
���À�æ�� 2009 �å�S�¢��
R 21 �å�S�£

�¿�¬�”� �É�¿�Ä�ë�”�«�t�S�Z�”

�7�‘�&�Ï
¬�R�ž�ç�°�æ�¶�Ü

���/�[	X�G�¶ ���¥	Ø�C�¶
æ

�¯�Ê�•�$�{�y�H
™

�r�p�­�»

���/�[	X�G�¶ ���¥	Ø�C�¶
æ

���ª 	m

�™�> �ó�¾

�Ç�Š 
$�í

�¤�� 	.

�ô�Ú �°�D

	O�Ù 
c�æ

Rodney D. Van Meter III

	è�j ���p

�~�Í 
�

�¤�’ 
�


â�> ���™

��
R 22 �å 2 �D 16 �Ô



���À�æ���A�« - 2009 �å�S (��
R 21 �å�S )

�¿�¬�”� �É�¿�Ä�ë�”�«�t�S�Z�”�7�‘�&�Ï
¬�R�ž�ç�°�æ�¶�Ü

�Š�Z�€�p�x�|�¿�¬�”� �É�¿�Ä�ë�”�«�t�S�Z�” Entanglement �›�;�M�h�”� �è	ô�›���”�=

�`�|�&�Ï	Ø�C�t�,�n�X�7�‘�&�Ï
¬�R�ž�ç�°�æ�¶�Ü�w�Ï�™�›�æ�l�h�}

�q�O�w�”� �É�¿�Ä�ë�”�«�w�Z�€�x�|	��q�`�o�É�í�s�‘�m�q
¼�í�›�Ë�m�&�Ï�t�‘�l�o�Ï
R

�^�•�h�|�g
Ý�$�T�m�¨	Å�$�s�É�¿�Ä�ë�”�«�Þ�Ã�ç�›�0	Å�t�æ�˜�•�o�M�”�}�q�î�w�&�Ï
¼�í

�x
‡�É�í�p�K�“�|�”� �è	ô�w�µ�ç�”�Ó�¿�Ä�t�G�V�s�è�¹�›�)�Q�”�\�q�x�Ì�’�T�p�K�”�}�`

�T�`�|�q�î�$�T�m
ó�v�s�É�¿�Ä�ë�”�«�Ä�Ù�é�´�›�Ë�m�”� �É�¿�Ä�ë�”�«�w�Z�€�x�—�•�o�M

�”�}�Š�Z�€�p�x�|	•�R�$�t�G�F�Û�”� �É�¿�Ä�ë�”�«
M�š�ž�ç�°�æ�¶�Ü�›�î�q�b�”�h�Š�|
‡

�É�í�s�”� �É�¿�Ä�ë�”�«�t�S�Z�”�7�‘�&�Ï
¬�R�ž�ç�°�æ�¶�Ü�w�Ï�™�›�æ�l�h�}

�”� �É�¿�Ä�ë�”�«�t�0�`�o Dijkstra’s �ž�ç�°�æ�¶�Ü�›�;�M�”�h�Š�|�‡�c�|�”� �É�¿�Ä�ë�”

�«	Í�t�K�”�Ú�™�w�”� �¤�'�+���t�S�Z�”�µ�ç�”�Ó�¿�Ä�›�����`�|�&�Ï
¼�í�w���”�=�t�‘�”

�æ�ï�«�¯�µ�Ä�›���[�`�h�}�^�’�t�|�”� �è	ô�t�;�M�”�&�Ï	Ø�C�›���”�=�`�|�&�Ï�¯�µ�Ä�S

�‘�|�&�Ï�µ�¯�ž�w�‰	Z�O�›���[�`�h�}�\�•�t�‘�“�|�&�Ï	Ø�C�›�;�M�o�&�Ï
¬�R�›�æ�O�h�Š

�w�”�  Dijkstra’s �ž�ç�°�æ�¶�Ü�U�Ï�™�^�•�h�}

�”�  Dijkstra’s �ž�ç�°�æ�¶�Ü�w���®
Q�›�U	Â�b�”�h�Š�|�‡�c�|�^�‡�_�‡�s�&�Ï�©�4�t�0

�`�o�‰�ž�ç�°�æ�¶�Ü�›�&�;�`�|	q�•
Ç�Z�›�æ�l�h�}�Í�t�|�‰�a�&�Ï�©�4�t�0�`�o�³�Û�á

�è�”�»�›�b�;�`�|�µ�ç�”�Ó�¿�Ä�›�‰	Z�`�o	q�•
Ç�Z�›�æ�l�h�}�†�M�w	q�•
Ç�Z�›
z�±�`�|

�ô�M�Ù�Å
Q�›�¬�Ý�`�h�\�q�p�”�  Dijkstra’s �ž�ç�°�æ�¶�Ü�w���®
Q�U�Ô�^�•�|�7�‘�&�Ï
¬

�R�ž�ç�°�æ�¶�Ü�q�`�o�w
Y�p
Q�U�¬�Ý�^�•�h�}�\�•�t�‘�“�|�³�Û�á�è�”�»�›�;�M�o�µ�ç�”

�Ó�¿�Ä�›�‰	Z�b�”�\�q�s�X�|�&�Ï	Ø�C�t�,�n�M�o�7�‘�&�Ï�›
¬�R�b�”�\�q�U�D�ó�t�s�l�h�}

�©�”�ë�”�Å

1�}�”� �¯�ï�Ð�á�”�» , 2. �”� �¤�'�+ , 3. �”� �É�¿�Ä�ë�”�« , 4�}�”� �Â�è�Ù�”�Â�”�³�ã�ï ,

5. �&�Ï
¬�R�ž�ç�°�æ�¶�Ü

���/�[	X�G�¶ ���¥	Ø�C�¶
æ

�$�{�y�H
™



Abstract of Bachelor’s Thesis - Academic Year 2009

Path Selection in Heterogeneous Quantum Networks

To date, research on entangled quantum networks has primarily focused on an abstract

model consisting of a linear chain of repeaters, with a power of two number of hops of

identical length and quality. This dissertation analyses the behavior of more complex

network topologies. In a network of heterogeneous links and irregular topology, path se-

lection affects both the performance of individual connections and global network load. I

propose a definition for link cost and an algorithm for the decision sequence of entangle-

ment swapping and ranking candidate paths to maximize the throughput of end-to-end

connections, measured in high-fidelity Bell pairs per second. Simulations confirm reason-

able agreement between the calculated path cost and the expected throughput. Thus, I

propose the use of a quantum form of Dijkstra’s algorithm.

Keywords :

1. quantum computer, 2.quantum repeater, 3.quantum network, 4.quantum teleportation,

5. Path selection algorithm
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�M�}�«�Q�y�|�7�t�î
÷�ˆ�Š�t�K�”�ì
¶�‰�ø�M�Ü�p�K�”�”� �d
�
ù [3] [4] �›�Õ�‘�m���p�á�;

�b�”�\�q�U�D�ó�q�s�“�|�î�;�ˆ�Š�t� �æ�b�”�\�q�U	Z�R�”�}

�‡�h�|	•�R�$�t�x�¦
:��
:�$�s�C���®�L�U�˜�’�•�”�”� �¯�ï�Ð�á�”�»�‰�œ�w���»�-�‰�•

�”� �¯�ï�Ð�á�”�»�w���´
â�^�›�b�”�\�q�U
Ý���^�•�o�M�”�} 2020 �å�E�t�ì
R�b�”�q�è�^

�•�o�M�”�”� �¯�ï�Ð�á�”�»�w�‰
C�q���æ�`�o�”� �É�¿�Ä�ë�”�«�w�‰
C�›�æ�O
ž�A�U�K�”�}

�`�T�`�|�q�O�‡�p�w�”� �É�¿�Ä�ë�”�«�w�Z�€�x�|	��t�g
Ý�$�s
¼�í�w�&�Ï�q�g
Ý�$�s�&

�Ï�Õ�›�Ë�l�h�¨	Å�Þ�Ã�ç�›�0	Å�t�æ�˜�•�o�V�h�}�i�U�|�q�î
H�„�t�Ï�™�^�•�”�”� �É�¿�Ä

�ë�”�«�›
Ý���`�h	Ô�ù�|�\�w�‘�O�s�¨	Å�Þ�Ã�ç�w�Z�€�t	4�•�b�”�\�q�x�•�0�^�•�c�|�q�î

�$�s���¥�w�”� �É�¿�Ä�ë�”�«�t���b�”�Z�€�›
��Š�”
ž�A�U�K�”�}

	Í�G�ž�ç�°�æ�¶�Ü�w�Ï�™�x�|�”� �É�¿�Ä�ë�”�«
M�š�Ó�é�Ä�¯�ç�w
ž
"�A
É�p�K�“�|	•�R

�w�G�F�Û�T�m�¿�¬�~
Z�;�s�”� �É�¿�Ä�ë�”�«�Ï�™�w��� �q�s�”�h�Š�|�Š�Z�€�w�™�[�x�G

�V�M�}

�‰�ž�ç�°�æ�¶�Ü�w�Ï�™�x�|�y�/�É�¿�Ä�ë�”�«�~�ž�”�©�Â�«�½�ß�t�S�Z�”�7�y�&�Ï
¬�R	�

�O�p�K�” Dijkstra’s �ž�ç�°�æ�¶�Ü�w�”� �É�¿�Ä�ë�”�«�~�ž�”�©�Â�«�½�ß�•�w�¦�Á�q�ß�Q�”

�\�q�U	Z�R�”�} Dijkstra’s �ž�ç�°�æ�¶�Ü�›�;�M�”�M�t�x�¤�&�Ï�w�æ�ï�«�¯�µ�Ä�t���˜�”	Ø

�C�q�¤�&�Ï�w�æ�ï�«�¯�µ�Ä�T�’�&�Ï
¶�.�w�è	ô�¯�µ�Ä�›�‰	Z�b�”	��O�U
ž�A�t�s�”�}�`

�T�`�|�”� �É�¿�Ä�ë�”�«�t�S�Z�”�¬�q�^�•�h�æ�ï�«�¯�µ�Ä�w���[�x�°�i�t���O�`�s�M�}�‡

�h�|�”� �è	ô�x EntanglementSwapping �• Purification�|�”�  teleportation �q�M�l�h�U	[

�›
Ê�ˆ�ù�˜�d�”
‡	×�t
ó�v�s	�	q�›�;�M�o�æ�˜�•�”�h�Š�|�”� 	Ø�C�w�¼�=�;�q�U���X�|�”

� �É�¿�Ä�ë�”�«�t�S�Z�”�è	ô�¯�µ�Ä�U
¢��
Q�›���b�”�T�r�O�T�‹
Æ�Ì�p�K�”�}�7�‘�&�Ï
¬

�R�ž�ç�°�æ�¶�Ü�›�Ï�™�b�”�h�Š�t�x�|�\�•�’�w�ð�J�:�›
¶�o�r�>�`�s�X�o�x�s�’�s�M�}

1.3 �Z�€�A�L

�Z�€�w�H�°�ˆ�Š�q�`�o�|�‡�c�|�¡
€�”� �¤�'�+���t�S�Z�”�”�  teleportation �w
µ���î

�æ���S�›�µ�ç�”�Ó�¿�Ä�q�`�o�����`�h�}�Í�t�|�¡
€�”� �¤�'�+���t�S�Z�”�µ�ç�”�Ó�¿�Ä�w

�o
:�›�æ�ï�«�¯�µ�Ä�q�`�o�”� �É�¿�Ä�ë�”�«�w�&�Ï
¼�í�›���”�=�b�”�h�Š�w�,	j�q�`�h�}

2



1.4. �æ���Ï
R �H 1 	· 	‚�æ

�^�’�t�|�æ�ï�«�¯�µ�Ä�w�è�›�”� �è	ô�t�S�Z�”�&�Ï�¯�µ�Ä�q���Š�|�&�Ï	Ø�C�›���”�=�`�|

�‰�¯�µ�Ä�›�,�t�&�Ï�µ�¯�ž�w�‰	Z�O�›���[�`�h�}�‡�h�|�&�Ï�µ�¯�ž�›�;�M�o�&�Ï
¬�R�›�æ

�O	��O�›�”�  Dijkstra’s �ž�ç�°�æ�¶�Ü�q�`�h�}

�Z�€�w�H�Ë�ˆ�Š�q�`�o�|
²�ˆ�Š�p���[�`�h�,	j�›�;�M�o�^�‡�_�‡�s
¼�í�w�&�Ï�T�’�Ï
R

�^�•�” 2hop �S�‘�| 4hop �w�”� �É�¿�Ä�ë�”�«�t�S�Z�”�”� �è	ô�w�r
s�›�æ�l�h�}�\�•�t

�‘�“�|�&�Ï�µ�¯�ž�q�µ�ç�”�Ó�¿�Ä�›
z�±�b�”�\�q�p�|�”�  Dijkstra’s �ž�ç�°�æ�¶�Ü�w���®


Q�›�¬�Ý�`�h�}

�Z�€�w�H�~�ˆ�Š�q�`�o�| 8hop �w�”� �É�¿�Ä�ë�”�«�t�S�Z�”�è	ô�w�r
s�›�æ�l�h�}�\�•

�t�‘�“�|�Ø�Ä�ç�É�¿�«�w�è�¹�•�µ�ç�”�Ó�¿�Ä�w�!�=�q�M�l�h�Õ�‘�m���”� �è	ô�w�›
Q�›�Ì

�’�T�t�`�h�}�‡�h�|�”�  Dijkstra’s �ž�ç�°�æ�¶�Ü�w�7�‘�&�Ï
¬�R�ž�ç�°�æ�¶�Ü�q�`�o�w
Y

�p
Q�›�¬�Ý�`�|�\�\�t�Š�Z�€�w�è�$�p�K�l�h�¿�¬�”� �É�¿�Ä�ë�”�«�t�S�Z�”�7�‘�&�Ï
¬�R

�ž�ç�°�æ�¶�Ü�U�Ï�™�^�•�h�}

1.4 �æ���Ï
R

�Š�æ���x 7 	·�T�’�Ï
R�^�•�”�}�H 2 	·�p�x�|�Š�Z�€�w
�� 
ü�ú�q�s�”�”� 	Ø�C�J�¶�t�m

�M�o	\�‚�”�}�H 3.1 	·�p�x�|�Š�Z�€�w	��J�q�s�”�”� �É�¿�Ä�ë�”�«�S�‘�|�f�w���È�Ä�ò�t

�m�M�o	\�‚�”�}�H 4 	·�p�x�|�H 3.1 	·�p	\�‚�h�]�J�w�A�¼�›�‹�V	Z�`�|�f�w�r�>	��O�q
ƒ

�-�t�m�M�o	\�‚�”�}�H 5 	·�p�x�|�‰
C�`�h�î
÷�t�m�M�o	\�‚�”�}�H 6 	·�p�x�|�Š���Š	��O

�q�î
÷�›��
Q�$�~���”�$�s���Ø�T�’
°�A�b�”�}�7�™�t�H 7 	·�p�Š�æ���w�A�æ�q�|���™�w�M


��›	\�‚�”�}

3



�H2 	· �”� 	Ø�C�J�¶

�Š�Z�€�w	��J�p�K�”�”� �É�¿�Ä�ë�”�«�~�ž�”�©�Â�«�½�ß�x “�”� 	Ø�C�J�¶ ” �›�,
k�q�`

�o�P
ƒ�^�•�o�S�“�| “�y�/	Ø�C�J�¶ ” �›�,
k�q�`�h� �ï�»�”�É�¿�Ä�›�•�Š�q�b�”�q�O�w�É�¿

