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Mepiexopeva

» EwovikEG unxavég (Virtual Machines)
* Aepunveig (Interpreters)
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Eikovikég Mnxavég (Virtual Machines)

Ot eikovikeg pnyaveg (VMs) anoteAouv €va evolAPECO
OTAOI0 OTN HETAYAWTTION TWV YAWCOWV NPOYPAUUATIOUOU

* OLVMs gival pnyaveg dIOTL enttpénouv T BAUA NPOG
BrApa eKTEAEON TWV NPOYPAUUATWY
* OLVMs gival elkovikeS (7 a@npnueveg) BLIOTL ouvhBwg

- Ogv UAOMOLOUVTAL OTO UAIKO KAMOLOU UMOAOYLOTH)

- napaAeinouv NOANEG and TIG AENTOUEPELEG TWV NPAYHATIKWY
UNOAOYIOTIKWY pNXavwy (autwv nou ulonotwouvtal oc hardware)

* O1VMs ouvnBwg £€Xouv CUCTATIKA OTOLXEIO NOU UAOMOLOUV
AELTOUpYiEG Nou €ival avaykaieg yia tnv uAonoinon
OUYKEKPIHEVWY (KAAOEWV) YAWOOWV NPOYPAUHOTIOHOU
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Eikovikég Mnxavég: MAgovekThpaTa

* [epupwvouv TO XAoua Tou uwnAou ennEdou Twv
YAWOOWV NPOYPAUUATIOHOU KAl TOU XapnAou ennedou
TWV NPAYHATIKWY UNOAOYIOTWY HNXAVWV

* Anattouv AlyoTtepn Nnpoonadela yia Tnv uAonoinar] Toug
KAl yla TN HETAYAWTTION TWV NPOYPAUUATWYV

* O NEPAPATIONOG KAl N LETATPOMNA TOUG £ival EUKOAOTEPN
and OTL N petaTponn evoG HETAYAWTTIOTH yia TN YAWooO
- ZNMAVTIKEG IOIOTNTEG, EOIKA VIO NPWTOEUPAVI{OUEVEG YAWOOEG
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Eikovikég Mnyavég: MAgovekTApATA

» [lpoo@€pouv augnuévn gopntdTnTa (portability)
- Oudiepunveic VM cuvhbwg uhonolouvtal oe C
- O VM kwdKaG prnopei va peTapepei pEow S1adIKTUOU KAl va
TPEEEL OTIG NEPLOCOTEPEG UNOAOYIOTIKEG NAATPOPUES
- 2ZuvABwg, 0 VM KWwdIKag yla €va npoypappa eival (OnNUAavTika)
HKPOTEPOG O PEYEBOG and TOV AVTIOTOLXO KWAIKA UNXAVAG

* ApPKETEG 101OTNTEG ao@aAelag Tou VM Kwdika pnopouv va
enaAnBeuBouv (verified) pnxavika

+ Eival eukoAdtepo va anodeifoupe Tunika Tnv opBOTNTA
TOu OoXedLO0oHOU Kal TG uAonoinong twv VMs

* H pétpnon tng enidoong (profiling) kat n anoc@aApdtwon
(debugging) npoypappdTwy eival EUKOAOTEPEG
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Eikovikég Mnxavég: MelokTApaTa

+ Xelpdtepn €nidoon (0 XpOVO) TwV OIEPUNVEWV ELKOVIKWV
HNXaVWV O€ OXEON KE TNV EKTEAECN EVTOAWV O€ YAWOOA
pNxavng Adyw Tou

- EmnA€ov kéoTtoug diepunviag (overhead of interpretation)

- 'Ot givat onuavTika nio dUoKoAo va enweeAnBolpe and kanola
XOPOKTNPLOTIKA TOU HoVTEPVOU hardware Twv unoAoyloTwy
(n.x. Tou hardware-based branch prediction)
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loTopia Twv Eikovikwv Mnxavwyv

+  Ounpwteg VMs gpgaviotnkav ota T€AN tTng dekaetiag Tou 1950

*  Ounpwteg uhonowoelg Tng Lisp (1958) xpnowonoincav VMs pe autépatn
avakUKAwaon pvAung (garbage collection), sandboxing, reflection, kat
O1adpaaTIKO @A0LO (interactive shell)

*  XTIG apxEg TG dekaetiag Tou 1970, n yAwooa Forth xpnowonoinoe pa pikpr
KOl OXETIKA €UKOAa uhonotroun VM

