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1
&<?< >><?'NF5DV6 F4 WE E>?44>6V

�?4E8DK>4FKO >>@?'NF5DA8G E8EF5@ 74 D>7@KD>@, ?>FF6AKEFN F4 ?D87A4G5AAO@. �EA>6AK 
4?4D4FAK >>@?>A5AF8.

2
%<EF5<< G<E?5==O

�5EOF>>64, 5KA4DA4 F4 HKEFA48FOF>>64 E8EF5@8 G8E?5AAO F4 LG 74EF>EF64AAO 6 
>>@?'NF5DA8G F5GA>?>7KOG.

3
&D4=7<EF>D=V >><?'NF5D<

�D8AF8?8 D>5>F8 >?4E8GA8G >>@?'NF5DK6 A4 >EA>6K FD4A78EF>DK6 F4 ?>7KGA8G 5?5@5AFK6.

4
�64=F>6V >><?'NF5D<

�64AF>6K >5G8E?5AAO, >F5KF8 F4 74EF>EF64AAO >64AF>68G >>@?'NF5DK6 F EFG4EA>@F E6KFK.
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&<?< >><?'NF5DV6

%G?5D>><?'NF5D<
�4=?>FF6AKLK F E6KFK E8EF5@8, 
I> E>?484NFLEO 7 F8EOG 
?D>F5E>DK6. �8>>D8EF>6FNFLEO 
8?O E>?48A8G A4F>>68G F4 
KA65A5DA8G 7484G, F4>8G O> 
?D>7A>7F64AAO ?>7>88, 
@>85?N64AAO >?K@4FF, 
D>7D>5>4 ?K>K6 F4 8>E?K865AAO 
>>E@>EF.

�5==HD5=<<
�8E>>>A48K=AK F4 @4ELF45>64AK 
E8EF5@8 8?O >5D>5>8 
65?8G57A8G >5EO7K6 84A8G F4 
>D8F8GA> 646?868G 5K7A5E-
>?5D4FK=. �4557?5GFNFL 
557?5D5D6AF D>5>FF 24/7 F 
54A>K6EL>K= E?D46K, EFD4GF64AAK, 
46K4?KAKOG F4 FDO8>68G 
FEF4A>64G.

�5DE>=4?L=V 
>><?'NF5D<
�>?NG4NFL A4EFK?LAK 
>>@?'NF5D8, A>FF5F>8 F4 D>5>GK 
EF4AFKL, D>7D>5?5AK 8?O 
KA886K8F4?LA>7> 68>>D8EF4AAO. 
'AK65DE4?LAK KAEFDF@5AF8 8?O 
>E6KF8, D>5>F8, D>7647, 3D-
@>85?N64AAO F4 6K85>@>AF46F.

�V>D>>>=FD>?5D< F4 
65G4>64=V E<EF5<<
�>@?4>FAK, E?5FK4?K7>64AK 
>>@?'NF5DAK E8EF5@8, 
KAF57D>64AK 6 KAHK ?D8EFD>L 8?O 
68>>A4AAO >>A>D5FA8G 
74684AL. �8>>D8EF>6FNFLEO F 
?>5FF>6K= F5GAKFK, @588GA>@F 
>5?48A4AAK, 46F>@>5K?LAK= 
5?5>FD>AKFK F4 IoT ?D8EFD>OG.



�V4><V EG?5D>><?'NF5D< 7 DV7=<E >D4W=

�4=?>FF6AKHK >5G8E?N64?LAK @4H8A8 E6KFF D>7H8DNNFL @56K @>6?86>7> F A4FFK F4 F5GA>?>7KOG.

Frontier (%,�)

$>7F4H>64A8= F �4FK>A4?LAK= ?45>D4F>DKL 
�F>-$K86, ?5DL8= F E6KFK 5>74D?>?EA8= 
EF?5D>>@?'NF5D. �8>>D8EF>6FTFLEO 8?O 
?5D58>68G 8>E?K865AL F ED5DK HFFGA>7> 
KAF5?5>FF F4 @>85?N64AAO E>?48A8G 
DK78GA8G ?D>F5EK6.

Aurora (%,�)

�EF4A>6?5A8= 6 �D7>AAEL>K= A4FK>A4?LAK= 
?45>D4F>DKL, Aurora T 8DF78@ 5>74D?>?EA8@ 
EF?5D>>@?'NF5D>@ %,�, >DKTAF>64A8@ A4 
8>E?K865AAO 6 74?F7K HFFGA>7> KAF5?5>FF F4 
A4F>>68G 6K8>D8FFK6.

Fugaku (/?>=VO)

$>7D>5?5A8= RIKEN, 6K8>@8= E6>TN 68E>>>N 
?D>8F>F86AKEFN F4 5A5D7>5D5>F86AKEFN. 
�8>>D8EF>6FTFLEO 8?O 6K8>D8FFO ?K>K6, 
>?K@4F8GA>7> @>85?N64AAO F4 
DFA84@5AF4?LA8G 8>E?K865AL.

LUMI ($V=?O=4VO)

�88A 7 A4=?>FF6AKH8G EF?5D>>@?'NF5DK6 
�6D>?8, D>7F4H>64A8= F �4OAK. LUMI 
?K8FD8@FT T6D>?5=EL>K 8>E?K865AAO 6 74?F7K 
>?K@4FF, >G>D>A8 78>D>6'O, 5A5D75F8>8 F4 
D>7D>5>8 ,�.



