
&D4AE?OFVO F4 6<>BA4AAO: >B@CV?OFBD, 
VAF5DCD5F4FBD, >B@CBAB6G64?LA<>
&59 4B>G@5AF CD54EF46?OT EB5BN BCBDA89 >BAEC5>F 7 F5@8 "&D4AE?OFVO F4 68>BA4AAO: >B@CV?OFBD, VAF5DCD5F4FBD, 
>B@CBAB6G64?LA8>", O>89 BEBC?NT >?NGB6V 4EC5>F8 C5D5F6BD5AAO CDB7D4@AB7B >B4G 6V4 A4C8E4AAO 4B 68>BA4AAO. ' 
>BAEC5>FV DB77?O44NFLEO CD8AF8C8 DB5BF8 >B@CV?OFBDV6 F4 VAF5DCD5F4FBDV6, 5F4C8 >B@CV?OFVW, DB?L >B@CBAG64?LA8>V6, 
68>BD8EF4AAO 5V5?VBF5>, @5FB48 BCF8@V74FVW >B4G F4 EGG4EAV F5A45AFVW 6 74?G7V FD4AE?OFVW CDB7D4@. �4F5DV4? @VEF8FL 
F5BD5F8GAV 6V4B@BEFV, CD4>F8GAV CD8>?448 F4 F5EFB6V 74644AAO 4?O 5D5>F86ABW CV47BFB6>8 4B �$�� 7 VADBD@4FV9A8E 
F5EAB?B7V9.



�B@CV?OFBD<: BEAB6AV CD<AF<C< DB5BF<
�B@CV?OFBD 3 F5 EC5FV4?LA4 CDB7D4@4, O>4 C5D5F6BDNT 68EV4A89 >B4, A4C8E4A89 @B6BN CDB7D4@G64AAO 68EB>B7B DV6AO, 
A4 5>6V64?5AFA89 >B4 A87L>B7B DV6AO (@4L8AA89 >B4 45B 4E5@5?5D), O>89 @B65 5GF8 557CBE5D54ALB 68>BA4A89 
CDBF5EBDB@ >B@C'NF5D4. "EAB6A8@ CD87A4G5AAO@ >B@CV?OFBD4 T 74557C5G5AAO @B6?86BEFV 68>BD8EF4AAO 7DGGA8E 4?O 
?N48A8 @B6 CDB7D4@G64AAO, 7 CB44?LL8@ WE C5D5F6BD5AAO@ G DBD@G, 7DB7G@V?G 4?O >B@C'NF5D4.

�DEVF9>FGD4 F<CB6B7B >B@CV?OFBD4

&8CB689 >B@CV?OFBD @4T @B4G?LAG EFDG>FGDG V E>?444TFLEO 7 A4EFGCA8E BEAB6A8E >B@CBA5AFV6:

�5>E8GA89 4A4?V74FBD (scanner) - DB75864T 68EV4A89 F5>EF A4 ?5>E5@8

%8AF4>E8GA89 4A4?V74FBD (parser) - C5D56VDOT 6V4CB6V4AVEFL >B4G 7D4@4F8FV @B68

%5@4AF8GA89 4A4?V74FBD - C5D56VDOT E@8E?B6G >BD5>FAVEFL CDB7D4@8

�5A5D4FBD CDB@V6AB7B >B4G - EF6BDNT C?4FDBD@B-A574?56A5 CD54EF46?5AAO

"CF8@V74FBD - CB>D4MGT 5D5>F86AVEFL >B4G

�5A5D4FBD FV?LB6B7B >B4G - EF6BDNT @4L8AA89 >B4 4?O >BA>D5FABW C?4FDBD@8

%F4F<GA4 F4 8<A4@VGA4 >B@CV?OFVO

%F4F8GA4 >B@CV?OFVO C5D5454G4T CB6A5 C5D5F6BD5AAO 68EV4AB7B >B4G A4 @4L8AA89 >B4 C5D54 68>BA4AAO@ CDB7D4@8. 
&5 FD448FV9A89 CV4EV4, O>89 68>BD8EFB6GTFLEO 6 F4>8E @B64E, O> C V C++. �8A4@VGA4 (JIT) >B@CV?OFVO C5D5454G4T 
C5D5F6BD5AAO >B4G 557CBE5D54ALB CV4 G4E 68>BA4AAO CDB7D4@8, MB 4B76B?OT 74EFBEB6G64F8 BCF8@V74FVW A4 BEAB6V 
VADBD@4FVW, 4BEFGCABW ?8L5 CV4 G4E 68>BA4AAO.

�9D9647< >B@CV?OFBDV6
�8EB>4 L684>VEFL 68>BA4AAO 
7BFB68E CDB7D4@

�V4EGFAVEFL A5B5EV4ABEFV 6 
4B44F>B6B@G #� 4?O 74CGE>G

 B6?86VEFL 7?85B>BW 
BCF8@V74FVW >B4G

$4AAT 68O6?5AAO 5474FLBE 
F8CV6 CB@8?B>

�98B?V>< >B@CV?OFBDV6
!5B5EV4AVEFL CB6ABW 
C5D5>B@CV?OFVW CD8 7@VAV >B4G

%>?44ABEFV 7 >DBE-
C?4FDBD@ABN DB7DB5>BN

�B6L89 G4E DB7DB5>8 G5D57 
F8>? "D5447G64AAO-
>B@CV?OFVO-74CGE>"

"5@565A4 VAF5D4>F86AVEFL CV4 
G4E DB7DB5>8

�D<>?48< EGG4EA<E 
>B@CV?OFBDV6

GCC (GNU Compiler Collection) 
4?O C, C++, Fortran F4 VAL8E @B6

Clang/LLVM - EGG4EA4 
VADD4EFDG>FGD4 >B@CV?OFVW 7 
@B4G?LABN 4DEVF5>FGDBN

MSVC (Microsoft Visual C++) 4?O 
DB7DB5>8 CV4 Windows

Intel C++ Compiler - 
BCF8@V7B64A89 4?O 
CDBF5EBDV6 Intel

%GG4EAV >B@CV?OFBD8 G4EFB VAF57DGNFLEO 6 5V?LL E>?44AV E8EF5@8, MB CBT4AGNFL DGA>FVW >B@CV?OFVW, >B@CBAG64AAO, 
BCF8@V74FVW F4 VAEFDG@5AF8 A4?47B465AAO 4?O 74557C5G5AAO 5D5>F86AB7B DB768F>G CDB7D4@AB7B 74557C5G5AAO. �BA8 
CBEFV9AB 64BE>BA4?NNFLEO, MB5 74557C5G8F8 >D4MG CDB4G>F86AVEFL, 557C5>G F4 CV4FD8@>G AB68E EF4A44DFV6 @B6 
CDB7D4@G64AAO.



�F4C< >B@CV?OFVW CDB7D4@
#DBF5E >B@CV?OFVW CDB7D4@8 4 F5 E>?44A89, 5474FB5F4CA89 CDBF5E C5D5F6BD5AAO 68EV4AB7B >B4G G 68>BAG64A89 
@4L8AA89 >B4. �B65A 5F4C 68>BAGT EC5F8DVGAG DGA>FVN F4 @4T 6?4EAV @5FB48 4A4?V7G F4 C5D5F6BD5AAO >B4G. 
$B77?OA5@B 45F4?LAB >B65A 7 BEAB6A8E 5F4CV6 >B@CV?OFVW.

�9>E<GA<= 4A4?V; (tokenization)
!4 FLB@G 5F4CV 68EV4A89 F5>EF CDB7D4@8 

DB75864TFLEO A4 CBE?V4B6AVEFL ?5>E5@ (tokens) 4 
A49@5AL8E 7A4GGM8E B48A8FL @B68 

CDB7D4@G64AAO. �5>E5@8 6>?NG4NFL >?NGB6V 
E?B64, V45AF8DV>4FBD8, ?VF5D4?8, BC5D4FBD8 F4 

DB74V?LA8>8. �5>E8GA89 4A4?V74FBD F4>B6 
6844?OT >B@5AF4DV F4 V7ABDGT CDB5V?8.

%<AF4>E<GA<= 4A4?V;
!4 FLB@G 5F4CV ?5>E5@8 7DGCGNFLEO 6 7D4@4F8GAV 
EFDG>FGD8 77V4AB 7 CD468?4@8 7D4@4F8>8 @B68 
CDB7D4@G64AAO. $57G?LF4FB@ E8AF4>E8GAB7B 
4A4?V7G T CB5G4B64 45D564 DB75BDG 45B 
45EFD4>FAB7B E8AF4>E8GAB7B 45D564 (AST), O>5 
6V4B5D464T EFDG>FGDG CDB7D4@8.%9@4AF<GA<= 4A4?V;

&59 5F4C C5D56VDOT >BD5>FAVEFL 68>BD8EF4AAO 
F8CV6 44A8E, 687A4G5AAO F4 68>BD8EF4AAO 

7@VAA8E, C5D56VDOT >BAF5>EFAV B5@565AAO @B68. 
%F6BDNTFLEO F45?8FO E8@6B?V6, O>4 @VEF8FL 

VADBD@4FVN CDB V45AF8DV>4FBD8 F4 WEAV 
E4D4>F5D8EF8>8.

�CF<@V;4FVO CDB@V:AB7B >B8G
!4 FLB@G 5F4CV >B@CV?OFBD C5D5F6BDNT AST 45B 
45D56B DB75BDG 6 CDB@V6A5 CD54EF46?5AAO (IR), 
O>5 BCF8@V7GTFLEO 4?O CB>D4M5AAO 
5D5>F86ABEFV @495GFALB7B @4L8AAB7B >B4G. 
�4EFBEB6GNFLEO DV7AV @5FB48 BCF8@V74FVW: 
6844?5AAO ECV?LA8E CV468D47V6, 77BDF4AAO 
>BAEF4AFA8E 68D47V6, BCF8@V74FVO F8>?V6 FBMB.

�9A9D4FVO @4H<AAB7B >B8G
$VA4?LA89 5F4C, A4 O>B@G BCF8@V7B64A89 

CDB@V6A89 >B4 C5D5F6BDNTFLEO A4 @4L8AA89 
>B4 FV?LB6BW C?4FDBD@8. �D4EB6GNFLEO 

BEB5?86BEFV 4DEVF5>FGD8 CDBF5EBD4, E8EF5@8 
>B@4A4, D57VEFDV6 F4 @B45?V C4@'OFV.

�D<>?48 CDBEB8:9AAO >B8G G9D9; 9F4C< >B@CV?OFVW

�F4C �8EV4A89 >B4: int sum = a + b;

�5>E8GA89 4A4?V7 [INT], [SUM], [=], [A], [+], [B], [;]

%8AF4>E8GA89 4A4?V7 DECLARATION(TYPE(int), ASSIGN(ID(sum), ADD(ID(a), 
ID(b))))

%5@4AF8GA89 4A4?V7 #5D56VD>4: G8 B7B?BL5AV 7@VAAV a V b; C5D56VD>4 
EG@VEABEFV F8CV6

#DB@V6A89 >B4 temp = a + b; sum = temp

"CF8@V74FVO sum = a + b (557 F8@G4EB6BW 7@VAABW)

 4L8AA89 >B4 MOV EAX, [a]; ADD EAX, [b]; MOV [sum], EAX

�4DFB 747A4G8F8, MB 6 EGG4EA8E >B@CV?OFBD4E FV 5F4C8 @B6GFL 5GF8 VAF57DB64AV 45B DB758FV A4 5V?LL 4DV5AV >DB>8. 
!4CD8>?44, BCF8@V74FVO G4EFB 68>BAGTFLEO A4 DV7A8E DV6AOE 45EFD4>FVW. &4>B6, 45O>V >B@CV?OFBD8 @B6GFL 75A5DG64F8 A5 
@4L8AA89 >B4, 4 CDB@V6A5 CD54EF46?5AAO (O> G LLVM) 45B 4E5@5?5D, O>89 CBFV@ 5G45 B5DB5?5A89 4E5@5?5DB@ F4 
>B@CBAG64?LA8>B@.

$B7G@VAAO 5F4CV6 >B@CV?OFVW T 646?868@ A5 FV?L>8 4?O DB7DB5A8>V6 >B@CV?OFBDV6, 4?5 9 4?O CDB7D4@VEFV6, BE>V?L>8 F5 
4BCB@474T 5D5>F86AVL5 C8E4F8 >B4 F4 DB7G@VF8 CD8DB4G 5474FLBE CB@8?B>, 7 O>8@8 6BA8 EF8>4NFLEO CV4 G4E DB7DB5>8 
CDB7D4@AB7B 74557C5G5AAO.



�AF9DCD9F4FBD<: CD<AF<C< DB5BF<
�AF5DCD5F4FBD 3 F5 CDB7D4@A5 74557C5G5AAO, O>5 557CBE5D54ALB 68>BAGT VAEFDG>FVW, A4C8E4AV @B6BN CDB7D4@G64AAO 
68EB>B7B DV6AO, 557 CBC5D54ALB7B C5D5F6BD5AAO WE G @4L8AA89 >B4. !4 6V4@VAG 6V4 >B@CV?OFBD4, VAF5DCD5F4FBD 4A4?V7GT 
F4 68>BAGT >B4 DO4B> 74 DO4>B@ G D54?LAB@G G4EV, MB A444T C56A8E C5D5647 V B5@565AL 4?O CDBF5EG DB7DB5>8 F4 
68>BA4AAO CDB7D4@.

�?7BD<F@ DB5BF< VAF9DCD9F4FBD4

&8CB689 VAF5DCD5F4FBD CD4FNT 74 A4EFGCA8@ 4?7BD8F@B@:

�G8FG64AAO DO4>4 45B 5?B>G 68EV4AB7B >B4G1.

�A4?V7 >B4G (?5>E8GA89, E8AF4>E8GA89, E5@4AF8GA89)2.

�57CBE5D54AT 68>BA4AAO CDB4A4?V7B64AB7B >B4G3.

