension
and take the address of a label with &&labelname

« We can actually write the interpreter in such a way that it uses
indirectly threaded code if compiled with GNU CC and a switch for
compatibility
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Aopn evog Eppeca NnuaTikou Aligpunvea

byte *pc = &byte_program[0];
while(TRUE) {
hext_instruction:

static void *label_tab[] = {
&&get_const2_label,

opcode = pc[0]; &&jump_Tlabel,
switch (opcode) { }
e #define NEXT_INSTRUCTION \
case GET_CONSTZ: goto *(void *)(label_tab[*pc])

get_const2_Tlabel:
source_reg_num = pC[GET_CONST2_ARG1];
const_num_to_match = get_2_bytes(&pc[GET_CONST2_ARG2]);
.. // get_const2 code
PpC += GET_CONST2_SIZEOF;
NEXT_INSTRUCTION;

case JUMP: // aligned version

jump_Tlabel:
jump_addr = get_4_bytes(&pc[JUMP_ARG1]) ;
pc = &byte_program[jump_addr];
NEXT_INSTRUCTION;

.-
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Aupeoca NnuaTikoi Aieppnveig

* In a directly threaded interpreter, we do not use the
bytecode instruction encoding at all during runtime

* Instead, the loader replaces each bytecode instruction
encoding (opcode) with the address of the
implementation of the instruction

* This means that we need one word for the opcode, which
Increases the VM code size
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Aopun evog Apeca Nnpatikou Aigppnvea

byte *pc = &byte_program[0];
while(TRUE) {
next_instruction:

opcode = pc[0];

}

switch (opcode) {

case GET_CONSTZ:
get_const2_label:

static void *label_tab[] = {
&&get_const2_label,
&&jump_Tlabel,

}
#define NEXT_INSTRUCTION \

goto **(void **)(pc)

source_reg_num = pC[GET_CONST2_ARG1];
const_num_to_match = get_2_bytes(&pc[GET_CONST2_ARG2]);

.. // get_const2 code
pC += GET_CONST2_SIZEOF;
NEXT_INSTRUCTION;

case JUMP: // aligned version
jump_Tlabel:
pc = get_4_bytes(&pc[JUMP_ARG1]);
NEXT_INSTRUCTION;

-

#define GET_CONST2_SIZEOF 8
#define JUMP_SIZEOF 8
#define GET_CONST2_ARG1 5
#define GET_CONST2_ARG2 6
#define JUMP_ARG1 4
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NnuaTtikog Aigpunveéag pe Xpnon Prefetching

byte *pc = &byte_program[0];
while(TRUE) {
next_instruction:

opcode = pc[0];

switch (opcode) {

case GET_CONSTZ2:

get_const2_label:
source_reg_num = pC[GET_CONST2_ARG1];
const_num_to_match = get_2_bytes(&pc[GET_CONST2_ARG2]);
pC += GET_CONST2_SIZEOF; // prefetching
.. // get_const2 code
NEXT_INSTRUCTION;

case JUMP: // aligned version
jump_Tlabel:
pc = get_4_bytes(&pc[JUMP_ARG1]);
NEXT_INSTRUCTION;

-
}
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Subroutine Threaded Interpreter

* The only portable way to implement a threaded
interpreter in C is to use subroutine threaded code

« Each VM instruction is implemented as a function and at
the end of each instruction the next function is called
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Stack-based vs. Register-based VMs

A VM can either be stack-based or register-based

- In a stack-based VM most operands are (passed) on the stack
* The stack can grow as needed

- In a register-based VM most operands are passed in (virtual)
registers

* These registers are often implemented using an array rather
than physical machine registers

« The number of registers is limited

« Most VMs are stack-based

- Stack machines are simpler to implement
- Stack machines are easier to compile to
- Less encoding/decoding to find the right register

- Unless virtual registers are mapped to physical registers, virtual
registers are not faster than stack slots
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Virtual Machine Interpreter Tuning

Common VM interpreter optimizations include:

Writing the interpreter loop and key instructions in assembly

Keeping important VM registers (pc, stack top, heap top) in
hardware registers

« GNU C allows global register variables
Top of stack caching

Splitting the most used set of instruction into a separate
interpreter loop
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Instruction Merging and Specialization

Instruction Merging: A sequence of VM instructions is
replaced by a single (mega-)instruction
- Reduces interpretation overhead
- Code locality is enhanced

- Results in more compact bytecode
- C compiler has bigger basic blocks to perform optimizations on

Instruction Specialization: A special case of a VM instruction
IS created, typically one where some arguments have a
known value which is hard-coded

- Eliminates the cost of argument decoding
- Results in more compact bytecode representation
- Reduces the register pressure from some basic blocks
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