�7?O4 &��-5 EG?5D>><?'NF5DV6
�<6G5 ?D58EF46?5A> 8>>?48AK F5GAKGAK G4D4>F5D<EF<>< A4=?>FF6AKH<G EF?5D>>@?'NF5DK6 E6KFF EF4A>@ A4 ?KF> 2025 D>>F, O>K 
85@>AEFDFNFL 65DH<A< EFG4EA>L >5G<E?N64?LA>L F5GAK><.

7 �4764 (�D4L=4) Rmax 
(�$?>?E)

�D>F5E>D (CPU) �D8E>>DN64G 
(GPU)

/4D4  >7F4HF64==O  K>

ÿ El Capitan (%,�) 1742 AMD EPYC 4-7> ?>>>?KAAO AMD Instinct 
MI300A

11039616 Lawrence 
Livermore

2024

� Frontier (%,�) 1353 AMD EPYC 3-7> ?>>>?KAAO AMD Instinct 
MI250X

9066176 Oak Ridge 2022

� Aurora (%,�) 1012 Intel Xeon Max 9470 Intel Max 1550 9264128 Argonne 2023

` JUPITER 
(�K@5GG<A4)

793.4 Arm Neoverse V2 (Nvidia 
Grace)

Nvidia Hopper 
H100

4801344 EuroHPC JU 
(Jülich)

2025

ú Eagle (%,�) 561.2 Intel Xeon Platinum 8480C Nvidia Hopper 
H100

2073600 Microsoft 
Azure

2023

&K EF?5D>>@?'NF5D< T >D<F<GA> 646?<6<@< KAEFDF@5AF4@< 8?O ?D>D<6A<G 8>E?K865AL, I> D>D@FNFL @4=5FFAT A4F>< F4 F5GA>?>7K=.



�E=>6=V E>?44>6V >><?'NF5D4

�D>F5E>D (CPU)

"�>7>>" >>@?'NF5D4, I> 68>>AFT >5G8E?5AAO. %>?484TFLEO 7 4D8D@5F8GA>-?>7KGA>7> 
?D8EFD>N F4 >5DFNG>7> ?D8EFD>N.

�4<'OFL (RAM, ROM)

�?5D4F86A4 (RAM) F4 ?>EFK=A4 (ROM) ?4@'OFL 8?O 755D565AAO 84A8G K ?D>7D4@ ?K8 
G4E D>5>F8 E8EF5@8.

�4>>?<GG64GV (HDD, SSD)

�D8EFD>L 8?O 8>67>FD864?>7> 755DK74AAO KAD>D@4FKL: 6>DEF>K 88E>8, F65D8>FK?LAK 
A4>>?8GF64GK, >?F8GAK 88E>8.

�D<EFD>W 66545==O-6<6545==O

�?46K4FFD4, @8H4, @>AKF>D, ?D8AF5D, E>4A5D, @5D5656K 484?F5D8 F4 KAHK >>@?>A5AF8 
8?O 674T@>8KL 7 >>D8EFF64G5@.

�4F5D8AEL>4 ??4F4 7'T8AFT 6EK >>@?>A5AF8 6 T88AF 
E8EF5@F F4 74557?5GFT LG 674T@>8KN G5D57 H8A8 84A8G, 
48D5E8 F4 >5DF64AAO.
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�E=>6=V E<EF5<< G<E?5==O

%<EF5@4 G<E?5AAO 4 F5 E?>EK5 ?>84AAO G8E5? 74 8>?>@>7>N E8@6>?K6 (F8DD) K ?D468? LG 
68>>D8EF4AAO. � KAD>D@4F8FK 68>>D8EF>6FNFLEO FD8 >EA>6AK E8EF5@8:

�5EOF>>64 (DEC)
�EA>64: 10

&8DD8: 0-9

�D8>?48: 358¡ 

 >7D4GFA>>: 3×10² + 5×10¹ + 8×10p

�D8D>8A4 8?O ?N85=

�V=4D=4 (BIN)
�EA>64: 2

&8DD8: 0-1

�D8>?48: 101101¢

 >7D4GFA>>: 1×2u + 0×2t + 1×2³ + 1×2² + 0×2¹ + 1×2p = 
45¡ 

�8>>D8EF>6FTFLEO 6E5D588AK >>@?'NF5DK6

�VEV<>>64 (OCT)
�EA>64: 8

&8DD8: 0-7

�D8>?48: 752¨

 >7D4GFA>>: 7×8² + 5×8¹ + 2×8p = 490¡ 

�8>>D8EF>6FTFLEO 8?O >>@?4>FA>7> 
?D58EF46?5AAO 86K=>>68G 84A8G (>E>5?86> 6 
EF4D8G E8EF5@4G)

,VEF=44FOF>>64 (HEX)
�EA>64: 16

&8DD8: 0-9, A-F

�D8>?48: 1A3F¡¦

 >7D4GFA>>: 1×16³ + 10×16² + 3×16¹ + 15×16p = 
6719¡ 

�>@?4>FA5 ?D58EF46?5AAO 5KA4DA8G 84A8G

,KEFA48FOF>>64 E8EF5@4 G8E?5AAO G4EF> 68>>D8EF>6FTFLEO 8?O ?>84AAO >>8K6 @4H8AA8G >>@4A8, 48D5E ?4@'OFK F4 >>?L>DK6 6 HTML.