�55D565AAO D57G?LF4FV6 68>BA4AAO 6 C4@'OFV VAF5DCD5F4FBD44.

�5D5EV4 4B A4EFGCAB7B DO4>4 45B 5?B>G >B4G5.

&59 CDBF5E CB6FBDNTFLEO 4?O >B6ABW G4EF8A8 CDB7D4@8, MB 68>BAGTFLEO. �D8 FLB@G VAF5DCD5F4FBD CV4FD8@GT 
E5D54B68M5 68>BA4AAO, MB @VEF8FL CBFBGA89 EF4A 7@VAA8E, DGA>FV9 F4 B5'T>FV6 CDB7D4@8.

�<8< VAF9DCD9F4FBDV6

'<EFV VAF9DCD9F4FBD<
�57CBE5D54ALB VAF5DCD5FGNFL 
68EV4A89 >B4 557 5G4L-O>B7B 
CDB@V6AB7B C5D5F6BD5AAO 
(A4CD8>?44, EF4DV 65DEVW BASIC).

�AF9DCD9F4FBD< ; 
CDB@V:A<@ >B8B@
%CBG4F>G C5D5F6BDNNFL 68EV4A89 
>B4 G 549F->B4, O>89 CBFV@ 
VAF5DCD5FGTFLEO (Python, Java 4B JIT-
>B@CV?OFVW).

JIT->B@CV?OFBD<
�8A4@VGAB >B@CV?NNFL G4EFB 
68>BAG64AV DD47@5AF8 >B4G 6 
@4L8AA89 >B4 CV4 G4E 68>BA4AAO 
4?O CV468M5AAO CDB4G>F86ABEFV 
(V8 4?O JavaScript).

�9D9647< VAF9DCD9F4FVW
!5@4T A5B5EV4ABEFV 6 B>D5@B@G 5F4CV >B@CV?OFVW 3 
CDB7D4@G @B6A4 74CGEF8F8 6V4D47G CVE?O A4C8E4AAO

�DBE-C?4FDBD@AVEFL 3 B48A V FB9 65 >B4 @B65 
68>BAG64F8EO A4 DV7A8E C?4FDBD@4E 557 7@VA

�8A4@VGA5 F8CV7G64AAO F4 68>BA4AAO ECDBMGNFL 
L684>5 CDBFBF8CG64AAO

�57L5 D54?V7G64F8 VAF5D4>F86A89 D568@ DB7DB5>8 F4 
A4?47B465AAO

 B6?86VEFL 7@VAN64F8 >B4 CDB7D4@8 CV4 G4E WW 
68>BA4AAO (@5F4CDB7D4@G64AAO)

�98B?V>< VAF9DCD9F4FVW
!86G4 CDB4G>F86AVEFL CBDV6AOAB 7 E>B@CV?LB64A8@8 
CDB7D4@4@8 G5D57 A4>?44AV 68FD4F8 A4 4A4?V7 >B4G 
CV4 G4E 68>BA4AAO

�8M4 ECB6864AAO C4@'OFV, BE>V?L>8 VAF5DCD5F4FBD 
CB68A5A 5GF8 7464AF465A89 D47B@ V7 CDB7D4@BN

�5O>V CB@8?>8 @B6GFL CDBO68F8EO ?8L5 CV4 G4E 
68>BA4AAO, MB GE>?44ANT A4?47B465AAO

 5ALV @B6?86BEFV 4?O BCF8@V74FVW >B4G CBDV6AOAB 7 
>B@CV?OFBD4@8

�8EV4A89 >B4 CDB7D4@8 4BEFGCA89 >BD8EFG64G4@, MB 
@B65 EF6BDN64F8 CDB5?5@8 7 VAF5?5>FG4?LABN 
6?4EAVEFN

�D<>?48< CBCG?ODA<E VAF9DCD9F4FBDV6

%5D54 A496V4B@VL8E VAF5DCD5F4FBDV6 @B6A4 684V?8F8 Python (CPython, PyPy), JavaScript (V8 G Chrome, SpiderMonkey G 
Firefox), Ruby (MRI, YARV), PHP, Perl, R F4 VALV. �474FB EGG4EA8E "VAF5DCD5F4FBDV6" D4>F8GAB 68>BD8EFB6GNFL 7V5D84A89 
CV4EV4, CBT4AGNG8 5?5@5AF8 VAF5DCD5F4FVW F4 >B@CV?OFVW 4?O 4BEO7A5AAO BCF8@4?LAB7B 54?4AEG @V6 7DGGAVEFN DB7DB5>8 
F4 CDB4G>F86AVEFN.



�BDV6AOAAO >B@CV?OFBDV6 F4 VAF9DCD9F4FBDV6
�B@CV?OFBD8 F4 VAF5DCD5F4FBD8 CD54EF46?ONFL 464 DGA44@5AF4?LAB DV7A8E CV4EB48 4B FD4AE?OFVW F4 68>BA4AAO 
CDB7D4@AB7B >B4G. �B65A 7 A8E @4T E6BW C5D56478 F4 A54B?V>8, O>V DB5?OFL WE 5V?LL CD844FA8@8 4?O DV7A8E EF5A4DVW6 
68>BD8EF4AAO.  B7G@VAAO F8E 6V4@VAABEF59 T >D8F8GAB 646?868@ 4?O CD468?LAB7B 685BDG VAEFDG@5AFV6 DB7DB5>8 F4 
BFVA>8 5D5>F86ABEFV CDB7D4@AB7B 74557C5G5AAO.

,6<8>VEFL 6<>BA4AAO CDB7D4@<

�DB7D4@8, E>B@CV?LB64AV 6 @4L8AA89 >B4, 74768G49 68>BAGNFLEO 7A4GAB L684L5, AV6 VAF5DCD5FB64AV CDB7D4@8. &5 
CB6'O74AB 7 F8@, MB >B@CV?OFBD 68>BAGT 6EN DB5BFG 7 4A4?V7G F4 C5D5F6BD5AAO >B4G 74744?57V4L, 4 CV4 G4E 68>BA4AAO 
CDBF5EBD 557CBE5D54ALB CD4FNT 7 BCF8@V7B64A8@ @4L8AA8@ >B4B@. �AF5DCD5F4FBD, A46C4>8, @4T 4A4?V7G64F8 F4 
C5D5F6BDN64F8 68EV4A89 >B4 CV4 G4E 68>BA4AAO, MB EF6BDNT 4B44F>B6V A4>?44AV 68FD4F8.

�4A4> EGG4EAV F5EAB?B7VW JIT->B@CV?OFVW (Just-In-Time) G 
F4>8E E8EF5@4E, O> Java HotSpot VM 45B .NET CLR, 7A4GAB 
7@5ALGNFL DB7D86 G CDB4G>F86ABEFV @V6 
>B@CV?LB64A8@8 F4 VAF5DCD5FB64A8@8 @B64@8. JIT-
>B@CV?OFBD8 4A4?V7GNFL 68>BA4AAO CDB7D4@8 6 
D54?LAB@G G4EV F4 48A4@VGAB >B@CV?NNFL "74DOGV" 
4V?OA>8 >B4G, MB G4EFB 68>BD8EFB6GNFLEO, 6 5D5>F86A89 
@4L8AA89 >B4.

"4>B6 64DFB 747A4G8F8, MB CDB4G>F86AVEFL 74?568FL A5 
FV?L>8 6V4 @5FB4G FD4AE?OFVW, 4?5 9 6V4 VAL8E D4>FBDV6, 
F4>8E O> 48749A @B68, 5D5>F86AVEFL D54?V74FVW C56A8E 
4?7BD8F@V6 F4 A4O6AVEFL BCF8@V7B64A8E 5V5?VBF5>.

�EB5?<6BEFV A4?47B8:9AAO

�AF5DCD5FB64AV @B68 74768G49 CDBCBAGNFL 5V?LL VAF5D4>F86A5 E5D54B68M5 A4?47B465AAO. �E>V?L>8 CDB7D4@4 
68>BAGTFLEO DO4B> 74 DO4>B@, DB7DB5A8> @B65 ?57>B 7GC8A8F8 68>BA4AAO, C5D56VD8F8 7A4G5AAO 7@VAA8E, 7@VA8F8 >B4 V 
CDB4B668F8 68>BA4AAO. # E>B@CV?LB64A8E @B64E F8>? "D5447G64AAO->B@CV?OFVO-74CGE>" 5V?LL FD864?89, EBG4 EGG4EAV 
IDE 7A4GAB ECDBMGNFL F59 CDBF5E.

 9EGDEAV 6<@B7< F4 9H9>F<6AVEFL

%4D4>F5D<EF<>4 �B@CV?OFBD< �AF5DCD5F4FBD<

!CB6864AAO C4@'OFV �5AL5 CV4 G4E 68>BA4AAO �V?LL5 (CBFDV5AB 755DV74F8 
VAF5DCD5F4FBD V E5D54B68M5 
68>BA4AAO)

 B7@VD 68>BAG64AB7B D49?G �V?LL89 (@VEF8FL 65EL A5B5EV4A89 
>B4)

�5AL89 (FV?L>8 68EV4A89 >B4)

'4E 74CGE>G ,684L89 (>B4 665 7BFB689 4B 
68>BA4AAO)

�B6V?LAVL89 (CBFDV5A4 
VAVFV4?V74FVO VAF5DCD5F4FBD4)

�8>BD8EF4AAO CPU �D5>F86AVL5 �5AL 5D5>F86A5 G5D57 A4>?44AV 
68FD4F8 A4 VAF5DCD5F4FVN

�BDF4F<6AVEFL CDB7D4@AB7B >B8G

�AF5DCD5FB64AV @B68 74768G49 74557C5GGNFL >D4MG CBDF4F86AVEFL, BE>V?L>8 B48A V FB9 65 68EV4A89 >B4 @B65 
68>BAG64F8EO A4 5G4L-O>V9 C?4FDBD@V, 45 4BEFGCA89 6V4CB6V4A89 VAF5DCD5F4FBD. �?O E>B@CV?LB64A8E @B6 CBFDV5A4 
C5D5>B@CV?OFVO CDB7D4@8 4?O >B6ABW FV?LB6BW C?4FDBD@8, 45B 68>BD8EF4AAO >DBE->B@CV?OFVW.

�B68, MB 68>BD8EFB6GNFL 549F->B4 (Java, C#), 749@4NFL CDB@V6A5 CB?B65AAO: 6BA8 >B@CV?NNFLEO 6 C?4FDBD@B-
A574?56A89 549F->B4, O>89 CBFV@ 68>BAGTFLEO 6VDFG4?LABN @4L8ABN. &5 4B76B?OT 4BEO7F8 54?4AEG @V6 CBDF4F86AVEFN 
F4 CDB4G>F86AVEFN.

�BDV6AOAAO @B6 CDB7D4@G64AAO ;4 F<CB@ FD4AE?OJVW

�85VD @V6 >B@CV?OFBDB@ F4 VAF5DCD5F4FBDB@ G4EFB 74?568FL 6V4 >BA>D5FA8E 68@B7 CDB5>FG: O>MB CDVBD8F5FB@ T 
@4>E8@4?LA4 CDB4G>F86AVEFL F4 5D5>F86AVEFL 68>BD8EF4AAO D5EGDEV6, FB C5D56474 6V444TFLEO >B@CV?LB64A8@ @B64@; 
O>MB 6 646?86VL4 L684>VEFL DB7DB5>8, >DBE-C?4FDBD@AVEFL F4 7AGG>VEFL, FB VAF5DCD5FB64AV @B68 @B6GFL 5GF8 >D4M8@ 
685BDB@.

�B@CV?LB64AV @B6<
C/C++

Rust

Go

Fortran

�V5D<8AV CV8IB8<
Java (549F->B4 + JIT)

C# (.NET CLR)

Kotlin

�AF9DCD9FB64AV @B6<
Python

JavaScript

Ruby

PHP

!C9JV4?V;B64AV CV8IB8<
LLVM (VADD4EFDG>FGD4 >B@CV?OFVW)

WebAssembly

PyPy (JIT 4?O Python)



�49B-:>8 B4 6V@BC4;L=V <4H8=8
�49F->B4 3 F5 CDB@V6A5 CD54EF46?5AAO CDB7D4@8, O>5 T D57G?LF4FB@ >B@CV?OFVW 68EV4AB7B >B4G, 4?5 A5 T @4L8AA8@ 
>B4B@ 4?O >BA>D5FAB7B CDBF5EBD4. �49F->B4 DB7DB5?5A89 4?O 5D5>F86AB7B 68>BA4AAO 6VDFG4?LABN @4L8ABN, O>4 
45EFD47GT CDB7D4@G 6V4 45F4?59 >BA>D5FABW 4C4D4FABW C?4FDBD@8. &O F5EAB?B7VO CBT4AGT C5D56478 >B@CV?OFVW F4 
VAF5DCD5F4FVW, 74557C5GGNG8 54?4AE @V6 CBDF4F86AVEFN F4 CDB4G>F86AVEFN.

�>=F9?FVO 549B-:>8C

�49F->B4 BFD8@46 E6BN A476G FB@G, MB VAEFDG>FVW 74768G49 E>?444NFLEO 7 B4AB7B 549F4 4?O BC5D4FV9AB7B >B4G 
(opcode), CVE?O O>B7B @B6GFL 9F8 4B44F>B6V 549F8 4?O BC5D4A4V6. "4>89 DBD@4F 74557C5GGT >B@C4>FAVEFL F4 
5D5>F86AVEFL 68>BA4AAO. �49F->B4 T 5V?LL 45EFD4>FA8@, AV6 @4L8AA89 >B4, 4?5 5V?LL >BA>D5FA8@, AV6 68EV4A89 >B4 
CDB7D4@8.

