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ˆ¸¶μ²Ó§μ¢ ´¨¥ ³¥Éμ¤μ¢ ±² ¸É¥·´μ£μ  ´ ²¨§  ¨  ¢Éμ·¥£·¥¸¸¨μ´´ÒÌ
´¥°·μ´´ÒÌ ¸¥É¥° ¤²Ö ¤¨ £´μ¸É¨±¨ ÏÊ³μ¢ ·¥ ±Éμ·  ˆ	�-2Œ

Œ¥Éμ¤μ²μ£¨¨ · ¸¶μ§´ ¢ ´¨Ö μ¡· §μ¢ ¨ ¨¸±Ê¸¸É¢¥´´ÒÌ ´¥°·μ´´ÒÌ ¸¥É¥° Ï¨-
·μ±μ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ ¤¨ £´μ¸É¨±¥ ¸μ¸ÉμÖ´¨Ö ·¥ ±Éμ·  ¶μ ÏÊ³ ³ ³μÐ´μ¸É¨.
�¸μ¡¥´´μ ÔÉμ  ±ÉÊ ²Ó´μ ¤²Ö ¨³¶Ê²Ó¸´μ£μ ·¥ ±Éμ·  ¶¥·¨μ¤¨Î¥¸±μ£μ ¤¥°¸É¢¨Ö
ˆ	�-2Œ („Ê¡´ ), ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ±μÉμ·μ£μ ± ¢μ§³ÊÐ¥´¨Ö³ ·¥ ±É¨¢´μ¸É¨ ¢ ¸μ-
·μ± · § ¢ÒÏ¥, Î¥³ Ê ¸É Í¨μ´ ·´ÒÌ ·¥ ±Éμ·μ¢ ¸ Ê· ´μ¢Ò³ Éμ¶²¨¢μ³. �μ± § ´μ,
ÎÉμ ¢ ¶·μÍ¥¸¸¥ · ¡μÉÒ ·¥ ±Éμ·  ¸É·Ê±ÉÊ·  ÏÊ³μ¢ ³μÐ´μ¸É¨ ¶μ¸²¥¤μ¢ É¥²Ó´μ
· §¤¥²Ö¥É¸Ö ´  Î¥ÉÒ·¥ Ê¸Éμ°Î¨¢ÒÌ ±² ¸É¥· . �É³¥Î¥´μ, ÎÉμ ¶¥·¥Ìμ¤´ Ö μ¡² ¸ÉÓ
¢ ÏÊ³ Ì ³μÐ´μ¸É¨ ¸¢Ö§ ´  ¸  ¸¨³¶ÉμÉ¨Î¥¸±¨³ Ê¸¨²¥´¨¥³ ¢¨¡· Í¨° ²μ¶ ¸É¥° ¶μ-
¤¢¨¦´ÒÌ μÉ· ¦ É¥²¥° ¶·¨ ¶·μ£·¥¢¥ ±μ´¸É·Ê±Í¨¨ ³μ¤Ê²ÖÉμ·  ·¥ ±É¨¢´μ¸É¨ ¶μ¸²¥
¶μ¤Ñ¥³  ³μÐ´μ¸É¨. �·¨ ¨¸¸²¥¤μ¢ ´¨¨ ³¥¤²¥´´ÒÌ ¶·μÍ¥¸¸μ¢ ´¥²¨´¥°´ Ö  ¢Éμ-
·¥£·¥¸¸¨μ´´ Ö ´¥°·μ´´ Ö ¸¥ÉÓ ¸ ¶μ£·¥Ï´μ¸ÉÓÕ ∼ 5% ¶μ§¢μ²Ö¥É ¶·¥¤¸± §Ò¢ ÉÓ
¨§³¥´¥´¨¥ ·¥ ±É¨¢´μ¸É¨, ¸¢Ö§ ´´μ¥ ¸ ±μ²¥¡ ´¨Ö³¨ · ¸Ìμ¤  ´ É·¨Ö ´  ¨´É¥·¢ ²¥
¢·¥³¥´¨ ¤μ 2 ¸ÊÉ.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ ´¥°É·μ´´μ° Ë¨§¨±¨ ¨³. ˆ.Œ. ”· ´± 
�ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2015