�5D5F6>D5==O <V6 E<EF5<4<< G<E?5==O

�5EOF>>64 µ  �V=4D=4

�D8>?48 ?5D5F6>D5AAO 42¡  F 5KA4DAF E8EF5@F:

42 ÷ 2 = 21 (74?8L>> 0)

21 ÷ 2 = 10 (74?8L>> 1)

10 ÷ 2 = 5 (74?8L>> 0)

5 ÷ 2 = 2 (74?8L>> 1)

2 ÷ 2 = 1 (74?8L>> 0)

1 ÷ 2 = 0 (74?8L>> 1)

 57F?LF4F (7A87F 67>DF): 101010¢

�V=4D=4 µ  ,VEF=44FOF>>64

�>6AK 4 5KF8 6K8?>6K84NFL >8AK= LKEFA48FOF>>6K= 
F8DDK:

1010 1101 1001 0111 (5KA4DA4)

A    D    9    7 (LKEFA48FOF>>64)

 57F?LF4F: AD97¡¦

�D>7D4@KEF8 G4EF> 68>>D8EF>6FNFL HKEFA48FOF>>6F 
E8EF5@F 8?O ?>84AAO 5KA4DA8G 84A8G, >E>K?L>8 6>A4 5K?LH 
>>@?4>FA4 K 7DFGA4 8?O E?D8=AOFFO ?N88A>N.



�5D5F6>D5==O 7 46V=>>6>W 6 45EOF>>6G E<EF5<G
�?O ?5D5F6>D5AAO 86K=>>6>7> G8E?4 6 85EOF>>65 
68>>D8EF>6FTFLEO @5F>8 D>7>?484AAO 74 EF5?5AO@8 
>EA>68 (2). �>6A4 86K=>>64 F8DD4 (5KF) @A>68FLEO A4 
6K8?>6K8AF EF5?KAL G8E?4 2, ?>G8A4NG8 7 2p 8?O 
>D4=AL>7> ?D46>7> 5KF4, K F4> 84?K, 75K?LHFNG8 EF5?KAL 
A4 >88A8FN 8?O >>6A>7> A4EFF?A>7> 5KF4 ?K6>DFG.

�>FK@ FEK >FD8@4AK 7A4G5AAO 8>84NFLEO, I>5 
>FD8@4F8 >KAF565 G8E?> 6 85EOF>>6K= E8EF5@K.

N  =10 d  çn 2 +n ï + d  ç1 2 +1 d  ç0 20

�D<>?44: 1101¢ 6 45EOF>>6G

 >77?OA5@> 86K=>>65 G8E?> 1101¢:

�>78FKO 0 (E?D464): 1 × 2p = 1 × 1 = 1

�>78FKO 1: 0 × 2¹ = 0 × 2 = 0

�>78FKO 2: 1 × 2² = 1 × 4 = 4

�>78FKO 3 (7?K64): 1 × 2³ = 1 × 8 = 8

!F@FT@> D57F?LF4F8: 1 + 0 + 4 + 8 = 13

�F65, 1101¢ = 13¡ 



�VW 6 46V=>>6V= E<EF5<V G<E?5==O
�D8D@5F8GAK 8KL 6 86K=>>6K= E8EF5@K ?D>6>8OFLEO 74 F8@8 6 ?D468?4@8, I> K 6 85EOF>>6K= E8EF5@K G8E?5AAO. �D>F5 >E>K?L>8 6 
86K=>>6K= E8EF5@K G8E?5AAO 68>>D8EF>6FNFLEO FK?L>8 86K F8DD8 0 K 1, F> 4D8D@5F8GAK 8KL 68>>AFNFLEO ?D>EFKH5.

0 + 0 = 0

0 + 1 = 1
1 + 0 = 1
1 + 1 = 10 (0 C ?>B>G=><C @>7@O4V, 1 ?5@5=>A8BLAO C AB4@H89 @>7@O4)

        

�>4464==O 46V=>>6<E G<E5?
�>8464AAO 68>>AFTFLEO ?>D>7DO8A> EF>6?G8>>@, ?>G8A4NG8 7 @>?>8H>7> D>7DO8F K 
68>>D8EF>6FNG8 A4EFF?AK ?D468?4:

�K8 G4E 8>8464AAO A5>5GK8A> ?4@'OF4F8, I> 1+1 84NFL =F?L F ?>F>GA>@F 
D>7DO8K F4 >4<=<FN ?5D5=5E5==O F EF4DH8= D>7DO8.



�6V=>>65 4>4464==O EF>6?G<>><
�K8 G4E 8>8464AAO 86K=>>68G G8E5? EF>6?G8>>@ 646?86> ?4@'OF4F8 ?D> ?5D5A5E5AAO >88A8FL 8> A4EFF?A>7> D>7DO8F, F4> E4@> O> F 85EOF>>6K= 
E8EF5@K.

  ¹ ¹  <-- �5D5=5E5==O
   1011¢

+   110¢
-------
  10001¢

        

�D<>?44: 1011¢ + 110¢

 >7H8DD>6>4:

1 + 0 = 1

1 + 1 = 0, ?5D5A5E5AAO 1

0 + 1 + (?5D5A5E5AAO 1) = 0, ?5D5A5E5AAO 1

1 + 0 + (?5D5A5E5AAO 1) = 0, ?5D5A5E5AAO 1

�4?8H>> ?5D5A5E5AAO: 1 &5= ?D8>?48 K?NEFDFT ?>>D>>>68= ?D>F5E 86K=>>6>7> 8>8464AAO, 
85 >>6A4 8KO 68>>AFTFLEO 7 FD4GF64AAO@ ?5D5A5E5AAO 5KFK6 8> 
A4EFF?A>7>, EF4DH>7> D>7DO8F. &5 547>68= ?D8AF8?, A4 O>>@F 
547FNFLEO 6EK 4D8D@5F8GAK >?5D4FKL 6 >>@?'NF5D4G.