�EAB6AV E4D4>F5D8EF8>8 549F->B4G:

�574?56AVEFL 6V4 4C4D4FABW C?4FDBD@8

�B@C4>FAVEFL CBDV6AOAB 7 68EV4A8@ >B4B@

�B6?86VEFL 5D5>F86ABW 65D8DV>4FVW F4 BCF8@V74FVW

�DBEFVL4 EFDG>FGD4 VAEFDG>FV9 CBDV6AOAB 7 68EB>BDV6A568@ >B4B@

�V@BC4;L=V <4H8=8

Java Virtual Machine (JVM)
�8>BAGT 549F->B4 Java (.class D49?8). 
�8>BD8EFB6GTFLEO 4?O Java, Kotlin, Scala, Groovy F4 
VAL8E JVM-@B6. �4557C5GGT CBDF4F86AVEFL 74 
CD8AF8CB@ "E>B@CV?N9 B48A D47, 74CGE>49 5G4L-45" 
(write once, run anywhere).

Common Language Runtime (CLR)
�EAB64 C?4FDBD@8 .NET. �8>BAGT CDB@V6A89 >B4 IL 
(Intermediate Language). �V4FD8@GT @B68 C#, F#, VB.NET. 
�4557C5GGT >5DG64AAO C4@'OFFN, B5DB5>G 68AOF>V6 F4 
557C5>G F8CV6.

V8 (JavaScript)
 GLV9 JavaScript, DB7DB5?5A89 Google 4?O Chrome. 
�B@CV?NT JavaScript 557CBE5D54ALB 6 @4L8AA89 >B4 
557 75A5D4FVW 549F->B4G, 4?5 68>BD8EFB6GT CDB@V6AV 
CD54EF46?5AAO 4?O BCF8@V74FVW.

Python Virtual Machine
CPython >B@CV?NT >B4 Python 6 549F->B4 (.pyc D49?8), 
O>89 CBFV@ 68>BAGTFLEO. �?LF5DA4F86AV D54?V74FVW, F4>V 
O> PyPy, 68>BD8EFB6GNFL JIT->B@CV?OFVN 4?O 
CV468M5AAO CDB4G>F86ABEFV.

JIT-:><?V;OFVO: ?@8=F8?8 @>5>B8

Just-In-Time (JIT) >B@CV?OFVO 3 F5 F5EAV>4, O>4 CBT4AGT C5D56478 >B@CV?OFVW F4 VAF5DCD5F4FVW. JIT->B@CV?OFBD CD4FNT CV4 
G4E 68>BA4AAO CDB7D4@8 F4 C5D5F6BDNT 549F->B4 G @4L8AA89 >B4 "A4 ?LBFG".

�@>DV;N64==O 
68:>=4==O

JIT->B@CV?OFBD ECBG4F>G 
4B76B?OT CDB7D4@V 
68>BAG64F8EO 6 D568@V 
VAF5DCD5F4FVW, 758D4NG8 
EF4F8EF8>G CDB "74DOGV" 
4V?OA>8 >B4G, O>V 
68>BAGNFLEO A49G4EFVL5.

�><?V;OFVO 
"74@OG>7>" :>8C
�8O6?5AV "74DOGV" 4V?OA>8 
>B@CV?NNFLEO 6 
BCF8@V7B64A89 @4L8AA89 
>B4, MB 7A4GAB CV468MGT 
CDB4G>F86AVEFL.

�84?B86=4 
>?B8<V74FVO
JIT->B@CV?OFBD CDB4B66GT 
@BAVFBD8F8 68>BA4AAO V 
@B65 C5D5>B@CV?N64F8 
>B4 7 5V?LL 47D5E86A8@8 
BCF8@V74FVO@8, O>MB 6VA 
68>BAGTFLEO 4G65 G4EFB.

�9>?B8<V74FVO ?@8 
?>B@95V
/>MB CD8CGM5AAO, A4 O>8E 
547G64?4EO BCF8@V74FVO, 
EF4NFL A54V9EA8@8 
(A4CD8>?44, G5D57 
48A4@VGA5 7464AF465AAO 
AB68E >?4EV6), JIT @B65 
CB65DAGF8EO 4B @5AL 
BCF8@V7B64AB7B >B4G.

�>@V6=O==O ?@>8C:B86=>ABV

�DB4G>F86AVEFL 68>BA4AAO 549F->B4G 7 JIT->B@CV?OFVTN G4EFB A45?864TFLEO 4B CDB4G>F86ABEFV A4F86AB7B >B4G, 
BEB5?86B 4?O 4B67BFD864?8E CDB7D4@, 45 JIT @4T 4BEF4FALB G4EG 4?O BCF8@V74FVW. �DBF5 VEAGNFL V 6V4@VAABEFV:

�E?5>F �4F86=89 >>4 �49F->>4 7 JIT

'4E 74CGE>G ,684L89 (665 E>B@CV?LB64A89) �B6V?LAVL89 (CBFDV5A4 
VAVFV4?V74FVO VM F4 CBG4F>B64 
>B@CV?OFVO)

�V>B64 CDB4G>F86AVEFL �8EB>4, EF45V?LA4 �B65 4BEO74F8 A4F86ABW CVE?O 
"DB7V7DV6G", 4?5 7 5V?LLBN 
64DV4F86AVEFN

�CF8@V74FVO !F4F8GA4, A4 5F4CV >B@CV?OFVW �8A4@VGA4, 7 GD4EG64AAO@ 
D54?LAB7B 68>BA4AAO

�8>BD8EF4AAO C4@'OFV �4768G49 @5AL5 �V?LL5 (VM + >5L E>B@CV?LB64AB7B 
>B4G)

�D8>?448 68>BD8EF4AAO 549F->B4G 6 DV7A8E @B64E 6>?NG4NFL: Java (.class D49?8), C# (MSIL G .exe F4 .dll D49?4E), Python 
(.pyc D49?8) F4 5474FB VAL8E. &O F5EAB?B7VO EF4?4 EF4A44DFB@ 4?O EGG4EA8E C?4FDBD@ DB7DB5>8, 74557C5GGNG8 
5D5>F86A89 54?4AE @V6 CDB4G>F86AVEFN, CBDF4F86AVEFN F4 557C5>BN 68>BA4AAO.



�><?>=C64;L=8:8 (;V=:9@8): ?@87=4G9==O B4 
DC=:FVW
�B@CBAG64?LA8> (?VA>5D) 3 F5 CDB7D4@A89 VAEFDG@5AF, O>89 CD89@4T B48A 45B >V?L>4 B5'T>FA8E D49?V6, 775A5DB64A8E 
>B@CV?OFBDB@, F4 B5'T4AGT WE G T48A89 68>BAG64A89 D49?, 5V5?VBF5>G G8 VAL89 B5'T>FA89 D49?. �VA 6V4V7D4T >D8F8GAG 
DB?L G CDBF5EV CB5G4B68 CDB7D4@AB7B 74557C5G5AAO, 68>BAGNG8 BEF4AAV9 5F4C C5D5F6BD5AAO 68EV4AB7B >B4G A4 
68>BAG64AG CDB7D4@G.

�87=4G9==O :><?>=C64;L=8:4 B4 9>7> @>;L

�EAB6ABN DGA>FVTN >B@CBAG64?LA8>4 T DB76'O74AAO E8@6B?LA8E CBE8?4AL @V6 DV7A8@8 B5'T>FA8@8 D49?4@8 F4 
5V5?VBF5>4@8. �B?8 CDB7D4@4 E>?444TFLEO 7 >V?L>BE @B4G?V6, DGA>FVW F4 7@VAAV 7 B4AB7B @B4G?O @B6GFL 68>?8>4F8 45B 
CBE8?4F8EO A4 DGA>FVW F4 7@VAAV 7 VAL8E @B4G?V6. �B@CV?OFBD 75A5DGT B5'T>FA89 D49? 4?O >B6AB7B @B4G?O B>D5@B, 
74?8L4NG8 "747?GL>8" 4?O 7B6AVLAVE E8@6B?V6. �B@CBAG64?LA8> 7A4EB48FL FV E8@6B?8 G VAL8E B5'T>FA8E D49?4E F4 
5V5?VBF5>4E V 6EF4AB6?NT CD468?LAV 44D5E8 4?O F4>8E CBE8?4AL.

%B4B8G=9 B4 88=4<VG=9 :><?>=C64==O

%B4B8G=9 :><?>=C64==O
�D8 EF4F8GAB@G >B@CBAG64AAV 65EL A5B5EV4A89 >B4 7 
5V5?VBF5> 6>?NG4TFLEO 557CBE5D54ALB G 68>BAG64A89 
D49? CV4 G4E >B@CBAG64AAO. "4>89 CV4EV4 @4T A4EFGCAV 
E4D4>F5D8EF8>8:

�B6A4 E4@B4BEF4FAVEFL 68>BAG64AB7B D49?G

�V4EGFAVEFL 74?56ABEF59 6V4 7B6AVLAVE 5V5?VBF5> CV4 
G4E 68>BA4AAO

�V?LL89 DB7@VD 68>BAG64AB7B D49?G

#E>?44A5A5 BAB6?5AAO 5V5?VBF5GAB7B >B4G (CBFDV5A4 
C5D5>B@CV?OFVO CDB7D4@8)

�8=4<VG=9 :><?>=C64==O
�D8 48A4@VGAB@G >B@CBAG64AAV 4B 68>BAG64AB7B D49?G 
4B44TFLEO ?8L5 VADBD@4FVO CDB A5B5EV4AV 5V5?VBF5>8, 4 
E4@ >B4 7464AF46GTFLEO CV4 G4E 68>BA4AAO. �EB5?86BEFV:

 5AL89 DB7@VD 68>BAG64AB7B D49?G

�>BAB@VO C4@'OFV CD8 68>BD8EF4AAV B4AVTW 5V5?VBF5>8 
>V?L>B@4 CDB7D4@4@8

 B6?86VEFL BAB6?5AAO 5V5?VBF5> 557 C5D5>B@CV?OFVW 
CDB7D4@

�4?56AVEFL 6V4 A4O6ABEFV A5B5EV4A8E 5V5?VBF5> G 
E8EF5@V ("DLL hell")

�@>F9A @>76'O74==O A8<6>;L=8E ?>A8;4=L

�DBF5E DB76'O74AAO E8@6B?LA8E CBE8?4AL T B4AVTN 7 >?NGB68E DGA>FV9 >B@CBAG64?LA8>4 V 6>?NG4T A4EFGCAV 5F4C8:

!>4AG64AAO 6EV4A8E B5'T>FA8E D49?V6 F4 DBD@G64AAO 7?B54?LABW F45?8FV E8@6B?V61.

�87A4G5AAO A568DVL5A8E (7B6AVLAVE) E8@6B?V6 G >B6AB@G B5'T>FAB@G D49?V2.

�BLG> 687A4G5AL F8E E8@6B?V6 G F45?8FV E8@6B?V63.

�5G8E?5AAO BEF4FBGA8E 44D5E 4?O >B6AB7B E8@6B?G4.

�AB6?5AAO 6EVE CBE8?4AL A4 E8@6B?8 6V4CB6V4A8@8 44D5E4@85.

�5DB5>4 C5D5@VM5AL (relocations) 3 >BD87G64AAO 44D5E CD8 7@VAV DB7F4LG64AAO >B4G F4 44A8E6.

$>@<4B8 >5'T:B=8E D49;V6 B4 68:>=C64=8E D49;V6

�?4FDBD@4 $BD@4F B5'T>FAB7B D4=?G $BD@4F 6<>BAG64AB7B D4=?G

Windows COFF, PE-COFF PE (Portable Executable)

Linux, Unix ELF ELF (Executable and Linkable 
Format)

macOS Mach-O Mach-O (Mach Object)

�@8:;48 @>5>B8 ;V=:9@4 7 68EV8=8< :>8><

 B77?OA5@B CDBEF89 CD8>?44:

// main.c
extern int add(int a, int b);
int main() {
    return add(5, 3);
}

// math.c
int add(int a, int b) {
    return a + b;
}

�><?V;OFVO
gcc -c main.c -o main.o gcc -c math.c -o math.o

�5'T:B=V D49;8
main.o @VEF8FL "7B6AVLAT" CBE8?4AAO A4 DGA>FVN add math.o @VEF8FL 687A4G5AAO DGA>FVW add

�><?>=C64==O

gcc main.o math.o -o program

�8:>=C64=89 D49;
�VA>5D 7A4EB48FL 687A4G5AAO add G math.o V 6EF46?OT CD468?LAG 44D5EG G main.o

 B7G@VAAO DB5BF8 >B@CBAG64?LA8>4 646?865 4?O 5D5>F86ABW DB7DB5>8 65?8>8E CDB7D4@A8E E8EF5@, BEB5?86B CD8 
@B4G?LAV9 EFDG>FGDV CDB5>FV6 F4 68>BD8EF4AAV EFBDBAAVE 5V5?VBF5>. �BAB F4>B6 4BCB@474T DB76'O7G64F8 F8CB6V 
CDB5?5@8, CB6'O74AV 7 CB@8?>4@8 ?VA>G64AAO, F4>V O> "undefined reference" 45B "unresolved external symbol".



�V5?VBF9>< F4 WE 6<>BD<EF4AAO 6 CDBF9EV 
>B@CBAG64AAO

�V5?VBF5>8 T 646?86BN E>?44B6BN EGG4EABW DB7DB5>8 CDB7D4@AB7B 74557C5G5AAO, BE>V?L>8 6BA8 4B76B?ONFL CB6FBDAB 
68>BD8EFB6G64F8 >B4, DB74V?OF8 DGA>FVBA4?LAVEFL @V6 DV7A8@8 CDB7D4@4@8 F4 5D5>F86AB BD74AV7B6G64F8 65?8>V 
CDB5>F8. ' CDBF5EV >B@CBAG64AAO 5V5?VBF5>8 6V4V7D4NFL >?NGB6G DB?L, 74557C5GGNG8 4BEFGC 4B CBC5D54ALB 
E>B@CV?LB64AB7B >B4G, O>89 @B6A4 68>BD8EFB6G64F8 6 DV7A8E CDB7D4@4E.