Pepelyshev Yu.N., Tsogtsaikhan Ts., Ososkov G.A. P13-2015-47
Application of Cluster Analysis and Autoregressive Neural Networks
for the Noise Diagnostics of IBR-2M Reactor

The pattern recognition methodologies and artiˇcial neural networks were used
widely for the reactor noise diagnostics. It is very important for the pulsed reactor
of periodic operation IBR-2M (Dubna) which has a high sensitivity to reactivity

uctuations (40 times higher than stationary reactors with a uranium fuel). It is
shown that the power noise is subsequently divided into four stable clusters. The
noise transition region is formed by asymptotically increasing vibration of the moving
re
ectors in the process of their heating after maximum power is reached. The study
of slow processes shows that the nonlinear autoregressive neural network predicts
an error of ∼5%. NAR model allows predicting changes in reactivity caused by the

uctuation of liquid sodium 
ow rate up to two days of reactor operation.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.
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‚ · ¡μÉ¥ ¶·¥¤¸É ¢²¥´Ò μ¸´μ¢´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤μ¢ ´¨Ö ¤¨´ ³¨±¨ ÏÊ-
³μ¢ Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ¨ ³¥¤²¥´´ÒÌ ±μ²¥¡ ´¨° · ¸Ìμ¤  ´ É·¨Ö Î¥·¥§  ±É¨¢-
´ÊÕ §μ´Ê (�‡) ˆ	�-2Œ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ É¥Ì´¨±¨ ±² ¸É¥·´μ£μ  ´ ²¨§  ¨
´¥°·μ´´ÒÌ ¸¥É¥°. ˜Ê³Ò ³μÐ´μ¸É¨ ˆ	�-2Œ μ¡Ê¸²μ¢²¥´Ò · ¡μÉμ° · §²¨Î-
´ÒÌ É¥Ì´μ²μ£¨Î¥¸±¨Ì ¸¨¸É¥³ ·¥ ±Éμ· , É ±¨Ì ± ± ¸¨¸É¥³Ò μÌ² ¦¤¥´¨Ö  ±-
É¨¢´μ° §μ´Ò, ¢· Ð ÕÐ¥£μ¸Ö ³μ¤Ê²ÖÉμ·  ·¥ ±É¨¢´μ¸É¨ ¨ É. ¶. �μ²´Ò¥ ÏÊ³Ò
³μÐ´μ¸É¨ ¨§-§  ¢Ò¸μ±μ° ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ ·¥ ±Éμ·  ± ÏÊ³ ³ ·¥ ±É¨¢´μ¸É¨
¤μ¸É¨£ ÕÉ ±22%. �É¨ ÏÊ³Ò ¢²¨ÖÕÉ ´  Ê¶· ¢²¥´¨¥ ·¥ ±Éμ·μ³, ¶·μÍ¥¸¸ ¸É -
¡¨²¨§ Í¨¨ ³μÐ´μ¸É¨ ¨ É. ¶., É. ¥. ´¥¶μ¸·¥¤¸É¢¥´´μ ´  ¡¥§μ¶ ¸´μ¸ÉÓ Ô±¸¶²Ê É -
Í¨¨ ·¥ ±Éμ· . –¥²ÓÕ · ¡μÉÒ Ö¢²Ö¥É¸Ö ¨¸¸²¥¤μ¢ ´¨¥ ¤¨´ ³¨±¨ ÏÊ³μ¢ Ô´¥·£¨¨
¨³¶Ê²Ó¸μ¢ ¨ ¢μ§³μ¦´μ¸É¨ ¶·¥¤¸± § ´¨Ö ±μ²¥¡ ´¨° · ¸Ìμ¤  ´ É·¨Ö Î¥·¥§  ±-
É¨¢´ÊÕ §μ´Ê.