�D<=F<? D>5>F< 
FD4=7<EF>D=<E 
>><?'NF5DV6



&D4=7<EF>D<

&D4=7<EF>D O> 
?5D5<<>4G
%FG4EAK >>@?'NF5D8 547FNFLEO A4 
FD4A78EF>D4G 4 5?5>FD>AA8G 
>>@?>A5AF4G, M> ?D4FNNFL O> 
?5D5@8>4GK 45> ?K8E8?N64GK E87A4?K6.

�V=4D=4 V=D>D<4FVO
�>65A FD4A78EF>D @4T 864 EF4A8: 
"F6K@>A5A>" (1) 45> "68@>A5A>" (0), M> 
8>76>?OT =>@F ?>8464F8 5KA4DAF 
KAD>D@4FKN F4 68>>AF64F8 ?>7KGAK 
>?5D4FKL.

�V?LOD4< FD4=7<EF>DV6
�K>D>?D>F5E>D8 @KEFOFL @K?LOD88 
FD4A78EF>DK6 A4 >8A>@F >D8EF4?K 
>D5@AKN, A4?D8>?48, EFG4EAK 
?D>F5E>D8 Intel F4 AMD @4NFL 6K8 1 8> 
40 @K?LOD8K6.

How does Computer Hardware Work?  � v t   [3D Animated Teardown]

https://www.youtube.com/watch?v=d86ws7mQYIg
https://www.youtube.com/watch?v=d86ws7mQYIg


�64 EF4=< FD4=7<EF>D4: 0 F4 1
&D4A78EF>D T DFA84@5AF4?LA8@ 5F8K65?LA8@ 5?>>>@ EFG4EA>L >>@?'NF5DA>L F5GAK>8, DFA>FK>AFNG8 O> @K>D>E>>?KGA8=, >5D>64A8= 
5?5>FD>AA8= ?5D5@8>4G. �KA @>65 7A4G>88F8EL ?8H5 F 86>G EF45K?LA8G 5?5>FD8GA8G EF4A4G, I> 557?>E5D58AL> 6K8?>6K84NFL 
5KA4DA8@ 7A4G5AAO@ "0" (68@>A5A>) F4 "1" (F6K@>A5A>) 4 >EA>6K @>68, O>>N >?5DFNFL >>@?'NF5D8.

%F4= "��������" (�>7VG=<= 0)
�>?8 A4 >5DFNG8= 6GK8 FD4A78EF>D4 (547F 8?O 5K?>?ODA8G 
45> 74F6>D 8?O ?>?L>68G FD4A78EF>DK6) ?>84TFLEO A87L>4 
A4?DF74 (45> LL 6K8EFFAKEFL, 5?87L>4 8> 0 �>?LF), FD4A78EF>D 
?5D5G>88FL F EF4A 68E>>>7> 5?5>FD8GA>7> >?>DF. ' FL>@F 
EF4AK 6KA 5D5>F86A> 5?>>FT ?D>G>865AAO 5?5>FD8GA>7> 
EFDF@F, ?>6>8OG8EL O> "D>7'T4A4A8=" 45> "6K4>D8F8=" 
?5D5@8>4G. &5= EF4A KAF5D?D5FFTFLEO O> 5KA4DA8= ?>7KGA8= 
"0".

%F4= "'��������" (�>7VG=4 1)
�46?4>8, >>?8 A4 >5DFNG8= 6GK8 FD4A78EF>D4 ?>84TFLEO 
8>EF4FAL> 68E>>4 A4?DF74 (A4?D8>?48, +5� 45> +3.3�, 
74?56A> 6K8 F5GA>?>7KL), >?KD FD4A78EF>D4 DK7>> 
7A86FTFLEO. &5 8>76>?OT 5?5>FD8GA>@F EFDF@F 6K?LA> 
?D>G>88F8 G5D57 AL>7>, AK58 G5D57 "74@>AFF8=" 45> 
"74>D8F8=" ?5D5@8>4G. &5= EF4A 6K8?>6K84T 5KA4DAK= 
?>7KGAK= "1" K 68>>D8EF>6FTFLEO 8?O ?D58EF46?5AAO 
4>F86A>7> E87A4?F 45> A4O6A>EFK 84A8G.

�K?LOD88 F4>8G @KAK4FNDA8G ?5D5@8>4GK6 KAF57D>64AK 6 T88A8= @K>D>?D>F5E>D, >>65A 7 O>8G A48768G4=A> H688>> 7@KANT E6>L 
EF4A8. &O 784FAKEFL 8> H688>>7> ?5D5@8>4AAO @K6 0 K 1 8>76>?OT >>@?'NF5DA8@ E8EF5@4@ 68>>AF64F8 E>?48AK ?>7KGAK >?5D4FKL, 
>5D>5?OF8 KAD>D@4FKN F4 755DK74F8 84AK, D>D@FNG8 >EA>6F 6EKG EFG4EA8G F8DD>68G >5G8E?5AL.



�>7VG=V 5?5<5=F< F4 >?5D4FVW

�?5<5=F "�" (AND)

�8G>88FL 1, FK?L>8 O>I> 6EK 6G>88 @4NFL 
7A4G5AAO 1.

A B A AND B

0 0 0

0 1 0

1 0 0

1 1 1

�?5<5=F "���" (OR)

�8G>88FL 1, O>I> G>G4 5 >88A K7 6G>8K6 @4T 
7A4G5AAO 1.

