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‚ ¤ ´´μ° · ¡μÉ¥ ³Ò ¶·¥¤¸É ¢¨³ ¨ ¸· ¢´¨³, ¶μ¸·¥¤¸É¢μ³ ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢, ¤¢¥
· §²¨Î´Ò¥ ·¥ ²¨§ Í¨¨ μ¤´μ£μ ¨§ ¶·μÉμ±μ²μ¢ É¥²¥¶μ·É Í¨¨ ¤¢ÊÌ±Ê¡¨É´ÒÌ ¸μ¸ÉμÖ´¨°. 	 Ï  ¶¥·-
¢ Ö ·¥ ²¨§ Í¨Ö ¨¸¶μ²Ó§Ê¥É ±¢ ´Éμ¢Ò° ±μ³¶ÓÕÉ¥· IBM Q, ¤μ¸ÉÊ¶ ± ±μÉμ·μ³Ê μ¸ÊÐ¥¸É¢²Ö¥É¸Ö Î¥·¥§
μ¡² Î´ÊÕ ¶² ÉËμ·³Ê IBM Q Experience ¨ ¶·μ£· ³³´μ¥ μ¡¥¸¶¥Î¥´¨¥ ¸ μÉ±·ÒÉÒ³ ±μ¤μ³ Qiskit, ±μÉμ-
·μ¥ μ¡· §Ê¥É ¢¨·ÉÊ ²Ó´Ò° ¨´É¥·Ë¥°¸ ¤²Ö ±¢ ´Éμ¢μ£μ ±μ³¶ÓÕÉ¥· . „·Ê£ Ö ´ Ï  ·¥ ²¨§ Í¨Ö ¨¸¶μ²Ó-
§Ê¥É Feynman, ±² ¸¸¨Î¥¸±¨° ¸¨³Ê²ÖÉμ· ±¢ ´Éμ¢ÒÌ ¢ÒÎ¨¸²¥´¨°, ´ ¶¨¸ ´´Ò° ´  Ö§Ò±¥ ¶μ²Ó§μ¢ É¥²Ö
¸¨¸É¥³Ò ±μ³¶ÓÕÉ¥·´μ°  ²£¥¡·Ò Maple. 	 Ï¨ Ô±¸¶¥·¨³¥´ÉÒ ¸ ¶ÖÉ¨±Ê¡¨É´Ò³ μ¡μ·Ê¤μ¢ ´¨¥³ ¢
IBM Q Experience ¶μ± §Ò¢ ÕÉ, ÎÉμ ´ ±μ¶²¥´¨¥ μÏ¨¡μ±, ¢Ò§¢ ´´μ¥ ¨¸± ¦¥´¨¥³ ±¢ ´Éμ¢ÒÌ ¸μ¸ÉμÖ-
´¨° ¢ ¶·μÍ¥¸¸¥ ¢ÒÎ¨¸²¥´¨Ö, É·¥¡Ê¥É ¨¸¶μ²Ó§μ¢ ´¨Ö ±¢ ´Éμ¢ÒÌ ±μ¤μ¢, ¨¸¶· ¢²ÖÕÐ¨Ì μÏ¨¡±¨, ¨²¨
É¥Ì´μ²μ£¨Î¥¸±μ£μ Ê¸μ¢¥·Ï¥´¸É¢μ¢ ´¨Ö ±¢ ´Éμ¢μ£μ μ¡μ·Ê¤μ¢ ´¨Ö, Ê³¥´ÓÏ ÕÐ¥£μ μÏ¨¡±¨.

In this paper we present and compare via the computational experiments two distinct implemen-
tations of one of the two-qubit teleportation protocols. Our ˇrst implementation is done on the real
IBM Q quantum computer available for use through IBM Q Experience online platform and open source
quantum software development kit Qiskit, which offers a virtual interface for a quantum computer. Our
second implementation uses Feynmann, the classical simulator of quantum computation written in the
user's language of computer algebra system Maple. Our experience with IBM Q Experience shows that
the errors caused by distortion of quantum states in the course of computation require quantum error
correction or technological improvement of quantum hardware to decrease errors.
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Š¢ ´Éμ¢Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¨ ±¢ ´Éμ¢ Ö ¨´Ëμ·³ É¨±  Ö¢²ÖÕÉ¸Ö ³´μ£μμ¡¥Ð ÕÐ¨³¨ ´ ¶· -
¢²¥´¨Ö³¨ ¨´Ëμ·³ Í¨μ´´ÒÌ É¥Ì´μ²μ£¨°. ˆ´¨Í¨¨·μ¢ ´´Ò¥ �¨Î ·¤μ³ ”¥°´³ ´μ³ [1] ÔÉ¨
´ ¶· ¢²¥´¨Ö ¢ ¶μ¸²¥¤´¨¥ £μ¤Ò · §¢¨¢ ÕÉ¸Ö ¸μ ¸±μ·μ¸ÉÓÕ, ¶μ§¢μ²ÖÕÐ¥° · ¸¸Î¨ÉÒ¢ ÉÓ ´ 
Éμ, ÎÉμ Ê¦¥ ¢ ¡²¨¦ °Ï¨¥ £μ¤Ò μ´¨ ¶·¨¢¥¤ÊÉ ± ·¥Ï¥´¨Õ ·Ö¤  ¢ ¦´ÒÌ § ¤ Î, Ö¢²ÖÕÐ¨Ì¸Ö
®´¥¶μ¤Ñ¥³´Ò³¨¯ ¤²Ö ±² ¸¸¨Î¥¸±¨Ì ±μ³¶ÓÕÉ¥·μ¢ (±¢ ´Éμ¢μ¥ ¶·¥¢μ¸Ìμ¤¸É¢μ). Š É ±¨³ § -
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¤ Î ³ μÉ´μ¸¨É¸Ö, ´ ¶·¨³¥·, Í¥²μÎ¨¸²¥´´ Ö Ë ±Éμ·¨§ Í¨Ö (· §²μ¦¥´¨¥ Í¥²μ£μ Î¨¸²  ´ 
¶·μ¸ÉÒ¥ ³´μ¦¨É¥²¨), ´  É·Ê¤´μ¸É¨ ¢Ò¶μ²´¥´¨Ö ±μÉμ·μ° ±² ¸¸¨Î¥¸±¨³¨ ±μ³¶ÓÕÉ¥· ³¨
μ¸´μ¢ ´Ò ´ ¨¡μ²¥¥ · ¸¶·μ¸É· ´¥´´Ò¥ ±·¨¶Éμ¸¨¸É¥³Ò (§ Ð¨É  ¨´Ëμ·³ Í¨¨). „·Ê£ Ö ¢ ¦-
´ Ö § ¤ Î  Å ÔÉμ ³μ¤¥²¨·μ¢ ´¨¥ ³´μ£μÎ ¸É¨Î´ÒÌ ±¢ ´Éμ¢ÒÌ ¸¨¸É¥³, ±μÉμ·μ¥ ´¥¤μ¸ÉÊ¶´μ
±² ¸¸¨Î¥¸±¨³ ±μ³¶ÓÕÉ¥· ³. 	 ·Ö¤Ê ¸ ³¨·μ¢Ò³¨ ˆ’-£¨£ ´É ³¨ Google, IBM, Intel, Mi-
crosoft ¨ ¤·Ê£¨³¨ ±·Ê¶´Ò³¨ ±μ³¶ ´¨Ö³¨ (NASA, Huawei ¨ ¤·.), ¢ £μ´±Ê §  ¸μ§¤ ´¨¥
±¢ ´Éμ¢μ£μ μ¡μ·Ê¤μ¢ ´¨Ö ¨ ¥£μ ¶·μ£· ³³´μ£μ μ¡¥¸¶¥Î¥´¨Ö (¸³. ´¥¤ ¢´¨¥ μ¡§μ·´Ò¥ · -
¡μÉÒ [2, 3] ¨ ¨Ì ¡¨¡²¨μ£· Ë¨Õ), ±μÉμ·Ò¥ ¶μ§¢μ²¨²¨ ¡Ò ¤μ¡¨ÉÓ¸Ö ¶·¥¢μ¸Ìμ¤¸É¢  ´ ¤
¸μ¢·¥³¥´´Ò³¨ ¸Ê¶¥·±μ³¶ÓÕÉ¥· ³¨ ¢ ·¥Ï¥´¨¨, ¶μ ±· °´¥° ³¥·¥, μ¤´μ° ±μ´±·¥É´μ° ¢Ò-
Î¨¸²¨É¥²Ó´μ° § ¤ Î¨, ¢±²ÕÎ¨² ¸Ó ¸μ§¤ ´´ Ö ¢ 2013 £. ´¥¡μ²ÓÏ Ö, ´μ Ê¸¶¥Ï´ Ö, Ë¨·³ 
Rigetti (https://www.rigetti.com/),   ¤²Ö ¨´Ëμ·³ Í¨μ´´μ£μ μ¡¥¸¶¥Î¥´¨Ö · ¡μÉ ¶μ ¤ ´´μ³Ê
´ ¶· ¢²¥´¨Õ ¸μ§¤ ´  ±μ´¸ ²É¨´£μ¢ Ö Ë¨·³  IQT Research (https://www.insidequantumtech-
nology.com/future-quantum-supremacy/).