Š��’Š�… ��ˆ‘��ˆ… �…�Š’��� ˆ��-2Œ
ˆ ˆ‘•�„�›… �Š‘�…�ˆŒ…�’�‹œ�›… „���›…

�¥ ±Éμ· ˆ	�-2Œ Ô±¸¶²Ê É¨·Ê¥É¸Ö ¢ „Ê¡´¥ (�μ¸¸¨Ö) ¸ ¶·μ¥±É´μ° ¸·¥¤-
´¥° ³μÐ´μ¸ÉÓÕ 2 Œ‚É ¨ 1830 Œ‚É ¢ ¨³¶Ê²Ó¸¥. …³±μ¸ÉÓ  ±É¨¢´μ° §μ´Ò
ˆ	�-2Œ ¸μ¸É ¢²Ö¥É 69 É¥¶²μ¢Ò¤¥²ÖÕÐ¨Ì ¸¡μ·μ±. ’μ¶²¨¢μ³ ¸²Ê¦ É É ¡²¥É±¨
¢ÉÊ²μÎ´μ£μ É¨¶ , ¢Ò¶μ²´¥´´Ò¥ ¨§ PuO2, a É¥¶²μ´μ¸¨É¥²¥³ ¢ ·¥ ±Éμ·¥ Å
¦¨¤±¨° ´ É·¨°, ¶·μ± Î¨¢ ¥³Ò° Î¥·¥§ �‡ ¤¢Ê³Ö Ô²¥±É·μ¨´¤Ê±Í¨μ´´Ò³¨ ´ -
¸μ¸ ³¨. Œ¨³μ μ¤´μ° ¨§ £· ´¥°  ±É¨¢´μ° §μ´Ò ¶·μÌμ¤ÖÉ ¤¢¥ ¢· Ð ÕÐ¨¥¸Ö
¸μμ¸´μ, ´μ ¸ · §´μ° ¸±μ·μ¸ÉÓÕ ²μ¶ ¸É¨ Å μ¸´μ¢´μ° ¨ ¤μ¶μ²´¨É¥²Ó´Ò° ¶μ-
¤¢¨¦´Ò¥ μÉ· ¦ É¥²¨ (��� ¨ „��) ³μ¤Ê²ÖÉμ·  ·¥ ±É¨¢´μ¸É¨. �μÉμ· ���
¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ²μ¶ ¸ÉÓ ¸ É·¥³Ö §Ê¡ÓÖ³¨ ¨ ¶·μÉ¨¢μ¢¥¸μ³,   „�� Å ²μ-
¶ ¸ÉÓ ¸ ¤¢Ê³Ö §Ê¡ÓÖ³¨. “·μ¢¥´Ó ·¥ ±É¨¢´μ¸É¨ ˆ	�-2Œ ·¥£Ê²¨·Ê¥É¸Ö μ·£ ´ ³¨
‘“‡, ¶·¥¤¸É ¢²ÖÕÐ¨³¨ ¸μ¡μ° ¶¥·¥³¥Ð ¥³Ò¥ ¢μ²ÓË· ³μ¢Ò¥ ¡²μ±¨ ¢ ³ É·¨Í¥
¸É Í¨μ´ ·´ÒÌ ¸É ²Ó´ÒÌ μÉ· ¦ É¥²¥°. �  ·¨¸. 1 ¶μ± § ´ ¶μ¶¥·¥Î´Ò° · §·¥§
 ±É¨¢´μ° §μ´Ò ˆ	�-2Œ. „²Ö Ëμ·³¨·μ¢ ´¨Ö ¸¶¥±É·  É¥¶²μ¢ÒÌ ´¥°É·μ´μ¢
 ±É¨¢´ Ö §μ´  μ±·Ê¦¥´  ¢μ¤Ö´Ò³¨ § ³¥¤²¨É¥²Ö³¨.