�Ä�ë�”�«�~�ž�”�©�Â�«�½�ß�q�x�Š�í�$�t�Ÿ�s�”�}�Š	·�p�x�|�Z�€
�� �q�s�” “�”� 	Ø�C�J

�¶ ” �t�m�M�o�|�v�•�›�å�l�o
†�Ì�b�”�}

“�”� 	Ø�C�J�¶ ” �q�x�|�”� �—�¶�t�,�n�X�”� �®�L�›�;�M�o�³�ß�Ê�ï	Ø�C�q�”� 	Ø�C�w�w�ù

�›
$�”�h�Š�w�U	[�¬�q�›�æ�O�¶�ð�p�K�”�}�Ž�<�t�|	O�v�ù�˜�d�w�j�g�T�’�”�  teleportation

�t�¸�”�”� 	Ø�C�w
ú�g�t���b�”�Ä�ò�›	\�‚�”�}

2.1 �Ò�å�~�­�¿�Ä
¯�G�O

�”� �—�¶�t�S�M�o�|�%�w	Ý�6�x�Î�ç�Õ�ç�Ä�í���w�Õ�«�Ä�ç�q�`�o�G	\�^�•�”�}�\�w�Õ�«

�Ä�ç�›�­�¿�Ä�~�Õ�«�Ä�ç (ket vector) �q�z�|�|�Ž�<�w�‘�O�t
¯�G�^�•�”�}

|Ψ〉 =



x0

x1

x2

·
·

xn

·
·


�‡�h�|
Ò�0�í���t�S�Z�”�­�¿�Ä�Õ�«�Ä�ç�w�¤�ç�Û�”�Ä�ž�þ�|�m�‡�“�­�¿�Ä�Õ�«�Ä�ç�w
ó


É�ž�þ�›	��l�o�8�”�æ�»�t�`�h�‹�w�›�Ò�å�~�Õ�«�Ä�ç (bra vector) �q�z�|�|�Ž�<�w�‘�O�t


¯�G�^�•�”�}

〈Ψ| =
(
x∗

0 x∗
1 x∗

2 · · x∗
n · ·

)
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2.2. 	O�v�ù�˜�d�w�j�g �H 2 	· �”� 	Ø�C�J�¶

�m�‡�“�|

|Ψ〉† = 〈Ψ|

�q�s�”�}

2.2 	O�v�ù�˜�d�w�j�g

	O�v�ù�˜�d�w�j�g�x�”� 	Ø�C�t���b�”�K�’�•�”�ß�o�|�”� �—�¶�t���b�”�„�q�œ�r�w�¥�ß

�î�g�|�^�’�t�x�Í�å�Å�«�µ�t���`�o�‹�|�7�‹�¤	ú�$�s�þ�Â�›�Ë�m�} “�”� �U
ó
:�w	Ý�6�›

�¬�p�$�t���d�Ë�j�|�r�w	Ý�6�p�K�”�w�T�
���b�”�‡�p�>���^�•�o�M�s�M ” �q�M�O�¨	Å�$�s

���t�t�‘�l�o
†�Ì�^�•�”�\�w�j�g�x�| “�Ë	O�µ�æ�¿�Ä�î�g 2.1” �t�‘�l�o�.�ò�$�t�¬�Ý	Z�R

�”�}�Ç	O�µ�æ�¿�Ä�w	�
²�t
•	��s�{� �o�›
ƒ�”�`�|�Ç	O�µ�æ�¿�Ä�t�²�T�M�{� �›�L	Z�b�”


$ 2.1: �Ë	O�µ�æ�¿�Ä�î�g

�q�|�{� �w�§�S�t���˜�’�c —�°�Ì�t���O�b�”�{� �w���É
:�U 1 �x�Ž�<�q�M�O
•	��s�§�S�p

�K�l�o�‹ — �Ë	O�µ�æ�¿�Ä�w
��™�t�K�”�
���Ø�t�ï	¬�ö�U
³�T�•�”�\�q�U�¬�Ý	Z�R�”�}�\

�w�î�g�t�S�Z�”�{� �w�”� 	Ý�6�x�|

|Ψ〉 =
1√
2
(|Ψ�( 〉 + |Ψ�È〉)

�q�M�O�¯�Î�”�è�ï�Ä�s	O�v�ù�˜�d�w	Ý�6�p
¯�G�^�•�”�}�h�i�`�| |Ψ�( 〉 �S�‘�| |Ψ�È〉 �x�f

�•�g�•�(�µ�æ�¿�Ä�|�È�µ�æ�¿�Ä�U�‰�M�o�M�”�q�V�w	Ý�6�›�Ô�b�}

�\�w�î�g�w�›	í�x�|�{� �°�m�i�Z�U�f�•�×
��q�ï	¬�b�”�‘�O�s
•	��s�§�S�t�S�M�o�‹�


���^�•�”�q�M�O�:�p�K�”�}�f�w�M�|�ï	¬
Q�›�æ�˜�c�t�{� �U�(�È�r�j�’�w�µ�æ�¿�Ä�›�è�l

�h�T�r�O�T�t�m�M�o�x�t�Ì�b�”�\�q�U	Z�R�s�M�}�‡�h�|�{� �x�Á	t
Q�s�‹�w�p�K�”�w�p�(

�È�w�µ�æ�¿�Ä�›�‰�Ì�t�è�l�h�q�t�Ì�b�”�\�q�‹	Z�R�s�M�}�”� 	Ø�C�J�¶�p�x�\�w�j�g�›�b

�;�b�”�\�q�p�|�y�/	Ø�C�J�¶�t�x
Æ�D�ó�s���‰�~	r�g�›�æ�O�}

5



2.3. �”� �Ï�¿�Ä (QUBIT) �H 2 	· �”� 	Ø�C�J�¶

2.3 �”� �Ï�¿�Ä (Qubit)

�y�/�$	Ø�C�w�7	–�o�•�p�K�”�y�/�Ï�¿�Ä�x 0 �‹�`�X�x 1 �w 2 �è�“�w	Ý�6�›
¯�q�p�V�”�}

�f�•�t�0�`�o�”� 	Ø�C�w�7	–�o�•�p�K�”�”� �Ï�¿�Ä�x 0 �q 1 �i�Z�p�s�X�z�†�M�w	Ý�6�U�‰

�Ì�t “	O�v�ù�˜�^�l�h ” 	Ý�6�›�q�”�\�q�U�p�V�”�}�`�T�`�|�”� 	Ø�C�x�
���b�”�\�q�p�y

�/�$�s	Ø�C�t	)���`�o�`�‡�M�| 1 �”� �Ï�¿�Ä�T�’�x 1 �y�/�Ï�¿�Ä�w	Ø�C�`�T	��“	Z�b�\�q

�U	Z�R�c�|�f�w�M�t�”� 	Ø�C�x
��u�^�•�o�`�‡�O�}�‡�h�|�”� 	Ø�C�t�x�y�/�$	Ø�C�q�Ÿ�s

�“�|�Ú�™�w	Ø�C�w
ó
a�›�^�”�\�q�U�p�V�s�M�q�M�O
Q�í�U�K�”�}

�”� �Ï�¿�Ä�w	O�v�ù�˜�d	Ý�6�x�| 0 �‹�`�X�x 1 �p�K�” “�¬�p ”�|�f�•�g�•�w�¬�p�þ�w�  �•


ì�) �¡�t�‘�l�o�Ž�<�w�‘�O�s�Ü�p
¯�G�^�•�”�}

|ψ〉 = α|0〉 + β|1〉 (2.1)

�\�w�q�V�| |α|2 + |β|2 = 1 �p�K�“�|�
���Ì�t “0” �›�˜�”�¬�p�U |α|2 �p�K�“�| “1” �›�˜�”�¬

�p�U |β|2 �q�t�O�\�q�p�K�”�}�‡�h�|
$ 2.2 �t�Ô�b�‘�O�s�Õ�^�U 1 �w	Ý�6�Õ�«�Ä�ç�t�‘�l�o


¯�q�b�”�\�q�‹	Z�R�”�}


$ 2.2: �”� �Ï�¿�Ä

2.4 Entanglement

	B�‚�›�Ï
R�b�”�x�‘�w�0	Å�U� �q�`�h�”� 	Ý�6�›�Ë�h�s�M	B�‚�› “�”� �‹�m�•	Ý�6 ” �t

�K�”�|�q�M�O�} “�”� �‹�m�•	Ý�6 ” �t�K�”	B�‚�› “Entanglement” �q�z�•�}
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2.5. BELL ���� �H 2 	· �”� 	Ø�C�J�¶

�«�Q�y�|
ó
:�w�”� �t�‘�l�o�Ï
R�^�•�h Entanglement �t�S�M�o�|�r�•�T�w�”� �w�‹�›

�����b�”�q�’�“�w�”� �w�‹�x�����b�”�‡�p�‹�s�X�¬���$�t�'���^�•�o�`�‡�O�}�\�w
Q�í�x

�f�•�g�•�w�����U�r�œ�s�t�m�•�o�M�‘�O�q
R�“�q�j�|�”� �—�¶�U�Á	t�î�O�æ�t�,�n�X�y�/

�æ�q�x�Ÿ�s�”�\�q�›�Ô�`�o�M�”�}

2.4.1 Bell �Ö�ž

�Ë�m�w�”� �Ï�¿�Ä�T�’
R�”�7�G�v�t�‹�m�•�h “Entanglement” �› “Bell �Ö�ž ” �q�z�•�}

“Bell �Ö�ž ” �›�Ï
R�b�”�”� �Ï�¿�Ä�0�w���t�x�”� 
ì���U�K�“�|�°�M�w	Ý�6�›�
���b�•�y

���M�U�°�™�$�t�¬���b�”�}
ì
S�b�”	Ý�6�›�q�”�}

�«�Q�y�| |Ψ+〉12 = (|0〉1 |1〉2+|1〉1 |0〉2)√
2

�p
¯�^�•�” “Bell �Ö�ž ” �w	Ý�6�x�¬���`�o�M�s�M�U�|�°

�M�w	Ý�6�›�
���b�”�q�þ���w	)	V�U�I�\�“�|���M�x�
���b�”�‡�p�‹�s�X�7	s�w�
���A�L�q

�x�o�w	Ý�6�p�¬���b�”�}�Ž�<�t “Bell 	Ý�6 ” �q�z�y�•�”�Ú�¦�,���t�‘�“�Ï
R�^�•�h�›�m�w

“Bell �Ö�ž ” �w	Ý�6�›�Ô�b�}

|Ψ+〉12 =
(|0〉1|1〉2 + |1〉1|0〉2)√

2
(2.2)

|Ψ−〉12 =
(|0〉1|1〉2 − |1〉1|0〉2)√

2
(2.3)

|Φ+〉12 =
(|0〉1|0〉2 + |1〉1|1〉2)√

2
(2.4)

|Φ−〉12 =
(|0〉1|0〉2 − |1〉1|1〉2)√

2
(2.5)

2.5 Bell ����

�Ë�m�w�”� �Ï�¿�Ä�t�‘�“�Ï
R�^�•�”�%�t�S�M�o�|�Ë�m�w�”� 	Ý�6�w���w�Í�å�Ý�”�»�›��

���b�”�\�q�› Bell �����q�z�•�} Bell �����w�M�|�Ë�m�w�”� �Ï�¿�Ä�U�f�•�g�•���w�”� �Ï�¿

�Ä�q Entanglement �›�Ï
R�`�o�M�o�‹�|�”� 	Ý�6�›�Ú
€�
���`�h�˜�Z�p�x�s�M�w�p���w�”

� �Ï�¿�Ä�w	Ý�6�x�¬���`�s�M�}�‡�h�| Bell �����t�‘�l�o	Ý�6���Í�å�Ý�”�»�›�����^�•�h�Ë

�m�w�”� 	Ý�6�x	`�Ì�t
��u�^�•�”�}
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2.6. �”�  TELEPORTATION �H 2 	· �”� 	Ø�C�J�¶

2.6 �”�  teleportation

�”� 	Ý�6�x�Ú
€�
���^�•�h	`���t
��u�^�•�o�`�‡�O�h�Š�|�”� 	Ý�6�w
ó
a�t�x�›	��s�M

�O�U
ž�A�q�s�”�}�‡�c�|
ó
a�`�h�M�”� �q Bell �Ö�ž�›�Ï
R�b�”�"�M�w�”� �q�w���p Bell ��

���›�æ�O�}�����w	`���t�Ë�m�w�”� 	Ý�6�x
��u�^�•�| Bell �Ö�ž�w���M�w�”� �t�x
ó
a�`�h

�M�”� �w�Ö�—	Ý�6�U�8
ù�^�•�”�}�^�’�t Bell �����w�A�L�t�,�n�X�!�õ
â�^�›�æ�O�\�q�p�|

�\�w�”� �x
ó
a�`�h�M�”� �w�ì
¶�s
ó
a�q�s�”�}�A�L�q�`�o�|�Ö�—�`�h�”� �w�”� 	Ý�6�x


��u�^�•�|���w	Ô	t�t�ì
¶�s
ó
a�q�s�l�h�”� �U	Z�—�^�•�”�\�w
â�^�x�”�  teleportation

�q�z�y�•�”�}�‡�h�| Alice �q Bob �w���p�”�  teleportation �›�æ�O�M�w�s�Ï
$�› 2.3 �t�Ô�b�}


$ 2.3: �”�  teleportation �Ú
¢�x�”� �è	ô�Ï�|�Ë	O
¢�x�y�/�è	ô�Ï�›�Ô�b�}
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�H3 	· �”� �É�¿�Ä�ë�”�«

�Š�Z�€�p	��“�{�O�”� �É�¿�Ä�ë�”�«�p�x�|�”�  teleportation �›�;�M�h���‘�m���”� �è	ô

�U�æ�˜�•�”�}�”� �¤�'�+�q�«�Ñ�•� �Ì�t�‘�l�o�Ï
R�^�•�”�‰�É�¿�Ä�ë�”�«�x�|�q�O�w�É�¿

�Ä�ë�”�«�~�ž�”�©�Â�«�½�ß�q�x�Š�í�$�t�Ÿ�s�l�h�Ï���›�Ë�m�}�Š	·�p�x�|�”� �É�¿�Ä�ë�”

�«�w�“�æ�S�‘�|�‰�É�¿�Ä�ë�”�«�w	O�A�Ï
R�A
É�p�K�”�”� �¤�'�+�q�f�w���È�Ä�ò�|�‡�h�|

�Š�Z�€�w
�� �q�s�”�y�/�É�¿�Ä�ë�”�«�t�S�Z�”�&�Ï
¬�R�ž�ç�°�æ�¶�Ü�t�m�M�o	\�‚�”�}

3.1 �”� �¤�'�+

�”� �¤�'�+�x�|�«�Ñ�•� �Ì�t�‘�l�o
ì�“
€���^�•�”�\�q�p�”� �É�¿�Ä�ë�”�«�›�Ï
R�b�”�}

�”� �è	ô�w�M�t�x�|�Ú�™�w 2 �”� �¤�'�+���p Entanglement �›�-�Ë�`�|�”�  Teleportation

�›�æ�O�\�q�p�”� 	Ø�C�›�8
ù�b�”�}�‡�h�|�”�  teleportation �›�æ�O�a���p
ž�A�t�s�” En-

tanglement Swapping �• Purification �q�M�l�h�;�ó�›
‹�Q�”
ž�A�U�K�” [5]�}�”� �¤�'�+�w

���È�Ä�ò�t�m�M�o�Ž�<�w�ò�p	\�‚�”�}

3.1.1 Fidelity

Entanglement �›�Ï
R�b�”�Ë�m�w�”� 	Ý�6�w�Ù�^�›�Ô�b	��S�}�§�î�S�q�‹�z�y�•�”�}
Ý

���è�“�w�
���A�L�U�˜�’�•�”�¬�p�›�Ô�`�o�S�“�|�”�  teleportation �w
R�­�p�t�Ú�A�b�”