%F4F<GAV 5V5?VBF9><: BEB5?<6BEFV 6<>BD<EF4AAO

!F4F8GAV 5V5?VBF5>8 (7 DB7L8D5AAO@8 .a 4?O Unix/Linux, .lib 4?O Windows) 3 F5 4DEV68, MB @VEFOFL A45VD B5'T>FA8E D49?V6. 
�BA8 68>BD8EFB6GNFLEO CD8 EF4F8GAB@G >B@CBAG64AAV, >B?8 65EL A5B5EV4A89 >B4 557CBE5D54ALB 6>?NG4TFLEO G 
68>BAG64A89 D49?.

�9D9647< EF4F<GA<E 5V5?VBF9>

�V4EGFAVEFL 74?56ABEF59 6V4 7B6AVLAVE 5V5?VBF5> CV4 
G4E 68>BA4AAO

�B6A4 E4@B4BEF4FAVEFL 68>BAG64AB7B D49?G

�V4EGFAVEFL CDB5?5@ 7 65DEVO@8 5V5?VBF5>

�BF5AFV9AB L684L5 68>BA4AAO CDB7D4@8 (A5@4T 
A4>?44A8E 68FD4F A4 7464AF465AAO 5V5?VBF5>)

�98B?V>< EF4F<GA<E 5V5?VBF9>

�5V?LL5A89 DB7@VD 68>BAG64AB7B D49?G

�55D5>F86A5 68>BD8EF4AAO C4@'OFV, O>MB >V?L>4 
CDB7D4@ 68>BD8EFB6GNFL B4AG 5V5?VBF5>G

�5B5EV4AVEFL C5D5>B@CV?OFVW CDB7D4@8 CD8 
BAB6?5AAV 5V5?VBF5>8

�BF5AFV9AB 5V?LL FD864?89 G4E >B@CBAG64AAO

!F6BD5AAO EF4F8GABW 5V5?VBF5>8 74768G49 6>?NG4T >B@CV?OFVN 68EV4A8E D49?V6 6 B5'T>FAV D49?8, 4 CBFV@ 68>BD8EF4AAO 
4DEV64FBD4 (ar 6 Unix/Linux) 4?O B5'T4A4AAO WE G T48A89 4DEV6A89 D49?.

�<A4@VGAV 5V5?VBF9><

�8A4@VGAV 5V5?VBF5>8 (7 DB7L8D5AAO@8 .so 4?O Unix/Linux, .dll 4?O Windows, .dylib 4?O macOS) 7464AF46GNFLEO CV4 G4E 
68>BA4AAO CDB7D4@8. �BA8 @B6GFL 5GF8 7464AF465AV O> CD8 74CGE>G CDB7D4@8 (implicit linking), F4> V 6 CDBF5EV WW 
68>BA4AAO 74 74C8FB@ (explicit linking).

'4E ;464AF4:9AAO
�8A4@VGAV 5V5?VBF5>8 @B6GFL 7464AF46G64F8EO CV4 
G4E 74CGE>G CDB7D4@8 (implicit linking) 45B 
48A4@VGAB CV4 G4E 68>BA4AAO (explicit linking), MB 
4B76B?OT D54?V7G64F8 C?47VAAV 4DEVF5>FGD8 F4 
5>BAB@8F8 D5EGDE8 CD8 G4EF>B6B@G 68>BD8EF4AAV 
DGA>FVBA4?LABEFV.

%CV?LA9 6<>BD<EF4AAO >B8G
�4A4 DV78GA4 >BCVO 48A4@VGABW 5V5?VBF5>8 6 C4@'OFV 
@B65 68>BD8EFB6G64F8EO >V?L>B@4 CDB7D4@4@8 
B4ABG4EAB, MB 7A4GAB 5>BAB@8FL D5EGDE8 E8EF5@8, 
BEB5?86B 4?O 5V5?VBF5> 7 65?8>8@ B5EO7B@ >B4G.

�AB6?9AAO

�8A4@VGAV 5V5?VBF5>8 @B6A4 BAB6?N64F8 
A574?56AB 6V4 CDB7D4@, O>V WE 68>BD8EFB6GNFL, MB 
ECDBMGT CV4FD8@>G F4 68CD46?5AAO CB@8?B> 557 
A5B5EV4ABEFV C5D5>B@CV?OFVW 6EVE 74?56A8E 
CDB7D4@.

�DB5?9@< EG@VEABEFV
�@VA8 6 API 5V5?VBF5> @B6GFL CD8765EF8 4B 
CDB5?5@ 7 65DEVO@8 (DLL hell), >B?8 CDB7D4@8, 
DB7D4EB64AV A4 DB5BFG 7 B4AVTN 65DEVTN 
5V5?VBF5>8, A5 CD4FNNFL 7 VALBN 65DEVTN.

�9E4AV;@< ;464AF4:9AAO 8<A4@VGA<E 5V5?VBF9>

�EAGT 464 BEAB6A8E @5E4AV7@8 7464AF465AAO 48A4@VGA8E 5V5?VBF5>:

�5O6=5 76'O7G64==O (Implicit linking): 5V5?VBF5>8 7464AF46GNFLEO 46FB@4F8GAB CV4 G4E 74CGE>G CDB7D4@8. �ADBD@4FVO 
CDB A5B5EV4AV 5V5?VBF5>8 65G4B64A4 G 68>BAG64A89 D49?.

1.

/6=5 76'O7G64==O (Explicit linking): CDB7D4@4 7464AF46GT 5V5?VBF5>8 6 CDBF5EV 68>BA4AAO 74 4BCB@B7BN EC5FV4?LA8E 
API-DGA>FV9 (dlopen G POSIX-E8EF5@4E, LoadLibrary G Windows).

2.

�4?9:ABEFV @V: 5V5?VBF9>4@< F4 WE GCD46?VAAO

!>?44AV CDB7D4@8 @B6GFL @4F8 DB774?G65AG EFDG>FGDG 74?56ABEF59 @V6 5V5?VBF5>4@8. 'CD46?VAAO F4>8@8 
74?56ABEFO@8 T 646?868@ 4EC5>FB@ DB7DB5>8 F4 CV4FD8@>8 CDB7D4@AB7B 74557C5G5AAO.

1

�D<>?48< CV8>?NG9AAO DV;A<E F<CV6 5V5?VBF9>

/* %B6>@9==O B4 68:>@8AB4==O AB4B8G=>W 5V5;V>B9:8 6 Unix */

// math.c - :>8 8;O 5V5;V>B9:8
int add(int a, int b) { return a + b; }
int sub(int a, int b) { return a - b; }

// �><?V;OFVO 6 >5'T:B=89 D49;
$ gcc -c math.c -o math.o

// %B6>@9==O AB4B8G=>W 5V5;V>B9:8
$ ar rcs libmath.a math.o

// main.c - 68:>@8AB4==O 5V5;V>B9:8
#include 
extern int add(int a, int b);
int main() {
    printf("%d\n", add(10, 5));
    return 0;
}

// �><?V;OFVO B4 ;V=:C64==O 7V AB4B8G=>N 5V5;V>B9:>N
$ gcc main.c -L. -lmath -o program

/* �8:>@8AB4==O 88=4<VG=>W 5V5;V>B9:8 6 C++ 8;O Windows */

// math.cpp - :>8 8;O 5V5;V>B9:8
#include "math.h"
MATH_API int add(int a, int b) { return a + b; }

// math.h - 747>;>6>: 5V5;V>B9:8
#ifdef MATH_EXPORTS
  #define MATH_API __declspec(dllexport)
#else
  #define MATH_API __declspec(dllimport)
#endif
MATH_API int add(int a, int b);

// �><?V;OFVO 6 DLL
$ cl /LD math.cpp /DMATH_EXPORTS /Femath.dll

// main.cpp - 68:>@8AB4==O 5V5;V>B9:8
#include "math.h"
#include 
int main() {
    std::cout << add(10, 5) << std::endl;
    return 0;
}

// �><?V;OFVO B4 ;V=:C64==O 7 DLL
$ cl main.cpp math.lib /Feprogram.exe

 B7G@VAAO BEB5?86BEF59 DB5BF8 7 DV7A8@8 F8C4@8 5V5?VBF5> F4 WE VAF57D4FVW 6 CDBF5E >B@CBAG64AAO T 646?868@ 
4EC5>FB@ DB7DB5>8 A44V9AB7B F4 5D5>F86AB7B CDB7D4@AB7B 74557C5G5AAO, BEB5?86B 4?O 65?8>8E CDB5>FV6 7 
G8E?5AA8@8 74?56ABEFO@8.

�<;A4G9AAO ;4?9:ABEF9=
�8>BD8EF4AAO VAEFDG@5AFV6 ldd 
(Linux), otool (macOS), depends 

(Windows) 4?O 4A4?V7G 74?56ABEF59 
5V5?VBF5>.

'CD46?VAAO 69DEVO@<
�8>BD8EF4AAO E5@4AF8GAB7B 
65DEVBAG64AAO F4 @5E4AV7@V6 
soname/symlinks 6 UNIX-E8EF5@4E.

%<EF9@< GCD46?VAAO 
C4>9F4@<

�8>BD8EF4AAO E8EF5@ F8CG apt, 
yum, brew, vcpkg 4?O >BAFDB?N 
74?56ABEF59.

�BHG> 5V5?VBF9>
�4?4LFG64AAO 7@VAA8E 

E5D54B68M4 LD_LIBRARY_PATH, PATH 
4?O CBLG>G 5V5?VBF5>.



�CF<@V;4JVO >B8G F4 WW DV6AV
�CF8@V74FVO >B4G 3 F5 CDBF5E @B48DV>4FVW CDB7D4@AB7B >B4G 4?O CB>D4M5AAO 9B7B E4D4>F5D8EF8> 557 7@VA8 
DGA>FVBA4?LABEFV. �B@CV?OFBD8 74V9EANNFL 46FB@4F8GAG BCF8@V74FVN >B4G CV4 G4E FD4AE?OFVW, 74EFBEB6GNG8 
DV7AB@4AVFAV F5EAV>8 4?O CB>D4M5AAO 5D5>F86ABEFV, 7@5AL5AAO DB7@VDG 68>BAG64AB7B D49?G F4 CV468M5AAO L684>B4VW 
CDB7D4@8.  B7G@VAAO CD8AF8CV6 F4 DV6AV6 BCF8@V74FVW 4B76B?OT DB7DB5A8>4@ EF6BDN64F8 5V?LL 5D5>F86AV CDB7D4@8.

&<C< BCF<@V;4JV=

�4L<AAB-A9;4?9:AV BCF<@V;4JVW

&5 BCF8@V74FVW, O>V 74EFBEB6GNFLEO A4 DV6AV CDB@V6AB7B 
CD54EF46?5AAO >B4G V A5 74?564FL 6V4 >BA>D5FABW 
4DEVF5>FGD8 CDBF5EBD4. �BA8 7BE5D5465AV A4 CB?VCL5AAV 
?B7V>8 CDB7D4@8 F4 EFDG>FGD8 >B4G:

�844?5AAO @5DF6B7B >B4G 3 GEGA5AAO A54BEO6A8E 
DD47@5AFV6 >B4G

�7BDF4AAO >BAEF4AF 3 B5G8E?5AAO 68D47V6 7 
>BAEF4AF4@8 CV4 G4E >B@CV?OFVW

 B77BDF4AAO F8>?V6 3 7@5AL5AAO A4>?44A8E 68FD4F 
A4 B5DB5>G F8>?V6

�V4EF4AB6>4 DGA>FV9 (VA?49AVA7) 3 74@VA4 68>?8>G 
DGA>FVW WW FV?B@

�844?5AAO ECV?LA8E CV468D47V6 3 B5G8E?5AAO 
CB6FBDN64A8E 68D47V6 B48A D47

�CF8@V74FVO E6BEFB68E 68>?8>V6 3 C5D5F6BD5AAO 
D5>GDE86A8E 68>?8>V6 A4 VF5D4FVW

�4L<AAB-;4?9:AV BCF<@V;4JVW

&V BCF8@V74FVW 6D4EB6GNFL BEB5?86BEFV >BA>D5FABW 
4C4D4FABW 4DEVF5>FGD8 V ECDO@B64AV A4 @4>E8@4?LA5 
68>BD8EF4AAO WW @B6?86BEF59:

�?4AG64AAO VAEFDG>FV9 3 BCF8@4?LA5 DB7@VM5AAO 
VAEFDG>FV9 4?O >BA65TDABW B5DB5>8

 B7CB4V? D57VEFDV6 3 5D5>F86A5 68>BD8EF4AAO 
4BEFGCA8E D57VEFDV6 CDBF5EBD4

�CF8@V74FVO >B4G 4?O >5LG64AAO 3 CV468M5AAO 
?B>4?LABEFV 44A8E 4?O >D4MBW CDB4G>F86ABEFV >5LG

�8>BD8EF4AAO EC5F8DVGA8E VAEFDG>FV9 CDBF5EBD4 
(SSE, AVX, NEON)

�8DV6AN64AAO 44A8E 3 BCF8@4?LA5 DB7F4LG64AAO 
44A8E G C4@'OFV

!C5F8DVGAV 4?O CDBF5EBD4 56D8EF8>8 4?O 7V?B> F4 
C5D5EB4V6

 V6AV BCF<@V;4JVW 6 EGK4EA<I >B@CV?OFBD4I

!GG4EAV >B@CV?OFBD8, F4>V O> GCC, Clang F4 MSVC, CDBCBAGNFL DV7AV DV6AV BCF8@V74FVW, O>V 687A4G4NFL 54?4AE @V6 G4EB@ 
>B@CV?OFVW, DB7@VDB@ 68EV4AB7B >B4G F4 CDB4G>F86AVEFN:

$V65=L �?<A �<>>@<AB4==O

O0 �V4EGFAVEFL BCF8@V74FVW. �B@CV?OFVO 
A49L684L4, >B4 A495V?LL 
5G>64?LAB 6V4CB6V44T 68EV4AB@G.