* HyAMwooa Smalltalk (TéAn Tou 1970) ATav and TI§ NPWTEG YAWOOEG TNG onoiag n
uAonoinan enéTpene TNV aANOYR TOU KWOLKA KATA TN SIAPKEL EKTEAETNG TOU
NPOoYPAHHATOG (MPWTO NPAYHATIKG dladpaaTikr) uhonoinon
QAVTIKEWHEVOOTPEPOUG YAWOOAG NPOYPAUUATIOHOU)

» H ulonoinon tng yAwooag Self peow VM (Té€An tou 1980), piag yAwooag pe
noAAd Kowvd otolxeia pe tn Smalltalk, katdepe va eival TETola wote n enidoon
NG va pn SlopEPEL NOAU and QUTAY NOU AVTIOTOLKOL LETAYAWTTIOTEG TNG
yAwaoaoag emriyxavav

» HJava (p€oa tou 1990) €kave TG VMs gupEwg XPNOLHONOIOUHEVEG KAL YVWOTEG
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EmiAoyég oxediaopou Twv Eikovikwv Mnxavwyv

+ Kanoleg enthoyeg axedlaopou Twv VMs gival napOpoLeg pe ENAOYEG
Nou KAVOUUE KATA TO OXEBIAOUO TNG HOPPRAG TOU EVOLAUETOU KWAIKA
€vOoG petayAwTTioth. MNa napddelypa

- O€NOUE N UNXAVA VO XPNOWOLNOLEITAL OE MOANEG OLAPOPETIKEG
OPXLTEKTOVIKEG Kal AEITOUPYIKA CUCTANOTA; (6nwg n.x. n JVM)

- O£NOUE N UNXAVA VO XpNolonoleital o€ NOANEG SIOQOPETIKEG YAWOOEG
nnyaiou KwdIka; (6nwg n.x. to CLI/CLR (.NET))

+ Kdanoleg GAAeg gival napdpoleg e auTeG Tou backend evég compiler:

- Eivat kaAUTtepn enidoon No onpavTikh and peyaAluTepPn OpPNTOTNTA;

- Eivaw n agonwotia no onpavtikr and tnv enidoon;

- Eival to (ukpdTEPO) pHEYEDBOG TOU KWK NIO ONUAVTIKOG NOPAYOVTAG
ano tnv enidoon og TaxUTNTA TG UNXAVAG;

* Kdanoleg GAAEG NOPOUOLEG HE AUTEG TWV AEITOUPYIKWY CUCTNHATWVY:

- MNwg vhonoleital n daxeiplon PVAUNG, O TAUTOXPOVIOUOG, Ol EEALPETELG, ...

- Eival n pkpn katavéAdwon pvAung, to scalability, i n acedAeia no
ONUAaVTIKA XapaKTNPLOTIKA and Tnv enidoon;
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2UOCTATIKG TwV EIKoviIKwyv Mnxavwyv

YAotroinon Twv Eikovikwv Mnxavwv

« EtaptwvTtal and noAAoUG NapayovTeG:
- Eivain yAwooa (to nepiBdiiov TnG YAwooag) SladpacTIKh;
- HyAwooa unootnpidel evdookonnon (reflection) kav'rj Suvapko
POpTWHA KWK (dynamic loading);
- Eivain enidoon to nav;
- Xpewdletal n YAWoOO va unootneifel TAUTOXPOVIOUO;
- Eivatanapaitnto to sandboxing;

*  OL EKOVIKEG HNXAVEG OUVABWG ypagovTal o€ “@opnTeg”
YAWOOEG NPOYPAPMATIONOU 6nwg N C A n C++

* [a p€pn nou givat onuavTika ya tnv €nidoon tng
ELKOVIKAG KNXAVAG, OUVABWG Xpnotponoloupe assembly

* EIKOVIKEG UNXAVEG Yyla KAnoleg YAwooeg (n.x. Lisp, Forth,
Smalltalk) ypagovtal pe xprion tng idlag tn yA\wooag

* [loAAoi dieppunveig yia VMs ypagovtal oe GNU C, yia
AGYoUG Nou Ba yivouv NPoQaveic oTIC ENOUEVEG

dlaPAVELEG
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Mop@ég Aieppunvéwy YAotroinon Twv Aleppunvéwy

*  APKETEG UNOMNOIAOELG YAWOOWV NPOYPAUUATIONOU
XPNoonolouv dlepunveic dUo edwv:

- Command-line interpreter

» AaBadel kat avaAUel GUVTAKTIKA KOUUATLO NNyaiou KWOKa
NG YAWOOOG Ta onoia Kal EKTEAEL
+ Xpnowonoleital o€ CUGTARATA NOU AAANAENBPOUV UE TO
Xpnotn
- Virtual machine instruction interpreter