�Í�å�Ý�”�»�p�K�”�} 1 �t�Ù�M�„�r	Ý�6�U�‘�M�U�| 0.5 �›�<�s�l�h	Ô�ù�|�‹�x�• Purification

�›�;�M�o�‹ Fidelity �›�s
î�^�d�”�\�q�U	Z�R�c�| Entanglement �q�`�o�{�˜�•�s�M�}

3.1.2 Entanglement Swapping

�Ú
€
€���^�•�o�M�s�M�”� �¤�'�+�w���p�”�  teleportation �›�æ�O�h�Š�t�x Entanglement

Swapping �t�‘�l�o Entanglement �›
€���b�”
ž�A�U�K�”�}�Ž�<�t Entanglement Swapping

�w�“�æ
$ 3.1 �›�Ô�`�|�î�æ	�	q�›	\�‚�”�}
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3.1. �”� �¤�'�+ �H 3 	· �”� �É�¿�Ä�ë�”�«


$ 3.1: Entanglement Swapping �w�“�æ
$�} C �p�æ�˜�•�” Bell �����t�‘�l�o Alice—C ���w

Entanglement �q C—Bob ���w Entanglement �U
€���^�•�| Alice—Bob ���t Entanglement

�U�-�Ë�^�•�”

�”� �¤�'�+ C �›�p�`�o��
€
€���^�•�o�M�”�”� �¤�'�+ Alice�| Bob �w���p Entanglement

�›�-�Ë�`�h�M	Ô�ù�|�‡�c Alice∼C �� 3.1 �q C∼Bob �� 3.2 �t Entanglement �›
\
R�b�”�}

|ψ+〉AC =
(|0〉A|1〉C + |1〉A|0〉C)√

2
(3.1)

|ψ+〉CB =
(|0〉C |1〉B + |1〉C |0〉B)√

2
(3.2)

�”� �¤�'�+ C �U�-�Ë�`�o�M�” 2 �”� �w���p Bell �����›�S�\�s�O�q�| Alice �w	t�Ë�`�o�M�”

�”� �q Bob �w	t�Ë�`�o�M�”�”� �w	Ý�6�)�Ÿ�U
Q�Ì�b�”�} Bell �����t�‘�“�|�Ü 3.3 �t
¯�^�•

�”�A�L�U�˜�’�•�h	Ô�ù�|

|ψ〉 =
1√
2
(|00〉 + |11〉) (3.3)

Alice �q Bob �w	t�Ë�`�o�M�”�”� �x�Ü�p
¯�^�•�”	Ý�6�t�K�”�\�q�U�˜�T�”�}

|ψ+〉AB =
(|0〉A|0〉B + |1〉A|1〉B)√

2
(3.4)

�‡�h�| Bell �����t�‘�“�|�Ü�p
¯�^�•�”�A�L�U�˜�’�•�h	Ô�ù�|

|ψ〉 =
1√
2
(|01〉 + |10〉) (3.5)

Alice �q Bob �w	t�Ë�`�o�M�”�”� �x�Ü ??�p
¯�^�•�”	Ý�6�t�K�”�\�q�U
ü�T�”�}

|ψ+〉AB =
(|0〉A|1〉B + |1〉A|0〉B)√

2
(3.6)
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3.2. �”� �É�¿�Ä�ë�”�« �H 3 	· �”� �É�¿�Ä�ë�”�«

�\�w�����A�L�›�”� �¤�'�+ C �T�’ Alice �q Bob �•�y�/�è	ô�›�;�M�o�;�Q�”�\�q�p�| Alice �q

Bob �w	t�Ë�`�o�M�”�”� �U Entanglement �t�s�”�}�\�w�°�È�w	�	q�› Entanglement Swap-

ping �q�z	¶�b�”�} Entanglement Swapping �›���“�&�b�\�q�p�|�g�æ�$�t�x�Ú�™�w 2 �”� �¤

�'�+���p Entanglement �›�-�Ë�b�”�\�q�U�D�ó�p�K�”�}�`�T�`�| Entanglement Swapping

�p
\
R�^�•�” Entanglement �w Fidelity �x
€��
²�w Entanglement �‘�“�‹�ÿ�<�`�o�M�”�w

�p�| Entanglement Swapping �›���“�&�b�q Fidelity �x�¦
:��
:�$�t�n	—�`�o�`�‡�O�}�‘�l

�o�|�Õ�‘�m�� Bell �Ö�ž�›
\
R�b�”�h�Š�t�x Fidelity �›�s
î�^�d�”	��O�U
ž�A�q�s�”�}

3.1.3 Purification

Entanglement �w Fidelity �x�?�’�T�w
â�^�w�î�æ�•
ù	ô�Ì�t�S�Z�”�«�Ñ�•� �Ì�q�w
ì�“

�^�;�|�Ì���w�&�a�q�M�l�h�7�‘�s�A�¼�p�n	—�`�o�`�‡�O�}�`�T�`�|�Ë�m�w�ÿ Fidelity �s

Entanglement �w���p Bell �����›�æ�O�q�|�°�m�w�ô Fidelity �s Entanglement �›
\
R�^�•

�”�} Entanglement �w
:�x�n�”�‹�w�w�| Fidelity �U�s
î�b�”�\�w
â�^�›�¤�ï�»�ï�¬�ç�Ý�ï�Ä

�w
^
a�| “Purification[6][7]” �q�z	¶�`�|�“�æ
$�› 3.2 �t�Ô�b�}


$ 3.2: Purification �“�æ
$�} Alice—Bob ���t�-�Ë�^�•�o�M�”�Ë�m�w�ÿ Fidelity �s Entan-

glement �‰�œ�w���p Bell �����›�æ�M�|�°�m�w�ô Fidelity �s Entanglement �t
^
a�b�”�}

3.2 �”� �É�¿�Ä�ë�”�«

�”� �É�¿�Ä�ë�”�«�q�x�|�”� �¤�'�+�q�«�Ñ�•� �Ì�t�‘�l�o�Ï
R�^�•�|�”� 	Ø�C�w�ˆ�›�{

�O�\�q�U	Z�R�” Physical Entanglement 
Ú�›�Ë�m�G�F�Û�T�m�¿�¬�s�”� �è	ô�w�î�æ�›�è�$

�q�`�h�”�  teleportation �É�¿�Ä�ë�”�«�›�¦�b�}�‡�h�|�”� �É�¿�Ä�ë�”�«�w�Ó�é�Ä�¯�ç�Š
Ú

�›
$ 3.3 �t�Ô�`�|�Š
Ú�–�w�;�ó	Ä�I�›
¯ 3.1 �t�G�b�}
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3.2. �”� �É�¿�Ä�ë�”�« �H 3 	· �”� �É�¿�Ä�ë�”�«


$ 3.3: �”� �É�¿�Ä�ë�”�«�•�Ó�é�Ä�¯�ç�Š
Ú
$�} [8]


¯ 3.1: �”� �É�¿�Ä�ë�”�«�•�Ó�é�Ä�¯�ç�Š
Ú	Ä�I

�Š
Ú�Ê �;�ó	Ä�I

Application �”� �d
�
ù�s�r�|�”� 	Ø�C�›�b�;�`�h�;�ó�›�î�æ�b�”

�Š
Ú�}(App)

Purification Control �-�Ë�`�o�M�” Entanglement �w Fidelity �›���g�`�|

Purification �w�î�æ�›
M�š�b�”�Š
Ú�}(PC)

Entanglement Swapping Control ���w�”� �¤�'�+���p�æ�˜�•�”�”� �è	ô�›�¤�'�b�”�M�t

�æ�OEntanglement Swapping �›
M�š�b�”�Š
Ú�}(ESC)

Entanglement Control �¡
€�¤�'�+���p�w Entanglement �›�-�Ë�›
M�š�b�”�Š


Ú�}(EC)

Physical Entanglement �”� 	Ø�C�w�ˆ�›�{�Q�”�Š
Ú�}�”� 	Ø�C�•�w�Ú
€�$�s
â

�^�x
¶�o�\�w�Š
Ú�p�æ�˜�•�”�}(PE)

	Í�G�w�Ó�é�Ä�¯�ç�›�,�t�`�h 4hop �”� �É�¿�Ä�ë�”�«�t�S�Z�”�è	ô�“�æ�›
$ 3.4 �t�Ô�b�}

4hop �”� �É�¿�Ä�ë�”�«�p�x�|�Ö�•� 	Ý�t�î�æ�^�•�” 3 �s�w Entanglement Swapping �p
ù

	ô���”� �¤�'�+ Alice �q	!	ô���”� �¤�'�+ Bob �w���t Entanglement �U�-�Ë�^�•�”�}�`�T

�`�| Entanglement Swapping �w
²�™�p Purification �›���“�&�`�|�7	4�$�t Alice �q Bob �w
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3.3. �y�/�É�¿�Ä�ë�”�«�t�S�Z�” DIJKSTRA’S �y�ž�ç�°�æ�¶�Ü �H 3 	· �”� �É�¿�Ä�ë�”�«

���t Bell �Ö�ž�U�-�Ë�^�•�h�ˆ�Š�p�”�  teleportation �U�î�æ�^�•�|�”� �è	ô�U�î�q�b�”�}


$ 3.4: (4hop) �”� �É�¿�Ä�ë�”�«�•�è	ô�“�æ
$

�”� �É�¿�Ä�ë�”�«�w�;�M�q�`�o�x�”� 	Ø�C�w�b�;�U
ž
"�q�s�”�U	[�|�«�Q�y�ì
¶�‰�ø

�M�Ü�p�K�”�”� �d
�
ù�•�”� �¯�ï�Ð�á�”�»�•�w���´�•�T�’�w�ž�«�·�µ�|�”� �¯�ï�Ð�á�”

�»�‰�œ�w
ì�“�è	ô�t�‘�”���»�”� ���‰�s�r�w	Ô�Ø�U
Ý���^�•�o�M�”�}�‡�h�|�Š�Z�€�p�x�|

NII(���q	Ø�C�¶�Z�€	t ) �w���Š�¬�ç�”�Ó�•�•�Š�¬�ç�”�Ó�s�r�t�‘�l�o�Z�€�^�•�o�M�”�|�”

� �Ì�µ Entanglement �›�;�M�h���‘�m�”� �è	ô�w�M�Ü�›�”� �É�¿�Ä�ë�”�«�q�`�o���[�`�o

�M�”�}

3.3 �y�/�É�¿�Ä�ë�”�«�t�S�Z�” Dijkstra’s �y�ž�ç�°�æ�¶�Ü

Dijkstra’s �ž�ç�°�æ�¶�Ü�x�¬�å�Ñ�g�æ�t�S�Z�”�7�y�&�Ï�ð�J�r�>�ž�ç�°�æ�¶�Ü�p�K�” [9]�}

�&�Ï�¯�µ�Ä	Ø�C�T�’�7�y�&�Ï�›�®�p�$�t
C�_	Z�R�”�h�Š�|�y�/�É�¿�Ä�ë�”�«�p�x�ç�”�»�U

�ç�”�Â�Ÿ�ï�¬�Â�”�Ò�ç�›�^
R�b�”�h�Š�w OSPF �ž�ç�°�æ�¶�Ü�t� �;�^�•�o�M�”�}�Ž�<�t

Dijkstra’s �ž�ç�°�æ�¶�Ü�w�î�æ	�	q�›
$ 3.5 �Ô�`�|	Ä�I�›�G�b�}

�‡�c�| Dijkstra’s �ž�ç�°�æ�¶�Ü�›�b�;�b�”�t�x�|�µ�»�”�Ä�ç�”�»�q�°�”�ç�ç�”�»�w���w

�&�Ï	Ø�C�›�-�Ë�`�o�S�X
ž�A�U�K�” (
$ 3.5(a))�}�¤�ç�”�»�‡�p�w�¯�µ�Ä�›�&�Ï�¯�µ�Ä�w�o
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3.3. �y�/�É�¿�Ä�ë�”�«�t�S�Z�” DIJKSTRA’S �y�ž�ç�°�æ�¶�Ü �H 3 	· �”� �É�¿�Ä�ë�”�«

	m�è�›�;�M�o�‰	Z�`�o�M�X (
$ 3.5(b))�}�¤�ç�”�»�‡�p�w�¯�µ�Ä�x�|�‘�“�ÿ�M�¯�µ�Ä�p�x�a

�p�V�”�&�Ï�U�_�m�T�”�–�t�Ë	ý�^�•�” (
$ 3.5(c))�}�&�Ï	Ø�C�w�!�=�t� �a�o�¤�ç�”�»�‡�p

�w�¯�µ�Ä�x�ˆ�$�t�!�Ë�^�•�|	Ý�¯�t� �a�h�7�y�&�Ï�›	×�t�ú�r�`�o�S�X�\�q�U�p�V�” (
$

3.5(d))�}�\�•�t�‘�“�|�É�¿�Ä�ë�”�«
¶�.�w�®�p�7�&�=�U
$�’�•�”�}

(a) Dijkstra's �ž�ç�°�æ�¶�Ü�î�æ	�	q

(b) Dijkstra's �ž�ç�°�æ�¶�Ü�î�æ	�	q 2

(c) Dijkstra's �ž�ç�°�æ�¶�Ü�î�æ	�	q 3
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3.3. �y�/�É�¿�Ä�ë�”�«�t�S�Z�” DIJKSTRA’S �y�ž�ç�°�æ�¶�Ü �H 3 	· �”� �É�¿�Ä�ë�”�«

(d) Dijkstra's �ž�ç�°�æ�¶�Ü�î�æ	�	q 4


$ 3.5: Dijkstra’s �ž�ç�°�æ�¶�Ü�w�î�æ	�	q
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�H4 	· 
ƒ�-

�Š	·�p�x�|�‡�c�|�”� �É�¿�Ä�ë�”�«�w�è	ô�7�&�=�t�²�Z�h�ð�J�:�›
T�g�b�”�}�Í�t�|�f

�•�’�w�ð�J�t�0�b�”�r�>	��O�›���Š�`�|�¿�¬�”� �É�¿�Ä�ë�”�«�t�S�Z�”�7�‘�&�Ï
¬�R�ž�ç

�°�æ�¶�Ü�w
ƒ�-�›�æ�O�}

4.1 �ð�J�:

�Š
…�p�x�|�7�‘�&�Ï�&�Ï
¬�R�ž�ç�°�æ�¶�Ü�›�Ï�™�b�”�h�Š�t�r�>�U
ž�A�s�ð�J�:�t�m�M

�o	\�‚�”�}

�”� �É�¿�Ä�ë�”�«�t�S�Z�”�&�Ï
¼�í�w�ÿ�<�q�|�;
ù�^�•�” Entanglement �w Fidelity �ÿ

�<�t�x
¢��
ì��
Q�U�K�”�\�q�U�Œ�’�•�o�M�”�}�”� �è	ô�t�S�M�o�|�&�Ï
¼�í�w�ÿ�<�x Pu-

rification �w�s
:
ÿ�G�›	Ÿ�V�|�7	4�$�s�è	ô���S�›�ÿ�<�^�d�”�\�q�x�Ì
(�p�K�”�}�`�T�`�|

�&�Ï
¼�í�q�è	ô���S�w
ì��
Q�x�Ì�’�T�t�s�l�o�M�s�M�}

�‡�h�|�y�/�É�¿�Ä�ë�”�«�t�S�Z�”�è	ô�&�Ï�&�Ï�w
¬�R�t�x Dijkstra’s �ž�ç�°�æ�¶�Ü�U�;