‚¸¥ ¸ÊÐ¥¸É¢ÊÕÐ¨¥ ´  ¸¥£μ¤´ÖÏ´¨° ¤¥´Ó ±¢ ´Éμ¢Ò¥ ±μ³¶ÓÕÉ¥·Ò ³μ¦´μ · §¡¨ÉÓ ´ 
É·¨ £·Ê¶¶Ò:  ) ±μ³¶ÓÕÉ¥·Ò Ê´¨¢¥·¸ ²Ó´μ£μ ´ §´ Î¥´¨Ö, μ¸´μ¢ ´´Ò¥ ´  ¸Ì¥³´μ° ³μ¤¥²¨
±¢ ´Éμ¢μ£μ ±μ³¶ÓÕÉ¨´£  [4]; ¡)  ´ ²μ£μ¢Ò¥ ±¢ ´Éμ¢Ò¥ ±μ³¶ÓÕÉ¥·Ò, ¶μ§¢μ²ÖÕÐ¨¥ ³μ¤¥-
²¨·μ¢ ÉÓ Ë¨§¨Î¥¸±¨¥ ±¢ ´Éμ¢Ò¥ ¸¨¸É¥³Ò c ¶μ³μÐÓÕ ¨Ì ¨³¨É Í¨¨ ¤·Ê£¨³¨ ±¢ ´Éμ¢Ò³¨
¸¨¸É¥³ ³¨ (¸³. [5]); ¢)  ¤¨ ¡ É¨Î¥¸±¨¥ ±¢ ´Éμ¢Ò¥ ±μ³¶ÓÕÉ¥·Ò [6], ·¥ ²¨§ÊÕÐ¨¥ ±¢ ´Éμ-
¢Ò° μÉ¦¨£ ¨ ¶·¥¤´ §´ Î¥´´Ò¥ ¤²Ö ·¥Ï¥´¨Ö μ¶É¨³¨§ Í¨μ´´ÒÌ § ¤ Î, ¢ ¦´ÒÌ, ¢ Î ¸É´μ¸É¨,
¤²Ö (£²Ê¡μ±μ£μ) ³ Ï¨´´μ£μ μ¡ÊÎ¥´¨Ö.

„²Ö ±¢ ´Éμ¢ÒÌ ±μ³¶ÓÕÉ¥·μ¢ Ê´¨¢¥·¸ ²Ó´μ£μ É¨¶  ¢ÒÎ¨¸²¥´¨¥ ¸μ¸Éμ¨É ¢ ¶·¥μ¡· §μ-
¢ ´¨¨ ´ Î ²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö ±¢ ´Éμ¢μ£μ ·¥£¨¸É·  Å É¨¶¨Î´μ ±² ¸¸¨Î¥¸±μ£μ (¡¨Éμ¢μ°
¸É·μ±¨) Å ¢ ±μ´¥Î´μ¥ (μ¶·¥¤¥²Ö¥³μ¥ · ¸¸³ É·¨¢ ¥³μ° ¢ÒÎ¨¸²¨É¥²Ó´μ° § ¤ Î¥°) ¶ÊÉ¥³
¢μ§¤¥°¸É¢¨Ö ´  ±Ê¡¨ÉÒ ·¥£¨¸É·  ³ ²μ±Ê¡¨É´Ò³¨, É. ¥. μ¤´μ-, ¤¢ÊÌ- ¨²¨ É·¥Ì±Ê¡¨É´Ò³¨,
£¥°É ³¨. �μ¸²¥ § ¢¥·Ï¥´¨Ö É·¥¡Ê¥³μ£μ ¢ÒÎ¨¸²¥´¨Ö ¶·μ¨§¢μ¤¨É¸Ö ¸Î¨ÉÒ¢ ´¨¥ ¨¸±μ³μ°
¨´Ëμ·³ Í¨¨ ¨§ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨Ö ·¥£¨¸É·  (¨§³¥·¥´¨¥). �·¨ ÔÉμ³ ¢ÒÎ¨¸²¨É¥²Ó´ Ö
¶·μ¨§¢μ¤¨É¥²Ó´μ¸ÉÓ ±¢ ´Éμ¢μ£μ ±μ³¶ÓÕÉ¥·  μ¶·¥¤¥²Ö¥É¸Ö ´¥ Éμ²Ó±μ ±μ²¨Î¥¸É¢μ³ ±Ê¡¨-
Éμ¢ ·¥£¨¸É· , ´μ ¨ Ê·μ¢´¥³ ¨¸± ¦¥´¨° (μÏ¨¡μ±) ¶·μ³¥¦ÊÉμÎ´ÒÌ ¸μ¸ÉμÖ´¨° ±¢ ´Éμ¢μ£μ
·¥£¨¸É· , ¢´μ¸¨³ÒÌ ®ÏÊ³ÖÐ¨³¨¯ £¥°É ³¨, ¨ ¤¥±μ£¥·¥´Í¨¥° (· §·ÊÏ¥´¨¥³ ¸Ê¶¥·¶μ§¨-
Í¨¨). ‘ÊÐ¥¸É¢¥´´μ¥ ´ · ¸É ´¨¥ μÏ¨¡μ± ¸ ·μ¸Éμ³ Î¨¸²  ¨¸¶μ²Ó§Ê¥³ÒÌ £¥°Éμ¢ ¨/¨²¨ Î¨¸² 
±Ê¡¨Éμ¢ ±¢ ´Éμ¢μ£μ ·¥£¨¸É·  Ö¢²Ö¥É¸Ö ¸¥·Ó¥§´Ò³ ¶·¥¶ÖÉ¸É¢¨¥³ ´  ¶ÊÉ¨ ¸μ§¤ ´¨Ö ¶μ²´μ-
³ ¸ÏÉ ¡´ÒÌ ±¢ ´Éμ¢ÒÌ ±μ³¶ÓÕÉ¥·μ¢.

‚ 2016 £. Ë¨·³  IBM ´ Î ² , ´  ¡¥§¢μ§³¥§¤´μ° μ¸´μ¢¥, ¶·¥¤μ¸É ¢²ÖÉÓ ¸Éμ·μ´´¨³
¶μ²Ó§μ¢ É¥²Ö³ ¤μ¸ÉÊ¶ Î¥·¥§ μ¡² ±μ (IBM Cloud) ± ¸¢μ¨³ ¶ÖÉ¨±Ê¡¨É´Ò³ ¶·μÍ¥¸¸μ· ³,
¸μ§¤ ´´Ò³ ´  μ¸´μ¢¥ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì ±Ê¡¨Éμ¢ ¨ ¶μ§¢μ²ÖÕÐ¨³, ¡² £μ¤ ·Ö ¤·Ê¦¥¸É¢¥´-
´μ³Ê ¨´É¥·Ë¥°¸Ê ¶μ²Ó§μ¢ É¥²Ö Qiskit (Quantum Information Science kit), ¶·μ¢μ¤¨ÉÓ ¢ÒÎ¨-
¸²¨É¥²Ó´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ´  ·¥ ²Ó´μ³ ±¢ ´Éμ¢μ³ μ¡μ·Ê¤μ¢ ´¨¨. —¥·¥§ £μ¤ ¶μ¸²¥ ÔÉμ£μ
¡Ò² μÉ±·ÒÉ ¤μ¸ÉÊ¶ ± 14-±Ê¡¨É´μ³Ê ¶·μÍ¥¸¸μ·Ê (IBM Q Melbourne). �μ ¨´Ëμ·³ Í¨¨
¨§ IBM, Ê¦¥ ¸μÉ´¨ ÉÒ¸ÖÎ ¶μ²Ó§μ¢ É¥²¥° ¢μ¸¶μ²Ó§μ¢ ²¨¸Ó ÔÉμ° ¢μ§³μ¦´μ¸ÉÓÕ. ‚  ·Ì¨¢¥
(https://arxiv.org/) ¢Ò²μ¦¥´Ò ¤¥¸ÖÉ±¨ · ¡μÉ ¸ ·¥§Ê²ÓÉ É ³¨ ¶·μ¤¥² ´´ÒÌ ¢ÒÎ¨¸²¥´¨° ¤²Ö
·¥Ï¥´¨Ö · §²¨Î´ÒÌ § ¤ Î. ˆ ¢μ ¢¸¥Ì ´¨Ì ¢ÒÖ¢²ÖÕÉ¸Ö § ³¥É´Ò¥ μÏ¨¡±¨ ¶·¨ ¢Ò¶μ²´¥-
´¨¨ ±¢ ´Éμ¢ÒÌ ¢ÒÎ¨¸²¥´¨°. �μ ÔÉμ° ¶·¨Î¨´¥ É·¥¡Ê¥É¸Ö ¨¸¶μ²Ó§μ¢ ´¨¥ ±μ··¥±É¨·ÊÕÐ¨Ì
±μ¤μ¢ ¨/¨²¨ É¥Ì´μ²μ£¨Î¥¸±¨¥ Ê¸μ¢¥·Ï¥´¸É¢μ¢ ´¨Ö.

