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Deutsch-Jozsa takes advantage of interference in the 
phase to cancel out unwanted terms in the 
superposition.

But, D-J uses only +1 and -1 in the phase and 
essentially calculates parity.

Grover's algorithm takes advantage of the full 
continuous nature of phase to create interference...

(Note: Remember, phase applies to the whole term 
in the superposition, not just a single qubit!  Shift 
the phase on any qubit and you shift it on the whole 
term in the superposition.)
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Grover uses interference in phase to cancel unwanted 
terms. 

Shor goes a step further, broadening the range of 
conditions in which useful interference occurs, by 
doing a Fourier transform...



23 4 5 6 78 9 :; <= >? @A

66554087 B ? 6703 C 9929DE FG HIJ KML NOP Q R Q S TU VW XY Z[O \]^ _ `a bc de fgh ij G j

k lm no pqr st uwvxy z { |} { ~ �� �� ��� ��� ��� ���

� ��� � �� � �� �� �� ��

���   ¡ ¢)£ ¡¤¥ ¦§

¨

j

©

QFT N

1
N

ª

k « 0
N ¬ 1

exp

­

2 ® ijk ¯
N

°±
k

²
H R2 R3

H R2

H

Rk

³ 1 0
0 exp

´

2 µ i ¶ 2 k ·

¸¹º» ¼ ½ ¾¿À Á ÂÃÄ Å
QFT 8

Æ 1
8

1 1 1 1 1 1 1 1
1 Ç1È 2É 3Ê 4Ë 5Ì 6Í 7

1 Î 2Ï 4Ð 6 1 Ñ 2Ò 4Ó 6

1 Ô 3Õ 6Ö 1× 4Ø 7Ù 2Ú 5

1 Û 4 1 Ü 4 1 Ý 4 1 Þ 4
1 ß 5à 2á 7â 4ã 1ä 6å 3

1 æ 6ç 4è 2 1 é 6ê 4ë 2

1 ì 7í 6î 5ï 4ð 3ñ 2ò 1

óô exp

õ

2 ö i ÷8 øúù i

ûüý�þ ÿ �� �� � i �� i � 4� 0

	 	
 � �
 � ��

�� � � ��� �� �� ��

j � 07�

j

 

j

!"#$

8

%

k & 07'

k

(

k

)

N/r

800000001�111111111

400010001�010101012

201010101�000100014

111111111�000000018

output string {�k}input  string {�j}r

1
2

*+

0

,- .

4

/012 3

8

1
2

45

0

67 8

2

9: ;

4

<= >
6

?@
00001�10001000

001001�01000100

00001�00100010

01010101�00010001

output string {�k}input  string {�j}

A 1iB i
C 1D1
E iF1

i
1
2

GH

3

IJ K

7

LMNOP
8

1
2

QR
0

SUT i
V

2
WUX Y

4

Z[ i

\
6

]^

_a` b ced b fg hi jk

0 1 2 3 4 5 6 7

2 4 5 6

lm nn op qo rs pq mr sl �(y)y t1 u 0 vw 2 x 0 y

z 3 { 0 |

r 0

} r 1

~ r 3

� r 7

� 4

� 4 � 0 �

�1 � 2 �
� 2 � 2 �

r 2

� r 4

� r 5

� 3

� 3 � 2 �

� � �� �� � �� ����� ��  ¡¢ £¤ ¥¦§ ¨ ©ª« ¬­® ¯° ±²³µ´ ¶ ·¸¹ º» ¼½ ¾¿ À

6
r 6

Á 1Â1 Ã 6 ÄÅ ÆÇ�È É ÊË ÌÍ Ë ÎÏÐÑ Ò ÓÔ ÒÕ×ÖØÙÓ ØÙÚ ÛÜ ÝßÞ àáâ ã ä ãå æç èé êë



ìîí ïeð íñ òóõô ï óô ö

3 1 7 0

÷ 1 ø 3 ù ú 2 û 3 ü ý 3 þ 3 ÿ
� 4 � 3 �

� 0 � 3 � � �4 � 3 	 
 �8 � 3 
 � �12 � 3 � � � � 3�1 � 3 ��� �5 � 3 ��� � 9 � 3  �! "13 # 3 $�% & ' 1( 2 ) 3 *�+ , 6 - 3 .�/ 010 1 3 2�3 414 5 3 6�7 8 9 7:3 ; 3 <�= > 7 ? 3 @�A B11 C 3 D�E F 15 G 3 H�I J K 0