A B A OR B

0 0 0

0 1 1

1 0 1

1 1 1

�?5<5=F "��" (NOT)

�A65DFFT 6GK8A8= E87A4?: 0 ?5D5F6>DNT A4 1, 4 
1 4 A4 0.

A NOT A

0 1

1 0

�>@5KAFNG8 FK 547>6K 5?5@5AF8, @>6A4 EF6>D8F8 E>?48AKHK EG5@8, F4>K O> FD875D8, D57KEFD8, ?KG8?LA8>8 F4 4D8D@5F8GAK ?D8EFD>L.

How do Transistors Build into a CPU?  á ©   How do Transistors Work? á ©

https://www.youtube.com/watch?v=_Pqfjer8-O4
https://www.youtube.com/watch?v=_Pqfjer8-O4


�DEVF5>FGD4 H>= �5=<4=4
�K?LHKEFL EFG4EA8G >>@?'NF5DK6 547FNFLEO A4 4DGKF5>FFDK D>= 
�5=<4=4, O>4 ?5D5854G4T:

�D>F5E>D (CPU) 7 4D8D@5F8GA>-?>7KGA8@ ?D8EFD>T@ (���) F4 
>5DFNG8@ ?D8EFD>T@

�4<'OFL, I> @KEF8FL O> 84AK, F4> K ?D>7D4@8

,<=< 8?O ?5D584GK 84A8G, 48D5E F4 >5DFNG8G E87A4?K6

�D<EFD>L 66545==O-6<6545==O 8?O 674T@>8KL K7 7>6AKHAK@ E6KF>@

�?NG>64 >E>5?86KEFL: ?D>7D4@8 F4 84AK 755DK74NFLEO 6 >8AK= K FK= 
E4@K= ?4@'OFK F4 @>6FFL >5D>5?OF8EO >8A4>>6>.

&8>? 68>>A4AAO >>@4A88: 685KD>4 ³ 85>>8F64AAO ³ 68>>A4AAO ³ 
74?8E D57F?LF4FF.

����¾.&� �, /�� ������� %�� ����� [VERITASIUM]

https://www.youtube.com/watch?v=5RIZ8Ucrd4I


�TD4DEVO ?4<'OFV
!8EF5@4 ?4@'OFK >>@?'NF5D4 >D74AK7>64A4 6 KTD4DGKN 6K8 A4=H688H>L, 4?5 
@4?>T@A>L 8> ?>6K?LAKH>L, 4?5 5K?LH T@A>L:

1  57KEFD8 ?D>F5E>D4 (A4=H688HK)

2 �5H-?4@'OFL L1, L2, L3 (A4A>E5>FA88)

3 �?5D4F86A4 ?4@'OFL (RAM) (85EOF>8-E>FAK A4A>E5>FA8)

4
"65D8>FK?LAK A4>>?8GF64GK (SSD) 
(@K>D>E5>FA88)

5 �>DEF>K 88E>8 (HDD) (@K?KE5>FA88)

�D8AF8? ?>>4?LA>EFK 84A8G 8>76>?OT 5D5>F86A> 68>>D8EF>6F64F8 FN KTD4DGKN, H?OG>@ ?5D5@KI5AAO 84A8G, I> A4=G4EFKH5 
68>>D8EF>6FNFLEO, 5?86G5 8> ?D>F5E>D4.



�5D5F6>D5==O F<HD>6>W V=H>D<4FVW =4 7D4HVG=G

�>@?'NF5D8 ?5D5F6>DNNFL 5KA4DAK 84AK A4 7>5D465AAO, O>K @8 
54G8@> A4 5>D4AK, G5D57 E>?48A8=, 4?5 H688>8= ?D>F5E. �>6A5 
7>5D465AAO E>?484TFLEO 7 @K?L=>AK6 >D8GKFA8G F>G>> 3 ?K>E5?K6.

�>65A ?K>E5?L @4T E6K= >>?KD, O>8= 74>>8>64A8= F F8DD>68G 
7A4G5AAOG (A4?D8>?48, RGB: G5D6>=<=, 75?5=8=, E<=K=). &K 84AK 
A48E8?4NFLEO 8> 7D4DKG=>7> ?D>F5E>D4 (GPU), I> 
E?5FK4?K7FTFLEO A4 H688>>@F >5G8E?5AAK F4 D5A85D8A7F 
7>5D465AL.

GPU >5D>5?OT FK F8DD>6K E87A4?8 F4 74?8EFT 7>F>6K ?K>E5?LAK 84AK 
8> E?5FK4?LA>L 8K?OA>8 ?4@'OFK, 6K8>@>L O> 5FD5D >48DF 
(framebuffer). �6K8F8 84AK ?>EFK=A> >A>6?NNFLEO F4 
A48E8?4NFLEO A4 88E??5=, D>D@FNG8 6K7F4?LA5 7>5D465AAO.