�M�’�•�o�M�”�}�æ�ï�«�¯�µ�Ä�w�o	m�è�t�‘�l�o�&�Ï�¯�µ�Ä�›�‰	Z�`�|�7�‘�&�Ï�›�>���b�”

�‰�ž�ç�°�æ�¶�Ü�x�&�Ï
¬�R�t�S�Z�”�®�p�$�T�m���®�s	��O�q�`�o�Œ�’�•�o�M�”�}

�”� �É�¿�Ä�ë�”�«�t�S�M�o Dijkstra’s �ž�ç�°�æ�¶�Ü�›�;�M�”�t�x�æ�ï�«�¯�µ�Ä�S�‘�|�&

�Ï�¯�µ�Ä�w�‰	Z�O�›���[�b�”
ž�A�U�K�”�}�`�T�`�|�&�Ï
¼�í�w���”�=�x�s�^�•�o�S�’�c�|

	H�l�o�|�æ�ï�«�¯�µ�Ä�‹���[�^�•�o�M�s�M�}�p
µ�s�U�’�|�æ�ï�«�¯�µ�Ä�›�;�M�”�&�Ï�¯

�µ�Ä�w�‰	Z�O�‹���[�b�”�\�q�x	Z�R�s�M�}�‘�l�o�|�q	Ý�p�x�”� �É�¿�Ä�ë�”�«�t�0�`�o

Dijkstra’s �ž�ç�°�æ�¶�Ü�›�&�;	Z�R�s�M�}

�‡�h�|	Í�G�w�ð�J�›�r�>�`�h�q�`�o�‹�|�”� �É�¿�Ä�ë�”�«�t�S�Z�”�&�Ï
¼�í�q�è	ô���S

�w
ì��
Q�U
Æ�Ì�s�h�Š�| Dijkstra’s �ž�ç�°�æ�¶�Ü�t�‘�l�o
¬�R�^�•�”�&�Ï�U�7�‘�&�Ï�p�K

�”�T�r�O�T�w�U	Â�U
ž�A�t�s�”�}

�Ž�<�w
…�t�S�M�o�|�‡�c�|�^�‡�_�‡�s�»� �Ó�w�”� �É�¿�Ä�ë�”�«�q�f�w�›�Ã�t�m�M�o
T

�g�b�”�}�Í�t�|�&�Ï
¼�í	Ø�C�›�;�M�o�æ�ï�«�¯�µ�Ä�S�‘�|�&�Ï�¯�µ�Ä�w�‰	Z�O�›���[�`�|

�”�  Dijkstra’s �ž�ç�°�æ�¶�Ü�›�Ï�™�b�”�h�Š�w	��O�›	\�‚�”�}�^�’�t�|�”�  Dijkstra’s �ž

�ç�°�æ�¶�Ü�w�7�‘�&�Ï
¬�R�ž�ç�°�æ�¶�Ü�q�`�o�w
Y�p
Q�›�¬�Ý�b�”�h�Š�w	��O�›	\�‚�”�}
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4.2. �”� �É�¿�Ä�ë�”�«�w
ü�¨�q�f�w�›�Ã �H 4 	· 
ƒ�-

4.2 �”� �É�¿�Ä�ë�”�«�w
ü�¨�q�f�w�›�Ã

�”� �É�¿�Ä�ë�”�«�x�|�f�w�&�Ï�t���‡�•�” hop 
:�t� �a�h Entanglement Swapping �w

	�	q�T�’�|�~	��¨�t
ü�¨�b�”�\�q�U	Z�R�”�}
ü�¨
¯�›�Ž�<�w
¯ 4.1 �t�Ô�b�}


¯ 4.1: �”� �É�¿�Ä�ë�”�«
ü�¨

�”� �É�¿�Ä�ë�”�«�w hop 
: Entanglement Swapping �î�æ	�	q

1 hop Entanglement Swapping �x
Æ�A

2n hop �0	¶�� Entanglement Swapping

n(6= 2n) hop 
‡�0	¶�� Entanglement Swapping

�Š
…�p�x�|�‡�c�|�”� �É�¿�Ä�ë�”�«�w�Ï
R�A
É�t���b�”�z	¶�S�‘�|�É�¿�Ä�ë�”�«�Ä�Ù�é

�´�w
¯�q�M�O�t�m�M�o
T�g�›�æ�M�|�Í�t�¤	��”� �É�¿�Ä�ë�”�«�w	Ä�I�t�m�M�o	\�‚�”�}

4.2.1 �”� �É�¿�Ä�ë�”�«�Ï
R�A
É�w�z	¶�S�‘�|
¯�q�M�O

�Š�Z�€�t�S�Z�”�”� �É�¿�Ä�ë�”�«�Þ�Ã�ç�w�Ï
R�A
É�›
T�g�b�”�h�Š�|�É�¿�Ä�ë�”�«�Ä�Ù

�é�´�w�Œ�«�›
$ 4.1 �t
¯�`�h�}�‡�h�|�Ï
R�A
É�f�•�g�•�w�z	¶�S�‘�|
¯�q�M�O�›
¯ 4.2 �t

�G�`�|	Ä�I�Ä�ò�›�Ž�<�t	\�‚�”�}�Š
…�Ž�ñ�|�¤�A
É�w
¯�G�›�w�°�b�”�}


¯ 4.2: �”� �É�¿�Ä�ë�”�«�w�Ï
R�A
É

�Ï
R�A
É �z	¶ 
¯�q�M�O

�”� �¤�'�+ Alice,Bob,C∼I �Ú�M�.

Entanglement Entanglement 
Æ�F��
¢�t�‘�l�o�A�y�•�h	–��

�«�Ñ�•� �Ì �«�Ñ�•� �Ì�~�g�~�ô�~�¤�~�ÿ �Ú
¢

4.2.2 1 hop �”� �É�¿�Ä�ë�”�«�w	Ô�ù (�¡
€�”� �¤�'�+���è	ô )

�¡
€�b�”�”� �¤�'�+���t�S�M�o�”� �è	ô�›�æ�O	Ô�ù�| Entanglement Swapping �x
Æ�A

�p�K�“�| Purification �›���“�&�`�î�æ�`�| Bell �Ö�ž�›�^�“	Z�b�\�q�p�”� �è	ô�›�æ�O�\�q

�U	Z�R�”�}
ž
µ�$�t�|�µ�ç�”�Ó�¿�Ä�x Purification �w
ž�A�î�æ�s
:�S�‘�| Entanglement �w

17



4.2. �”� �É�¿�Ä�ë�”�«�w
ü�¨�q�f�w�›�Ã �H 4 	· 
ƒ�-


$ 4.1: �”� �É�¿�Ä�ë�”�«�“�æ
$�}�”� �¤�'�+�º
æ�t
³�T�•�h	–���x�-�Ë�D�ó�s�”� �Ï�¿

�Ä�w
:�›
¯�`�|
Æ�F��
¢�p�(�U�•�h�¤���x Entanglement �›
¯�b�}�‡�h�|�«�Ñ�•� �Ì�w
ï

�x�&�Ï
¼�í�›
¯�`�o�S�“�|�°
`�t�|�«�Ñ�•� �Ì�w�&�Ï
¼�í�x�g
Ý	Ý�6�|�ô�~�¤�~�ÿ
¼�í�w

4 	Ý�6�›�{�O�}


\
R
:�q�„�…�È�ˆ�`�o�S�“�|�&�Ï
¼�í�T�’�Ú
€�$�s�è�¹�›	!�Z�”�q
Ý���^�•�”�}�‘�l�o�|

1 hop �”� �É�¿�Ä�ë�”�«�t�S�Z�”�è	ô���S�q�&�Ï
¼�í�w
ì��
Q�r
s�x�|�&�Ï
¼�í�w���”�=

�t�‘�”�æ�ï�«�¯�µ�Ä�w���[�t	O�A�s�þ�è�›�Ë�m�}

4.2.3 2n hop �”� �É�¿�Ä�ë�”�«�w	Ô�ù

2n hop �w�&�Ï�Õ�›�Ë�m�”� �É�¿�Ä�ë�”�«�›�p�`�o�”� �è	ô�›�æ�O	Ô�ù�|�Ö�•� 	Ý�t�æ

�O Entanglement Swapping �U�7�‘�î�æ	�	q�q�s�”�}�\�w�î�æ	�	q�›�0	¶�� Entanglement

Swapping �q�z	¶�b�”�}

Alice �q Bob �w���t�S�Z�”�0	¶�� EntanglementSwapping �w�î�æ	�	q�›
$ 4.2 �t�Ô�`�|	Ä

�I�›�Ž�<�t	\�‚�”�}

• (4hop �� ) �0	¶�� Entanglement Swapping �î�æ	�	q

1. (1hop �S�V�w ) �”� �¤�'�+ C �q E �p Entanglement Swapping �›�î�æ

Entanglement�• Alice—C + C—D , D—E + E—Bob

2. (2hop �S�V�w ) �”� �¤�'�+ D �p Entanglement Swapping �›�î�æ

Entanglement�• Alice—D + D—Bob

3. �”� �¤�'�+ Alice �q�”� �¤�'�+ Bob �w���p Entanglement �U�-�Ë�^�•�”�}

Entanglement�• Alice—Bob

�î�M�t�x�| Entanglement Swapping �w
²�™�t�S�M�o
ž�A�s
:�w Purification �U�æ�˜�•�”

�\�q�t�s�”�U�| m Step �è�t�S�M�o m hop �S�V�w�”� �¤�'�+�p Entanglement Swapping �›

�æ�O�\�q�p�|�®�p�$�t�è�$�w�”� �¤�'�+���p Entanglement �›�-�Ë�b�”�\�q�U	Z�R�”�}
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4.2. �”� �É�¿�Ä�ë�”�«�w
ü�¨�q�f�w�›�Ã �H 4 	· 
ƒ�-


$ 4.2: (4hop �� ) �0	¶�� Entanglement Swapping �“�æ
$

4.2.4 
‡ 2n hop �”� �É�¿�Ä�ë�”�«�w	Ô�ù

2n hop �p�x�s�M�&�Ï�Õ�›�Ë�m�”� �É�¿�Ä�ë�”�«�›�p�`�o�”� �è	ô�›�æ�O	Ô�ù�|�0	¶��

Entanglement Swapping �›�î�æ�b�”�\�q�x	Z�R�s�M�}�Ú�™�w�”� �¤�'�+���t Entanglement

�›�-�Ë�`�‘�O�q�`�h	Ô�ù�|	×�t (hop 
: -1) �s�w Entanglement Swapping �U�æ�˜�•�”�\�q

�t�s�”�}�`�T�`�|�f�w�î�æ	�	q�x�Ž�<�t�Ô�b�‘�O�t���0�t�I�”�}

Alice �q Bob �w���t�S�Z�”
‡�0	¶�� Entanglement Swapping �w�î�æ	�	q�«�›
$ 4.3 �t�Ô

�`�|	Ä�I�›�Ž�<�t	\�‚�”�}

• 
‡�0	¶�� Entanglement Swapping �î�æ	�	q�«

1. �”� �¤�'�+ C �p Entanglement Swapping �›�î�æ

Entanglement�• Alice—C + C—D , D—E , E—F , F—Bob

2. �”� �¤�'�+ D �p Entanglement Swapping �›�î�æ

Entanglement�• Alice—D + D—E , E—F , F—Bob

3. �”� �¤�'�+ E �p Entanglement Swapping �›�î�æ

Entanglement�• Alice—E + E—F , F—Bob

4. �”� �¤�'�+ F �p Entanglement Swapping �›�î�æ

Entanglement�• Alice—F + F—Bob

5. �”� �¤�'�+ Alice �q�”� �¤�'�+ Bob �w���p Entanglement �U�-�Ë�^�•�”�}

Entanglement�• Alice—Bob
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4.2. �”� �É�¿�Ä�ë�”�«�w
ü�¨�q�f�w�›�Ã �H 4 	· 
ƒ�-


$ 4.3: 
‡�0	¶�� Entanglement Swapping �î�æ	�	q�«

�‡�h�|	Í�G�w�«�q�x�Ÿ�s�”
‡�0	¶�� Entanglement Swapping �w�î�æ	�	q�«�›
$ 4.4 �t

�Ô�`�|	Ä�I�›�Ž�<�t	\�‚�”�}

• 
‡�0	¶�� Entanglement Swapping �î�æ	�	q�« 2

1. �”� �¤�'�+ C �q E �p Entanglement Swapping �›�î�æ

Entanglement�• Alice—C + C—D , D—E + E—F , F—Bob

2. �”� �¤�'�+ D �p Entanglement Swapping �›�î�æ

Entanglement�• Alice—D + D—F , F—Bob

3. �”� �¤�'�+ F �p Entanglement Swapping �›�î�æ

Entanglement�• Alice—F + F—Bob

4. �”� �¤�'�+ Alice �q�”� �¤�'�+ Bob �w���p Entanglement �U�-�Ë�^�•�”�}

Entanglement�• Alice—Bob

�\�w�‘�O�t�|�0	¶�� Entanglement Swapping �›�æ�Q�s�M�,
:�w�”� �¤�'�+�›�p�b�” En-

tanglement Swapping �›
‡�0	¶�� Entanglement Swapping �q�z	¶�b�”�}�q�O�w�q�\�–�|�Ú
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4.3. �”� �É�¿�Ä�ë�”�«�t�S�Z�”�7�‘�&�Ï
¬�R�ž�ç�°�æ�¶�Ü �H 4 	· 
ƒ�-


$ 4.4: 
‡�0	¶�� Entanglement Swapping �î�æ	�	q�« 2

�™�whop 
:�t�S�Z�”
‡�0	¶�� Entanglement Swapping �w�7�‘�î�æ	�	q�x�Ì�’�T�t�s�l�o

�M�s�M�}�‡�h�|�7�‘�î�æ	�	q�w
C�_	��O�x���™�w	O�A�Z�€�]�J�q�ß�Q�’�•�”�}

4.3 �”� �É�¿�Ä�ë�”�«�t�S�Z�”�7�‘�&�Ï
¬�R�ž�ç�°�æ�¶�Ü

�”� �è	ô�›�æ�M�h�M 2 �,�w�”� �¤�'�+�| Alice �q Bob �w���t
ó
:�w�&�Ï�©�4�U���O�b�”


$ 4.5 �w�‘�O�s
ó�v�s�”� �É�¿�Ä�ë�”�«�›
Ý���b�”�}


$ 4.5: 
ó�v�s�”� �É�¿�Ä�ë�”�«
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4.3. �”� �É�¿�Ä�ë�”�«�t�S�Z�”�7�‘�&�Ï
¬�R�ž�ç�°�æ�¶�Ü �H 4 	· 
ƒ�-

�\�w�É�¿�Ä�ë�”�«�t�x�Ž�<�t�Ô�b�›	��¨�w�&�Ï�©�4�U���O�b�”�}

• 
$ 4.5 �t�S�Z�”�&�Ï�©�4

1. 2hop �&�Ï : Alice—�ÿ —D—�¤ —Bob

2. 3hop �&�Ï : Alice—�ÿ —D—�g —E—�g —Bob

3. 3hop �&�Ï : Alice—�ô —C—�¤ —E—�g —Bob

4. 4hop �&�Ï : Alice—�ô —C—�ÿ —E—�g —D—�ÿ —Bob

�\�w�‘�O�s�&�Ï�©�4���T�’�7�‘�&�Ï�›
¬�R�b�”�h�Š�w�ž�ç�°�æ�¶�Ü�w�Ï�™	��O�t�m�M�o

�Í�ò�Ž�ñ�p	\�‚�”�}

4.3.1 �”� �É�¿�Ä�ë�”�«�t�S�Z�”�è	ô�¯�µ�Ä�w�‰	Z�O

�&�Ï	Ø�C�›���”�=�`�|�”� �É�¿�Ä�ë�”�«�t�S�Z�”�è	ô�¯�µ�Ä�w�‰	Z�b�”�t�x�|

�è	ô�¯�µ�Ä = f(CostAC + CostCE + CostEB) (4.1)