„²Ö μÍ¥´±¨ ¶·μ¨§¢μ¤¨É¥²Ó´μ¸É¨ ±¢ ´Éμ¢ÒÌ ±μ³¶ÓÕÉ¥·μ¢, ¸ ÊÎ¥Éμ³ ¶μ²ÊÎ ÕÐ¨Ì¸Ö
μÏ¨¡μ±, ¢ Ë¨·³¥ IBM ¶·¥¤²μ¦¥´  ±μ²¨Î¥¸É¢¥´´ Ö ³¥·  ¶μ²¥§´μ° ¶·μ¨§¢μ¤¨É¥²Ó´μ¸É¨,
É. ¥. É ±μ°, ±μÉμ· Ö ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ¶μ²¥§´ÊÕ ¨´Ëμ·³ Í¨Õ μ ¢ÒÎ¨¸²Ö¥³μ° ¢¥²¨Î¨´¥,
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�¨¸. 1. Š¢ ´Éμ¢Ò° μ¡Ñ¥³. 5-±Ê¡¨É´Ò¥ ±¢ ´Éμ¢Ò¥ ¶·μÍ¥¸¸μ·Ò IBM Q ¨ Qiskit

´¥¸³μÉ·Ö ´  ¶·¨¸ÊÉ¸É¢¨¥ μÏ¨¡μ±. �É  ³¥·  ´ §Ò¢ ¥É¸Ö ±¢ ´Éμ¢Ò³ μ¡Ñ¥³μ³ ¨ § ¢¨¸¨É ± ±
μÉ Î¨¸²  (¶μ²´μÍ¥´´μ) · ¡μÉ ÕÐ¨Ì ±Ê¡¨Éμ¢, É ± ¨ μÉ ¢¥²¨Î¨´Ò ¶μ²ÊÎ ÕÐ¨Ì¸Ö μÏ¨¡μ±.
ˆ¤¥Ö ÔÉμ° ³¥·Ò ¶μ± § ´  ´  ·¨¸. 1.

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ³Ò · ¸¸³ É·¨¢ ¥³ ·¥§Ê²ÓÉ ÉÒ ³μ¤¥²¨·μ¢ ´¨Ö ¤¢ÊÌ±Ê¡¨É´μ° ±¢ ´-
Éμ¢μ° É¥²¥¶μ·É Í¨¨ ¡¥²²μ¢¸±¨Ì (¨²¨ …��) ¸μ¸ÉμÖ´¨°, μ¸ÊÐ¥¸É¢²Ö¥³μ° ¶μ ¶·μÉμ±μ²Ê,
¶·¥¤²μ¦¥´´μ³Ê ¢ · ¡μÉ¥ [7]. „²Ö ÔÉμ° Í¥²¨ ´ ³ ¤μ¸É ÉμÎ´μ ²Õ¡μ£μ ¨§ 5-±Ê¡¨É´ÒÌ
¶·μÍ¥¸¸μ·μ¢ IBM Q Tenerife ¨ IBM Q Yorktown. � ¤²Ö ¸μ¶μ¸É ¢²¥´¨Ö ¶μ²ÊÎ¥´´ÒÌ ·¥-
§Ê²ÓÉ Éμ¢ ¸ ·¥§Ê²ÓÉ É ³¨ ®¨¤¥ ²Ó´μ£μ¯ ±¢ ´Éμ¢μ£μ ±μ³¶ÓÕÉ¥·  ³Ò ¨¸¶μ²Ó§μ¢ ²¨ ¢ ± Î¥-
¸É¢¥ ¶μ¸²¥¤´¥£μ ¸¨³Ê²ÖÉμ· ±¢ ´Éμ¢ÒÌ ¢ÒÎ¨¸²¥´¨° Feynman [8Ä12], Ö¢²ÖÕÐ¨°¸Ö ¶ ±¥Éμ³
¶·μ£· ³³ ´  Ö§Ò±¥ ¶μ²Ó§μ¢ É¥²Ö ¸¨¸É¥³Ò ±μ³¶ÓÕÉ¥·´μ°  ²£¥¡·Ò Maple ¨ ¶·¥¤´ §´ -
Î¥´´Ò° ¤²Ö ³μ¤¥²¨·μ¢ ´¨Ö ±¢ ´Éμ¢ÒÌ ¢ÒÎ¨¸²¥´¨° ¨ ±¢ ´Éμ¢ÒÌ ¨´Ëμ·³ Í¨μ´´ÒÌ ¶·μ-
Í¥¸¸μ¢.

‚ ±¢ ´Éμ¢ÒÌ ±μ³¶ÓÕÉ¥· Ì Ë¨·³Ò IBM (https://www.research.ibm.com/ibm-q/) ¨¸¶μ²Ó-
§ÊÕÉ¸Ö ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨¥ ±Ê¡¨ÉÒ Å É· ´¸³μ´Ò1. 	  ·¨¸. 2 ¶μ± § ´Ò μ¸´μ¢´Ò¥ Ì · ±-
É¥·¨¸É¨±¨ ±Ê¡¨Éμ¢, ¢Ìμ¤ÖÐ¨Ì ¢ 5-±Ê¡¨É´Ò¥ Î¨¶Ò IBM Q Tenerife ¨ IBM Q Yorktown.
“¶· ¢²¥´¨¥ ±Ê¡¨É ³¨ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ³¨±·μ¢μ²´μ¢Ò³¨ ¨³¶Ê²Ó¸ ³¨, Î ¸ÉμÉ  ±μÉμ·ÒÌ
Ê± § ´  ¢ ¶¥·¢μ° ¸É·μÎ±¥ Î¨¸²μ¢μ° É ¡²¨ÍÒ. T1 ¨ ’2 Ì · ±É¥·¨§ÊÕÉ ¸±μ·μ¸ÉÓ, ¸ ±μ-
Éμ·μ° ¶·μ¨¸Ìμ¤¨É ¤¥±μ£¥·¥´Í¨Ö ¸μ¸ÉμÖ´¨° ±Ê¡¨Éμ¢. T1 Ì · ±É¥·¨§Ê¥É ¸±μ·μ¸ÉÓ ¶μÉ¥·Ó

1https://www.research.ibm.com/ibm-q/learn/what-is-ibm-q/
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�¨¸. 2. 5-±Ê¡¨É´Ò¥ ¶·μÍ¥¸¸μ·Ò IBM Q