ˆ¸¸²¥¤μ¢ ²¨¸Ó ¶μ¸²¥¤μ¢ É¥²Ó´μ¸É¨ §´ Î¥´¨°  ³¶²¨ÉÊ¤Ò ¨³¶Ê²Ó¸μ¢ ³μÐ-
´μ¸É¨ ¨ §´ Î¥´¨° · ¸Ìμ¤  ´ É·¨Ö Î¥·¥§ �‡. �³¶²¨ÉÊ¤  ¨³¶Ê²Ó¸μ¢ ¨§³¥·Ö² ¸Ó
¸ ¶μ³μÐÓÕ É·¥Ì ´¥§ ¢¨¸¨³ÒÌ ¤¥É¥±Éμ·μ¢, μ±·Ê¦ ÕÐ¨Ì  ±É¨¢´ÊÕ §μ´Ê. ˆ§-
³¥·¥´¨Ö ¶·μ¢μ¤¨²¨¸Ó ¢ μ¤´μ³ ¨§ É¨¶¨Î´ÒÌ ·¥ ±Éμ·´ÒÌ Í¨±²μ¢ ¢ 2013 £.
¸ · ¸Ìμ¤μ³ ´ É·¨Ö Î¥·¥§  ±É¨¢´ÊÕ §μ´Ê, · ¢´Ò³ 100 ³3/Î. �·μ¤μ²¦¨É¥²Ó-
´μ¸ÉÓ ¨§³¥·¥´¨° ¸μ¸É ¢²Ö²  10,5 ¸ÊÉ, ´ Î¨´ Ö ¸ ³μ³¥´É  ¢Ò¢μ¤  ·¥ ±Éμ·  ´ 
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�¨¸. 1. �μ¶¥·¥Î´Ò° · §·¥§  ±É¨¢´μ° §μ´Ò ·¥ ±Éμ·  ˆ	�-2Œ: 1 Å ¡²μ±¨  ¢ ·¨°´μ°
§ Ð¨ÉÒ; 2 Å ±μ³¶¥´¸¨·ÊÕÐ¨¥ ¡²μ±¨; 3 Å ¡²μ± ¶·μ³¥¦ÊÉμÎ´μ£μ ·¥£Ê²ÖÉμ· ; 4 Å
¸É¥·¦¥´Ó  ¢Éμ³ É¨Î¥¸±μ£μ ·¥£Ê²ÖÉμ· ; 5 Å ³ É·¨Í  ¸É Í¨μ´ ·´μ£μ μÉ· ¦ É¥²Ö; 6 Å
±μ¦ÊÌ ¶μ¤¢¨¦´μ£μ μÉ· ¦ É¥²Ö; 7 Å ¢μ¤Ö´Ò¥ £·¥¡¥´Î ÉÒ¥ § ³¥¤²¨É¥²¨; 8 Å ¢´¥Ï´¨°
´¥°É·μ´´Ò° ¨¸ÉμÎ´¨±; 9 Å ���; 10 Å „��; 11 Å ¢μ¤Ö´μ° ¶²μ¸±¨° § ³¥¤²¨É¥²Ó

³μÐ´μ¸ÉÓ 2 Œ‚É ¨ ±μ´Î Ö μ¸É ´μ¢μ³ ·¥ ±Éμ·  ¢ ±μ´Í¥ Í¨±² . ‡ ·¥£¨¸É·¨-
·μ¢ ´´Ò° ¢·¥³¥´´μ° ·Ö¤ ¤²¨É¥²Ó´μ¸ÉÓÕ ∼ 107 ¶μ¸²¥¤μ¢ É¥²Ó´ÒÌ §´ Î¥´¨°
 ³¶²¨ÉÊ¤Ò ¨³¶Ê²Ó¸μ¢ μ¡· ¡ ÉÒ¢ ²¸Ö ¸ ¶μ³μÐÓÕ ¶·μÍ¥¤Ê· ¸É É¨¸É¨Î¥¸±μ£μ
 ´ ²¨§  [1]. �¸´μ¢´Ò³ Ô²¥³¥´Éμ³ ¸É É¨¸É¨Î¥¸±μ£μ  ´ ²¨§  Ö¢²Ö²¸Ö · §¡·μ¸
§´ Î¥´¨°,   μ¡Ñ¥±Éμ³ ±² ¸É¥·´μ£μ  ´ ²¨§  Å ¸¶¥±É· ²Ó´ Ö ¶²μÉ´μ¸ÉÓ ±μ²¥-
¡ ´¨° Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢.

ˆ¸Ìμ¤´Ò° ¢·¥³¥´´μ° ·Ö¤ ¢ § ¤ Î¥ ¶·μ£´μ§¨·μ¢ ´¨Ö ±μ²¥¡ ´¨° · ¸Ìμ¤ 
´ É·¨Ö ¶·¥¤¸É ¢²Ö² ¸μ¡μ° ³ ¸¸¨¢ ¶μ¸²¥¤μ¢ É¥²Ó´ÒÌ §´ Î¥´¨° · ¸Ìμ¤  ´ É·¨Ö,
·¥£¨¸É·¨·Ê¥³Ò° Î¥·¥§ 0,1 ¸ ¢ É¥Î¥´¨¥ 4 ¸ÊÉ. “± § ´´ Ö ¢Ò¡μ·±  §´ Î¥´¨°
· ¸Ìμ¤  ´ É·¨Ö ¶·¥¤¸É ¢²Ö²  ¸μ¡μ° μ¸´μ¢Ê ¤²Ö ¶·μ£´μ§¨·μ¢ ´¨Ö.