�4?47B465AAO, >B?8 646?864 
6V4CB6V4AVEFL 68EV4AB7B V 
68>BAG64AB7B >B4G.

O1 �47B64 BCF8@V74FVO. 
�4EFBEB6GNFLEO CDBEFV BCF8@V74FVW, 
O>V A5 CBFD55GNFL 7A4GAB7B G4EG 
>B@CV?OFVW.

�B?8 CBFDV55A C56A89 54?4AE @V6 
L684>VEFN >B@CV?OFVW F4 
CDB4G>F86AVEFN.

O2 �B@VDA4 BCF8@V74FVO. �>?NG4T 
5V?LLVEFL BCF8@V74FV9, >DV@ F8E, MB 
EGFFT6B 75V?LLGNFL DB7@VD >B4G.

�4768G49 68>BD8EFB6GTFLEO 4?O 
D5?V7A8E 65DEV9 CDB7D4@.

O3 �7D5E86A4 BCF8@V74FVO. 
�4EFBEB6GNFLEO 6EV 4BEFGCAV 
BCF8@V74FVW, A46VFL O>MB 6BA8 
75V?LLGNFL DB7@VD >B4G 45B G4E 
>B@CV?OFVW.

�?O >D8F8GA8E 74 CDB4G>F86AVEFN 
4V?OAB> >B4G.

Os �CF8@V74FVO 4?O DB7@VDG. �@5ALGT 
DB7@VD 68>BAG64AB7B D49?G 74 
D4EGAB> 45O>8E BCF8@V74FV9 
CDB4G>F86ABEFV.

�?O 65G4B64A8E E8EF5@ 7 
B5@565ABN C4@'OFFN.

Ofast �4>E8@4?LA4 BCF8@V74FVO 
L684>BEFV, MB @B65 CBDGLG64F8 
EF4A44DF8 @B68 (A4CD8>?44, 4?O 
BC5D4FV9 7 C?464NGBN FBG>BN).

�?O 68EB>BCDB4G>F86A8E 
B5G8E?5AL, 45 FBGAVEFL B5G8E?5AL 
A5 >D8F8GA4.

�6FB69>FBD<;4JVO F4 DB;C4D4?9?N64AAO

!GG4EAV >B@CV?OFBD8 744FAV 46FB@4F8GAB 68>BD8EFB6G64F8 65>FBDAV VAEFDG>FVW CDBF5EBD4 (SIMD) F4 DB7C4D4?5?N64F8 
>B4 4?O 5474FBO45DA8E E8EF5@:

�6FB69>FBD<;4JVO
�5D5F6BDNT CBE?V4B6AV 
BC5D4FVW A44 44A8@8 A4 
65>FBDAV VAEFDG>FVW, O>V 
B5DB5?ONFL >V?L>4 5?5@5AFV6 
B4ABG4EAB. &5 BEB5?86B 
5D5>F86AB 4?O B5DB5>8 
@4E86V6 F4 @4FD8FL.

�6FB@4F<KA9 
DB;C4D4?9?N64AAO

 B7CB4V?OT B5G8E?5AAO @V6 
>V?L>B@4 O4D4@8 CDBF5EBD4. 
�B65 74EFBEB6G64F8EO 4B 
A574?56A8E VF5D4FV9 F8>?V6 F4 
VAL8E C4D4?5?LA8E BC5D4FV9.

�CF<@V;4JVO >BA69TDV6
 5BD74AV7GT VAEFDG>FVW 4?O 
5D5>F86AB7B 68>BD8EF4AAO 
>BA65TDABW 4DEVF5>FGD8 
CDBF5EBD4, @VAV@V7GNG8 
CDBEFBW G5D57 74?56ABEFV 
44A8E.

�A?4=AVA7 HGA>JV= F4 DB;7BDF4AAO J<>?V6

&V F5EAV>8 BCF8@V74FVW T BEB5?86B 5D5>F86A8@8 4?O CV468M5AAO CDB4G>F86ABEFV CDB7D4@:

// �B BCF<@V;4FVW
int square(int x) { return x * x; }
int sum_squares(int a, int b) {
    return square(a) + square(b);
}

// �VE?O VA?4=AVA7G
int sum_squares(int a, int b) {
    return (a * a) + (b * b);
}

�A?4=AVA7 HGA>JV=

�B?O74T G 74@VAV 68>?8>G DGA>FVW WW 6@VEFB@, MB GEG64T 
A4>?44AV 68FD4F8 A4 68>?8> DGA>FVW. �EB5?86B 
5D5>F86A89 4?O A565?8>8E DGA>FV9, O>V 68>?8>4NFLEO 
G4EFB.

// �B BCF<@V;4FVW
for (int i = 0; i < 100; i++) {
    array[i] = i * 2;
}

// �VE?O DB;7BDF4AAO (G4EF>B6B)
for (int i = 0; i < 100; i += 4) {
    array[i] = i * 2;
    array[i+1] = (i+1) * 2;
    array[i+2] = (i+2) * 2;
    array[i+3] = (i+3) * 2;
}

 B;7BDF4AAO J<>?V6

"5EAV>4, O>4 7@5ALGT A4>?44AV 68FD4F8 A4 F8>?8 L?OEB@ 
4G5?N64AAO FV?4 F8>?G. &5 7@5ALGT >V?L>VEFL C5D56VDB> 
G@B68 F4 BC5D4FV9 VA>D5@5AFG64AAO ?VG8?LA8>4.

�D<>?48< CB>D4M9AAO >B8G CVE?O BCF<@V;4JVW

 B77?OA5@B CD8>?44 BCF8@V74FVW CDBEFB7B 4?7BD8F@G B5G8E?5AAO EG@8 5?5@5AFV6 @4FD8FV:

// �<EV8A<= >B8
double sum = 0.0;
for (int i = 0; i < rows; i++) {
    for (int j = 0; j < cols; j++) {
        sum += matrix[i][j];
    }
}

�VE?O 74EFBEG64AAO BCF8@V74FV9 >B@CV?OFBD @B65 C5D5F6BD8F8 F59 >B4 F4>8@ G8AB@:

�@VA4 CBDO4>G 4BEFGCG 4B 5?5@5AFV6 4?O >D4MBW ?B>4?LABEFV >5LG

 B77BDF4AAO 6AGFDVLALB7B F8>?G 4?O 7@5AL5AAO A4>?44A8E 68FD4F

�8>BD8EF4AAO 65>FBDA8E VAEFDG>FV9 4?O C4D4?5?LAB7B EG@G64AAO >V?L>BE 5?5@5AFV6

 B7C4D4?5?N64AAO 7B6AVLALB7B F8>?G 4?O DB5BF8 A4 >V?L>BE O4D4E

�CF8@V7B64A89 CE564B>B4 @B65 687?O44F8 CD85?87AB F4>:

// �CF<@V;B64A<= >B8
double sum1 = 0.0, sum2 = 0.0, sum3 = 0.0, sum4 = 0.0;
#pragma omp parallel for reduction(+:sum1,sum2,sum3,sum4)
for (int i = 0; i < rows; i += 2) {
    for (int j = 0; j < cols; j += 4) {
        // �9>FBDA9 ;464AF4:9AAO 4 9?9@9AFV6 B8ABG4EAB
        sum1 += matrix[i][j] + matrix[i][j+1] + matrix[i][j+2] + matrix[i][j+3];
        sum2 += matrix[i+1][j] + matrix[i+1][j+1] + matrix[i+1][j+2] + matrix[i+1][j+3];
    }
}
double sum = sum1 + sum2 + sum3 + sum4;

"4>V BCF8@V74FVW @B6GFL EGFFT6B CV468M8F8 CDB4G>F86AVEFL CDB7D4@, BEB5?86B 4?O B5G8E?N64?LAB VAF5AE86A8E 7444G. 
 B7G@VAAO CD8AF8CV6 BCF8@V74FVW 4B76B?OT DB7DB5A8>4@ C8E4F8 >B4, O>89 >B@CV?OFBD 7@B65 5D5>F86AB BCF8@V7G64F8, 
4 F4>B6 74EFBEB6G64F8 DGGAV BCF8@V74FVW F4@, 45 46FB@4F8GAV @5FB48 A54BEF4FALB 5D5>F86AV.



�@>A-:><?V;OFVO B4 <C;LB8?;4BD>@<=4 
@>7@>5:4

�DBE->B@CV?OFVO 3 F5 CDBF5E >B@CV?OFVW CDB7D4@8 A4 B4AV9 C?4FDBD@V (EBEF-E8EF5@4) 4?O 68>BA4AAO A4 VALV9 
C?4FDBD@V (FV?LB64 E8EF5@4). &59 CV4EV4 T DGA44@5AF4?LA8@ 4?O DB7DB5>8 CDB7D4@AB7B 74557C5G5AAO 4?O 65G4B64A8E 
E8EF5@, @B5V?LA8E CD8EFDBW6 F4 DV7AB@4AVFA8E BC5D4FV9A8E E8EF5@. �G?LF8C?4FDBD@A4 DB7DB5>4, G E6BN G5D7G, 
DB>GEGTFLEO A4 EF6BD5AAV CDB7D4@, O>V @B6GFL CD4FN64F8 A4 DV7A8E C?4FDBD@4E 7 @VAV@4?LA8@8 7@VA4@8 G 68EV4AB@G 
>B4V.

�87=4G5==O B4 ?@87=4G5==O :@>A-:><?V;OFVW

�DBE->B@CV?OFVO 74EFBEB6GTFLEO G A4EFGCA8E EF5A4DVOE:

 B7DB5>4 4?O 65G4B64A8E E8EF5@, 45 FV?LB64 C?4FDBD@4 @4T B5@565AV D5EGDE8 45B A5 CV4FD8@GT E5D54B68M5 
DB7DB5>8

 B7DB5>4 4?O @B5V?LA8E CD8EFDBW6 (Android, iOS) 7 68>BD8EF4AAO@ A4EFV?LA8E >B@C'NF5DV6

�V47BFB6>4 CDB7D4@ 4?O DV7A8E 4DEVF5>FGD CDBF5EBDV6 (x86, ARM, RISC-V, MIPS)

�B@CV?OFVO CDB7D4@ 4?O VALBW BC5D4FV9ABW E8EF5@8 (A4CD8>?44, Windows-CDB7D4@8 A4 Linux 45B A46C4>8)

�VAV@V74FVO G4EG 75VD>8 4?O 65?8>8E CDB5>FV6 L?OEB@ 68>BD8EF4AAO CBFG6AVL8E EBEF-E8EF5@

�@EVB5:BC@=V >A>5;86>ABV FV;L>68E ?;4BD>@<

�D8 >DBE->B@CV?OFVW 646?86B 6D4EB6G64F8 G8E?5AAV 6V4@VAABEFV @V6 C?4FDBD@4@8:

%4D4>F5D<EF<>4 �C?<6 A4 >B@CV?OFVN �D<>?44< 6V4@VAABEF5=

�BDO4B> 549FV6 (endianness) �C?864T A4 CD54EF46?5AAO 
5474FB549FB68E 7A4G5AL

Little-endian (x86, ARM) vs Big-
endian (45O>V MIPS, PowerPC)

 B7DO4AVEFL �87A4G4T DB7@VD 6>47V6A8>V6 V 
45O>8E F8CV6 44A8E

32-bit vs 64-bit 4DEVF5>FGD8

�45VD VAEFDG>FV9 �C?864T A4 75A5D4FVN @4L8AAB7B 
>B4G

CISC (x86) vs RISC (ARM, RISC-V)

�8DV6AN64AAO 44A8E �8@B78 4B DB7@VM5AAO 44A8E G 
C4@'OFV

�5O>V 4DEVF5>FGD8 68@474NFL 
EFDB7B7B 68DV6AN64AAO, VALV - AV

ABI (Application Binary Interface) �D468?4 68>?8>G DGA>FV9, 
C5D544GV C4D4@5FDV6

 V7AV >BA65AFVW 4?O x86, ARM, MIPS

!8EF5@AV 68>?8>8 �AF5DD59E8 7 BC5D4FV9ABN 
E8EF5@BN

 V7AV API 6 Windows, Linux, macOS

�=AB@C<5=B8 4;O :@>A-:><?V;OFVW

�=AB@C<5=B4;L=V ;4=FN6:8 (toolchains)
�45BD8 VAEFDG@5AFV6, MB 6>?NG4NFL >B@CV?OFBD, 
4E5@5?5D, ?VA>5D, 5V5?VBF5>8 F4 VALV GF8?VF8 4?O 
C56ABW FV?LB6BW C?4FDBD@8. �D8>?448: GCC cross-
toolchains, LLVM/Clang, Android NDK.

%8AB5<8 75V@:8
�AEFDG@5AF8 4?O 46FB@4F874FVW CDBF5EG 75VD>8, O>V 
CV4FD8@GNFL >DBE->B@CV?OFVN. �D8>?448: CMake, 
Meson, Bazel, O>V 4B76B?ONFL 7AGG>B 
A4?4LFB6G64F8 C4D4@5FD8 >B@CV?OFVW 4?O DV7A8E 
C?4FDBD@.

�>=B59=5@874FVO B4 6V@BC4;V74FVO
Docker, QEMU F4 VALV VAEFDG@5AF8 4?O EF6BD5AAO 
V7B?LB64A8E E5D54B68M 75VD>8 F4 F5EFG64AAO, O>V 
5@G?NNFL FV?LB6V C?4FDBD@8.

�C;LB8?;4BD>@<=V D@59<6>@:8
Qt, Flutter, Xamarin, Electron - DD59@6BD>8, O>V 
45EFD47GNFL 6V4@VAABEFV @V6 C?4FDBD@4@8 F4 
ECDBMGNFL >DBE-C?4FDBD@AG DB7DB5>G.