Ô´¥·£¨¨ ±Ê¡¨Éμ¢ ¨§-§  ¨Ì ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ μ±·Ê¦ ÕÐ¨³ ¶·μÍ¥¸¸μ· μ¡μ·Ê¤μ¢ ´¨¥³. �·¨
ÔÉμ³ ¶μÉ¥·¨ Ô´¥·£¨¨ ¶·¨¢μ¤ÖÉ ± ¨§³¥´¥´¨Õ Î ¸ÉμÉÒ. ’2 Ì · ±É¥·¨§Ê¥É ¸±μ·μ¸ÉÓ Ë §μ-
¢ÒÌ ¨§³¥´¥´¨° Ê ±Ê¡¨Éμ¢ ¨§-§  ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ μ¡μ·Ê¤μ¢ ´¨¥³. ‘²¥¤ÊÕÐ¨¥ ¤¢¥ ¸É·μ±¨
¶μ± §Ò¢ ÕÉ ¤μ²Õ μÏ¨¡μ±, ¢μ§´¨± ÕÐ¨Ì ¨§-§  ´¥ÉμÎ´μ° · ¡μÉÒ μ¤´μ±Ê¡¨É´ÒÌ £¥°Éμ¢,
¤¥°¸É¢ÊÕÐ¨Ì ´  ±Ê¡¨ÉÒ ¶·¨ ±¢ ´Éμ¢μ³ ¢ÒÎ¨¸²¥´¨¨, ¨ £¥°Éμ¢ ¨§³¥·¥´¨Ö (¸Î¨ÉÒ¢ ´¨Ö
¨´Ëμ·³ Í¨¨). 	¨¦´¨¥ ¸É·μ±¨ É ¡²¨ÍÒ ¶μ± §Ò¢ ÕÉ ¢¥²¨Î¨´Ê μÏ¨¡±¨ ¤¢ÊÌ±Ê¡¨É´ÒÌ £¥°-
Éμ¢ Å £¥°Éμ¢ Ê¶· ¢²¥´¨Ö, ±μÉμ·Ò¥ μ¡μ§´ Î¥´Ò ¢ É ¡²¨Í¥ ¢ ¢¨¤¥ CXi j, £¤¥ i Å Ê¶· ¢²Ö-
ÕÐ¨° ±Ê¡¨É,   j Å Ê¶· ¢²Ö¥³Ò°. �μ·Ö¤μ± μÏ¨¡μ± μ¤´μ±Ê¡¨É´ÒÌ £¥°Éμ¢ Å 10−3,   ¤²Ö
¤¢ÊÌ±Ê¡¨É´ÒÌ £¥°Éμ¢ ¨ £¥°Éμ¢ ¨§³¥·¥´¨Ö Å 10−2.

‚§ ¨³μ¸¢Ö§¨ ³¥¦¤Ê ±Ê¡¨É ³¨, ¢ ¸³Ò¸²¥ ¢μ§³μ¦´μ¸É¨ ¸μ¸É ¢²¥´¨Ö ¨§ ´¨Ì ¤¢ÊÌ±Ê¡¨É-
´ÒÌ £¥°Éμ¢, ¢ ±μÉμ·ÒÌ μ¤¨´ £¥°É Ö¢²Ö¥É¸Ö Ê¶· ¢²ÖÕÐ¨³,   ¤·Ê£μ° Å Ê¶· ¢²Ö¥³Ò³, ¶μ-
± § ´Ò ´  ·¨¸. 3. Š ¦¤ Ö ¸É·¥²± , ¨¸Ìμ¤ÖÐ Ö ¨§ ±Ê¡¨É , ¶μ± §Ò¢ ¥É, ÎÉμ μ´ ³μ¦¥É ¡ÒÉÓ
Ê¶· ¢²ÖÕÐ¨³, ¨ Ê± §Ò¢ ¥É ´  ±Ê¡¨É, ±μÉμ·Ò° ³μ¦¥É ¡ÒÉÓ Ê¶· ¢²Ö¥³Ò³. —Éμ¡Ò ±¢ ´Éμ-
¢Ò° ±μ³¶ÓÕÉ¥· ¡Ò² ¶μ²´μÍ¥´´Ò³, ´¥μ¡Ìμ¤¨³μ ¢μ¸¶μ²´¨ÉÓ μÉ¸ÊÉ¸É¢ÊÕÐ¨¥ ³¥¦±Ê¡¨É´Ò¥
¸¢Ö§¨ ¸ ¶μ³μÐÓÕ ¤μ¶μ²´¨É¥²Ó´ÒÌ £¥°Éμ¢. ŒÒ ¤¥² ¥³ ÔÉμ ´¨¦¥.

Š¢ ´Éμ¢Ò¥ ±μ³¶ÓÕÉ¥·Ò IBM Q ³μ£ÊÉ ¡ÒÉÓ ¤μ¸ÉÊ¶´Ò Î¥·¥§ μ¡² ±μ (IBM cloud), ± ±
ÔÉμ ¸¤¥² ´μ ¤²Ö ¨Ì 5-±Ê¡¨É´ÒÌ ¨ 14-±Ê¡¨É´ÒÌ ¢¥·¸¨°,   ¶μ¤£μÉμ¢±  § ¤ ´¨° ¤²Ö ´¨Ì
¤¥² ¥É¸Ö Î¥·¥§ Ê¤μ¡´Ò° ¨´É¥·Ë¥°¸ ¶μ²Ó§μ¢ É¥²Ö μ¡² Î´μ° ¶² ÉËμ·³Ò IBM Q Experience

�¨¸. 3. ‘Ì¥³Ò ¸¢Ö§¥° ±Ê¡¨Éμ¢ ¢ Î¨¶ Ì IBM Yorktown ( ) ¨ IBM Tenerife (¡)
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²¨¡μ ¶·¨ ¶μ³μÐ¨ Ê¸É ´μ¢²¥´´μ£μ ´  ±μ³¶ÓÕÉ¥· Ë·¥°³¢μ·±  Qiskit, ¸μ§¤ ÕÐ¥£μ ¸·¥¤Ê
±¢ ´Éμ¢μ£μ ¶·μ£· ³³¨·μ¢ ´¨Ö ¸ μÉ±·ÒÉÒ³ ¨¸Ìμ¤´Ò³ ±μ¤μ³.

Qiskit ¶μ§¢μ²Ö¥É ¨¸¸²¥¤μ¢ É¥²Ö³, ¶·¥¶μ¤ ¢ É¥²Ö³, · §· ¡μÉÎ¨± ³ ¨ Ô´ÉÊ§¨ ¸É ³ ´ -
Î ÉÓ · ¡μÉÊ ¸ ±¢ ´Éμ¢Ò³ ¶·μ£· ³³¨·μ¢ ´¨¥³. �·¨ ÔÉμ³, ¶μ ¦¥² ´¨Õ ¶μ²Ó§μ¢ É¥²Ö, ¢
´ Î ²¥ ¸¢μ¥° · ¡μÉÒ μ´ ³μ¦¥É ¢Ò¡· ÉÓ ±μ´±·¥É´μ¥ ±¢ ´Éμ¢μ¥ μ¡μ·Ê¤μ¢ ´¨¥, ´ ¶·¨³¥·,
IBM Q Tenerife. …¸²¨ ¶μ²Ó§μ¢ É¥²Ó §´ ¥É ±¢ ´Éμ¢ÊÕ ¸Ì¥³Ê ·¥Ï¥´¨Ö ¥£μ § ¤ Î¨, ¸μ¸ÉμÖ-
ÐÊÕ ¨§ ´ Î ²Ó´μ£μ ´ ¡μ·  ±Ê¡¨Éμ¢ ¨ ¶μ¸²¥¤μ¢ É¥²Ó´μ ¤¥°¸É¢ÊÕÐ¨Ì ´  ´¨Ì £¥°Éμ¢, Éμ μ´
³μ¦¥É ²¥£±μ ¶μ¸É·μ¨ÉÓ ÔÉÊ ¸Ì¥³Ê ¸ ¶μ³μÐÓÕ ¸¶¥Í¨ ²Ó´μ£μ ¨´É¥·Ë¥°¸  Composer. �ÉμÉ
¨´É¥·Ë¥°¸ ¶·¥¤² £ ¥É ¶μ²Ó§μ¢ É¥²Õ ´ Î ÉÓ ¶μ¸É·μ¥´¨¥ ¸Ì¥³Ò, ¢Ò¡· ¢ ´Ê¦´μ¥ Î¨¸²μ
±Ê¡¨Éμ¢ ¨ § É¥³ ¸±μ³¶μ´μ¢ ÉÓ ¸Ì¥³Ê, ¢Ò¡¨· Ö ¶μ¸²¥¤μ¢ É¥²Ó´μ Ô²¥³¥´ÉÒ ¨´É¥· ±É¨¢´μ
¤μ¸ÉÊ¶´μ° ¡ §Ò ¢¸É·μ¥´´ÒÌ £¥°Éμ¢, ¢Ò¢¥¤¥´´μ° ´  Ô±· ´ ³μ´¨Éμ·  ¶μ²Ó§μ¢ É¥²Ö, ¶μ¤¢¥¤Ö
±Ê·¸μ· ± ´Ê¦´μ³Ê £¥°ÉÊ, § Ì¢ ÉÒ¢ Ö ¥£μ ¨ ¶μ³¥Ð Ö ´  ´Ê¦´μ¥ ³¥¸Éμ ¢ ¸Ì¥³¥.