�¨¦¥ ¶·¨¢¥¤¥´Ò ³¥Éμ¤¨±¨ μ¡· ¡μÉ±¨ ¨  ´ ²¨§  ·¥§Ê²ÓÉ Éμ¢ ÏÊ³μ¢ Ô´¥·-
£¨¨ ¨³¶Ê²Ó¸μ¢ ¨ ±μ²¥¡ ´¨Ö · ¸Ìμ¤  ´ É·¨Ö Î¥·¥§  ±É¨¢´ÊÕ §μ´Ê.

Š‹�‘’…��›‰ ���‹ˆ‡ ˜“Œ�‚ ��…�ƒˆˆ ˆŒ�“‹œ‘�‚

„²Ö ¨¸¸²¥¤μ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò ÏÊ³μ¢ ³μÐ´μ¸É¨ ¨¸¶μ²Ó§μ¢ ²¸Ö ±² ¸É¥·´Ò°
 ´ ²¨§ ´  μ¸´μ¢¥ ¨¥· ·Ì¨Î¥¸±¨Ì  ²£μ·¨É³μ¢ ± ± ´ ¨¡μ²¥¥ £¨¡±¨° ¨§ ¸ÊÐ¥-
¸É¢ÊÕÐ¨Ì ³¥Éμ¤μ¢ ±² ¸É¥·´μ£μ  ´ ²¨§ . ‚Ò¡· ´´Ò° ³¥Éμ¤ ¶μ§¢μ²Ö¥É
¤¥É ²Ó´μ ¨¸¸²¥¤μ¢ ÉÓ ¸É·Ê±ÉÊ·Ê · §²¨Î¨° ³¥¦¤Ê μ¡Ñ¥±É ³¨ ¨ ¨§³¥´¥´¨Ö
¢ ¨Ì ¸É·Ê±ÉÊ·¥. ˆ§³¥´¥´¨¥ ¸¶¥±É· ²Ó´μ° ¶²μÉ´μ¸É¨ ±μ²¥¡ ´¨° Ô´¥·£¨¨ ¨³-
¶Ê²Ó¸μ¢ ˆ	�-2Œ §  · ¡μÎ¨° Í¨±² μÉ ³μ³¥´É  ¢ÒÌμ¤  ´  ³μÐ´μ¸ÉÓ 2 Œ‚É
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�¨¸. 2. ˆ§³¥´¥´¨¥ ¸¶¥±É· ²Ó´μ° ¶²μÉ´μ¸É¨ ±μ²¥¡ ´¨° Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ˆ	�-2Œ § 
Í¨±² μÉ ³μ³¥´É  ¢ÒÌμ¤  ´  ¸·¥¤´ÕÕ ³μÐ´μ¸ÉÓ 2 Œ‚É ¤μ ´ Î ²  ¸´¨¦¥´¨Ö ³μÐ´μ¸É¨.
„²¨É¥²Ó´μ¸ÉÓ ¨§³¥·¥´¨° 10,5 ¸ÊÉ. �·¥¤¸É ¢²¥´μ 552 ¸¶¥±É· 

¤μ ´ Î ²  ¸´¨¦¥´¨Ö ¶·¨¢¥¤¥´μ ´  ·¨¸. 2. Š ± ¢¨¤´μ ¨§ ·¨¸. 2, ¢ ¸¶¥±É·¥ ±μ²¥-
¡ ´¨° Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ¨³¥¥É¸Ö ´¥¸±μ²Ó±μ ¶¨±μ¢ ¡μ²ÓÏμ° ¨´É¥´¸¨¢´μ¸É¨.
�É¨ ¶¨±¨ μ¡Ê¸²μ¢²¥´Ò μ¸¥¢Ò³¨ ¢¨¡· Í¨Ö³¨ ²μ¶ ¸É¥° ¶μ¤¢¨¦´ÒÌ μÉ· ¦ -
É¥²¥° [2].