	Í�Ü�w�‘�O�t�&�Ï	Ø�C�›�,�t
¢���-�‰�›�æ�M�h�M�}

�y�/�É�¿�Ä�ë�”�«�t�S�Z�” Dijkstra’s �ž�ç�°�æ�¶�Ü�p�x�|

�è	ô�¯�µ�Ä =
∑

i

costi

i ∈ { �æ�ï�«�¯�µ�Ä AC + �æ�ï�«�¯�µ�Ä CE + �æ�ï�«�¯�µ�Ä EB}
(4.2)

	Í�Ü�w�‘�O�t�æ�ï�«�¯�µ�Ä�w�o	m�è�›�;�M�”�\�q�p�è	ô�¯�µ�Ä�›�‰	Z�b�”�}�`�T�`�|�”� 

�É�¿�Ä�ë�”�«�t�S�M�o�x Dijkstra’s �ž�ç�°�æ�¶�Ü�w���®
Q�x�¬�Ý�^�•�o�S�’�c�|�‡�h�|�æ

�ï�«�¯�µ�Ä�w���[�U�æ�˜�•�o�M�s�M�h�Š�|�è	ô�¯�µ�Ä�w�‰	Z�O�›���[�b�”�\�q�‹	Z�R�s

�M�}	H�l�o�|�7�‘�&�Ï
¬�R�ž�ç�°�æ�¶�Ü�›�Ï�™�b�”�h�Š�t�x�&�Ï
¼�í�w���”�=�t�‘�”�æ�ï

�«�¯�µ�Ä�w���[�›�æ�O
ž�A�U�K�”�U�|�f�w�h�Š�t�x�”� �è	ô�w���”�=�›�æ�O
ž�A�U�K�”�}

4.3.2 �µ�ç�”�Ó�¿�Ä�w���[

�”� �è	ô�›�æ�O�Ú�™�w 2 �”� �¤�'�+���t�S�Z�”�”�  teleportation �w
µ���î�æ�s
:�›�|�Š

�Z�€�t�S�Z�” “�µ�ç�”�Ó�¿�Ä ” �q�`�o���[�b�”�}
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4.3. �”� �É�¿�Ä�ë�”�«�t�S�Z�”�7�‘�&�Ï
¬�R�ž�ç�°�æ�¶�Ü �H 4 	· 
ƒ�-

4.3.3 �æ�ï�«�¯�µ�Ä�w���[

Entanglement �›�8
ù�`�h	Ô�ù�|�8
ù�‘�m�t� �a�o Fidelity �w
Æ�D
†�s�¼�=�U
C
\�b�”�}

�‡�h�|�8
ù�&�Ï (�«�Ñ�•� �Ì ) �w
¼�í�t� �a�o�^�’�s�”	Ø�C�¼�=�U
C
\�b�”�}�æ�ï�«�¯�µ

�Ä�›���[�b�”�h�Š�|�¡
€�”� �¤�'�+���w�”� �è	ô�t�S�M�o�|�^�‡�_�‡�s�&�Ï
¼�í�t�S�Z

�”�µ�ç�”�Ó�¿�Ä�›�����`�b�”�}�f�w�M�|�g
Ý	Ý�6�&�Ï�t�S�Z�”�µ�ç�”�Ó�¿�Ä�›�,	j�‹�q�`

�o�|�‰�&�Ï�w�æ�ï�«�¯�µ�Ä�› 1 �q���[�b�”�}�‡�h�|�Ú�™�w
¼�í�›�Ë�l�h�&�Ï�t�S�Z�”�æ�ï

�«�¯�µ�Ä�›�Ž�<�w�Ü�›�;�M�o���[�b�”�}

�æ�ï�«�¯�µ�Ä =
�g
Ý	Ý�6�&�Ï�t�S�Z�”�µ�ç�”�Ó�¿�Ä
�Ú�™�w�&�Ï�t�S�Z�”�µ�ç�”�Ó�¿�Ä

(4.3)

4.3.4 �”�  Dijkstra’s �ž�ç�°�æ�¶�Ü�w���[

�Š�ò�p�x�|�&�Ï�¯�µ�Ä�w�‰	Z�O�S�‘�|�|�&�Ï�¯�µ�Ä�›�,�t�‹	Z�^�•�”�&�Ï�µ�¯�ž�|�^�’

�t�&�Ï�µ�¯�ž�›�;�M�o�&�Ï
¬�R�›�æ�O�”�  Dijkstra’s �ž�ç�°�æ�¶�Ü�t�m�M�o	\�‚�”�}

�‡�c�|�&�Ï�¯�µ�Ä�x
²�ò�w	��O�p���”�=�^�•�h�¤�&�Ï�æ�ï�«�¯�µ�Ä�w�o	m
ï�è�t�‘�l�o

�‰	Z�b�”�}

�&�Ï�¯�µ�Ä =�æ�ï�«�¯�µ�Ä�w
ï�è

�Í�t�|���w
°�A�‹�q�&�Ï�¯�µ�Ä�w
z�±�›�0�›�t�b�”�h�Š�|�&�Ï�¯�µ�Ä�w�o
:�›�;�M�o�&

�Ï�µ�¯�ž�›�‰	Z�b�”�}�ì
¶�g
Ý	Ý�6�w�&�Ï�› 100 �:�q�`�h	Ô�ù�| n hop �w�&�Ï�w�&�Ï�µ�¯

�ž�x�Ž�<�w�Ü�›�;�M�”�\�q�p�‰	Z�p�V�”�}

�&�Ï�µ�¯�ž =
n

�&�Ï�¯�µ�Ä
× 100 (4.4)

�\�w�µ�¯�ž�t�‘�l�o�^�‡�_�‡�s�&�Ï�©�4�›	q�•
Ç�Z�b�”	��O�›�|�”�  Dijkstra’s �ž�ç�°

�æ�¶�Ü�q�`�o���[�b�”�}

4.3.5 �”�  Dijkstra’s �ž�ç�°�æ�¶�Ü�w�U	Â�M�O


²�ò�p���[�^�•�h�”�  Dijkstra’s �ž�ç�°�æ�¶�Ü�U�|�7�‘�&�Ï
¬�R�ž�ç�°�æ�¶�Ü�q�`�o�w


Y�p
Q�›�Ë�m�w�T�U	Â�b�”
ž�A�U�K�”�}�f�w�h�Š�t�|�”�  Dijkstra’s �ž�ç�°�æ�¶�Ü�t�‘�l

�o�>���^�•�h�&�Ï�©�4�w	q�•�q�³�Û�á�è�”�»�t�‘�l�o�-���^�•�h�µ�ç�”�Ó�¿�Ä�t�,�n�X�&

�Ï�©�4�w	q�•�›
z�±�b�”�}�f�•�t�‘�“�|�”�  Dijkstra’s �ž�ç�°�æ�¶�Ü�U�7�G�w�µ�ç�”�Ó�¿

�Ä�›�Ë�m�&�Ï�©�4�›�7�‘�&�Ï�q�`�o
¬�R	Z�R�o�M�”�w�T�|�‡�h�|���w�&�Ï�©�4�›�µ�ç�”

�Ó�¿�Ä	q�t	q�•
Ç�Z	Z�R�o�M�”�w�T�r�O�T�›�¬�Ý�b�”�}�7	4�$�t�|�”�  Dijkstra’s �ž�ç�°
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4.4. �‡�q�Š �H 4 	· 
ƒ�-

�æ�¶�Ü�t�S�Z�”�&�Ï�µ�¯�ž�w�‰	Z�O�~
³�›�&�o�}�&�Ï�©�4�w�µ�¯�ž�q�µ�ç�”�Ó�¿�Ä�w	q�•

�U�ì
¶�°�•�b�”�&�Ï
¬�R�ž�ç�°�æ�¶�Ü�w�Ï�™�›�è�¦�b�}

4.4 �‡�q�Š

�Š	·�p�x�|�7�‘�&�Ï
¬�R�ž�ç�°�æ�¶�Ü�w�Ï�™�t�²�Z�h
ƒ�-�›�æ�l�h�}�‡�c�|�”� �É�¿�Ä

�ë�”�«�w�›
Q�ú�r�w�h�Š�|�‰�É�¿�Ä�ë�”�«�w
ü�¨�›�æ�l�h�}�Í�t�|�”� �É�¿�Ä�ë�”�«�w�Ï
R

�A
É�w
¯�G�›�w�°�b�”�h�Š�w
T�g�›�æ�l�h	Í�p�z�¡
€�¤�'�+���t�S�Z�”�”�  teleportation

�w
µ���î�æ���S�›�,	j�‹�q�`�o�|�µ�ç�”�Ó�¿�Ä�›���[�`�h�}�‡�h�|�&�Ï
¼�í�w���”�=�t�‘

�”�æ�ï�«�¯�µ�Ä�›���[�›�æ�l�h�}�f�`�o�|�æ�ï�«�¯�µ�Ä�›�;�M�h�”�  Dijkstra’s �ž�ç�°�æ

�¶�Ü�›���[�`�|�‰�ž�ç�°�æ�¶�Ü�w�7�‘�&�Ï
¬�R�ž�ç�°�æ�¶�Ü�q�`�o�w
Y�p
Q�U	Â	��O�›�¬

�q�`�h�}
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�H5 	· �î
÷

�Š	·�p�x�|�Š�Z�€�t�;�M�h�”� �É�¿�Ä�ë�”�«�~�³�Û�á�è�”�» “Cellprot6” �›�á�;�b�”�h

�Š�t�Ï�™�^�•�h�Ã�”�»	��˜���¥�|�¬�å�Ñ
³�h���¥�S�‘�| Cellprot6 ���È�w�î
÷�t�m�M�o	\

�‚�”�}

5.1 �Ã�”�»	��˜���¥

5.1.1 Inputfile �t�m�M�o

Cellprot6 �p�x “InputFile”(�Ž�< .in �Ñ�•� �ç ) �w�Í�å�Ý�”�»�›�Ð
T�b�”�\�q�p�|�Ú�™�w��

�¥�›�Ë�l�h�”� �É�¿�Ä�ë�”�«�t�S�Z�”�”� �è	ô�w�³�Û�á�è�”�Ä�›�æ�O�\�q�U	Z�R�”�}

�Ž�<�t�Œ�«�q�`�o�|
$ 5.1 �t�Ô�`�h�Ï
R�w�”� �É�¿�Ä�ë�”�«�›�³�Û�á�è�”�Ä�b�”�h�Š�w

“.in �Ñ�•� �ç ” �›�G�b�}�f�w�O�j�|�H 6 	·�w
°�A�›�æ�O�M�t�Ð
T�b�”
ž�A�w�K�”
æ�•�›
$

5.2 �t�Ô�`�|�Ð
T�b�”
ž�A�w�s�M
æ�•�›
$ 5.3 �t�Ô�`�h�}�‡�h�| Inputfile �t���‡�•�”	��A

�s�Í�å�Ý�”�»�w	Ä�I�›
¯ 5.1 �t�G�`�h�}


$ 5.1: �”� �É�¿�Ä�ë�”�«�Œ�«
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5.1. �Ã�”�»	��˜���¥ �H 5 	· �î
÷

¶ ³

thresholdbands: 0.60,0.75,0.90,0.94

endbands: 0.601,0.751,0.901,0.941

thresholdbanddeltas: 0.04,0.04,0.04,0.04

numqubits: 8

totalnumbits: 200 �y #�”� �Ï�¿�Ä�8
ù
:

totaltime: 1000000 # �7�G�¼�æ�Ì��

## �”� �É�¿�Ä�ë�”�«�w hop 
:�U 2^7 = 128 �s�’�y numlevels == 7

numlevels: 2

levelthresholds: 0.98,0.98,0.98

endlevelthresholds: 0.981,0.981,0.981

levelthresholddeltas: 0.2,0.2,0.2

### �\�\�T�’ n-hop �É�¿�Ä�ë�”�«�;�Í�å�Ý�”�»

numstations: <integer>

leftswapdistance: <vector>

leftswapthresholds: <vector>

rightswapdistance: <vector>

rightswapthresholds: <vector>

### �\�\�‡�p n-hop �É�¿�Ä�ë�”�«�;�Í�å�Ý�”�»

## totaldistance �x�n
0�Õ
¯�G ,4 �U�ÿ 100km, 50 �U 1280km�t�0� 

totaldistance: 3.2

systemloss: 0 # �o�•�x dB

## �?
j�è�w�æ�ï�«�U	��M�T , �g�æ�¼�=�t�C�Q�o�? dB �<�U�”�T (20km �p )

weaklinks: 1, 3, 4

weaklinklosses: 0.2, 0.1, 0.3
µ ´


$ 5.2: .in �Ñ�•� �ç�•�Ð
T�b�”�Í�å�Ý�”�»
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5.1. �Ã�”�»	��˜���¥ �H 5 	· �î
÷

¶ ³

toscreen: 1

model: 2

# Purification �w�î�æ	q�>���M
�

# 0: 	Í�•��
Œ 1: �<�•��
Œ 2: �3�¬
M�š

purschepol: 2

lowx: 1

highx: 1

numx: 1

loglinear: 1

arbnoise: 0.0

arbgatenoise: 0.0

# Entanglement Swapping �w�î�æ	q�>���M
�

# 1: �Ö�•� 	Ý 2: dB ���æ�É�ç 3: �Ú�™	�	q

swapplan: 1

linkthruestmeth: 1
µ ´


$ 5.3: “.in �Ñ�•� �ç ”�•�Ð
T�`�s�M�Í�å�Ý�”�»

5.1.2 Perl �µ�«�æ�Ó�Ä�t�‘�” Cellprot6 �w
M�š

�Š�Z�€�p�x�|�”� �É�¿�Ä�ë�”�«�t�S�Z�”�µ�ç�”�Ó�¿�Ä�›�-���b�”�h�Š�|

• “.in �Ñ�•� �ç ” �w�&�S	.
Y

• Cellprot6 �w���»�î�æ

• �‰	Ú�E�w�³�Û�á�è�”�Ä�x 10 �s�c�m�î�æ

�Ž	Í�w 3 �:�›�¬�h�`�h�³�Û�á�è�”�Ä�›�æ�l�h�}�‡�h�|	Z�—�^�•�h “.out �Ñ�•� �ç�� ”(
$ 5.4)

�x�Ã�”�»	r�g�; Perl �µ�«�æ�Ó�Ä�t�‘�l�o “.result �Ñ�•� �ç ”(
$ 5.5) �t�w�ù�~	r�g�^�•�”�}

“.result �Ñ�•� �ç ” �t�x�| “.out �Ñ�•� �ç ” �w�º�0�t�0� �`�h�&�Ï�µ�¯�ž�|�Ñ�•� �ç�Ê�|�µ

�ç�”�Ó�¿�Ä�|�&�Ï
¼�í�7�q
æ�•�w	Ø�C�U�G�^�•�o�M�”�}	Í�G�w�°�È�w�a���› Perl �µ�«�æ�Ó

�Ä�t�‘�“�×�ˆ�=�`�|�®�p�$�Ã�”�»	��˜���¥�›�Ï�™�`�h�}�‰���¥�w�“�æ
$�›
$ 5.6 �t�Ô�b�}
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5.1. �Ã�”�»	��˜���¥ �H 5 	· �î
÷