�¨¸. 4. � ¢´μ¢¥¸´ Ö ¸Ê¶¥·¶μ§¨Í¨Ö É·¥Ì ±Ê¡¨Éμ¢.  ) ‘Ì¥³  ¢ ¨´É¥·Ë¥°¸¥ Composer ¶² ÉËμ·³Ò

IBM Q Experience; ¡) ·¥ ²¨§ Í¨Ö ´  ±¢ ´Éμ¢μ³ ±μ³¶ÓÕÉ¥·¥ IBM Q Yorktown; ¢) ¢ ¸¨³Ê²ÖÉμ·¥
Feynman
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’ ¡²¨Í  1. ƒ¥°ÉÒ, ·¥ ²¨§μ¢ ´´Ò¥ ¢ IBM Q

�¤´μ±Ê¡¨É´Ò¥ £¥°ÉÒ „¢ÊÌ- ¨ É·¥Ì±Ê¡¨É´Ò¥ £¥°ÉÒ

U1(λ) = U(0, 0, λ) =

(
1 0

0 eiλ

)
CNOT = cX =

⎛
⎜⎜⎝

1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

⎞
⎟⎟⎠

U2(φ, λ) = U(π/2, φ, λ) =

=
1√
2

(
1 −eiλ

eiφ ei(φ+λ)

)
cY =

⎛
⎜⎜⎝

1 0 0 0
0 1 0 0
0 0 0 −i
0 0 i 0

⎞
⎟⎟⎠

U3(θ, φ, λ) = U(θ, φ, λ) =

=

(
cos θ/2 −eiλ sin θ/2

eiφ sin θ/2 ei(φ+λ) cos θ/2

)
cZ =

⎛
⎜⎜⎝

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 −1

⎞
⎟⎟⎠

ID =

(
1 0
0 1

)
cH =

⎛
⎜⎜⎝

1 0 0 0
0 1 0 0

0 0 1/
√

2 1/
√

2

0 0 1/
√

2 −1/
√

2

⎞
⎟⎟⎠

H =
1√
2

(
1 1
1 −1

)
cRz(λ) =

⎛
⎜⎜⎝

1 0 0 0
0 1 0 0

0 0 e−iλ/2 0

0 0 0 eiλ/2

⎞
⎟⎟⎠

X =

(
0 1
1 0

)
cU1(λ) =

⎛
⎜⎜⎝

1 0 0 0
0 1 0 0
0 0 1 0

0 0 0 eiλ

⎞
⎟⎟⎠

Y =

(
0 −i
i 0

)
cU3(θ, φ, λ) =

=

⎛
⎜⎜⎜⎜⎝

1 0 0 0
0 1 0 0

0 0 exp
(
− i(φ+λ)

2

)
cos θ

2
− exp

(
− i(φ−λ)

2

)
sin θ

2

0 0 exp
(

i(φ−λ)
2

)
sin θ

2
exp
(

i(φ+λ)
2

)
cos θ

2

⎞
⎟⎟⎟⎟⎠

Z =

(
1 0
0 −1

)
SWAP =

⎛
⎜⎜⎝

1 0 0 0
0 0 1 0
0 1 0 0
0 0 0 1

⎞
⎟⎟⎠
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�·μ¤μ²¦¥´¨¥ É ¡². 1
�¤´μ±Ê¡¨É´Ò¥ £¥°ÉÒ „¢ÊÌ- ¨ É·¥Ì±Ê¡¨É´Ò¥ £¥°ÉÒ

Rx(θ) =

=

(
cos (θ/2) −i sin (θ/2)

−i sin (θ/2) cos (θ/2)

)
ccX =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 1
0 0 0 0 0 0 1 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

Ry(θ) =

(
cos (θ/2) − sin (θ/2)
sin (θ/2) cos (θ/2)

)

Rz(φ) =

(
e−iφ/2 0

0 eiφ/2

)

S =

(
1 0
0 i

)

T =

(
1 0

0 eiπ/4

)

‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³μÉ·¨³ ¶μ¸É·μ¥´¨¥ ¸ ¶μ³μÐÓÕ Composer (¨ ¤²Ö ¸· ¢´¥-
´¨Ö), ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¸¨³Ê²ÖÉμ·  ±¢ ´Éμ¢ÒÌ ¢ÒÎ¨¸²¥´¨° Feynman [8Ä12], · ¢´μ¢¥¸´μ°
3-±Ê¡¨É´μ° ¸Ê¶¥·¶μ§¨Í¨¨ ¨ ¸ ¶μ¸²¥¤ÊÕÐ¨³ ¨§³¥·¥´¨¥³ ¥¥ ±Ê¡¨Éμ¢. ’ ± Ö ¸Ê¶¥·¶μ§¨Í¨Ö
¶μ²ÊÎ ¥É¸Ö ¤¥°¸É¢¨¥³ £¥°É  �¤ ³ ·  H ¢ ±² ¸¸¨Î¥¸±μ³ ¡ §¨¸¥ [4]

H =
1√
2

(
1 1
1 −1

)
, |0〉 =

(
1
0

)
, |1〉 =

(
0
1

)
,

´  ± ¦¤Ò° ¨§ ±Ê¡¨Éμ¢ ±² ¸¸¨Î¥¸±μ£μ É·¥Ì±Ê¡¨É´μ£μ ¸μ¸ÉμÖ´¨Ö |000〉 ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸
Ëμ·³Ê²μ° H |0〉 = 1/

√
2(|0〉 + |1〉):

H3⊗|000〉 =
1

2
√

2
{|000〉+ |001〉 + |010〉+ |011〉+ |100〉 + |101〉+ |110〉 + |111〉} . (1)

�μ¸²¥ ¶μ³¥Ð¥´¨Ö É·¥Ì £¥°Éμ¢ �¤ ³ · , ´  ± ¦¤Ò° ±Ê¡¨É ¶μ μ¤´μ³Ê, ´  ·¨¸. 4 ³Ò ¶μ-
± §Ò¢ ¥³ ±¢ ´Éμ¢ÊÕ ¸Ì¥³Ê ¤²Ö ¢Ò· ¦¥´¨Ö (1) (·¨¸. 4,  ) ¨ ¥£μ ¢ÒÎ¨¸²¥´¨Ö ´  ±¢ ´Éμ¢μ³
±μ³¶ÓÕÉ¥·¥ IBM Q Yorktown (·¨¸. 4, ¡) ¨ ¸¨³Ê²ÖÉμ·¥ Feynman (·¨¸. 4, ¢). �¥§Ê²ÓÉ ÉÒ, ¶μ-
²ÊÎ¥´´Ò¥ ´  ÔÉμ³ ¸¨³Ê²ÖÉμ·¥, ³μ£ÊÉ · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± ¶μ²ÊÎ¥´´Ò¥ ´  ®¨¤¥ ²Ó´μ³¯
±¢ ´Éμ¢μ³ ±μ³¶ÓÕÉ¥·¥. ŒÒ ¢¨¤¨³, ÎÉμ ±¢ ´Éμ¢Ò° ±μ³¶ÓÕÉ¥· ¢ÒÎ¨¸²Ö¥É ¶· ¢ÊÕ Î ¸ÉÓ
Ëμ·³Ê²Ò (1) c Î¨¸²¥´´Ò³¨ μÏ¨¡± ³¨ Å ·¥§Ê²ÓÉ É ´¥ÉμÎ´μ¸É¨ ¤¥°¸É¢¨Ö £¥°Éμ¢ �¤ ³ · 
¨ ¨§³¥·¥´¨Ö (readout), ± ± Ê± § ´μ ´  ·¨¸. 2,   É ±¦¥, ¢μ§³μ¦´μ, ¨ ¤¥±μ£¥·¥´Í¨¨. ‚ Éμ ¦¥
¢·¥³Ö ¸¨³Ê²ÖÉμ· Feynman ¢Ò¤ ¥É ÉμÎ´ÊÕ Ëμ·³Ê · ¢´μ¢¥¸´μ° ¸Ê¶¥·¶μ§¨Í¨¨.