How do Graphics Cards Work?  Exploring GPU Architecture

https://www.youtube.com/watch?v=h9Z4oGN89MU


�5<565==O >?4E<G=<E >><?'NF5DV6

$V7<G=V >5<565==O

�4>>A �FD4 F?>6K?LANTFLEO: ?>86>TAAO 
>K?L>>EFK FD4A78EF>DK6 >>6AK 18-24 @KEOFK EF4T 
6E5 E>?48AKH8@

 >7@KD FD4A78EF>DK6 A45?864TFLEO 8> 
4F>@4DA>7> DK6AO (1-2 A@)

�64AF>6K 5D5>F8 ?>G8A4NFL 6??864F8 A4 D>5>FF 
A48@4?8G FD4A78EF>DK6

&5??>6K ?D>5?5@8 F D47K 7D>EF4AAO IK?LA>EFK 
FD4A78EF>DK6

�5G<E?N64?L=V >5<565==O

NP-?>6AK 7484GK ?D4>F8GA> A5@>6?86> 
68DKH8F8 74 D>7F@A8= G4E

�4D4?5?K7@ @4T >5@565AAO G5D57 ?>FD55F 6 
E8AGD>AK74FKL

�A5D7>5D5>F86AKEFL EF4T >D8F8GA8@ D4>F>D>@

�D8?F>7D4DKGAK 7484GK 68@474NFL 
5>E?>A5AFK=A>7> 7D>EF4AAO >5G8E?N64?LA8G 
D5EFDEK6

&K >5@565AAO EF8@F?NNFL D>768F>> 
4?LF5DA4F86A8G ?4D4887@ >5G8E?5AL, F4>8G O> 
>64=F>6V >><?'NF5D<.



�64=F>6V 
>><?'NF5D<



�64=F>6V >><?'NF5D<: ?D<=F<?< D>5>F<

�64AF>6K >>@?'NF5D8 68>>D8EF>6FNFL FAK>4?LAK ?D8AF8?8 >64AF>6>L @5G4AK>8, O>K 
8>76>?ONFL L@ 68>>AF64F8 >5G8E?5AAO E?>E>54@8, A58>EFF?A8@8 8?O >?4E8GA8G @4H8A:

�F5KF (>64AF>68= 5KF) 4 DFA84@5AF4?LA4 >88A8FO KAD>D@4FKL 6 >64AF>68G >5G8E?5AAOG. 
�4 6K8@KAF 6K8 >?4E8GA>7> 5KF4 (0 45> 1), >F5KF @>65 D54?K7>6F64F8EO 74 8>?>@>7>N 
A48?D>6K8A8G ?4AFN7K6, E?KAF 5?5>FD>A4, ?>?OD874FKL D>F>A4 45> K>AK6 F ?4EFFK.

%F?5D?>78FKO 4 F5 >64AF>68= D5A>@5A, I> 8>76>?OT >F5KFF ?5D55F64F8 6 >>@5KA4FKL 
EF4AK6 0 K 1 >8A>G4EA>. &5= EF4A 755DK74TFLEO 8> @>@5AFF 68@KDN64AAO, >>?8 >F5KF 
">>?4?EFT" 6 >88A K7 >?4E8GA8G EF4AK6.

�64AF>64 74??FF4AKEFL 4 F5 76'O7>> @K6 86>@4 45> 5K?LH5 >F5KF4@8, 85 EF4A >8A>7> 
>F5KF4 @8FFT6> 6??864T A4 EF4A KAH8G 74??FF4A8G >F5KFK6, A574?56A> 6K8 DK78GA>L 
6K8EF4AK @K6 A8@8. &5 8>76>?OT >F5KF4@ ?D4FN64F8 O> T88A4, 674T@>74?56A4 E8EF5@4.

�64AF>68= ?4D4?5?K7@ 4 7468O>8 EF?5D?>78FKL, >64AF>68= >>@?'NF5D @>65 68>>AF64F8 
>5G8E?5AAO A48 FEK@4 @>6?868@8 >>@5KA4FKO@8 6GK8A8G 84A8G >8A>G4EA>. &5 
8>EO74TFLEO H?OG>@ 74EF>EF64AAO >64AF>68G >?5D4FK= (?>7KGA8G 65AF8?K6) 8> >F5KFK6 F 
EF4AK EF?5D?>78FKL.

�468O>8 F8@ ?D8AF8?4@, E8EF5@4 7 n >F5KFK6 @>65 >8A>G4EA> >5D>5?OF8 2^n EF4AK6, I> 
A484T 5>E?>A5AFK=A5 ?D8E>>D5AAO 8?O 68DKH5AAO ?56A8G F8?K6 7484G, F4>8G O> 
D4>F>D874FKO 65?8>8G G8E5? 45> @>85?N64AAO E>?48A8G @>?5>F?ODA8G EFDF>FFD.

�64AF>68= >>@?'NF5D IBM 7 A48?D>6K8A8@8 
>F5KF4@8, I> 68@474NFL >G>?>865AAO 8> 

F5@?5D4FFD, 5?87L>8G 8> 45E>?NFA>7> AF?O.



&<?< >G5VFV6
�F5KF8 @>6FFL 5FF8 D54?K7>64AK 74 8>?>@>7>N DK7A8G DK78GA8G E8EF5@, 
>>6A4 7 O>8G @4T E6>L ?5D56478 F4 68>?8>8 F EF6>D5AAK >64AF>68G 
>>@?'NF5DK6.

�44?D>6V4=V >G5VF<

�8>>D8EF>6FNFL A48?D>6K8AK >>AFFD8, I> ?D4FNNFL ?D8 F5@?5D4FFD4G, 5?87L>8G 8> 
45E>?NFA>7> AF?O. �>?F?ODAK 6 IBM F4 Google.

�>==V ?4EF><
'FD8@FNFL >>D5@K K>A8 74 8>?>@>7>N 5?5>FD>@47AKFA8G ?>?K6, I> 8>76>?OT 8>EO7F8 
68E>>>L F>GA>EFK F4 8>678G G4EK6 >>75D5AFA>EFK.