‡ ¤ Î  ±² ¸É¥·´μ£μ  ´ ²¨§  ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¥¸ÉÓ ±² ¸¸¨Ë¨± Í¨Ö ¡μ²Ó-
Ïμ£μ μ¡Ñ¥³  ¤ ´´ÒÌ ¶μ ÏÊ³μ¢μ³Ê ¸μ¸ÉμÖ´¨Õ ˆ	�-2Œ. �´ ²¨§Ê ¶μ¤²¥¦ ² 
¶μ¸²¥¤μ¢ É¥²Ó´μ¸ÉÓ ¸¶¥±É· ²Ó´μ° ¶²μÉ´μ¸É¨ ±μ²¥¡ ´¨° Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢.
Š ¦¤ Ö ¸¶¥±É· ²Ó´ Ö ¶²μÉ´μ¸ÉÓ μÍ¥´¨¢ ² ¸Ó ¢ ¨´É¥·¢ ²¥ ¢·¥³¥´¨ ∼ 28 ³¨´ ¨
¶·¥¤¸É ¢²Ö²  ¸μ¡μ° ÉμÎ±Ê ¢ ³´μ£μ³¥·´μ³ ¥¢±²¨¤μ¢μ³ ¶·μ¸É· ´¸É¢¥. ‚Ò¡· ´-

�¨¸. 3. ˆ§³¥´¥´¨¥ ¢¥²¨Î¨´Ò μÉ´μ-
¸¨É¥²Ó´μ£μ ¸·¥¤´¥±¢ ¤· É¨Î¥¸±μ£μ
μÉ±²μ´¥´¨Ö ¶μ²´ÒÌ ( ) ¨ ¸¢Ö§ ´´ÒÌ
¸ μ¸¥¢Ò³¨ ¢¨¡· Í¨Ö³¨ ²μ¶ ¸É¥°
¶μ¤¢¨¦´ÒÌ μÉ· ¦ É¥²¥° (¡) ±μ²¥-
¡ ´¨° Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢. ‘¶²μÏ-
´Ò³¨ ²¨´¨Ö³¨ ¶μ± § ´ ¶¥·¥Ìμ¤ ÏÊ-
³μ¢μ£μ ¸μ¸ÉμÖ´¨Ö ·¥ ±Éμ·  ¨§ μ¤-
´μ£μ ±² ¸É¥·  ¢ ¤·Ê£μ°. –¨Ë· ³¨
μÉ³¥Î¥´Ò ´μ³¥·  ±² ¸É¥·μ¢
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�¨¸. 4. ‘É·Ê±ÉÊ·  ±² ¸É¥·μ¢, ¸¦ É Ö ¨§ 256-³¥·´μ£μ ¢ 2-³¥·´μ¥ ¶·μ¸É· ´¸É¢μ ¶μ ¶μ²-
´Ò³ ±μ²¥¡ ´¨Ö³ Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ( ) ¨ ¶μ ±μ²¥¡ ´¨Ö³, μ¡Ê¸²μ¢²¥´´Ò³ μ¸¥¢Ò³¨
±μ²¥¡ ´¨Ö³¨ ²μ¶ ¸É¥° ¶μ¤¢¨¦´ÒÌ μÉ· ¦ É¥²¥° (¡)

�¨¸. 5. ‘É·Ê±ÉÊ·  ±² ¸É¥·μ¢, ¸¦ É Ö ¨§ 256-³¥·´μ£μ ¢ 3-³¥·´μ¥ ¶·μ¸É· ´¸É¢μ ¶μ ¶μ²-
´Ò³ ±μ²¥¡ ´¨Ö³ Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ ( ) ¨ ¶μ ±μ²¥¡ ´¨Ö³, μ¡Ê¸²μ¢²¥´´Ò³ μ¸¥¢Ò³¨
±μ²¥¡ ´¨Ö³¨ ²μ¶ ¸É¥° ¶μ¤¢¨¦´ÒÌ μÉ· ¦ É¥²¥° (¡)

´Ò¥ ³¥Éμ¤Ò ±² ¸É¥·¨§ Í¨¨ μ¸´μ¢ ´Ò ´   ´ ²¨§¥ · ¸¸ÉμÖ´¨° ³¥¦¤Ê ÉμÎ± ³¨.
� ¸¸ÉμÖ´¨¥ ³¥¦¤Ê i-° ¨ k-° ÉμÎ± ³¨

dik =

[
p∑

j=1

(xij − xik)2
]1/2

.