¯ 5.1: 	��A�Í�å�Ý�”�»	Ä�I

�!
:�Ê 	Ä�I

thresholdbands Purification �›�î�æ�b�”�h�Š�w�,	j�q�s�” Fidelity �w�¢�‹�}


ó
:�w�‹�›
ƒ���b�”�\�q�p�| Purification �w�®�p�$�î�æ�U
$

�•�”�U�|�a�S�t���M�‹�›
ƒ���b�”�q�k�l�o Purification �w�î

�æ�®�p�x�ÿ�<�b�”�}�Œ�«�w�‹�x�|	��ˆ�t�‘�”�&
~�s�Ð
T�U�æ

�˜�•�o�M�”�U�|�k�µ�s�7�&�r�p�x�s�M (�‡�h�|�k�µ�r�‰	Z�O

�x�Œ�’�•�o�M�s�M )�}

endbands

thresholdbanddeltas

numqubits �”� �¤�'�+�°�,�U�‰�Ì�t
M�š�D�ó�s�”� �Ï�¿�Ä�w
:�}�¤�”� �¤�'

�+�x
ù	ô�;�q	!	ô�;�t numqubits �w
R
:�t�K�h�”
:�w�”� �Ï�¿

�Ä�›	ü�“
ü�Z�”�\�q�t�s�”�}

totalnumbits �³�Û�á�è�”�Ä�t�S�M�o�8
ù�b�”�”� �Ï�¿�Ä�w
:�}�”�  Telepor-

tation �w
R�­
:�q�s�`�M�}

totaltime �³�Û�á�è�”�Ä�t�S�Z�”�7�G�¼�æ (�º
æ ) �Ì���} totalnumbits �‹�`

�X�x totaltime �w�‹�U�¬�h�^�•�h�Ì�:�p�³�Û�á�è�”�Ä�x	4�ƒ�`�|

�é�¬�Ñ�•� �ç�U
\
R�^�•�”�}

numlevels �0	¶�� Entanglement Swapping �t�S�Z�”�î�æ Step �w
:�}�”� 

�É�¿�Ä�ë�”�«�w hop 
:�› n �q�`�h�q�V�| log2 n �w�‹�› numlevels

�q�`�o
ƒ���b�”�}

levelthresholds Entanglement Swapping �S�‘�|�”�  Teleportation �›�æ�O�h�Š

�w�,	j�q�s�” Fidelity �w�¢�‹�}endlevelthresholds

levelthresholddeltas

totaldistance �”� �É�¿�Ä�ë�”�«�w
ï���Õ�}�n
0�p
¯�G�p�K�“�| totaldistance *

25km = 
ï���Õ (km) �q�s�”�}

systemloss �”� �¤�'�+�º
æ�t�S�Z�” Fidelity �w�ÿ�<�”�}�Š�Z�€�p�x�&�Ï
¼

�í�q�µ�ç�”�Ó�¿�Ä�w�����t�«�è�b�”�h�Š�| systemloss �x	×�t 0 �q

�`�o
ƒ���`�h�}

weaklinks �&�Ï
¼�í�q�f�w	Ô	t�}�g�æ�‹�t�C�Q�o
C
\�b�” 20km �K�h�“�w

	Ø�C���æ�”�q���æ�U
C
\�b�”�&�Ï�›
ƒ���b�”

�}

weaklinklosses
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5.2. �Ã�”�»�r
s���¥�® R�¯�t�‘�”�¬�å�Ñ
³�h �H 5 	· �î
÷

¶ ³

setting link 1 to dBloss 0.1

setting link 2 to dBloss 0.2

setting link 4 to dBloss 0.3

In qubits/second:

throughput (least squares) = 5.75547

throughput std. dev. (least squares) = 0.0137817

X intercept (least squares) = 0.00128045
µ ´


$ 5.4: .out �Ñ�•� �ç (�°
æ
H
. )

¶ ³

throughput file pathscore worstlevel

83.6820 10.out 20.3995 1

71.9424 11.out 18.2163 1

67.1141 12.out 15.8163 2

54.6448 13.out 11.3346 3
µ ´


$ 5.5: .result �Ñ�•� �ç�w (�°
æ
H
. )

5.2 �Ã�”�»�r
s���¥�® R�¯�t�‘�”�¬�å�Ñ
³�h

�Š�æ���t�;�M�h�¬�å�Ñ�x�Ã�”�»�r
s���¥�® R�¯�t�‘�l�o
³�h�^�•�o�M�”�} Cellprot6 �t

�‘�l�o	Z�—�^�•�h “.result �Ñ�•� �ç�x ”�|
$ 5.7 �t�Ô�`�h�¯�”�Å�t�‘�l�o�h
þ�=�^�•�o�M�”�}

5.3 Cellprot6

5.3.1 
‡ 2nhop �”� �É�¿�Ä�ë�”�«�•�w�0� 


$ 5.2 �t�Ô�^�•�h “.in �Ñ�•� �ç ” �w�Í�å�Ý�”�»�w�Ž�<�w�‘�O�t	.
Y�b�”�}

• numlevel �› NULL �t
ƒ��

• numstation �q �¤ swapdistance,swapthreshold �t�‹�›�Ö�—
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$ 5.6: �Ã�”�»	��˜���¥�“�æ
$

�f�w�A�L�|�”� �¤�'�+�w
€��	Ý�¯
ƒ���U�¦�Á�^�•�|
$ 5.8 �w�Œ�«�t�Ô�^�•�”�‘�O�s
‡ 2nhop

�w�&�Ï�T�’�Ï
R�^�•�”�”� �É�¿�Ä�ë�”�«�›�Ï�™	Z�R�”�}

�\�w�‘�O�s�É�¿�Ä�ë�”�«�p�x�|�Ö�•� 	Ý�w�0	¶�� Entanglement Swapping �›�&�;�b�”�\

�q�U	Z�R�s�M�U�| “swapdistance” �q “swapthreshold” �t�‘�l�o�Ú�™�w Entanglement Swap-

ping �Í�»�”�ï�›�>��	Z�R�”�}�\�•�t�‘�“�|�7�& Entanglement Swapping �Í�»�”�ï�w�s�g

�U�D�ó�t�s�l�o�M�”�}�‘�l�o�|
‡ 2nhop �w�&�Ï�›�Ë�m�”� �É�¿�Ä�ë�”�«�x�| “.in �Ñ�•� �ç ”

�w
ƒ���t�,�n�M�o�|�Ú�™�w Entanglement Swapping �Í�»�”�ï�U
\
R�^�•�”�}

�‡�h�|
$ 5.1 �w�‘�O�s�| 2nhop �w�&�Ï�›�Ë�j�0	¶�� Entanglement Swapping �›�&�;	Z�R

�”�”� �É�¿�Ä�ë�”�«�x�| “.in �Ñ�•� �ç ” �w
ƒ���t�,�n�M�o�|
$ 5.9 �t�Ô�^�•�”
æ�•�t�‘�l

�o�×�ˆ�$�t Entanglement Swapping �Í�»�”�ï�U
\
R�^�•�”�}
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÷

¶ ³

df<-read.table("2hop/2hopdata.result", header=F)

df2<-subset(df,df$V4==0)

plot(df2$V1, df2$V3, xlim=c(30,100), ylim=c(0,30), pch=0,col=2,

xlab="path score", ylab="throughput(qubit/second)") par(new=T)

df2<-subset(df, df$V4==1)

plot(df2$V1, df2$V3, xlim=c(30,100), ylim=c(0,30), pch=1, col=3,

xlab="", ylab="") par(new=T)

df2<-subset(df, df$V4==2)

plot(df2$V1, df2$V3, xlim=c(30,100), ylim=c(0,30), pch=2, col=4,

xlab="", ylab="") par(new=T)

df2<-subset(df, df$V4==3) plot(df2$V1, df2$V3, xlim=c(30,100),

ylim=c(0,30), pch=3, col=5, xlab="", ylab="")

leg<-c("No weak link", "Only contains weakish links", "Contains very

weak links","Contains worst links")

legend(30, 30, leg, col=2:5, pch=c(0,1,2,3), ncol=1, cex=1.1,

pt.bg="pink")
µ ´


$ 5.7: R �t�‘�”
³�h�¯�”�Å


$ 5.8: 
‡ 2nhop �”� �É�¿�Ä�ë�”�«�Œ�«
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¶ ³

vector<vector <int> > IdentifySwapPoints(GraphPath *pathp) {

int N = pathp->size();

if (!ispoweroftwo(N)) {

std::cerr << N << " is not a power of two,

and that's all I understand." << std::endl;

exit(-1);

}

vector<vector<int> > retval = vector<vector<int> >(N);

for( int k=0; k <= parms.numlevels; k++)

{

int p = binpow(k); //binpow(k) = 2^k

for (int l=0; l < N; l += p)

retval[l].push_back(p);

}

return retval;

};
µ ´


$ 5.9: 2nhop �”� �É�¿�Ä�ë�”�«
\
R
æ�•
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�H6 	· 
°�A

�Š	·�p�x�|�H 4 	·�w
ƒ�-�S�‘�|�|�H 5 	·�w�î
÷�t�,�n�M�o�|�7�‘�&�Ï
¬�R�ž�ç�°�æ�¶�Ü

�w�&�;�q�f�w
°�A�›�æ�O�}

�‡�c�|�¡
€�”� �¤�'�+���t�S�Z�”�”� �è	ô�w�µ�ç�”�Ó�¿�Ä�q�&�Ï
¼�í�w
ì��
Q�›�r
s�b

�”�}�f�•�t�‘�“�|�”� �É�¿�Ä�ë�”�«�t�S�Z�”�&�Ï
¼�í�q�&�Ï	Ø�C�w���”�=�›�æ�M�|�æ�ï�«

�¯�µ�Ä�S�‘�|�&�Ï�µ�¯�ž�‰	Z�O�›���[�b�”�}

�Í�t�|�^�‡�_�‡�s�&�Ï�©�4�t�0�b�”�7�‘�&�Ï
¬�R�ž�ç�°�æ�¶�Ü�›�;�M�h�&�Ï�µ�¯�ž
Ç�Z

�›�æ�M�|�³�Û�á�è�”�»�›�;�M�o�‰	Z�`�h�µ�ç�”�Ó�¿�Ä�q
z�±�b�”�}�†	��O�t�‘�”�&�Ï
°�A

�å�ï�©�ï�¬�w�Ù�Å
Q�›�U	Â�b�”�\�q�p�|�7�‘�&�Ï
¬�R�ž�ç�°�æ�¶�Ü�w���®
Q�›
°�A�b�”�}

6.1 �¡
€�”� �¤�'�+���t�S�Z�”�”� �è	ô�w�r
s

�Š
…�p�x�|�^�‡�_�‡�s	Ý�6�w�&�Ï�›�p�`�h�¡
€�”� �¤�'�+���w�”� �è	ô�›�r
s�`�h�}�¡


€�”� �¤�'�+���p�”� �è	ô�›�æ�O	Ô�ù�|
ù	ô���”� �¤�'�+ Alice �T�’	!	ô���”� �¤�'�+

Bob �t�0�`�o Bell �Ö�ž�w�°�M�›�¼� �è�«�Ä�t�;
ù�b�”�\�q�U�D�ó�s�w�p�| Entanglement

Swapping �›�p�O�^�d�”�\�q�s�X�”�  Teleportation �›�î�æ�b�”�\�q�U	Z�R�”�}�f�w�h�Š�|

�”� 	Ø�C�w Fidelity �U�¼�=�b�”�Á�Ø�›�&�Ì�¼�=�S�‘�|�|�8
ù�¼�=�t�v���b�”�\�q�U	Z�R�”�}

�\�w�\�q�›�b�;�`�o�|�Ž�<�w���:�›�è�$�q�`�h�r
s�›�æ�l�h�}

1. �&�Ï
¼�í�w���”�=�•�æ�ï�«�¯�µ�Ä�w���[

�&�Ï
¼�í�w�!�=�t� �a�h�µ�ç�”�Ó�¿�Ä�›�����b�”�\�q�p�†	��w
ì��
Q�›�r
s�b�”�}

�\�•�t�‘�“�&�Ï
¼�í�›���”�=�`�|�f�•�›�,�t�`�h�æ�ï�«�¯�µ�Ä�w���[�›�æ�O�}

2. �&�Ï	Ø�C�w���”�=�•�&�Ï�µ�¯�ž�‰	Z�O�w���[

�æ�ï�«�¯�µ�Ä�›���[�b�”�\�q�p�|�Ú�™�w�”� �è	ô�t�S�M�o�p�b�”�&�Ï	Ø�C�T�’�&�Ï

�¯�µ�Ä�›�‰	Z�b�”�\�q�U�D�ó�t�s�”�}�7�‘�&�Ï
¬�R�ž�ç�°�æ�¶�Ü�w���®
Q�›�U	Â�b

�”�h�Š�|�&�Ï�¯�µ�Ä�S�‘�|�f�•�›�,�t�`�h�&�Ï�µ�¯�ž�w�‰	Z�O�›���[�b�”�}
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6.1. �¡
€�”� �¤�'�+���t�S�Z�”�”� �è	ô�w�r
s �H 6 	· 
°�A

6.1.1 �r
s�“�A

�¡
€�”� �¤�'�+���p�”� �è	ô�›�æ�O	Ô�ù�|�”� �¤�'�+���p�-�Ë�^�•�h Entanglement �w��

�p Purification �›���“�&�b�\�q�p Fidelity �›�~
³�`�| Bell �Ö�ž�›
\
R�`�o�”�  Teleportation

�›�æ�O�}�&�Ï
¼�í�w�¼�=�q�q�‹�t Bell �Ö�ž�w
\
R�t
ž�A�s Purification �w�s
:�U
ÿ�G�`�|

�A�L�q�`�o�”� �è	ô�w�µ�ç�”�Ó�¿�Ä�U�ÿ�<�b�”�}�Š�r
s�p�x�«�Ñ�•� �Ì�t 100 �ˆ�Š�w�&�Ï


¼�í�›
ƒ���`�| Entanglement �;
ù�Ì�w	Ø�C�¼�=�”�q�µ�ç�”�Ó�¿�Ä�w
ì�������t�«�è�`�h�}

6.1.2 �r
s���¥

�Š�r
s�t�S�Z�”�”� �É�¿�Ä�ë�”�«�Ä�Ù�é�´�›
$ 6.1 �t�Ô�b�}�Ú�M�.�x
ù	ô���”� �¤�'�+

Alice �q	!	ô���”� �¤�'�+ Bob�|�Ú
¢�x�«�Ñ�•� �Ì�›�|
Æ�F��
¢�p
€���^�•�h���x Entan-

glement �›�Ô�`�o�M�”�}

�Š�r
s�t�;�M�h�”� �¤�'�+�S�‘�|�«�Ñ�•� �Ì�w	Ä�I�›�|
¯ 6.1 �t�G�b�}


¯ 6.1: �¡
€�”� �¤�'�+���t�S�Z�”�”� �è	ô�w�r
s���¥

�”� �¤�'�+ �«�Ñ�•� �Ì

�-�Ë�D�ó�”� �Ï�¿�Ä
: 8 qubits �o�•�&�Ï�Õ 20 km

�8
ù�”� �Ï�¿�Ä
ï
: 200 qubits 
ï�&�Ï�Õ 20 km

�”� �¤�'�+�–�;
: 2 �, (Alice�~ Bob) 	Ø�C�¼�=�” 3.4(�g�æ�‹ ) + x dB/20km

�”� �¤�'�+�&��
: 0 �, (�Ú�A	Ý�6 ) 	Ø�C�¼�=
ï x = 0.01 ∼ 0.99 dB/20km


$ 6.1: �¡
€�”� �¤�'�+���t�S�Z�”�É�¿�Ä�ë�”�«�Ä�Ù�é�´
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6.1. �¡
€�”� �¤�'�+���t�S�Z�”�”� �è	ô�w�r
s �H 6 	· 
°�A