‚ É ¡². 1 ³Ò ¶μ± §Ò¢ ¥³ ¢¸¥ £¥°ÉÒ, ±μÉμ·Ò¥ ·¥ ²¨§μ¢ ´Ò ¢ ±μ³¶ÓÕÉ¥·¥ IBM Q York-
town. �É¨ £¥°ÉÒ μ¡· §ÊÕÉ · ¸Ï¨·¥´´ÊÕ ¢¥·¸¨Õ Ê´¨¢¥·¸ ²Ó´μ£μ ´ ¡μ·  £¥°Éμ¢, ±μÉμ·Ò°
(¢ ¸²ÊÎ ¥ ¨¤¥ ²Ó´ÒÌ £¥°Éμ¢) ¸ ²Õ¡μ° § ¤ ´´μ° ´ ¶¥·¥¤ ÉμÎ´μ¸ÉÓÕ ¶μ§¢μ²Ö¥É ·¥ ²¨§μ-
¢ ÉÓ ´  ±¢ ´Éμ¢μ³ ±μ³¶ÓÕÉ¥·¥ ²Õ¡ÊÕ Ê´¨É ·´ÊÕ ³ É·¨ÍÊ. ‘É ´¤ ·É´Ò° Ê´¨¢¥·¸ ²Ó´Ò°
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´ ¡μ· £¥°Éμ¢ ¢±²ÕÎ ¥É μ¤´μ±Ê¡¨É´Ò¥ £¥°ÉÒ: �¤ ³ ·  H , Ë §μ¢Ò° S, π/8-£¥°É T ¨
¤¢ÊÌ±Ê¡¨É´Ò° £¥°É CNOT ≡ cX (¸³. [4, £². 2]).

‚ · ¡μÉ¥ [7] ¡Ò² ¶·¥¤²μ¦¥´ ¶·μÉμ±μ² ±¢ ´Éμ¢μ° É¥²¥¶μ·É Í¨¨ ¤¢ÊÌ±Ê¡¨É´ÒÌ ¡¥²²μ¢-
¸±¨Ì ¸μ¸ÉμÖ´¨°, ¨¸¶μ²Ó§ÊÕÐ¨° ³ ±¸¨³ ²Ó´μ § ¶ÊÉ ´´μ¥ É·¥Ì±Ê¡¨É´μ¥ ¸μ¸ÉμÖ´¨¥ ƒ·¨´-
¡¥·£¥· Ä•μ·´ Ä– °²¨´£¥·  |GHZ〉 [13]

|GHZ〉 =
1√
2
(|000〉+ |111〉). (2)

Š¢ ´Éμ¢ Ö ¸Ì¥³  ¶·μÉμ±μ²  ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 5. �´  ¸±μ³¶μ´μ¢ ´  ¨§ £¥°Éμ¢ ¤¢ÊÌ
É¨¶μ¢: μ¤´μ±Ê¡¨É´μ£μ £¥°É  �¤ ³ ·  ¨ ¤¢ÊÌ±Ê¡¨É´μ£μ £¥°É  CNOT(cX). �·¨ ÔÉμ³ ¥¸²¨
α = ±β ¸ α = 1/

√
2 ¨ ¢Ìμ¤´μ¥ §´ Î¥´¨¥ ¢Éμ·μ£μ ±Ê¡¨É  ¸¢¥·ÌÊ · ¢´μ |0〉 ¨²¨ |1〉, Éμ

´  ¢ÒÌμ¤¥ ¸Ì¥³Ò ¤¢  ¥¥ ¸ ³ÒÌ ´¨¦´¨Ì ±Ê¡¨É  ¡Ê¤ÊÉ ¸μ¤¥·¦ ÉÓ μ¤´μ ¨§ ¸μ¸ÉμÖ´¨° 
¥²² 
(…��). 	  ·¨¸. 6 ¶μ± § ´  £¥´¥· Í¨Ö ¡¥²²μ¢¸±¨Ì ¸μ¸ÉμÖ´¨° ¢ ¸Ì¥³´μ° ³μ¤¥²¨.

’¥¶¥·Ó ¶·¥¤¸É ¢¨³ ¤¨ £· ³³Ê ¸¢Ö§¥° ³¥¦¤Ê ±Ê¡¨É ³¨ ¢ ¸Ì¥³¥  ²£μ·¨É³  ±¢ ´Éμ¢μ°
É¥²¥¶μ·É Í¨¨ ¸ Ê± § ´¨¥³ ´ ¶· ¢²¥´¨Ö ¸¢Ö§¥°, ¨Ì ±· É´μ¸É¨,   É ±¦¥ Éμ£μ, ´ ¤ ± ±¨³¨ ±Ê-
¡¨É ³¨ ¶·μ¨§¢μ¤¨É¸Ö ¨§³¥·¥´¨¥ (·¨¸. 7). ‡ ³¥É¨³, ÎÉμ ¢ ¸Ì¥³ Ì ±¢ ´Éμ¢ÒÌ ±μ³¶ÓÕÉ¥·μ¢
IBM Q Yorktown ¨ IBM Q Tenerife (¸³. ·¨¸. 3) ¨³¥ÕÉ¸Ö ´¥ ¢¸¥ ´¥μ¡Ìμ¤¨³Ò¥ ¤¢ÊÌ±Ê¡¨É-
´Ò¥ ¸¢Ö§¨. �μÔÉμ³Ê ¤²Ö ·¥ ²¨§ Í¨¨ £¥°Éμ¢ cX ³¥¦¤Ê ´¥¸¢Ö§ ´´Ò³¨ Ë¨§¨Î¥¸±¨ ±Ê¡¨É ³¨
¡Ò²  ¨¸¶μ²Ó§μ¢ ´  ±μ³¡¨´ Í¨Ö ¨§ 4 £¥°Éμ¢ cX (¸³. ·¨¸. 8,  ). ’ ±¦¥ ¤²Ö ¨§³¥´¥´¨Ö ´ -

�¨¸. 5. ‘Ì¥³  ¤¢ÊÌ±Ê¡¨É´μ° É¥²¥¶μ·É Í¨¨ ¨§ [7]. �¥ ²¨§ Í¨Ö ¶·μÉμ±μ²  ¤¢ÊÌ±Ê¡¨É´μ° É¥²¥¶μ·É -
Í¨¨ ´  IBM Q

�¨¸. 6. ƒ¥´¥· Í¨Ö ¸μ¸ÉμÖ´¨° 
¥²²  [14, c. 497]
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�¨¸. 7. ‘Ì¥³  ¸¢Ö§¥° ³¥¦¤Ê ±Ê¡¨É ³¨ ¢  ²£μ·¨É³¥ ±¢ ´Éμ¢μ° É¥²¥-

¶μ·É Í¨¨ ¸ Ê± § ´¨¥³ ±· É´μ¸É¨ ¸¢Ö§¥°, * μ¡μ§´ Î¥´Ò ±Ê¡¨ÉÒ, ¤²Ö
±μÉμ·ÒÌ ¶·μ¨§¢μ¤¨É¸Ö ¨§³¥·¥´¨¥

�¨¸. 8.  ) ‘Ì¥³  cX ³¥¦¤Ê ´¥¸¢Ö§ ´´Ò³¨ Ë¨§¨Î¥¸±¨ ±Ê¡¨É ³¨; ¡) ¨§³¥´¥´¨¥ ´ ¶· ¢²¥´¨Ö cX

¶· ¢²¥´¨Ö ¸¢Ö§¨ ³¥¦¤Ê ±Ê¡¨É ³¨ É ³, £¤¥ ÔÉμ ´¥μ¡Ìμ¤¨³μ, ¡Ò²  ¨¸¶μ²Ó§μ¢ ´  ¸Ì¥³  ¸
¢¢¥¤¥´¨¥³ ¤μ¶μ²´¨É¥²Ó´ÒÌ £¥°Éμ¢ �¤ ³ · , ¶·¥¤¸É ¢²¥´´ Ö ´  ·¨¸. 8, ¡.