» AloBadel Kal EKTEAEL EVTOAEG HIOG EVOLAPECNG HOPYPNG
EKTEAEDIOU KWOIKa Onwg bytecode evTOAwY HIAG EIKOVIKNG

HNXavAg

EWKOVIKEG UNXaVEG, DlEPUNVEIG Kat SlaxXEiplon UvAUNgG 11

Yndpxouv noAAoi Tpdnot 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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Aigpunveig EvioAwv Eikovikwv Mnxavwyv

» 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# CONSTANT

Example: The GET_CONST?Z instruction
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Mépn Tng YAoTtroinong piag Eikovikig Mnxavng

* To PEPOG NOU anoBnKeUETAL TO NPOYPAUUA (O KwOLKAG)
- To npdypappa gival pia akoAouBia and eVTOAEG
- ®opTtwtAg (loader)

* MéEpn nou Kataypd@ouv TNV KATAoTaoN (TNG EKTEAEONG)
- XToiBa (stack)
- Zwpog (heap)
- Kataxwpntég (registers)
* 'Evag €181kdg KaTtaxwpnTAG, 0 LETPNTAG NPOYPAMLATOG
(program counter), 8eixvelL nAvTa atnv eNOUEVN NPOG
EKTENEDN EVTONA

* To ouotnua xpdvou ekTEAEONG (runtime system)

- 2Z00Tnua napayxwpenong pvAung (memory allocator)
- ZUM\ékTNnG okounduwy (garbage collector)
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H Baoiki dopn evog Bytecode Interpreter

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

opcode = pc[0];

switch (opcode) {

case GET_CONST2:
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;

)

}

EIKOVIKEG UNXAVEG, BIEPUNVEIG KOt SlaXEipIon UviApNgG 15

To align or to not align VM instructions?

2.¢ pia 32-bit unxavi

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

Aigppnvéag pe a@npenUEVN KWAIKOTTOINON EVTOAWY

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

opcode = pc[0];

switch (opcode) {

case GET_CONST2:
source_reg_num = pc[1];
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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byte *pc = &byte_program[0];
v P Y prog (ol #define GET_CONST2_SIZEOF 4

while(TRUE) { #define JUMP_SIZEOF 8
opcode = pc[0]; #define GET_CONST2_ARGL 1
switch (opcode) { #define GET_CONST2_ARG2 2

#define JUMP_ARGL 4

case GET_CONST2:
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;
break;

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

)
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Algeppnvéag pe a@npnuévo EAsyxo

‘Eppeoca Nnuatikoi Aigpunveig

byte *pc = &byte_program[0];

while(TRUE) { #define NEXT_INSTRUCTION \
goto next_instruction

next_instruction:

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

case GET_CONST2:
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 JumpP: // aligned version
jump_addr = get_4_bytes(&pc[IJUMP_ARG1]);
pc = &byte_program[jump_addr];
NEXT_INSTRUCTION;

¥
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+ g évav €peoa vnuatikéd diepunvea (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

» Athreaded 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 Algppunveéa

Apeoa NnpaTikoi Alepunveig

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

opcode = pc[0];

switch (opcode) {

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

&&jump_Tabel,

1
- #define NEXT_INSTRUCTION \
case GET_CONST2:

goto *(void *)(Tabel_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
pC += GET_CONST2_SIZEOF;
NEXT_INSTRUCTION;

case JUMP: // aligned version

jump_Tlabel:
jump_addr = get_4_bytes(&pc[IJUMP_ARG1]);
pc = &byte_program[jump_addr];
NEXT_INSTRUCTION;

-
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* |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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Aopn evég Apeoca NnuaTtikou Algpunvéa

Nnpatikég Aigpunvéag pe Xpion Prefetching

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

opcode = pc[0];

switch (opcode) {

&&get_const2_label,
&&jump_label,

case GET_CONST2: goto **(void **)(pc)

static void *label_tab[] = {

#define NEXT_INSTRUCTION \

get_const2_Tlabel:
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_Tabel: #define JUMP_SIZEOF 8

#define GET_CONST2_SIZEOF 8

pc = get_4_bytes(&c[JUMP_ARG1]); | #define GET_CONST2_ARG1 5

NEXT_INSTRUCTION;
#define JUMP_ARG1 4

#define GET_CONST2_ARG2 6

L
}

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

opcode = pc[0];

switch (opcode) {

case GET_CONST2:

get_const2_Tlabel:
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_Tabel:
pc = get_4_bytes(&pc[IJUMP_ARG1]);
NEXT_INSTRUCTION;

)
1
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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 aregister-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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