$ 6.2: �¡
€�”� �¤�'�+���t�S�Z�”�”� �è	ô���S�����A�L�}�:
¢�x�Ù�Å�Â
¢�p�K�“�| x �t

�m�M�o 0.2 �–�t�Ó�é�¿�Ä�`�h�}
����x
‡
¢���›�Ÿ�:�p�K�“�|	Ä�I�›�Š���t�Ô�`�h�}

6.1.3 �&�Ï
¼�í�q�µ�ç�”�Ó�¿�Ä�w
ì��
Q

�r
s�A�L�›
$ 6.2 �t�Ô�b�}

�¡
€�”� �¤�'�+���w�”� �è	ô�t�S�M�o�x�|�����A�L�T�’�Ì�’�T�s�‘�O�t�|�&�Ï
¼�í�q�µ

�ç�”�Ó�¿�Ä�w���t�x�§�M
¢��
ì��
Q�U�¬�Ý�p�V�”�}�‡�h�|
‡
¢���›�Ÿ�:�U�¬�Ý	Z�R�”�U�|

�\�•�x Purification �›�î�æ�b�”�M�w Fidelity �,	j�‹�w�Ð
T�ð�J�p�K�”�| “levelthreshold �w

�7�&�=�ð�J ” �t���È�`�h�q	Å�i�q�ß�Q�’�•�”�}�`�T�`�|�‰�ð�J�w���Š�$�r�>�x�Š�Z�€�w	�

�«�q�Ÿ�s�”�\�q�|�‡�h�| levelthreshold �w	��ˆ�Ð
T�t�‘�“�°� �w�7�&�=�x�L�h�d�o�M�”�\

�q�T�’�›�Ÿ�:�t���b�”�\�•�Ž�ñ�w�t�t�x�æ�˜�s�M�}
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6.2. 2HOP �”� �É�¿�Ä�ë�”�«�r
s �H 6 	· 
°�A

6.1.4 �æ�ï�«�¯�µ�Ä�w���[

4.3.3 �t�,�n�M�o�|�g
Ý	Ý�6�«�Ñ�•� �Ì�w	Ô�ù�|�æ�ï�«�¯�µ�Ä = 1 �q���[�b�”�}

�‡�h�|�¤�&�Ï
¼�í�t�S�Z�”�µ�ç�”�Ó�¿�Ä�T�’�f�•�g�•�w�æ�ï�«�¯�µ�Ä�U�‰	Z�^�•�”�}

�Í
…�Ž�ñ�w
°�A�t�;�M�” 4 	��¨�w�«�Ñ�•� �Ì�t���`�o�|�&�Ï
¼�í�t� �a�h�µ�ç�”�Ó�¿�Ä

�S�‘�|�æ�ï�«�¯�µ�Ä�›
¯ 6.2 �t�Ô�b�}


¯ 6.2: �«�Ñ�•� �Ì�w
ü�¨

�&�Ï
¼�í
	Ø�C�¼�=�” �µ�ç�”�Ó�¿�Ä

�æ�ï�«�¯�µ�Ä
(dB/20km) (qubits/sec)

�g
Ý	Ý�6 3.4 26.90 1(�,	j�‹ )

�ô
¼�í 3.5 21.43 1.39

�¤
¼�í 3.6 16.87 1.59

�ÿ
¼�í 3.7 11.86 2.27

6.1.5 �&�Ï�µ�¯�ž�w���[

4.3.4 �t�,�n�M�o�|�Ú�™�w nhop �&�Ï�t�S�Z�”�æ�ï�«�¯�µ�Ä�w
ï�-�›�&�Ï�¯�µ�Ä�q���[�b

�”�}�‡�h�|�Ž�<�w�Ü�›�;�M�o�‰ hop �w�&�Ï�›�å�ï�«
Ç�Z�b�”�h�Š�w�&�Ï�µ�¯�ž (�ì
¶�g
Ý

	Ý�6�&�Ï�¹ 100) �›�‰	Z�b�”�}

�&�Ï�µ�¯�ž =
n

�&�Ï�¯�µ�Ä
× 100 (6.1)

6.2 2hop �”� �É�¿�Ä�ë�”�«�r
s

�Š
…�p�x�| Entanglement Swapping �›�;�M�h�”� �è	ô�›�æ�O�h�Š�w�7	–�Ï
R�p�K�”�|

2hop �w�&�Ï�Õ�›�Ë�j�|�^�‡�_�‡�s	Ý�6�w�&�Ï�T�’�Ï
R�^�•�”�”� �É�¿�Ä�ë�”�«�›�p�`�h

�”� �è	ô�›�r
s�`�h�} 2hop �”� �É�¿�Ä�ë�”�«�w�›
Q�›�Ð�*�`�|�‡�h�|�¤�&�Ï�t�S�Z�”�µ

�ç�”�Ó�¿�Ä�q�&�Ï�µ�¯�ž�w
z�±�›�æ�O�\�q�p�|�‰�É�¿�Ä�ë�”�«�t�S�Z�”�”�  Dijkstra’s �ž

�ç�°�æ�¶�Ü�w���®
Q�›�U	Â�b�”�}
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6.2. 2HOP �”� �É�¿�Ä�ë�”�«�r
s �H 6 	· 
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6.2.1 �r
s�“�A

�”�  Dijkstra’s �ž�ç�°�æ�¶�Ü�w�U	Â�›�æ�O�h�Š�|�”� �É�¿�Ä�ë�”�«�w�&�Ï�µ�¯�ž�›�‰	Z

�`�|�-���^�•�h�µ�ç�”�Ó�¿�Ä�q
z�±�b�”
ž�A�U�K�”�}�f�w�h�Š�t�|�‡�c�|
¯ 6.2 �t�Ô�^�•

�h 4 	��¨�w�«�Ñ�•� �Ì�›�;�M�o 2hop �p�Ï
R�^�•�”�K�’�•�”
Ê�ˆ�ù�˜�d�w�&�Ï�©�4�›
ƒ��

�`�h�}�f�`�o�| (42 = 16 �‘�“ )16 	��¨�w�&�Ï�›�Ë�m 2hop �”� �É�¿�Ä�ë�”�«�w�&�Ï�µ�¯�ž

�q�µ�ç�”�Ó�¿�Ä�›�r
s�`�h�}

6.2.2 �r
s���¥

�Š�r
s�t�S�Z�”�”� �É�¿�Ä�ë�”�«�Ä�Ù�é�´�›
$ 6.3 �t�Ô�b�}�Ú�M�.�x
ù	ô���”� �¤�'�+

Alice �q�&���b�”�”� �¤�'�+�S�‘�|	!	ô���”� �¤�'�+ Bob�|�Ú
¢�x�«�Ñ�•� �Ì�›�Ô�`�o�M

�”�}�‡�h�|�¤�”� �¤�'�+�x
¯ 6.2 �t���[�^�•�h 4 	��¨�w�«�Ñ�•� �Ì�t�‘�l�o
€���^�•�o�M

�”�}�\�•�’�w�«�Ñ�•� �Ì�›
¶�o�w
Ê�ˆ�ù�˜�d�p�;�M�”�\�q�p�| 16 	��¨�w�&�Ï�U�r
s�D�ó

�q�s�”�}

�Š�r
s�t�;�M�h�r
s���¥�w	Ä�I�›�|
¯ 6.3 �t�G�b�}


¯ 6.3: 2hop �”� �É�¿�Ä�ë�”�«�t�S�Z�”�”� �è	ô�w�r
s���¥

�”� �¤�'�+ �«�Ñ�•� �Ì

�-�Ë�D�ó�”� �Ï�¿�Ä
: 8 qubits �o�•�&�Ï�Õ 20 km

�8
ù�”� �Ï�¿�Ä
ï
: 200 qubits 
ï�&�Ï�Õ 40 km

�”� �¤�'�+�–�;
: 3 �, �r
s�&�Ï
: 16 	��¨

�”� �¤�'�+�&��
: 1 �, �&�Ï
¼�í �g
Ý	Ý�6�|�ô�~�¤�~�ÿ
¼�í


$ 6.3: 2hop �”� �É�¿�Ä�ë�”�«�Ä�Ù�é�´�}�¤�”� �¤�'�+�x 4 	��¨�w�«�Ñ�•� �Ì�p
€���^�•

�o�S�“�| 16(42) 	��¨�w�&�Ï
ƒ���t�‘�l�o�³�Û�á�è�”�Ä�D�ó�q�s�l�o�M�”�}
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6.2. 2HOP �”� �É�¿�Ä�ë�”�«�r
s �H 6 	· 
°�A

6.2.3 �r
s�A�L

�r
s�A�L�›�Ž�<�w
$ 6.4 �t�Ô�b�}


$ 6.4: 2hop �”� �É�¿�Ä�ë�”�«�r
s�A�L�}�:
¢�x�›�Ÿ�:
æ
ü�›	†�M�h���É
¢�p�K�”�}�‡�h�|


����p�“�œ�i
æ
ü�x�²�g
Ý	Ý�6 —�¤
¼�í�³�S�‘�|�²�¤
¼�í —�g
Ý	Ý�6�³�w�&�Ï�p�K�“�|�¶

�`�X���É
¢�T�’���m�`�o�M�”�h�Š�|�›�Ÿ�:�q�`�o�{�l�h�}	Ä�I�q�ß�o�›�Š���t�G�b�}

2hop �”� �É�¿�Ä�ë�”�«�t�S�M�o�|
æ
ü�$�t�&�Ï�µ�¯�ž�q�µ�ç�”�Ó�¿�Ä�w�å�ï�©�ï�¬�t

�o�8
æ�•�U�¬�Ý�^�•�”�}�\�•�x�|�²�g
Ý	Ý�6 —�¤
¼�í�³�S�‘�|�²�¤
¼�í —�g
Ý	Ý�6�³�w�&�Ï

�p�K�“�|�&�Ï
¼�í�w�7�q
æ�•�U�Ø�Ä�ç�É�¿�«�t�s�l�h�h�Š�|�q�ß�Q�’�•�”�}�`�T�`�|�7�q


æ�•�U�¤
¼�í�p�K�”�&�Ï�w�µ�ç�”�Ó�¿�Ä�x�&�Ï�µ�¯�ž�t� �a�o
¢��
ÿ�C�`�o�S�“�|�‡�h�|

�G�Á�$�t�‹�‘�·�s
¢��
ì��
Q�›�-�Ë�^�•�o�M�”�}�‘�l�o�| 2hop �”� �É�¿�Ä�ë�”�«�t�S�Z

�”�”�  Dijkstra’s �ž�ç�°�æ�¶�Ü�w���®
Q�U�¬�Ý�p�V�h�}
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6.3. 4HOP �”� �É�¿�Ä�ë�”�«�r
s �H 6 	· 
°�A

6.3 4hop �”� �É�¿�Ä�ë�”�«�r
s

�Š
…�p�x�|�0	¶�� Entanglement Swapping �›�;�M�”�\�q�t�s�”�| 4hop �w�&�Ï�Õ�›�Ë

�j�|�^�‡�_�‡�s	Ý�6�w�&�Ï�T�’�Ï
R�^�•�”�”� �É�¿�Ä�ë�”�«�›�p�`�h�”� �è	ô�›�r
s�`

�h�} Entanglement Swapping �›�S�\�s�O�”� �¤�'�+�w
:�U 3 
��t
ÿ�Q�h�\�q�p�!�=�b�”�”

� �É�¿�Ä�ë�”�«�w�›
Q�›�Ð�*�`�|�‡�h�|�¤�‘�m���”� �è	ô�t�S�Z�”�”�  Dijkstra’s �ž�ç�°

�æ�¶�Ü�w���®
Q�›�U	Â�`�h�}

6.3.1 �r
s�“�A

4hop �”� �É�¿�Ä�ë�”�«�t�S�Z�” 4 	��¨�w�«�Ñ�•� �Ì�w
Ê�ˆ�ù�˜�d�x�| (44 = 256 �‘�“ )256

	��¨�t�a�b�”�U�|�Š�r
s�p�x
¶�o�w�É�í�&�Ï 4 	��¨�t�C�Q�|�K�’�•�”�È���$�s�&�Ï
€��

12 	��¨�›
ƒ���`�|�ù�- 16 	��¨�w
ï�¿�M�&�Ï�µ�¯�ž�›�Ë�m 4hop �”� �É�¿�Ä�ë�”�«�›
¬��

�`�h�}�\�•�t�‘�“�|�r
s�¼�æ�s
:�›�G
ï�t�_�n�`�h	Í�p���7�s 4hop �”� �É�¿�Ä�ë�”�«�w

�r
s�›�æ�O�\�q�U�D�ó�q�s�l�h�}

6.3.2 �r
s���¥

�Š�r
s�t�S�Z�”�”� �É�¿�Ä�ë�”�«�Ä�Ù�é�´�›
$ 6.5 �t�Ô�b�}�Ú�M�.�x
ù	ô���”� �¤�'�+

Alice �q�&���b�”�”� �¤�'�+�S�‘�|	!	ô���”� �¤�'�+ Bob�|�Ú
¢�x�«�Ñ�•� �Ì�›�Ô�`�o�M

�”�}�‡�h�|�¤�”� �¤�'�+�x
¯ 6.2 �t���[�^�•�h 4 	��¨�w�«�Ñ�•� �Ì�t�‘�l�o
€���^�•�o�M

�”�}�\�•�’�w�«�Ñ�•� �Ì�›
¶�o�w
Ê�ˆ�ù�˜�d�p�;�M�”�\�q�p�|�7�G 256 	��¨�w�&�Ï�U�r
s

�D�ó�q�s�”�}

�Š�r
s�t�;�M�h�r
s���¥�w	Ä�I�›�|
¯ 6.4 �t�G�b�}


¯ 6.4: 4hop �”� �É�¿�Ä�ë�”�«�t�S�Z�”�”� �è	ô�w�r
s���¥

�”� �¤�'�+ �«�Ñ�•� �Ì

�-�Ë�D�ó�”� �Ï�¿�Ä
: 8 qubits �o�•�&�Ï�Õ 20 km

�8
ù�”� �Ï�¿�Ä
ï
: 200 qubits 
ï�&�Ï�Õ 80 km

�”� �¤�'�+�–�;
: 5 �, �r
s�&�Ï
: 16 	��¨

�”� �¤�'�+�&��
: 3 �, �&�Ï
¼�í �g
Ý	Ý�6�|�ô�~�¤�~�ÿ
¼�í
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6.4. 8HOP �”� �É�¿�Ä�ë�”�«�r
s �H 6 	· 
°�A


$ 6.5: 4hop �”� �É�¿�Ä�ë�”�«�“�æ
$�}�¤�”� �¤�'�+�x 4 	��¨�w�«�Ñ�•� �Ì�p
€���^�•�o

�S�“�| 256(44) 	��¨�w�&�Ï
ƒ���t�‘�l�o�³�Û�á�è�”�Ä�D�ó�q�s�l�o�M�”�}

6.3.3 �r
s�A�L

�r
s�A�L�›�Ž�<�w
$ 6.6 �t�Ô�b�}

4hop �”� �É�¿�Ä�ë�”�«�t�S�M�o�‹�|�G�Á�$�t�x�&�Ï�µ�¯�ž�q�µ�ç�”�Ó�¿�Ä�x
¢��
ì��


Q�›�-�Ë�`�o�M�”�q�M�Q�”�}�`�T�`�|
���
æ a �t�f�¶�s�Ø�Ä�ç�É�¿�«�U�¬�Ý�^�•�”�}�^�’