�@>5;5<8 <C;LB8?;4BD>@<=>W @>7@>5:8

�D8 DB7DB5FV CDB7D4@ 4?O DV7A8E C?4FDBD@ DB7DB5A8>8 EF8>4NFLEO 7 G8E?5AA8@8 68>?8>4@8:

�4;56=>ABV 6V4 A?5F8DVG=8E API
 V7AV �! A444NFL DV7AV VAF5DD59E8 4?O 4BEFGCG 4B E8EF5@A8E D5EGDEV6

�V4<V==>ABV 6 GUI
 V7AV C?4FDBD@8 @4NFL 6?4EAV EF4A44DF8 VAF5DD59EG >BD8EFG64G4

�5@C64==O 5V5;V>B5:4<8
�4557C5G5AAO EG@VEA8E 5V5?VBF5> 4?O DV7A8E C?4FDBD@

&5ABC64==O

�5B5EV4AVEFL F5EFG64AAO A4 6EVE FV?LB68E C?4FDBD@4E

�?B8<V74FVO
�D4EG64AAO BEB5?86BEF59 >B6ABW C?4FDBD@8 4?O 
4BEO7A5AAO BCF8@4?LABW CDB4G>F86ABEFV

�?O 68DVL5AAO F8E CDB5?5@ 74EFBEB6GNFLEO DV7AV CV4EB48, 7B>D5@4:

�8>BD8EF4AAO 45EFD4>FA8E L4DV6, O>V V7B?NNFL C?4FDBD@B-74?56A89 >B4

'@B6A4 >B@CV?OFVO 7 68>BD8EF4AAO@ CD5CDBF5EBD4 (#ifdef) 4?O DV7A8E C?4FDBD@

�CDB64465AAO CB?V@BDDV7@G 4?O D54?V74FVW C?4FDBD@B-EC5F8DVGAB7B >B4G

�8>BD8EF4AAO >DBE-C?4FDBD@A8E 5V5?VBF5>, O>V VA>4CEG?NNFL 6V4@VAABEFV @V6 C?4FDBD@4@8

�@8:;448 :@>A-:><?V;OFVW 4;O @V7=8E 4@EVB5:BC@

# �AB4=>6;9==O GCC :@>A-:><?V;OB>@4 8;O ARM =4 Ubuntu
$ sudo apt install gcc-arm-linux-gnueabihf

# �><?V;OFVO ?@>AB>W ?@>7@4<8 8;O ARM
$ arm-linux-gnueabihf-gcc hello.c -o hello_arm

# �8:>@8AB4==O CMake 8;O :@>A-:><?V;OFVW ?@>9:BC
$ mkdir build && cd build
$ cmake -DCMAKE_TOOLCHAIN_FILE=../arm-toolchain.cmake ..
$ make

# �<VAB B8?>6>7> D49;C =4;4LBC64=L toolchain 8;O CMake
# arm-toolchain.cmake
set(CMAKE_SYSTEM_NAME Linux)
set(CMAKE_SYSTEM_PROCESSOR arm)
set(CMAKE_C_COMPILER arm-linux-gnueabihf-gcc)
set(CMAKE_CXX_COMPILER arm-linux-gnueabihf-g++)
set(CMAKE_FIND_ROOT_PATH /usr/arm-linux-gnueabihf)
set(CMAKE_FIND_ROOT_PATH_MODE_PROGRAM NEVER)
set(CMAKE_FIND_ROOT_PATH_MODE_LIBRARY ONLY)
set(CMAKE_FIND_ROOT_PATH_MODE_INCLUDE ONLY)

�DBE->B@CV?OFVO 4?O Android 68@474T 68>BD8EF4AAO Android NDK (Native Development Kit):

# �4;4LBC64==O Android NDK
$ export ANDROID_NDK=/path/to/android-ndk

# �><?V;OFVO C/C++ :>8C 8;O Android 7 68:>@8AB4==O< ndk-build
$ $ANDROID_NDK/ndk-build APP_ABI=armeabi-v7a,arm64-v8a,x86,x86_64

# �5> 7 68:>@8AB4==O< CMake
$ mkdir build && cd build
$ cmake -DCMAKE_TOOLCHAIN_FILE=$ANDROID_NDK/build/cmake/android.toolchain.cmake \
        -DANDROID_ABI=armeabi-v7a -DANDROID_PLATFORM=android-21 ..
$ make

�DBE->B@CV?OFVO F4 @G?LF8C?4FDBD@A4 DB7DB5>4 EF4NFL 6E5 5V?LL 646?868@8 6 5CBEG DV7AB@4AVFA8E CD8EFDBW6 F4 
BC5D4FV9A8E E8EF5@. �B?B4VAAO VAEFDG@5AF4@8 F4 @5FB48>4@8, A5B5EV4A8@8 4?O 5D5>F86ABW >DBE->B@CV?OFVW, T FVAABN 
A468G>BN 4?O DB7DB5A8>V6 CDB7D4@AB7B 74557C5G5AAO, MB 4B76B?OT EF6BDN64F8 CDB4G>F8, 4BEFGCAV 4?O L8DB>BW 
4G48FBDVW >BD8EFG64GV6 A4 DV7A8E C?4FDBD@4E.



!GK4EAV F9A89AJVW 6 FD4AE?OJVW CDB7D4@
"5EAB?B7VW FD4AE?OFVW CDB7D4@ CBEFV9AB 56B?NFVBAGNFL 4?O 744B6B?5AAO 7DBEF4NG8E 68@B7 4B CDB4G>F86ABEFV, 
5D5>F86ABEFV DB7DB5>8 F4 CV4FD8@>8 DV7AB@4AVFA8E C?4FDBD@. # FLB@G DB74V?V DB77?OA5@B A49646?86VLV EGG4EAV 
F5A45AFVW F4 VAAB64FV9AV CV4EB48 6 B5?4EFV >B@CV?OFBDV6, VAF5DCD5F4FBDV6 F4 CB6'O74A8E F5EAB?B7V9.

AOT->B@CV?OJVO 6 @B64I ; 8<A4@VKABN F<CV;4JVTN

Ahead-of-Time (AOT) >B@CV?OFVO EF4T 6E5 5V?LL CBCG?ODABN A46VFL 4?O @B6, O>V FD448FV9AB 68>BD8EFB6GNFL 
VAF5DCD5F4FVN 45B JIT->B@CV?OFVN:

Python: CDB5>F8 F8CG Nuitka, Cython F4 MyPyC C5D5F6BDNNFL Python->B4 G >B@CV?LB64A89 >B4

JavaScript: TypeScript 4B76B?OT 4B44F8 EF4F8GAG F8CV74FVN, 4 VAEFDG@5AF8 A4 >LF4?F Google's Closure Compiler 
BCF8@V7GNFL JS->B4 C5D54 68>BA4AAO@

Ruby: YARV (Yet Another Ruby VM) 68>BD8EFB6GT AOT->B@CV?OFVN 4?O CV468M5AAO CDB4G>F86ABEFV

PHP: CDB5>F KPHP 6V4 VK >B@CV?NT PHP G C++ 4?O 7A4GAB7B CV468M5AAO CDB4G>F86ABEFV

AOT->B@CV?OFVO 4?O 48A4@VGA8E @B6 68DVLGT CDB5?5@G "EB?B4AB7B EF4DFG" (cold start), O>4 T A54B?V>B@ JIT->B@CV?OFVW, F4 
74557C5GGT EF45V?LAVLG CDB4G>F86AVEFL 557 G4EG, A5B5EV4AB7B 4?O "DB7V7DV6G" JIT->B@CV?OFBD4.

�A>D9@9AF4?LA4 >B@CV?OJVO F4 WW C9D9647<

�A>D5@5AF4?LA4 >B@CV?OFVO 3 F5 F5EAV>4, O>4 4B76B?OT C5D5>B@CV?N64F8 FV?L>8 FV G4EF8A8 CDB7D4@8, O>V 7@VA8?8EO, 
74@VEFL CB6ABW C5D5>B@CV?OFVW:

,6<8L<= J<>? DB;DB5><
�A4GAB 7@5ALGT G4E @V6 6A5E5AAO@ 7@VA 4B >B4G F4 
@B6?86VEFN F5EFG64AAO F8E 7@VA, MB CV468MGT 
CDB4G>F86AVEFL DB7DB5A8>V6.

�>BAB@VO D9EGDEV6
�VAV@V7GT 68>BD8EF4AAO CDBF5EBD4 F4 C4@'OFV CV4 
G4E >B@CV?OFVW, MB BEB5?86B 646?86B 4?O 65?8>8E 
CDB5>FV6.

IDE VAF97D4JVO
�B76B?OT VAF57DB64A8@ E5D54B68M4@ DB7DB5>8 
A44464F8 @8FFT689 76BDBFA89 76'O7B> F4 
CV4E6VGG64F8 CB@8?>8 6 D54?LAB@G G4EV.

�BE?V8B6AV 5VA4DAV 4DF9H4>F<
�4557C5GGT 5V?LL EF45V?LAV F4 C5D5454GG64AV 
D57G?LF4F8 >B@CV?OFVW, GA8>4NG8 6V4@VAABEF59, O>V 
@B6GFL 68A8>4F8 CD8 CB6AV9 C5D5>B@CV?OFVW.

!GG4EAV @B68 CDB7D4@G64AAO, F4>V O> Rust (7 cargo), Kotlin, Swift F4 Go, @4NFL 65G4B64AG CV4FD8@>G VA>D5@5AF4?LABW 
>B@CV?OFVW, MB 7A4GAB CB>D4MGT 4BE6V4 DB7DB5>8.

 B;CB8V?9A4 >B@CV?OJVO

 B7CB4V?5A4 >B@CV?OFVO 68>BD8EFB6GT >V?L>4 >B@C'NF5DV6 4?O C4D4?5?LABW >B@CV?OFVW DV7A8E G4EF8A 65?8>8E CDB5>FV6:

�V87BFB6>4
�8EV4A89 >B4 
DB74V?OTFLEO A4 
A574?56AV @B4G?V

 B;CB8V?
�B4G?V DB7CB4V?ONFLEO 
@V6 E5D65D4@8 
>B@CV?OFVW

�4D4?9?LA4 
>B@CV?OJVO
�B65A E5D65D >B@CV?NT 
E6BN G4EF8AG >B4G

�5'T8A4AAO
!>B@CV?LB64AV 4DF5D4>F8 
758D4NFLEO D47B@ 4?O 
DVA4?LAB7B ?VA>G64AAO

!8EF5@8 DB7CB4V?5ABW >B@CV?OFVW, F4>V O> DistCC, Bazel, BuildGrid F4 Goma 6V4 Google, 4B76B?ONFL 7A4GAB E>BDBF8F8 G4E 
>B@CV?OFVW 65?8>8E CDB5>FV6 V EF4NFL 6E5 5V?LL 646?868@8 6 >BDCBD4F86AB@G E5D54B68MV DB7DB5>8.

�B6V CV8IB8< 8B BCF<@V;4JVW >B8G

!GG4EAV >B@CV?OFBD8 74EFBEB6GNFL 6E5 5V?LL E>?44AV F5EAV>8 BCF8@V74FVW:

�DBHV?9-BDVTAFB64A4 BCF<@V;4JVO (PGO)
�8>BD8EFB6GT 44AV CDBDV?N64AAO D54?LAB7B 68>BA4AAO 
CDB7D4@8 4?O CD89AOFFO DVL5AL MB4B BCF8@V74FVW. 
�B@CV?OFBD BFD8@GT VADBD@4FVN CDB F5, O>V L?OE8 
68>BA4AAO 68>BD8EFB6GNFLEO A49G4EFVL5, V BCF8@V7GT 
E4@5 WE.

�V:CDBJ98GDA4 BCF<@V;4JVO (IPO/LTO)
Link-Time Optimization (LTO) F4 Interprocedural 
Optimization (IPO) 4B76B?ONFL >B@CV?OFBDG BCF8@V7G64F8 
>B4 A4 DV6AV 6EVTW CDB7D4@8, 4 A5 ?8L5 B>D5@8E D49?V6, 
MB 6V4>D864T AB6V @B6?86BEFV 4?O BCF8@V74FVW.

�B?V@BDHA4 VA?4=A->9L (PIC)
"5EAV>4, MB 68>BD8EFB6GTFLEO 6 JIT->B@CV?OFBD4E 4?O 
BCF8@V74FVW 68>?8>V6 6VDFG4?LA8E @5FB4V6 L?OEB@ 
>5LG64AAO A49G4EFVL5 68>BD8EFB6G64A8E D54?V74FV9.

!C9>G?OF<6A4 BCF<@V;4JVO
�B@CV?OFBD DB58FL CD8CGM5AAO CDB 9@B6VDAG CB654VA>G 
CDB7D4@8 F4 BCF8@V7GT >B4 6V4CB6V4AB, 4B44NG8 
C5D56VD>8 4?O 68C44>V6, >B?8 CD8CGM5AAO A5 
68>BAGNFLEO (deoptimization).

�6FB69>FBD<;4JVO F4 46FBC4D4?9?V;4JVO
�6FB@4F8GA5 C5D5F6BD5AAO CBE?V4B6AB7B >B4G G 
65>FBDAV VAEFDG>FVW 45B C4D4?5?LA89 >B4 4?O 
5474FBO45DA8E CDBF5EBDV6 F4 GPGPU.