$>F>=V >G5VF<
�>8FNFL KAD>D@4FKN 6 EF4A4G D>F>AK6 (G4EF8A>> E6KF?4). �5D56474 4 @5AH4 EG8?LAKEFL 
8> 85>>75D5AFKL F4 D>5>F4 ?D8 >K@A4FAK= F5@?5D4FFDK.



�E=GNGV >64=F>6V >><?'NF5D< F4 WE ?>DV6=O==O
 K7AK >>@?4AKL F4 8>E?K8A8FL>K 7DF?8 D>7D>5?ONFL >64AF>6K >>@?'NF5D8, 68>>D8EF>6FNG8 DK7AK DK78GAK 
D54?K74FKL >F5KFK6. �>65A ?K8GK8 @4T E6>L FAK>4?LAK ?5D56478 F4 68>?8>8, ?>6'O74AK 7 @4EHF45>64AKEFN, 
EF45K?LAKEFN F4 >>D5>FAKEFN >5G8E?5AL.

IBM Quantum

�K85D F D>7D>5FK A48?D>6K8A8G >F5KFK6. 
�D>?>AFT 8>EFF? 8> E6>LG >64AF>68G 
?D>F5E>DK6 G5D57 G@4DAF ??4FD>D@F. $>>FE A4 
75K?LH5AAK >K?L>>EFK >F5KFK6 F4 7@5AH5AAK 
?>@8?>>. �>F86A> D>76864T >64AF>68= E>DF.

IonQ

!?5FK4?K7FTFLEO A4 >64AF>68G >>@?'NF5D4G 7 
K>AA8@8 ?4EF>4@8. &5= ?K8GK8 74557?5GFT 
68E>>F O>KEFL >F5KFK6 F4 8>678= G4E 
>>75D5AFA>EFK, I> D>58FL =>7> ?5DE?5>F86A8@ 
8?O F>GA8G >5G8E?5AL F4 E8@F?OFK=.

PsiQuantum

 >7D>5?OT D>F>AAK >64AF>6K >>@?'NF5D8, O>K 68>>D8EF>6FNFL E6KF?> 8?O ?5D584GK F4 >5D>5>8 
KAD>D@4FKL. �D47A5 8> @K?L=>AK6 >F5KFK6 74 8>?>@>7>N KAF57D4FKL D>F>AA8G EG5@, >5KFONG8 68E>>F 
H688>KEFL F4 EFK=>KEFL 8> 85>>75D5AFKL.

�576464NG8 A4 DK7AK ?K8G>88, 6EK D>7D>5>8 E?DO@>64AK A4 EF6>D5AAO 5K?LH EF45K?LA8G, @4EHF45>64A8G 
F4 ?>FF6A8G >64AF>68G E8EF5@ 8?O 68DKH5AAO E>?48A8G 7484G, A58>EFF?A8G 8?O >?4E8GA8G >>@?'NF5DK6.



�V7G4?V74FVO EG?5D?>7<FVW >G5VF4
�4 6K8@KAF 6K8 >?4E8GA>7> 5KF4, O>8= @>65 ?5D55F64F8 68>?NGA> F 
EF4AK 0 45> 1, >64AF>68= 5KF (>F5KF) 7468O>8 ?D8AF8?F EF?5D?>78FKL 
784F5A KEAF64F8 6 >>@5KA4FKL F8G EF4AK6 >8A>G4EA>. &5 >7A4G4T, I> 
>F5KF @>65 5FF8 G4EF>>6> 0 K G4EF>>6> 1, ?D58EF46?ONG8 E>5>N FK?8= 
E?5>FD @>6?86>EF5=, 4 A5 ?8H5 86K 5KA4DAK >?FKL.

�?O >D4I>7> D>7F@KAAO, FO6KFL >F5KF O> @>A5FF, I> >55DF4TFLEO F 
?>6KFDK. �>>8 @>A5F4 A5 ?D875@?8FLEO, 6>A4 A5 T AK ">D?>@", AK 
"D5H>>N" >8A>7A4GA>, 4 ?5D55F64T F EF4AK A5687A4G5A>EFK, I> 
6>?NG4T >5886K @>6?86>EFK. �8H5 6 @>@5AF 68@KDN64AAO (>>?8 
@>A5F4 ?484T K ?>>47FT >8AF 7K EF>DKA) >F5KF ">>?4?EFT" 6 >88A 7 
>?4E8GA8G EF4AK6 4 45> 0, 45> 1.

%4@5 FO 784FAKEFL >8A>G4EA> 755DK74F8 F4 >5D>5?OF8 >K?L>4 EF4AK6 
8>76>?OT >64AF>68@ >>@?'NF5D4@ 68>>AF64F8 >5G8E?5AAO A48 FEK@4 
@>6?868@8 >>@5KA4FKO@8 84A8G ?4D4?5?LA>, I> T >EA>6>N LGAL>L 
5>E?>A5AFK=A>L ?>FF6A>EFK ?>DK6AOA> 7 >?4E8GA8@8 E8EF5@4@8.



�>DV6=O==O >?4E<G=>7> 5VF4 7 >64=F>6<<

�?4E<G=<= 5VF

%F4A: &K?L>8 0 45> 1 F ?56A8= @>@5AF G4EF.

�D58EF46?5AAO: �?5>FD8GA8= E87A4? (A4?DF74, 
EFDF@) 45> @47AKFA8= EF4A.

�5D>5>4: �>E?K8>6A4, 74 8>?>@>7>N ?>7KGA8G 
65AF8?K6, I> 68>>AFNFL 5F?56K >?5D4FKL.