‘· ¢´¨¢ ¸Ì¥³Ò ±¢ ´Éμ¢ÒÌ ±μ³¶ÓÕÉ¥·μ¢ (¸³. ·¨¸. 3) ¸μ ¸Ì¥³μ° ¸¢Ö§¥° ³¥¦¤Ê ±Ê¡¨É ³¨
¸Ì¥³Ò ±¢ ´Éμ¢μ° É¥²¥¶μ·É Í¨¨ (·¨¸. 5), ³μ¦´μ ¢¨¤¥ÉÓ, ÎÉμ, ¢μ-¶¥·¢ÒÌ, ±Ê¡¨ÉÊ 3 ±¢ ´-
Éμ¢μ° ¸Ì¥³Ò ´¥μ¡Ìμ¤¨³μ ¶μ¸É ¢¨ÉÓ ¢ ¸μμÉ¢¥É¸É¢¨¥ ±Ê¡¨É 2 ±¢ ´Éμ¢μ£μ ±μ³¶ÓÕÉ¥· ,  
¢μ-¢Éμ·ÒÌ, ¤²Ö ·¥ ²¨§ Í¨¨ ± ±μ°-Éμ ¨§ ¤¢ÊÌ ¶ · ¸¢Ö§¥° ¸Ì¥³Ò: ²¨¡μ 0Ä1 ¨ 2Ä4, ²¨¡μ
4Ä0 ¨ 1Ä2 Å É·¥¡Ê¥É¸Ö ¨¸¶μ²Ó§μ¢ ´¨¥ ¸Ì¥³Ò ´  ·¨¸. 8,  . �μ¸±μ²Ó±Ê ± ¦¤Ò° £¥°É ¢´μ¸¨É
μÏ¨¡±Ê, ¸²¥¤Ê¥É, ´ ¸±μ²Ó±μ ÔÉμ ¢μ§³μ¦´μ, ³¨´¨³¨§¨·μ¢ ÉÓ ±μ²¨Î¥¸É¢μ £¥°Éμ¢. ’ ± ± ±
±· É´μ¸ÉÓ ¸¢Ö§¨ 2Ä4 ¸Ì¥³Ò (¢ ¸³Ò¸²¥ Î¨¸²  £¥°Éμ¢ cX ³¥¦¤Ê ´¨³¨) · ¢´  2,   Ê ¢¸¥Ì
μ¸É ²Ó´ÒÌ ¢ÒÏ¥¶¥·¥Î¨¸²¥´´ÒÌ ¸¢Ö§¥° ±· É´μ¸ÉÓ 1, ¶·¨ ·¥ ²¨§ Í¨¨ ´¥μ¡Ìμ¤¨³μ ±Ê¡¨-
É ³ 2 ¨ 4 ¸Ì¥³Ò ¶μ¸É ¢¨ÉÓ ¢ ¸μμÉ¢¥É¸É¢¨¥ ±Ê¡¨ÉÒ ±¢ ´Éμ¢μ£μ ±μ³¶ÓÕÉ¥· , Ë¨§¨Î¥¸±¨
¸¢Ö§ ´´Ò¥ ³¥¦¤Ê ¸μ¡μ°.

“Î¨ÉÒ¢ Ö μ¶¨¸ ´´Ò¥ ¢ÒÏ¥ μ£· ´¨Î¥´¨Ö, ¶μ²ÊÎ¨³, ÎÉμ ¶ ·¥ ±Ê¡¨Éμ¢ 2 ¨ 4 ¨¸Ìμ¤´μ°
¸Ì¥³Ò ¸μμÉ¢¥É¸É¢Ê¥É ²¨¡μ ¶ ·  ±Ê¡¨Éμ¢ 0 ¨ 1 ±μ³¶ÓÕÉ¥· , ²¨¡μ ¶ ·  3 ¨ 4. �μ¸±μ²Ó±Ê
¶·μ¨§¢μ¤¨É¸Ö ¨§³¥·¥´¨¥ ±Ê¡¨É  4 ¸Ì¥³Ò, ¥³Ê ¤μ²¦¥´ ¸μμÉ¢¥É¸É¢μ¢ ÉÓ ±Ê¡¨É, μÏ¨¡± 
¨§³¥·¥´¨Ö ¤²Ö ±μÉμ·μ£μ ´¥¡μ²ÓÏ Ö. ’ ±¦¥ ¶·¨ ¢μ§³μ¦´μ¸É¨ ¸Éμ¨É μÉ¤ ÉÓ ¶·¥¤¶μÎÉ¥-
´¨¥ Éμ° ·¥ ²¨§ Í¨¨, ¢ ±μÉμ·μ° Î Ð¥ ¢¸¥£μ ¢¸É·¥Î ÕÐ¨¥¸Ö ¤¢ÊÌ±Ê¡¨É´Ò¥ £¥°ÉÒ ¨³¥ÕÉ
³¨´¨³ ²Ó´μ ¢μ§³μ¦´Ò° · §³¥· μÏ¨¡μ±.

’ ¡²¨Í  2. ‘μμÉ¢¥É¸É¢¨¥ ´Ê³¥· Í¨¨ ±Ê¡¨Éμ¢ ¢ ¨¸Ìμ¤´μ° ¸Ì¥³¥ É¥²¥¶μ·É Í¨¨ ¨ ¢ ·¥ ²¨§ Í¨ÖÌ
´  Î¨¶¥ IBM Q Yorktown

ˆ¸Ìμ¤´ Ö ¸Ì¥³  ‘Ì¥³  1 ‘Ì¥³  2 ‘Ì¥³  3

0 0 0 3
1 1 1 4
2 3 4 1
3 2 2 2
4 4 3 0
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‚ § ¢¨¸¨³μ¸É¨ μÉ ¢Ò¡μ·  ±Ê¡¨Éμ¢ ¶μ²ÊÎ¨²μ¸Ó É·¨ ¢ ·¨ ´É  ¸Ì¥³Ò ±¢ ´Éμ¢μ° É¥²¥-
¶μ·É Í¨¨ ´  ±¢ ´Éμ¢μ³ ±μ³¶ÓÕÉ¥·¥ IBM Q Yorktown (É ¡². 2, ´Ê³¥· Í¨Ö ±Ê¡¨Éμ¢ ¸¢¥·ÌÊ
¢´¨§), ´ ¨¡μ²¥¥ Ê¤μ¢²¥É¢μ·ÖÕÐ¨Ì ¤ ´´Ò³ É·¥¡μ¢ ´¨Ö³ ´  ³μ³¥´É ¨Ì ¸μ§¤ ´¨Ö (·¨¸. 9).

	¥μ¡Ìμ¤¨³μ ¸¤¥² ÉÓ § ³¥Î ´¨¥ μÉ´μ¸¨É¥²Ó´μ ¸Ì¥³ 2 ¨ 3. ‚ ¨¸Ìμ¤´μ° ±¢ ´Éμ¢μ° ¸Ì¥³¥
(¸³. ·¨¸. 7) ¢ ´ Î ²¥ É·¨ ´¨¦´¨Ì ±Ê¡¨É  ¶¥·¥¢μ¤ÖÉ¸Ö ¢ ¸μ¸ÉμÖ´¨¥ Ëμ·³Ê²Ò (2). „²Ö ¸μ-
±· Ð¥´¨Ö Î¨¸²  ¨¸¶μ²Ó§μ¢ ´´ÒÌ £¥°Éμ¢ ¢ ¸Ì¥³ Ì 2 ¨ 3 ¸´ Î ²  ±Ê¡¨ÉÒ, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥
É·¥³ ´¨¦´¨³ ±Ê¡¨É ³, ¶¥·¥¢μ¤ÖÉ¸Ö ¢ ¤ ´´μ¥ ¸μ¸ÉμÖ´¨¥ ´ ¨¡μ²¥¥ ÔËË¥±É¨¢´Ò³ μ¡· §μ³,
  § É¥³ μ¸É ²Ó´ Ö Î ¸ÉÓ ¸Ì¥³Ò ·¥ ²¨§Ê¥É¸Ö ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ Ê¶μ·Ö¤μÎ¨¢ ´¨¥³ ±Ê¡¨Éμ¢
¨§ É ¡². 2.

’ ±¦¥ ¡Ò²  ¸¤¥² ´  ·¥ ²¨§ Í¨Ö ´  ±¢ ´Éμ¢μ³ ±μ³¶ÓÕÉ¥·¥ IBM Q Tenerife. 	¥¸³μÉ·Ö
´  Éμ, ÎÉμ ¶μ·Ö¤μ± ±Ê¡¨Éμ¢ ¢ ´¥° (É ¡². 3)  ´ ²μ£¨Î¥´ ¶μ·Ö¤±Ê ¤²Ö ¸Ì¥³Ò 3 ±¢ ´Éμ¢μ£μ
Î¨¶  IBM Q Yorktown, μ´  ¨³¥¥É ³¥´ÓÏÊÕ £²Ê¡¨´Ê, Î¥³ ¸Ì¥³  3 IBM Q Yorktown § 
¸Î¥É ¡μ²¥¥ ¶μ¤Ìμ¤ÖÐ¨Ì ´ ¶· ¢²¥´¨° Ë¨§¨Î¥¸±¨Ì ¸¢Ö§¥° ³¥¦¤Ê ±Ê¡¨É ³¨ ±μ³¶ÓÕÉ¥· .