�t�|�&�Ï�µ�¯�ž 80 �:
Ç�Ù�t�S�M�o�|�Ç�T�s�o�8�q	Å�U�¬�Ý�^�•�”�}�æ�ï�«�¯�µ�Ä�‰	Z�Ì

�t�S�M�o�| 1 �q�w�r�m�S�t� �a�h�4
Y�›�æ�O�\�q�p	Í�G�w�q	Å�U�r	«	Z�R�”�D�ó
Q�‹�K�”

�U�|���™�w�Z�€�]�J�q�`�h�M�}

�‡�h�|�‰�µ�¯�ž�t�S�Z�”�µ�ç�”�Ó�¿�Ä�U�Ë���t
ü�m�`�o�M�”
æ�•�‹�¬�Ý�^�•�” (
���
æ

b)�}�\�•�x�|�Ú
€�$�t�x 1hop �è�w�&�Ï
¼�í�U 2hop �è�Ž�ñ�w�&�Ï
¼�í�‘�“�‹�µ�ç�”�Ó�¿�Ä

�t�è�¹�›�)�Q�o�M�”�\�q�›�Ô�`�o�M�”�}�`�T�`�|�&�Ï
¼�í�f�w�‹�w�‘�“�‹�| Entanglement

Swapping �t�S�Z�”�¤�”� �¤�'�+�w�–�;
Ã�S�U�µ�ç�”�Ó�¿�Ä�t�è�¹�›�)�Q�o�M�”�q�ß�Q�’

�•�”�}�s�e�s�’�y�| (�”�  Teleportation �›�æ�O�‡�p Entanglement �›�-�Ë�`���Z�”�h�Š�t )

�–�;
Ã�S�w�ô�M�”� �¤�'�+ Alice �t
¼�í�w�ÿ�M�«�Ñ�•� �Ì�U
€���^�•�o�M�h	Ô�ù�| Bell �Ö

�ž
\
R�w�h�Š�t
ž�A�s Purification �w
ï�-�w
ÿ�G�q�|�í�”� �Ï�¿�Ä�w	—�s�^�U
ì	Ð�®�L�$

�t
Û�Y�q�s�”�T�’�p�K�”�}
²
…�t
z�‚�o
ž�A�s Entanglement Swapping �w�s
:�U
ÿ�G�`

�h 4hop �”� �É�¿�Ä�ë�”�«�t�S�M�o�|�‘�“
^�S�w�ô�M�&�Ï�µ�¯�ž�›�‰	Z�b�”�h�Š�t�x�|�”

� �¤�'�+�w�–�;
Ã�S�›�ß�€�t�M�•�h�4
Y�ò�w�‹�Ö�s�r�|�”�  Dijkstra’s �ž�ç�°�æ�¶�Ü�w�~


³�U
ž�A�i�q�ß�Q�’�•�”�}

6.4 8hop �”� �É�¿�Ä�ë�”�«�r
s

�Š
…�p�x�| 8hop �w�&�Ï�Õ�›�Ë�j�|�^�‡�_�‡�s	Ý�6�w�&�Ï�T�’�Ï
R�^�•�”�”� �É�¿�Ä�ë�”

�«�›�p�`�h�”� �è	ô�›�r
s�`�h�} Entanglement Swapping �w�î�æ
:�U
ˆ���$�t
ÿ�C�`�h

�\�q�p�!�=�b�”�”� �É�¿�Ä�ë�”�«�w�›
Q�›�Ð�*�`�|�‡�h�|�Õ�‘�m���”� �è	ô�t�S�Z�”�”� 

Dijkstra’s �ž�ç�°�æ�¶�Ü�w���®
Q�›�U	Â�`�h�}
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6.4. 8HOP �”� �É�¿�Ä�ë�”�«�r
s �H 6 	· 
°�A


$ 6.6: 4hop �”� �É�¿�Ä�ë�”�«�r
s�A�L�}�:
¢�x�›�Ÿ�:
æ
ü�›	†�M�h���É
¢�p�K�”�}�‡�h�|


��� a �p�“�œ�i
æ
ü�x�² 1hop �è�t�ÿ
¼�í�&�Ï�U
ƒ���^�•�h�³�w�&�Ï���p�K�“�|
��� b �p

�“�œ�i
æ
ü�x�²�ô
¼�í —�g
Ý	Ý�6 —�g
Ý	Ý�6 — �g
Ý	Ý�6�³�w�&�Ï�p�K�”�}�\�•�’�w
æ
ü

�x�¶�`�X���É
¢�T�’���m�`�o�M�”�h�Š�|�›�Ÿ�:�q�`�o�{�l�h�}	Ä�I�q�ß�o�›�Š���t�G�b�}

6.4.1 �r
s�“�A


²
…�p
°�A�`�h 16 	��¨�w 4hop �&�Ï�›�f�•�g�•�g
Ý	Ý�6�w�&�Ï�›�;�M�o 4hop ���Õ�`�|

8hop �q�s�l�h�”� �É�¿�Ä�ë�”�«�w�›
Q�›�r
s�`�h�}�\�•�t�‘�“�| Entanglement Swapping

�¼�æ�s
:�w
ÿ�C�q�|�&�Ï�Õ�w�!�=�U�µ�ç�”�Ó�¿�Ä�t�)�Q�”�è�¹�›�¬�Ý�b�”�\�q�U�D�ó�t

�s�l�h�}
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6.4. 8HOP �”� �É�¿�Ä�ë�”�«�r
s �H 6 	· 
°�A

6.4.2 �r
s���¥

�Š�r
s�t�S�Z�”�”� �É�¿�Ä�ë�”�«�Ä�Ù�é�´�›
$ 6.7 �t�Ô�b�}�Ú�M�.�x
ù	ô���”� �¤�'�+

Alice �q�&���b�”�”� �¤�'�+�S�‘�|	!	ô���”� �¤�'�+ Bob�|�Ú
¢�x�«�Ñ�•� �Ì�›�Ô�`�o�M

�”�}�‡�h�|
²
R 4hop �t�S�Z�”�¤�”� �¤�'�+�x
¯ 6.2 �t���[�^�•�h 4 	��¨�w�«�Ñ�•� �Ì�t

�‘�l�o
€���^�•�o�M�”�}�™
R 4hop �t�S�Z�”�¤�”� �¤�'�+�x�g
Ý	Ý�6�«�Ñ�•� �Ì�t�‘�l�o


€���^�•�o�S�“�|�&�Ï
¼�í�U�µ�ç�”�Ó�¿�Ä�t�)�Q�”�q�è�¹�x�Ã	–�=�^�•�| Entanglement

Swapping �w�è�¹�›�f�O�=�^�d�h�r
s�›�æ�Q�”�q�ß�Q�’�•�”�}

�Š�r
s�t�;�M�h�r
s���¥�w	Ä�I�›�|
¯ 6.5 �t�G�b�}


¯ 6.5: 8hop �”� �É�¿�Ä�ë�”�«�t�S�Z�”�”� �è	ô�w�r
s���¥

�”� �¤�'�+ �«�Ñ�•� �Ì

�-�Ë�D�ó�”� �Ï�¿�Ä
: 8 qubits �o�•�&�Ï�Õ 20 km

�8
ù�”� �Ï�¿�Ä
ï
: 200 qubits 
ï�&�Ï�Õ 160 km

�”� �¤�'�+�–�;
: 9 �, �r
s�&�Ï
: 16 	��¨

�”� �¤�'�+�&��
: 7 �, �&�Ï
¼�í �g
Ý	Ý�6�|�ô�~�¤�~�ÿ
¼�í


$ 6.7: 8hop �”� �É�¿�Ä�ë�”�«�Ä�Ù�é�´�}
²
R 4hop �w�”� �¤�'�+�x 4 	��¨�w�«�Ñ�•� �Ì�p


€���^�•�o�M�”�U�|�™
R 4hop �w�”� �¤�'�+�x�g
Ý	Ý�6�«�Ñ�•� �Ì�p
€���^�•�o�M�”�}�\

�•�t�‘�“�| 256(44) 	��¨�w 4hop �&�Ï�U�&�Ï���Õ�t�‘�l�o�¾�V�I�\�b
Q�í�!�=�›�³�Û�á�è�”

�Ä�D�ó�q�s�l�o�M�”�}
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6.4. 8HOP �”� �É�¿�Ä�ë�”�«�r
s �H 6 	· 
°�A

6.4.3 �r
s�A�L

�r
s�A�L�›�Ž�<�w
$ 6.8 �t�Ô�b�}


$ 6.8: 8hop �”� �É�¿�Ä�ë�”�«�r
s�A�L�}�:
¢�x�›�Ÿ�:
æ
ü�›	†�M�h���É
¢�p�K�”�}�‡�h�|


��� a,b �p�“�œ�i
æ
ü�x�f�•�g�•�² 1hop �è�t�7�q
æ�•�U
ƒ���^�•�h�³�&�Ï�p�K�“�|�\�•

�’�w
æ
ü�x�¶�`�X���É
¢�T�’���m�`�o�M�”�h�Š�|�›�Ÿ�:�q�`�o�{�l�h�}	Ä�I�q�ß�o�›�Š��

�t�G�b�}

8hop �”� �É�¿�Ä�ë�”�«�t�S�M�o�‹�|�&�Ï�µ�¯�ž�q�µ�ç�”�Ó�¿�Ä�x�‘�·�s
¢��
ì��
Q�›

�-�Ë�`�o�M�”�q�M�Q�”�}�‡�h�|�&�Ï���Õ�t�‘�“�| 4hop �‡�p�t	Z�q�`�o�M�h�Ø�Ä�ç�É�¿�«

�w�G
R�U
œ�O�=�`�h�A�L�|�”�  Dijkstra’s �ž�ç�°�æ�¶�Ü�w
^�S�U�²	Í�`�h�:�x�«�è�t�‹�b

�”�}�`�T�`�|
²
…�w 4hop �”� �É�¿�Ä�ë�”�«�r
s�t�S�M�o�¦� �^�•�h�”� �¤�'�+�w�–�;
Ã

�S�U�‹�h�’�b�µ�ç�”�Ó�¿�Ä�•�w�è�¹�U�‘�“�f�O�=�`�M�”�}
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6.5. �”�  DIJKSTRA’S �ž�ç�°�æ�¶�Ü�w���®
Q�q�‡�q�Š �H 6 	· 
°�A

6.5 �”�  Dijkstra’s �ž�ç�°�æ�¶�Ü�w���®
Q�q�‡�q�Š

�&�Ï�µ�¯�ž�q�µ�ç�”�Ó�¿�Ä�w
¢��
ì��
Q�U�¬�Ý�^�•�h�\�q�t�‘�“�|�”� �É�¿�Ä�ë�”�«�t

�S�M�o�‹ Dijkstra’s �ž�ç�°�æ�¶�Ü�t�‘�”�&�Ï
¬�R	��O�U���®�p�K�”�q�t�Q�”�}�`�T�`�|�æ

�ï�«�¯�µ�Ä�›�,�t�`�h�µ�ç�”�Ó�¿�Ä�w�G�‡�T�s
*�-�x�D�ó�p�K�”�U�|�‘�“
^�S�›�ô�Š�”�h

�Š�t�x�| Purification �w levelthreshold �7�&�=�S�‘�|�|�”� �¤�'�+�w�–�;
Ã�S�t� �a�h�æ�ï

�«�¯�µ�Ä�4
Y�ò�w�‹�Ö�U
ž�A�p�K�”�q�ß�Q�’�•�”�}
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�H7 	· �A�æ

7.1 �‡�q�Š

�Š�Z�€�p�x�|�”� �É�¿�Ä�ë�”�«�t�S�Z�”�µ�ç�”�Ó�¿�Ä�›�r
s�`�|�¿�¬�”� �É�¿�Ä�ë�”�«

�t�S�Z�”�7�‘�&�Ï
¬�R�ž�ç�°�æ�¶�Ü�›�Ï�™�`�h�}

�7���Z�€�t�S�Z�”�|�”� �É�¿�Ä�ë�”�«�w�Z�€�x�|�É�í�s�‘�m�q
¼�í�w�&�Ï�t�‘�l�o�Ï
R

�^�•�|�0	¶�$�s�¤�ï�»�ï�¬�ç�Ý�ï�Ä�~�µ�ë�¿�Ð�ï�¬�t�‘�l�o�”� �è	ô�›�æ�O�\�q�U	Z�R�”

�g
Ý�$�T�m�¨	Å�$�s�É�¿�Ä�ë�”�«�~�Þ�Ã�ç�›�0	Å�t�æ�˜�•�•�o�V�h�}

�q�î�w�&�Ï
¼�í�x
‡�É�í�p�K�“�|�&�Ï
¼�í�w�ÿ�<�x�”� �è	ô�w�µ�ç�”�Ó�¿�Ä�›�!�`�<�[

�”�\�q�x�Ì
(�p�K�”�}�”� �É�¿�Ä�ë�”�«
M�š�ž�ç�°�æ�¶�Ü�t
ž
"�q�s�”�7�‘�&�Ï
¬�R�ž�ç

�°�æ�¶�Ü�›�Ï�™�b�”�h�Š�t�x�|�&�Ï
¼�í�›�ß�€�`�h�|�‘�“�q�î�$�s�”� �É�¿�Ä�ë�”�«�~�Þ

�Ã�ç�w�•�ˆ�›�r
s�`�s�X�o�x�s�’�s�M�}

�`�T�`�|�f�w�‘�O�s�”� �É�¿�Ä�ë�”�«�›�r
s�b�”�M�t�Ú�Ø�b�”�ð�J�q�`�o�|�‰�É�¿�Ä

�ë�”�«�t�S�Z�”�è	ô�w���”�=�U�æ�˜�•�o�M�s�M�\�q�U�•�[�’�•�”�}�\�•�t�‘�“�|�&�Ï
¼

�í�~�&�Ï	Ø�C�›�æ�ï�«�¯�µ�Ä�~�&�Ï�µ�¯�ž�t�!�õ�b�”�\�q�U	Z�R�c�|�&�Ï�©�4�w�Ù�Â�ï

�³�ß�ç�›�,�t�`�h�å�ï�«
Ç�Z�›���É�t�`�o�M�”�}

�Š�Z�€�p�x�|�‡�c�|�o�•�&�Ï�Õ�K�h�“�w	Ø�C�¼�=�”�q�µ�ç�”�Ó�¿�Ä�w
ì��
Q�t�«�è�b�”

�\�q�p�|�&�Ï
¼�í�w���”�=�›�æ�l�h�}�\�•�t�‘�“�|�”� �É�¿�Ä�ë�”�«�›�Ï
R�b�”�¤�&�Ï�t

�0�`�o�|�f�w
¼�í�t� �a�h�æ�ï�«�¯�µ�Ä�›���[�`�h�}�Í�t�|�&�Ï�U�Ë�m�æ�ï�«�¯�µ�Ä�w

�ù�-�‹�q�µ�ç�”�Ó�¿�Ä�w
ì��
Q�t�«�è�b�”�\�q�p�|�&�Ï	Ø�C�w���”�=�›�æ�l�h�}�\�•�t�‘

�“�|�&�Ï	Ø�C�›�,�t�`�h�”� �É�¿�Ä�ë�”�«�w�&�Ï�¯�µ�Ä�S�‘�|�&�Ï�µ�¯�ž�w�‰	Z	��O�›��

�[�`�h�}

�\�•�’�w���[�›�;�M�”�\�q�p�|�&�Ï�©�4�t�µ�¯�ž�›
Ç�Z�|�f�w�å�ï�©�ï�¬�t� �a�o�&�Ï


¬�R�›�æ�O�”�  Dijkstra’s �ž�ç�°�æ�¶�Ü�w�&�;�U�D�ó�q�s�l�h�}�‡�h�|�‰�ž�ç�°�æ�¶�Ü�w

���®
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