�55DK74AAO KAD>D@4FKL: �88A 5KF 755DK74T >8AF 
>88A8FN KAD>D@4FKL.

�<@KDN64AAO: %F4A T 85F5D@KA>64A8@ K 746688 
6K8>@8@.

�64=F>6<= >G5VF

%F4A: 0, 1 45> EF?5D?>78FKO (>8A>G4EA> K 0, K 1).

�D58EF46?5AAO: %?KA 5?5>FD>A4, ?>?OD874FKO 
D>F>A4, 5A5D75F8GA8= DK65AL K>A4.

�5D>5>4: �4D4?5?LA4, 74 8>?>@>7>N >64AF>68G 
65AF8?K6, I> 68>>D8EF>6FNFL EF?5D?>78FKN F4 
74??FF4AKEFL.

�55DK74AAO KAD>D@4FKL: �88A >F5KF @>65 755DK74F8 
65?8G57AF >K?L>KEFL KAD>D@4FKL.

�<@KDN64AAO: �>?4?EFT 6 0 45> 1 ?D8 68@KDN64AAK, 
6FD4G4NG8 EF?5D?>78FKN.

�4 6K8@KAF 6K8 >?4E8GA>7> 5KF4, >F5KF 68>>D8EF>6FT FAK>4?LAK >64AF>6K 6?4EF86>EFK 8?O 755DK74AAO F4 >5D>5>8 
KAD>D@4FKL, I> 8>76>?OT 68>>AF64F8 ?56AK >5G8E?5AAO A45474F> H688H5.



�VF V >G5VF



�4EF>EG64==O >64=F>6<E >><?'NF5DV6

�E=GNGV 74EF>EG64==O

�D8?F>7D4DVO: 4?7>D8F@ ,>D4 8?O 
D4>F>D874FKL 65?8>8G G8E5?, I> 747D>6FT 
EFG4EA8@ E8EF5@4@ H8DDF64AAO

�?F8@V74FVO: 68DKH5AAO E>?48A8G 
?>7KEF8GA8G F4 DKA4AE>68G 7484G

%V@VGA5 @>85?N64AAO: E8@F?OFKO @>?5>F? K 
GK@KGA8G D54>FK= 8?O D>7D>5>8 A>68G 
@4F5DK4?K6 F4 ?K>K6

�4H8AA5 A46G4AAO: ?D8E>>D5AAO A46G4AAO 
A5=D>AA8G @5D56 F4 4A4?K7F 84A8G

�5DE?5>F<6=V =4?DO<><

�64AF>68= VAF5DA5F: 45E>?NFA> 74G8I5AK 
>4A4?8 76'O7>F A4 >EA>6K >64AF>6>L 
F5?5?>DF4FKL F4 D>7?>8K?5AAO 74??FF4A>EFK

,FGGA8= VAF5?5>F: >64AF>6K A5=D>AAK @5D56K 
7 ?>F5AFK=A> 5K?LH>N 5D5>F86AKEFN

�588F8A4: EF6>D5AAO ?5DE>A4?K7>64A8G ?K>K6 
A4 >EA>6K 4A4?K7F 75A>@4

�?V@4F8GA5 @>85?N64AAO: F>GAKHK ?D>7A>78 
7@KA >?K@4FF F4 ?D8D>8A8G O68I

But what is quantum computing?  (Grover's Algorithm)

https://www.youtube.com/watch?v=RQWpF2Gb-gU


�V4EG<><: 6V4 >?4E<G=<E 4> >64=F>6<E >5G<E?5=L

&D4=7<EF>D=V >><?'NF5D<

�8>>D8EF>6FNFL 5KF8 (0 K 1) 8?O ?D58EF46?5AAO KAD>D@4FKL, ?>5F8>64AK A4 ?>7KGA8G 
5?5@5AF4G, @4NFL 4DGKF5>FFDF D>A �5=@4A4, ?K8?>DO8>>6FNFLEO 74>>A4@ >?4E8GA>L 
DK78>8.

�64=F>6V >><?'NF5D<

�8>>D8EF>6FNFL >F5KF8 6 EF?5D?>78FKL EF4AK6, 74EF>E>6FNFL >64AF>6F 74??FF4AKEFL, 
5>E?>A5AFK=A> ?D8E>>DNNFL E?5F8DKGAK 7484GK, ?K8?>DO8>>6FNFLEO 74>>A4@ >64AF>6>L 
@5G4AK>8.

�4=5GF=T >5G<E?5=L

�K5D88AK E8EF5@8, I> ?>T8AFNFL >?4E8GAK F4 >64AF>6K ?K8G>88, A>6K ?4D4887@8 
?D>7D4@F64AAO, D56>?NFK=AK 4?7>D8F@8 F4 74EF>EF64AAO 6 A4FFK, @588F8AK F4 HFFGA>@F 
KAF5?5>FK.

�576464NG8 A4 EFDK@>8= D>768F>> >64AF>68G F5GA>?>7K=, >?4E8GAK >>@?'NF5D8 74?8H4FLEO >EA>6A8@ >5G8E?N64?LA8@ KAEFDF@5AF>@ 8?O 5K?LH>EFK 
74684AL F A4=5?86G>@F @4=5FFAL>@F. �46?86> D>7F@KF8 ?D8AF8?8 D>5>F8 >5>G F8?K6 E8EF5@ F4 LG >?F8@4?LAK ED5D8 74EF>EF64AAO.
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