LM NO P QR ST U VW XY Z

[

0

\ ] 4

^

y

_a` b

3

cad e

0

f g

1

h i

1

j

H

k 4
Π 3

lm npoq

rs tvu w u x u y z{|} ~�� �� � �� � � �� �� � � � Π y

�

x

� �

y

��� �

x

� ��� x �

y

��

��� ��� �   ¡¢ £ �¢ £ ¤ ¥ ¦§ ¨ ©

ª

0

« ¬ 4 ­ 3 ® H

¯ 4 1
4

°

x ± 0
15²

x

³´

3

µ

Π 3

1
4

¶

x · 015¸

x

¹º» x ¼ 3 ½ ¾¿ 1
4

À Á

0

ÂÃ Ä

4

ÅÆ Ç

8

ÈÉ Ê

12

ËÌ Í

3

Î

Ï 1
4

Ð Ñ

1

ÒÓ Ô

5

ÕÖ ×

9

ØÙ Ú

13

ÛÜ Ý

1

Þ

ß 1
4

à á

2

âã ä

6

åæ ç

10

èé ê
14

ëì í
7

î

ï 1
4

ð ñ

3

òó ô

7

õö ÷
11

øù ú
15

ûü ý
0

þ
0,4,8,12ÿ� � � � � � �� � 	
 � � 
 ����� �� � �� � � ��� � � � ! " #$ � %& '( )* + ,-

1
4

. /
0

01 2 4 34 5 8 67 8 12

9: ;

3

<=

1
4

> ?
0

@A
i

B
4

CED F 8 GEH i

I

12

JK L

1

MN

1
4

O P
0

QER S 4 TU V 8 WEX Y 12

Z[ \

7

]^

1
4

_ `

0

aEb i

c

4

dEe f 8 gh i

i

12

jk l

0

m

no prqs
tu v

16

w 1
16

1 1 1 x 1

1 y 1 z 2 { | 15

1 } 2 ~ 4 � �14� � � � �
1 �15 � 14 � �1

�� exp

�
2 � i �16

�� i �� i � 8� 0

�� � � � � � �� �� � ��

a r� 1

 

mod L

¡ ¢ £¤ ¥¦§ ¨© ª«¬ ­®

r ¯ °± °²

p ³ gcd

´

a r

µ

2¶ 1, L

·

q ¸ gcd

¹

a r

º

2 » 1, L

¼

L ½ ¾¿
À Á Â

a

Ã

1 Ä x Å L ÆÇÈ É ÊËÌ ÍÎ ÉÏÐ ÑÒ Ó ÔÕ Ö ×ØÙ ÚÛ Ó ÜÝ
p , q

Þ

L 1 2 3 4 5 6 7 8 9 10
11 12 13 14 15 16 17 18 19 20
21 22 23 24 25 26 27 28 29 30

ßáà âãåäáæ çèêéáë ìíî ï ð ñ

òó ôõ ö÷ ø ùúû üý þÿ ��� �� �
� �

�� �
�� �

	
 � �
 � ��� � �� �� ��� ��� �

�� �� ��

)(mod1 Lar  ! "# $%& '() *+, -. /01 2 346578 9: ;<= > : ? @A

BCDECFGC CHC EIC GJC HKF

�(y)

LMLNLOL LLPQRSTUMNOLP

y

VWXYXZ[X\Y]X^X V\_X X^

�(y)