�4L<AA9 A46K4AAO 6 >B@CV?OFBDA<I F9IAB?B7VOI

�4L8AA5 A46G4AAO EF4T CBFG6A8@ VAEFDG@5AFB@ 4?O CB>D4M5AAO >B@CV?OFBDV6 F4 CDBF5EV6 BCF8@V74FVW:

�AF9?9>FG4?LA<= 6<5VD BCF<@V;4JV=
ML-@B45?V C5D5454G4NFL A495V?LL 5D5>F86AV BCF8@V74FVW 4?O >BA>D5FAB7B >B4G

�84CF<6A4 BCF<@V;4JVO CV8 K4E 6<>BA4AAO
�8A4@VGA5 A4?4LFG64AAO BCF8@V74FV9 A4 BEAB6V CB654VA>8 CDB7D4@8

�6FB@4F<KA4 79A9D4JVO >B8G
�8>BD8EF4AAO ML 4?O EF6BD5AAO BCF8@V7B64A8E D54?V74FV9 
4?7BD8F@V6

4
�DB7AB;G64AAO CDB8G>F<6ABEFV
�5D5454G5AAO 5D5>FG BCF8@V74FV9 557 D4>F8GAB7B 
68>BA4AAO >B4G

�DB5>F8, F4>V O> TVM 6V4 Apache, MLIR 6V4 LLVM, F4 Google's TensorFlow Compiler (XLA), 45@BAEFDGNFL CBF5AFV4? 
@4L8AAB7B A46G4AAO 4?O CV468M5AAO 5D5>F86ABEFV >B@CV?OFVW F4 BCF8@V74FVW, BEB5?86B 4?O B5?4EF59 LFGGAB7B 
VAF5?5>FG F4 68EB>BCDB4G>F86A8E B5G8E?5AL.

�ALV ;A4KGMV F9A89AJVW

WebAssembly (Wasm): 5VA4DA89 DBD@4F 4?O 68>BA4AAO >B4G 6 655-5D4G75D4E, MB 4B76B?OT 74CGE>4F8 4B44F>8, 
A4C8E4AV DV7A8@8 @B64@8, 6 5D4G75DV 7 CDB4G>F86AVEFN, 5?87L>BN 4B A4F86A8E CDB7D4@

�B@CV?OFVO 6 LLVM IR: 5V?LLVEFL EGG4EA8E @B6 68>BD8EFB6GNFL LLVM O> backend, MB ECDBMGT EF6BD5AAO AB68E @B6 F4 
74557C5GGT 68EB>G O>VEFL 75A5D4FVW >B4G

JIT->B@CV?OFVO 6 >5DB64A8E E5D54B68M4E: F4>V C?4FDBD@8 O> .NET Core, Java HotSpot VM F4 V8 CDB4B66GNFL 
64BE>BA4?N64F8 E6BW JIT->B@CV?OFBD8 4?O 74557C5G5AAO CDB4G>F86ABEFV, 5?87L>BW 4B A4F86AB7B >B4G

�AEFDG@5AF8 EF4F8GAB7B 4A4?V7G: VAF57D4FVO EF4F8GAB7B 4A4?V7G 6 CDBF5E >B@CV?OFVW 4?O 68O6?5AAO CB@8?B> F4 
6D47?86BEF59 A4 D4AAVE 5F4C4E

$BD@4?LA4 65D8DV>4FVO: >B@CV?OFBD8 7 CV4F65D465ABN >BD5>FAVEFN, O>V 74D4AFGNFL, MB BCF8@V74FVW A5 7@VANNFL 
E5@4AF8>G CDB7D4@8

&V F5A45AFVW 6V4B5D464NFL CBEFV9A89 CDB7D5E G 74?G7V F5EAB?B7V9 FD4AE?OFVW CDB7D4@, ECDO@B64A89 A4 CV468M5AAO 
CDB4G>F86ABEFV, 5D5>F86ABEFV F4 A44V9ABEFV CDB7D4@AB7B 74557C5G5AAO 6 >BAF5>EFV 6E5 5V?LL E>?44A8E F4 
DV7AB@4AVFA8E B5G8E?N64?LA8E E5D54B68M.



�D4>F<KAV CD<>?48< 6<>BD<EF4AAO 
>B@CV?OFBDV6 F4 VAF9DCD9F4FBDV6
' FLB@G DB74V?V @8 DB77?OA5@B CD4>F8GAV CD8>?448 68>BD8EF4AAO DV7A8E VAEFDG@5AFV6 FD4AE?OFVW CDB7D4@AB7B >B4G. &V 
CD8>?448 45@BAEFDGNFL CDBF5E8 >B@CV?OFVW, VAF5DCD5F4FVW, ?VA>G64AAO F4 4A4?V7G >B4G, O>V 68>BD8EFB6GNFLEO G 
CB6EO>45AAV9 CD4>F8FV CDB7D4@G64AAO.

�B@CV?OJVO F4 6<>BA4AAO CDB7D4@< A4 C/C++

 B77?OA5@B CDBF5E >B@CV?OFVW CDBEFBW CDB7D4@8 A4 C:

// hello.c
#include 

int main() {
    printf("�D<6VF, E6VF!\n");
    return 0;
}

$ gcc -E hello.c -o hello.i

�D9CDBJ9E<A7

 B7L8D5AAO 48D5>F86 
CD5CDBF5EBD4, 6>?NG5AAO 
747B?B6BGA8E D49?V6 $ gcc -S hello.i -o hello.s

�B@CV?OJVO
�5D5F6BD5AAO >B4G C 6 
4E5@5?5DA89 >B4

$ gcc -c hello.s -o 
hello.o

�E9@5?N64AAO

�5D5F6BD5AAO 
4E5@5?5DAB7B >B4G 6 
B5'T>FA89 D49?

$ gcc hello.o -o hello

�VA>G64AAO
!F6BD5AAO 68>BAG64AB7B 
D49?G 7 B5'T>FA8E D49?V6 
F4 5V5?VBF5>

&V >B@4A48 @B6A4 B5'T4A4F8 6 B4AG, V >B@CV?OFBD 68>BA4T 6EV 5F4C8 CBE?V4B6AB:

$ gcc hello.c -o hello

�?O C++ CDBF5E 4A4?B7VGA89, 4?5 68>BD8EFB6GTFLEO >B@CV?OFBD g++ (45B clang++ 4?O LLVM):

$ g++ hello.cpp -o hello

�B4464AAO BCF8@V74FV9 F4 VAL8E C4D4@5FDV6:

$ gcc -O2 -Wall -std=c11 hello.c -o hello

�AF9DCD9F4JVO >B8G Python F4 JavaScript

Python F4 JavaScript T GG4B68@8 CD8>?444@8 VAF5DCD5FB64A8E @B6 7 DV7A8@8 CV4EB44@8 4B 68>BA4AAO >B4G.

# hello.py
def greet(name):
    return f"�D<6VF, {name}!"

print(greet("!6VF"))

# �4CGE> VAF9DCD9F4FBD4
$ python hello.py

# �B@CV?OJVO 6 54=F->B8
$ python -m py_compile hello.py
# !F6BDNT __pycache__/hello.cpython-xx.pyc

# �<;4E9@5?N64AAO 54=F->B8G
$ python -m dis hello.py

Python
!F4A44DFA89 VAF5DCD5F4FBD Python (CPython) >B@CV?NT 
68EV4A89 >B4 G 549F->B4, O>89 CBFV@ 68>BAGTFLEO 
6VDFG4?LABN @4L8ABN.

// hello.js
function greet(name) {
    return `�D<6VF, ${name}!`;
}

console.log(greet("!6VF"));

// �4CGE> G Node.js
$ node hello.js

// �4CGE> ; V8 ; 6V8B5D4:9AAO@ BCF<@V;4JV=
$ node --trace-opt hello.js

// �4CGE> ; Babel 8?O FD4AECV?OJVW
$ npx babel hello.js --out-file hello.transpiled.js

JavaScript
JavaScript 74768G49 68>BAGTFLEO 6 5D4G75DV 45B 6 Node.js. 
!GG4EAV DGLVW JavaScript 68>BD8EFB6GNFL JIT->B@CV?OFVN 
4?O CV468M5AAO CDB4G>F86ABEFV.

&D4AE?OJVO F4 6<>BA4AAO CDB7D4@ A4 Java/C#

Java F4 C# 68>BD8EFB6GNFL CB4V5A89 CV4EV4: 6BA8 >B@CV?NNFLEO G 549F->B4, O>89 CBFV@ 68>BAGTFLEO 6VDFG4?LABN 
@4L8ABN 7 JIT->B@CV?OFVTN.

// Hello.java
public class Hello {
    public static void main(String[] args) {
        System.out.println("�D<6VF, E6VF!");
    }
}

// �B@CV?OJVO 6 54=F->B8
$ javac Hello.java
// !F6BDNT Hello.class

// �4CGE> CDB7D4@< K9D9; JVM
$ java Hello

// �9D97?O8 54=F->B8G
$ javap -c Hello.class

Java

// Hello.cs
using System;

class Hello {
    static void Main() {
        Console.WriteLine("�D<6VF, E6VF!");
    }
}

// �B@CV?OJVO 6 IL
$ csc Hello.cs
// !F6BDNT Hello.exe

// �4CGE> CDB7D4@< K9D9; CLR
$ Hello.exe
// 45B
$ dotnet Hello.dll

// �9D97?O8 IL
$ ildasm Hello.exe

C#

 B5BF4 ; >B@CBAG64?LA<>B@: 6<DVL9AAO F<CB6<I CB@<?B>

�D8 DB5BFV 7 >B@CBAG64?LA8>B@ @B6GFL 68A8>4F8 DV7AV CB@8?>8.  B77?OA5@B F8CB6V CDB5?5@8 F4 WE 68DVL5AAO:

�B@<?>4 �D<G<A4 �<DVL5AAO

undefined reference / unresolved 
external symbol

!8@6B? (DGA>FVO, 7@VAA4) 
68>BD8EFB6GTFLEO, 4?5 A5 
687A4G5A89

�B44F8 6V4EGFAV9 B5'T>FA89 D49? 
45B 5V5?VBF5>G 4B ?VA>G64AAO

multiple definition / duplicate 
symbol

!8@6B? 687A4G5AB >V?L>4 D47V6 �8>BD8EFB6G64F8 extern 45B static, 
68CD468F8 4G5?N64AAO G 
68EV4AB@G >B4V

library not found �B@CBAG64?LA8> A5 @B65 7A49F8 
6>474AG 5V5?VBF5>G

�B44F8 L?OE 4B 5V5?VBF5>8: -
L/path/to/lib

relocation truncated to fit �56V4CB6V4AVEFL DB7@VDG 44D5E8 
(74768G49 32/64-5VF CDB5?5@8)

�8>BD8EFB6G64F8 CD468?LAV 
CD4CBDFV >B@CV?OFVW: -m32 45B -
m64

�D8>?44 68DVL5AAO CB@8?>8 "undefined reference":

// main.c
extern int add(int a, int b);
int main() {
    return add(5, 3);
}

// math.c
int add(int a, int b) {
    return a + b;
}

// !CDB54 >B@CV?OJVW FV?L>< main.c CD<;6989 8B CB@<?><
$ gcc main.c -o program
// main.c:(.text+0x14): undefined reference to `add'

// �D46<?LA9 ?VA>G64AAO ; B5B@4 H4=?4@<
$ gcc main.c math.c -o program

�A4?V; CDB@V:AB7B >B8G F4 8<;4E9@5?N64AAO

�A4?V7 CDB@V6AB7B F4 @4L8AAB7B >B4G T 646?868@ VAEFDG@5AFB@ 4?O DB7G@VAAO DB5BF8 >B@CV?OFBDV6 F4 BCF8@V74FVW 
CDB7D4@.

$ objdump -d hello.o

�<;4E9@5?N64AAO B5'T>FA<I H4=?V6
�AEFDG@5AF8: objdump, ndisasm, IDA Pro

$ javap -c -verbose Hello.class

�A4?V; 54=F->B8G
�AEFDG@5AF8: javap (Java), dis (Python), monodis 
(C#/.NET)

$ clang -S -emit-llvm hello.c -o hello.ll

�9D97?O8 CDB@V:AB7B CD98EF46?9AAO
�AEFDG@5AF8: llvm-ir (LLVM), -fdump-tree-* (GCC)

$ gcc -O2 -fopt-info-all hello.c

�A4?V; BCF<@V;4JV=
�AEFDG@5AF8: -fopt-info (GCC), -Rpass (Clang)

�D8>?44 4A4?V7G 4E5@5?5DAB7B >B4G, 775A5DB64AB7B GCC:

// �4L 6<IV8A<= >B8:
int square(int x) {
    return x * x;
}

// �B@CV?OJVO ; 6<6989AAO@ 4E9@5?9D4:
$ gcc -S -O2 -masm=intel sample.c -o sample.s

//  9;G?LFGNK<= 4E9@5?9DA<= >B8:
square:
    mov     eax, edi
    imul    eax, edi
    ret

�A4?V7 CDB@V6AB7B >B4G F4 4874E5@5?N64AAO 4BCB@474T 7DB7G@VF8, O> >B@CV?OFBD C5D5F6BDNT 68EB>BDV6A5689 >B4 G 
@4L8AAV VAEFDG>FVW, O>V BCF8@V74FVW 74EFBEB6GNFLEO, F4 O> @B6A4 CB>D4M8F8 CDB4G>F86AVEFL CDB7D4@8 L?OEB@ 7@VA G 
68EV4AB@G >B4V.

�D4>F8GA5 DB7G@VAAO CDBF5EV6 FD4AE?OFVW F4 68>BA4AAO CDB7D4@ 4B76B?OT DB7DB5A8>4@ 5D5>F86AVL5 A4?47B46G64F8 
>B4, BCF8@V7G64F8 CDB4G>F86AVEFL F4 68DVLG64F8 CDB5?5@8, CB6'O74AV 7 >B@CV?OFVTN F4 68>BA4AAO@ CDB7D4@ A4 DV7A8E 
C?4FDBD@4E.



&5AB>6V 74644==O 4?O ?5@56V@>8 7=4=L
#5D56VDF5 E6BW 7A4AAO 7 F5@8 "&D4AE?OFVO F4 68>BA4AAO: >B@CV?OFBD, VAF5DCD5F4FBD, >B@CBAB6G64?LA8>" 74 4BCB@B7BN 
A4EFGCA8E F5EFB68E 74644AL. "55DVFL B4AG CD468?LAG 6V4CB6V4L 7 GBF8DLBE 74CDBCBAB64A8E 64DV4AFV6.