� §³¥·´μ¸ÉÓ ¶·μ¸É· ´¸É¢  ¸μ¸É ¢²Ö²  256 ±μμ·¤¨´ É ¶μ Î¨¸²Ê ÉμÎ¥± ¢ ¸¶¥±-
É·¥. ˆ§³¥´¥´¨¥ ¢¥²¨Î¨´Ò ¸·¥¤´¥±¢ ¤· É¨Î¥¸±¨Ì ¶μ²´ÒÌ ±μ²¥¡ ´¨° Ô´¥·£¨¨
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¨³¶Ê²Ó¸μ¢ ¨ ±μ²¥¡ ´¨°, ¸¢Ö§ ´´ÒÌ ¸ ¢¨¡· Í¨Ö³¨ ²μ¶ ¸É¥° ¶μ¤¢¨¦´ÒÌ μÉ· -
¦ É¥²¥°, ¶·¨¢¥¤¥´μ ´  ·¨¸. 3. ‘É·Ê±ÉÊ·  ±² ¸É¥·μ¢, ®¸¦ É Ö¯ ¨§ 256-³¥·´μ£μ
¢ 2- ¨ 3-³¥·´μ¥ ¶·μ¸É· ´¸É¢ , ¶·¨¢¥¤¥´  ´  ·¨¸. 4, 5. ˆ§ ·¨¸. 3 ¢¨¤´μ, ÎÉμ
¸¶¥±É· ²Ó´ Ö ¶²μÉ´μ¸ÉÓ ±μ²¥¡ ´¨° Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢ · §¤¥²Ö¥É¸Ö ´  Î¥ÉÒ·¥
±² ¸É¥· . �¥·¢Ò¥ É·¨ ±² ¸É¥·  ¢±²ÕÎ ÕÉ ¢ ¸¥¡Ö ¸¶¥±É·Ò ¶¥·¥Ìμ¤´μ° μ¡² -
¸É¨, ¤²ÖÐ¥°¸Ö 1,7 ¸ÊÉ. —¥É¢¥·ÉÒ° (μ¸´μ¢´μ°) ±² ¸É¥· ¸μμÉ¢¥É¸É¢Ê¥É Ê¸É ´μ-
¢¨¢Ï¥³Ê¸Ö ÏÊ³μ¢μ³Ê ¸μ¸ÉμÖ´¨Õ ·¥ ±Éμ· . �Éμ ¸μ¸ÉμÖ´¨¥ ´ Î¨´ ¥É¸Ö Î¥·¥§
1,7 ¸ÊÉ μÉ ´ Î ²  · ¡μÉÒ ·¥ ±Éμ·  ´  ³μÐ´μ¸É¨ ¨ ¶·μ¤μ²¦ ¥É¸Ö ¤μ ±μ´Í 
·¥ ±Éμ·´μ£μ Í¨±² . ˆ´É¥´¸¨¢´μ¸ÉÓ ÏÊ³μ¢ ¢ Î¥É¢¥·Éμ³ ÏÊ³μ¢μ³ ¸μ¸ÉμÖ´¨¨
¸μ ¢·¥³¥´¥³ ³¥´Ö¥É¸Ö ¸ É¥´¤¥´Í¨¥° ± Ê³¥´ÓÏ¥´¨Õ ´  ∼ 12% ± ±μ´ÍÊ Í¨±² .
�·¨ ÔÉμ³ Ê³¥´ÓÏ¥´¨¥ Ê·μ¢´Ö ÏÊ³μ¢ ¸² ¡μ ¢²¨Ö¥É ´  ¨Ì ¸¶¥±É· ²Ó´Ò° ¸μ¸É ¢.
’ ±¨³ μ¡· §μ³, Î¥·¥§ 1,7 ¸ÊÉ ÏÊ³Ò ³μÐ´μ¸É¨ ¢ Í¥²μ³ ¸É ¡¨²¨§¨·ÊÕÉ¸Ö.
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�  ·¨¸. 6 ¶μ± § ´  ¶·¨´Í¨¶¨ ²Ó´ Ö ¸Ì¥³  ¸¨¸É¥³Ò μÌ² ¦¤¥´¨Ö ·¥ ±Éμ· 
ˆ	�-2Œ.