`a`b`c` ``defghiabc`d

y

a j 7 k lnm
k l m

a o 2,4,7,8, 11, 13, 14

pq rstu v wxy z { |} ~�

�

y

��� ay

�

mod L

�� �� ��� � �� �� �� �� � ��� �� �

a � � �

a x � mod L

���   x ¡ 1 ¢£¤ ¥§¦ ¨©ª «¬ ­®¯ ° ¨± ²³ ´µ ¶· ¸¹º »¼ ½



¾ ¿ÁÀ ÂÃÄÅ Æ ÇÈ É Ê

1 7 4 13

Ë 1 Ì 1 Í Î 2 Ï 1 Ð Ñ 3 Ò 1 ÓÔ 4 Õ 1 Ö a r

×

2Ø 1 Ù 48 Ú gcd

Û

48,15

ÜÞÝ 3

a r

ß

2 à 1 á 50 â gcd

ã

50,15

äÞå 5

a æ 7

1 14

ç 1 è 1 éê2 ë 1 ì

a r

í

2î 1 ï 13 ð gcd

ñ

13,15

òÞó 1

a r

ô

2 õ 1 ö 15 ÷ gcd

ø

15,15

ùÞú 15

a û 14

r 2

ü r 7

ý r 8

þ r 13

ÿ 4

� � � �1

� �� 1 � 1 �
� 2 � 1 	

a r




2� 1 � 10 
 gcd

�

10,15

��� 5

a r

�

2 � 1 � 12 � gcd

�

12,15

��� 3

a � 11

r 4

� r 11

� r 14

� 2

a � 2,4,7,8,11,13,14

��  ! "# $ % &' ( ) *+ ,

-/. 0 12 3 4 5 67
gcd

8

494,133

9

494 : 133 ; 3 < 95

133 = 95 > 1 ? 38

95 @ 38 A 2 B 19

38 C 19 D 2

95

133

38
95

19

38

E FG HIJ KLMN O PQ RS

T

494

133

U VWX YZ[ \ VW X ] ^_ `ab cd ef gh ijlk mX n fpoqr stu v wxy z w {|

} ~�� �

x � 2n � 1 x n � 1 � 2n � 2 x n � 2 �� � 2x 1

� x 0

a x ��� �

L

��� a
2n � 1 xn � 1 a

2 n � 2 x n � 2� a
2x 1 a

x 0

��� �

L

�� �

a
2 n � 1 x

n � 1  ¡¢ £

L

¤ ¤¥

a
2 n ¦ 2 x

n § 2 ¨©ª «

L

¬ ¬®­ ¯

a
x 0

°±² ³
L

´ ´
Π

µ

x

¶ ·

y

¸º¹ »

x

¼ ½

a x y

¾

mod L

¿À

Π

ÁÂ ÃÅÄ
U 2 j

U 20

U 21

U 2n Æ 1Ç Ç

È È

x 0

x 1

x j

x n É 1
U 2 jÊ

y

ËºÌ Í
a 2 j

y
Î

mod L

ÏÐ

ÑÒÓ ÔÕÖ ×ØÙ ÓÔÖ ÚÛÜ ÖÞÝ ßáà âã ä åÖ Ú Ûa 2 jæ
mod L

çè éêìë

íîï ðñò ó ôõ ö�÷ ø ù úûü ù ýþÿ �

� � � �� � ��

a 	 7
��
�� ��� ��� � ���
� �� ���  "! #� � � �$%& '() )* +

,-./10 234 5.46 789 5 8 9:<;=> ?@ AB @ CDE FGH IJK L

0 50 100 150 200

1

0 M 1
0 N 01

0 O 001

0 P 0001

0 Q 00001

0 64 128 192

RSTU�V W XYZ\[ ]^_ `abc d ef

r g 4hijk1l m p n gcd

o

a r

p

2q 1, L

r

q s gcd

t

a r

u

2 v 1, L

w x y z

a r

{

2| 1 } 48 ~ gcd

�

48,15

�1� 3

a r

�

2 � 1 � 50 � gcd

�

50,15

�1� 5

15 � 3 � 5�� �� �� ��



��� � � � � � � �� ��1� � �� � �� � ¡ ¢

£ ¤¥§¦ ¨©ª «¬­ ¥®¯ °­ ±³² ´© ¬µ ¯ ¦ ¶¦ ¨ °® ª ¯ © ¶·§¸¹ º»¼ ½§¾¿À ÁÃÂ ½§Ä Å§Æ À ÇÈ ÁÉ Ê ÊÀ ÇÀ Ë Å É ËÌ Í ¾¿ ¿ É Ì¾ Í§Î Ï Ç Å É Ï Ë Ï Ê ¾ ÍÐ Ï Ç É ÅÑ§ÒÓ ÔÕ Ö Ö§×Ø ÙÚ ÛÜÝÞ Úß ß ÝÞ Ûà ×á Ù ÕØ Ü ×Ø × Ýâ à

ãåä æ1ç èé äê ê ëê ì íî é1ï ì ð æ ñòôó ê

õ ö§÷ ø§ùú ûü ú ýþÿ û�� �� � � �ú � � � �� �� û 	


 �
� �� �� � � � � � � � �� � �� � �� � � � � �� � �

�  
! "# $% & ' ( # ) * + % ' ) ( % $ , -�. / # 0 /

1 23 4 5 67 7 8 6 9�: ;�< = = : > 9 6 ? @ 7 9A 7 67 B

CED F GH IKJ F IML D J C N NJ F IKO CP QR D H I GTS

U N N H FH J V F W

Long-distance gates

Neighbor only
operations require
swapping qubits

2-qubit
gate

Single line layout, neighbor only

2-qubit
gate

swap
qubit
values

XEY Z [\ ] [ ^ _ `a b ^ Y c de fg

h ij kl m n ko p l qr s t u nv o w l x n kl q q�y v l z{

| s nv } kl m n ko l m ~ x q l w w u xl q �l t n w

� ��� � � � �� �� � � � � � � � � � � � �� � � � �� � � ��

� � �� � ���� �� � � � � � � � � � � � � � � � � � � �

� ��� � �� � � ¡ �¢ � � ¢ £ ¤ ¥ £� � � ¦§ ¨© ª� � « ª � ¥ ¥

¬ � ­® � ¢ � ¢ ¦ � ¤ ¥ © ® � � ��¯ ® � ° � � ± � © ¦ «¢ � ª¢

¤ ¥ £� ©�² ±¯ ¦ ¢ � ¦ ³ � ¦ ® �� ° � ¢ ± � ¦ ¦ � � ´