’ ¡²¨Í  3. ‘μμÉ¢¥É¸É¢¨¥ ´Ê³¥· Í¨¨ ±Ê¡¨Éμ¢ ¢ ¨¸Ìμ¤´μ° ¸Ì¥³¥  ²£μ·¨É³  ¨ ¢ ·¥ ²¨§ Í¨¨ ´ 
Î¨¶¥ IBM Q Tenerife

ˆ¸Ìμ¤´ Ö ¸Ì¥³  ‘Ì¥³  ´  IBM Q Tenerife

0 3
1 4
2 1
3 2
4 0

�¨¸. 10. �¥§Ê²ÓÉ ÉÒ ±¢ ´Éμ¢μ° É¥²¥¶μ·É Í¨¨ ¸μ¸ÉμÖ´¨° 
¥²²  ´  IBM Q Tenerife ¸ ¨§³¥·¥´¨¥³ ¢

±² ¸¸¨Î¥¸±μ³ ¡ §¨¸¥.  ) ‘μ¸ÉμÖ´¨¥ |β00〉; ¡) ¸μ¸ÉμÖ´¨¥ |β01〉; ¢) ¸μ¸ÉμÖ´¨¥ |β10〉; £) ¸μ¸ÉμÖ´¨¥ |β11〉
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�¨¸. 11. ‘Ì¥³  ±¢ ´Éμ¢μ° É¥²¥¶μ·É Í¨¨ ¸μ¸ÉμÖ´¨Ö 
¥²²  |β00〉 ´  ±μ³¶ÓÕÉ¥·¥ IBM Q Tenerife

�¥§Ê²ÓÉ ÉÒ ¤ ´´μ° ·¥ ²¨§ Í¨¨ ±¢ ´Éμ¢μ° É¥²¥¶μ·É Í¨¨ ¡¥²²μ¢¸±¨Ì ¸μ¸ÉμÖ´¨° ´ 
IBM Q Tenerife ¶μ± § ´Ò ´  ·¨¸. 10. ˆ§ ´¥£μ ³μ¦´μ ¢¨¤¥ÉÓ, ÎÉμ Éμ²Ó±μ ¤²Ö ¸μ¸ÉμÖ-
´¨Ö |β00〉 ¢¥·μÖÉ´μ¸É¨ ´ ¡²Õ¤¥´¨Ö ¤¢ÊÌ±Ê¡¨É´ÒÌ ¸μ¸ÉμÖ´¨°, ¢Ìμ¤ÖÐ¨Ì ¢ β00 (¸³. ·¨¸. 6),
´¥¸±μ²Ó±μ ¡μ²ÓÏ¥, Î¥³ ¢¥·μÖÉ´μ¸É¨ ¸μ¸ÉμÖ´¨° |01〉 ¨ |10〉, ±μÉμ·Ò¥ ´¥ ¢Ìμ¤ÖÉ ¢ β00.

�¥§Ê²ÓÉ ÉÒ ¢ÒÎ¨¸²¥´¨Ö ´  ¸¨³Ê²ÖÉμ·¥ Feynman ¢ÒÌμ¤´ÒÌ §´ Î¥´¨° ¸μ¸ÉμÖ´¨Ö 4-£μ
¨ 5-£μ ±Ê¡¨Éμ¢ ¢ μ·¨£¨´ ²Ó´μ° ¸Ì¥³¥ É¥²¥¶μ·É Í¨¨ (·¨¸. 7), ¶·¨ · §²¨Î´ÒÌ ¢Ìμ¤´ÒÌ
¡¥²²μ¢¸±¨Ì ¸μ¸ÉμÖ´¨ÖÌ ¢ ²¥¢μ³ ¢¥·Ì´¥³ Ê£²Ê, ¶μ± § ´Ò ´  ·¨¸. 11. 	  £· Ë¨± Ì ÔÉμ£μ
·¨¸Ê´±  ¶μ μ¸¨  ¡¸Í¨¸¸ Ê± § ´Ò ¤¥¸ÖÉ¨Î´Ò¥ ´μ³¥·  ±² ¸¸¨Î¥¸±¨Ì ¤¢ÊÌ±Ê¡¨É´ÒÌ ¸μ¸ÉμÖ-
´¨° |00〉, |01〉, |10〉, |11〉.

�¥§Ê²ÓÉ ÉÒ ´ Ï¥£μ ¢ÒÎ¨¸²¥´¨Ö ¶·μÍ¥¸¸  ±¢ ´Éμ¢μ° É¥²¥¶μ·É Í¨¨ ¡¥²²μ¢¸±¨Ì ¸μ¸Éμ-
Ö´¨° ¸ ¤¢Ê³Ö ¶ÖÉ¨±Ê¡¨É´Ò³¨ ±μ³¶ÓÕÉ¥· ³¨ IBM Q Tenerife ¨ IBM Q Yorktown Ë¨·³Ò
IBM, ¤μ¸ÉÊ¶´Ò³¨ Î¥·¥§ μ¡² ±μ IBM cloud, ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 10, 12. ˆÌ ¸· ¢´¥´¨¥ ¸
·¥§Ê²ÓÉ É ³¨ (¸³. ·¨¸. 13) ¨¤¥ ²Ó´μ£μ (´¥ ¤μ¶Ê¸± ÕÐ¥£μ ¨¸± ¦¥´¨° ¶·μ³¥¦ÊÉμÎ´ÒÌ ±¢ ´-
Éμ¢ÒÌ ¸μ¸ÉμÖ´¨° ¶·¨ ¨Ì ¶·¥μ¡· §μ¢ ´¨¨ ¢ ¶·μÍ¥¸¸¥ ±¢ ´Éμ¢μ£μ ¢ÒÎ¨¸²¥´¨Ö) ±¢ ´Éμ¢μ£μ

�¨¸. 12. �¥§Ê²ÓÉ ÉÒ ¸Ì¥³Ò 3 ±¢ ´Éμ¢μ° É¥²¥¶μ·É Í¨¨ ¸μ¸ÉμÖ´¨° 
¥²²  ´  IBM Q Yorktown
¸ ¨§³¥·¥´¨¥³ ¢ ¡ §¨¸¥ �¤ ³ · .  ) ‘μ¸ÉμÖ´¨¥ |β00〉; ¡) ¸μ¸ÉμÖ´¨¥ |β01〉; ¢) ¸μ¸ÉμÖ´¨¥ |β10〉
£) ¸μ¸ÉμÖ´¨¥ |β11〉
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�¨¸. 13. ‚ÒÎ¨¸²¥´¨¥ ´  ¸¨³Ê²ÖÉμ·¥ Feynman É¥²¥¶μ·É Í¨¨ ¡¥²²μ¢¸±¨Ì ¸μ¸ÉμÖ´¨° ¶μ μ·¨£¨´ ²Ó-

´μ³Ê ¶·μÉμ±μ²Ê (·¨¸. 5) ¨ ¨§³¥·¥´¨Ö ·¥§Ê²ÓÉ É  ¢ ±² ¸¸¨Î¥¸±μ³ ¡ §¨¸¥

±μ³¶ÓÕÉ¥· , ¢ ± Î¥¸É¢¥ ±μÉμ·μ£μ ³Ò ¢Ò¡· ²¨ ¸¨³Ê²ÖÉμ· Feynman, ¶·¥¤¸É ¢²ÖÕÐ¨° ¸μ¡μ°
¶ ±¥É ¶·μ£· ³³ ´  Ö§Ò±¥ Maple, ¶μ± §Ò¢ ¥É ´¥μ¡Ìμ¤¨³μ¸ÉÓ §´ Î¨É¥²Ó´μ£μ Ê³¥´ÓÏ¥´¨Ö
μÏ¨¡μ± £¥°Éμ¢ ±¢ ´Éμ¢ÒÌ ±μ³¶ÓÕÉ¥·μ¢, ¢±²ÕÎ Ö £¥°É ¨§³¥·¥´¨Ö ¨ μÏ¨¡μ±, ¢Ò§¢ ´´ÒÌ
¤¥±μ£¥·¥´Í¨¥°. „²Ö Ê³¥´ÓÏ¥´¨Ö μÏ¨¡μ± ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ³¥Éμ¤Ò ±μ··¥±É¨·ÊÕÐ¨Ì
±¢ ´Éμ¢ÒÌ ±μ¤μ¢ (¸³. [14, part 4]) ¨²¨ É¥Ì´μ²μ£¨Î¥¸±¨¥ Ê¸μ¢¥·Ï¥´¸É¢μ¢ ´¨Ö ±Ê¡¨Éμ¢.
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