1
�8B4==O

/>4 BEAB6A4 6V4@VAAVEFL @V6 >B@CV?OFBDB@ F4 VAF5DCD5F4FBDB@?

�B@CV?OFBD CD4FNT L684L5, AV6 VAF5DCD5F4FBD1.

�B@CV?OFBD C5D5F6BDNT 65EL >B4 G @4L8AA89 C5D54 68>BA4AAO@, 4 VAF5DCD5F4FBD 68>BAGT >B4 DO4B> 74 DO4>B@2.

�AF5DCD5F4FBD @B65 CD4FN64F8 7 5G4L-O>BN @B6BN CDB7D4@G64AAO, 4 >B@CV?OFBD - AV3.

�B@CV?OFBD 746648 EF6BDNT 5V?LL BCF8@V7B64A89 >B4, AV6 VAF5DCD5F4FBD4.

�@46<?L=4 6V4?>6V4L: B

�>OA=5==O: "EAB6A4 6V4@VAAVEFL CB?O74T 6 FB@G, MB >B@CV?OFBD C5D56B48FL 68EV4A89 >B4 CDB7D4@8 6 @4L8AA89 >B4 4B 
CBG4F>G 68>BA4AAO CDB7D4@8, EF6BDNNG8 B>D5@89 68>BAG64A89 D49?, FB4V O> VAF5DCD5F4FBD 4A4?V7GT F4 68>BAGT >B4 
CBE?V4B6AB CV4 G4E 68>BA4AAO CDB7D4@8, DO4B> 74 DO4>B@, 557 EF6BD5AAO B>D5@B7B @4L8AAB7B D49?G.

2
�8B4==O

/>89 5F4C >B@CV?OFVW 6V4CB6V44T 74 C5D56VD>G CD468? @B68 CDB7D4@G64AAO?

�5>E8GA89 4A4?V71.

%8AF4>E8GA89 4A4?V72.

�5A5D4FVO >B4G3.

"CF8@V74FVO4.

�@46<?L=4 6V4?>6V4L: B

�>OA=5==O: %8AF4>E8GA89 4A4?V7 (C4DE8A7) C5D56VDOT, G8 4BFD8@GTFLEO >B4 7D4@4F8GA8E CD468? @B68 CDB7D4@G64AAO. 
!4 FLB@G 5F4CV 5G4GTFLEO 45D56B DB75BDG 45B 45EFD4>FA5 E8AF4>E8GA5 45D56B, MB CD54EF46?OT EFDG>FGDG CDB7D4@8 
6V4CB6V4AB 4B CD468? 7D4@4F8>8 @B68.
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/>4 DB?L >B@CBAG64?LA8>4 (?VA>5D4) G CDBF5EV >B@CV?OFVW?

#5D5F6BDNT 68EV4A89 >B4 A4 @4L8AA891.

"CF8@V7GT 68>BA4AAO CDB7D4@82.

"5'T4AGT B5'T>FAV D49?8 F4 5V5?VBF5>8 G 68>BAG64A89 D49?3.

�8>BAGT 4A4?V7 E8AF4>E8GA8E CB@8?B>4.

�@46<?L=4 6V4?>6V4L: C

�>OA=5==O: �B@CBAG64?LA8> (?VA>5D) B5'T4AGT B5'T>FAV D49?8, 775A5DB64AV >B@CV?OFBDB@, F4 A5B5EV4AV 5V5?VBF5>8 6 
T48A89 68>BAG64A89 D49?. �VA DB76'O7GT E8@6B?LAV CBE8?4AAO @V6 DV7A8@8 @B4G?O@8 CDB7D4@8, 6EF4AB6?NNG8 
CD468?LAV 44D5E8 4?O 68>?8>V6 DGA>FV9 F4 4BEFGCG 4B 44A8E.
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-B F4>5 JIT->B@CV?OFVO?

�B@CV?OFVO 68EV4AB7B >B4G 557CBE5D54ALB 6 @4L8AA89 >B4 557 CDB@V6A8E 5F4CV61.

�B@CV?OFVO G4EF8A CDB7D4@8 CV4 G4E WW 68>BA4AAO2.

�B@CV?OFVO 7 68>BD8EF4AAO@ CBC5D54ALB E>B@CV?LB64A8E L45?BAV63.

�B@CV?OFVO, MB 68>BAGTFLEO A4 DV7A8E >B@C'NF5D4E B4ABG4EAB4.

�@46<?L=4 6V4?>6V4L: B

�>OA=5==O: JIT (Just-In-Time) >B@CV?OFVO - F5 F5EAV>4, CD8 O>V9 549F->B4 45B CDB@V6A89 >B4 >B@CV?NTFLEO 6 @4L8AA89 
>B4 CV4 G4E 68>BA4AAO CDB7D4@8, 4 A5 74744?57V4L. &5 4B76B?OT 74EFBEB6G64F8 BCF8@V74FVW A4 BEAB6V VADBD@4FVW, 
4BEFGCABW FV?L>8 CV4 G4E 68>BA4AAO, F4 74557C5GGT 54?4AE @V6 L684>VEFN 68>BA4AAO F4 CBDF4F86AVEFN.
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/>4 C5D56474 EF4F8GA8E 5V5?VBF5> C5D54 48A4@VGA8@8?

 5AL89 DB7@VD 68>BAG64AB7B D49?G1.

 B6?86VEFL BAB6?5AAO 5V5?VBF5>8 557 C5D5>B@CV?OFVW CDB7D4@82.

�V4EGFAVEFL 74?56ABEF59 CV4 G4E 68>BA4AAO CDB7D4@83.

�>BAB@VO C4@'OFV CD8 68>BD8EF4AAV >V?L>B@4 CDB7D4@4@84.

�@46<?L=4 6V4?>6V4L: C

�>OA=5==O: "EAB6ABN C5D5647BN EF4F8GA8E 5V5?VBF5> T F5, MB 6BA8 6>?NG4NFLEO 557CBE5D54ALB G 68>BAG64A89 D49? 
CDB7D4@8 CD8 >B@CV?OFVW. &5 74557C5GGT 6V4EGFAVEFL 7B6AVLAVE 74?56ABEF59 CV4 G4E 68>BA4AAO - CDB7D4@4 @VEF8FL 6EV 
A5B5EV4AV DGA>FVW F4 A5 CBFD55GT A4O6ABEFV 5V5?VBF5> G E8EF5@V >BD8EFG64G4.
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-B F4>5 549F->B4?

 4L8AA89 >B4, BCF8@V7B64A89 4?O >BA>D5FAB7B CDBF5EBD41.

#DB@V6A5 CD54EF46?5AAO CDB7D4@8 4?O 68>BA4AAO 6VDFG4?LABN @4L8ABN2.

#BE?V4B6AVEFL 549FV6, MB CD54EF46?ONFL 68EV4A89 >B4 CDB7D4@83.

�B4, A4C8E4A89 @B6BN 4E5@5?5D44.

�@46<?L=4 6V4?>6V4L: B

�>OA=5==O: �49F->B4 - F5 CDB@V6A5 CD54EF46?5AAO CDB7D4@8, DB7DB5?5A5 4?O 5D5>F86AB7B 68>BA4AAO 6VDFG4?LABN 
@4L8ABN. !4 6V4@VAG 6V4 @4L8AAB7B >B4G, O>89 68>BAGTFLEO 557CBE5D54ALB CDBF5EBDB@, 549F->B4 VAF5DCD5FGTFLEO 45B 
>B@CV?NTFLEO "A4 ?LBFG" 6VDFG4?LABN @4L8ABN. &8CB6V CD8>?448 - 549F->B4 Java (.class D49?8) F4 Python (.pyc D49?8).
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�?O GB7B 68>BD8EFB6GTFLEO >DBE->B@CV?OFVO?

�?O B4ABG4EABW >B@CV?OFVW CDB7D4@8 A4 DV7A8E @B64E CDB7D4@G64AAO1.

�?O >B@CV?OFVW CDB7D4@8 A4 B4AV9 C?4FDBD@V 4?O 68>BA4AAO A4 VALV92.

�?O C4D4?5?LABW >B@CV?OFVW DV7A8E G4EF8A 65?8>BW CDB7D4@83.

�?O >B@CV?OFVW CDB7D4@8 7 DV7A8@8 DV6AO@8 BCF8@V74FVW4.

�@46<?L=4 6V4?>6V4L: B

�>OA=5==O: �DBE->B@CV?OFVO - F5 CDBF5E >B@CV?OFVW CDB7D4@8 A4 B4AV9 C?4FDBD@V (EBEF-E8EF5@V) 4?O 68>BA4AAO A4 
VALV9 C?4FDBD@V (FV?LB6V9 E8EF5@V). &5 A5B5EV4AB CD8 DB7DB5FV CDB7D4@ 4?O 65G4B64A8E E8EF5@, @B5V?LA8E CD8EFDBW6 
45B VAL8E C?4FDBD@, 45 557CBE5D54AO >B@CV?OFVO A4 FV?LB6V9 E8EF5@V A5@B6?864 45B A55D5>F86A4.
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/>5 F65D465AAO MB4B DV6AV6 BCF8@V74FVW >B@CV?OFBD4 (-O0, -O1, -O2, -O3) T CD468?LA8@?

�8M89 DV65AL BCF8@V74FVW 746648 CD876B48FL 4B L684LB7B 68>BA4AAO CDB7D4@81.

$V65AL -O0 74557C5GGT A49L684LG >B@CV?OFVN F4 A49>D4MG CV4FD8@>G A4?47B465AAO2.

$V65AL -O3 746648 EF6BDNT >B4, O>89 749@4T @5AL5 C4@'OFV3.

$V6AV BCF8@V74FVW 6C?864NFL FV?L>8 A4 L684>VEFL 68>BA4AAO CDB7D4@8, 4?5 A5 A4 WW DB7@VD4.

�@46<?L=4 6V4?>6V4L: B

�>OA=5==O: $V65AL BCF8@V74FVW -O0 (45B 6V4EGFAVEFL BCF8@V74FVW) 74557C5GGT A49L684LG >B@CV?OFVN F4 A495V?LL CDO@G 
6V4CB6V4AVEFL @V6 68EV4A8@ F4 68>BAG64A8@ >B4B@, MB CB?57LGT A4?47B465AAO. !4 FLB@G DV6AV >B@CV?OFBD A5 68FD4G4T 
G4E A4 4A4?V7 F4 BCF8@V74FVN >B4G, MB CD8E>BDNT CDBF5E >B@CV?OFVW, EBG4 V CD876B48FL 4B @5AL 5D5>F86AB7B 
68>BAG64AB7B >B4G.

9
�8B4==O

/>V @B68 CDB7D4@G64AAO 74768G49 68>BD8EFB6GNFL VAF5DCD5F4FVN?

C F4 C++1.

Python F4 JavaScript2.

Java F4 C#3.

Fortran F4 COBOL4.

�@46<?L=4 6V4?>6V4L: B

�>OA=5==O: Python F4 JavaScript FD448FV9AB T VAF5DCD5FB64A8@8 @B64@8. Python 68>BD8EFB6GT VAF5DCD5F4FBD, O>89 
68>BAGT 549F->B4 (.pyc D49?8), 4 JavaScript VAF5DCD5FGTFLEO 557CBE5D54ALB 6 5D4G75DV 45B E5D54B68MV Node.js. %BG4 
EGG4EAV D54?V74FVW F8E @B6 G4EFB 68>BD8EFB6GNFL JIT->B@CV?OFVN 4?O CV468M5AAO CDB4G>F86ABEFV, 6BA8 6E5 M5 A4?564FL 
4B >4F57BDVW VAF5DCD5FB64A8E @B6.
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-B B7A4G4T CB@8?>4 "undefined reference" CD8 >B@CBAG64AAV?

' 68EV4AB@G >B4V T E8AF4>E8GA4 CB@8?>41.

�B@CV?OFBD A5 @B65 7A49F8 747B?B6BGA89 D49?2.

�B@CBAG64?LA8> A5 @B65 7A49F8 687A4G5AAO 4?O E8@6B?G, O>89 68>BD8EFB6GTFLEO 6 CDB7D4@V3.

' CDB7D4@V 68>BD8EFB6GTFLEO 7@VAA4 557 VAVFV4?V74FVW4.

�@46<?L=4 6V4?>6V4L: C

�>OA=5==O: #B@8?>4 "undefined reference" (45B "unresolved external symbol" G 45O>8E >B@CV?OFBD4E) 68A8>4T, >B?8 
>B@CBAG64?LA8> (?VA>5D) A5 @B65 7A49F8 687A4G5AAO 4?O DGA>FVW, 7@VAABW 45B VALB7B E8@6B?G, O>89 68>BD8EFB6GTFLEO 
6 CDB7D4@V. &5 @B65 EF4F8EO, O>MB 6V4EGFAV9 B5'T>FA89 D49? 45B 5V5?VBF5>4, O>V @VEFOFL F5 687A4G5AAO, 45B O>MB 
E8@6B? A5CD468?LAB B7B?BL5A89 (A4CD8>?44, DV7AV E87A4FGD8 DGA>FVW 6 B7B?BL5AAV F4 687A4G5AAV).

&V F5EFB6V 74644AAO 4BCB@B6GFL 64@ C5D56VD8F8 E6BT DB7G@VAAO >?NGB68E >BAF5CFV9 FD4AE?OFVW F4 68>BA4AAO CDB7D4@, 
BEB5?86BEF59 DB5BF8 >B@CV?OFBDV6, VAF5DCD5F4FBDV6 F4 >B@CBAG64?LA8>V6. />MB 68 GECVLAB 6V4CB6V?8 A4 5V?LLVEFL 
C8F4AL, 68 @4TF5 EBDBL5 DB7G@VAAO F5@8. />MB 6 G 64E 68A8>?8 FDG4ABMV, D5>B@5A4GTFLEO CB65DAGF8EO 4B 6V4CB6V4A8E 
DB74V?V6 >BAEC5>FG 4?O CB6FBD5AAO @4F5DV4?G.