ˆ§³¥´¥´¨¥ · ¸Ìμ¤  ´ É·¨Ö ¶·¨¢μ¤¨É ± ±μ²¥¡ ´¨Ö³ ·¥ ±É¨¢´μ¸É¨ ¨, ¸μ-
μÉ¢¥É¸É¢¥´´μ, ³μÐ´μ¸É¨. Šμ²¥¡ ´¨Ö ·¥ ±É¨¢´μ¸É¨ ρG(t) ¶·¨ ¨§³¥´¥´¨¨ · ¸-
Ìμ¤  μÉ G0 ¤μ G(t) ¢ ³μ³¥´É ¢·¥³¥´¨ t ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ρG(t) =

dK/dG [G(t) − G0], £¤¥ dK/dG =
ΔK

ΔG

∣∣∣∣
W,T=const

Å · ¸Ìμ¤´Ò° ±μÔËË¨Í¨-

¥´É ·¥ ±É¨¢´μ¸É¨, É. ¥. ¨§³¥´¥´¨¥ ±μÔËË¨Í¨¥´É  · §³´μ¦¥´¨Ö, μÉ´¥¸¥´´μ¥ ±
¨§³¥´¥´¨Õ · ¸Ìμ¤  ´ É·¨Ö ´  ¢Ìμ¤¥ ¢  ±É¨¢´ÊÕ §μ´Ê; G(t), G0 Å É¥±ÊÐ¥¥
¨ ¸·¥¤´¥¥ §´ Î¥´¨Ö · ¸Ìμ¤  ´ É·¨Ö Î¥·¥§ �‡ ¸μμÉ¢¥É¸É¢¥´´μ. �·¨ ³¥¤²¥´´μ³
¨§³¥´¥´¨¨ ³μÐ´μ¸É¨ ¨ · ¸Ìμ¤  ´ É·¨Ö ¢ ´¥¡μ²ÓÏ¨Ì ¶·¥¤¥² Ì (< 10%) §´ Î¥-
´¨¥ · ¸Ìμ¤´μ£μ ±μÔËË¨Í¨¥´É  ·¥ ±É¨¢´μ¸É¨ ³μ¦´μ ¶·¨´ÖÉÓ · ¢´Ò³  ¸¨³¶-
ÉμÉ¨Î¥¸±¨ Ê¸É ´μ¢¨¢Ï¥³Ê¸Ö: −0,7 · 10−2 βÔË/³3/Î [3, 4]. �·¨ ¨¸¸²¥¤μ¢ ´¨¨
³¥¤²¥´´ÒÌ ¶·μÍ¥¸¸μ¢ ¨§³¥´¥´¨Ö · ¸Ìμ¤  ´ É·¨Ö Î¥·¥§ �‡ ¨¸¶μ²Ó§μ¢ ²¸Ö  ²£μ-
·¨É³ ¸μ§¤ ´¨Ö ´¥²¨´¥°´μ°  ¢Éμ·¥£·¥¸¸¨μ´´μ° ¸¥É¨ [5]. �É  ¨´É¥²²¥±ÉÊ ²Ó´ Ö
¸¨¸É¥³  ¸¶μ¸μ¡´  · ¸¶μ§´ ¢ ÉÓ ¨ ¶·μ£´μ§¨·μ¢ ÉÓ § ±μ´μ³¥·´μ¸É¨ ¢·¥³¥´´�ÒÌ
·Ö¤μ¢. ˆ¸¶μ²Ó§μ¢ ´¨¥ ´¥°·μ¸¥É¥¢μ° ³μ¤¥²¨ ¸ μ¡· É´μ° ¸¢Ö§ÓÕ ¶μ§¢μ²Ö¥É ·¥-
Ï ÉÓ § ¤ ÎÊ ¶·μ£´μ§¨·μ¢ ´¨Ö ´  ¸¨²Ó´μ § ÏÊ³²¥´´ÒÌ ¢·¥³¥´´�ÒÌ ·Ö¤ Ì, É ±¨Ì
± ± · ¸Ìμ¤ ´ É·¨Ö Î¥·¥§  ±É¨¢´ÊÕ §μ´Ê ˆ	�-2Œ. ‚ ·¥§Ê²ÓÉ É¥ ¶μ²ÊÎ ¥³Ò°
¶·μ£´μ§ ¡Ê¤¥É ¡μ²¥¥ ÉμÎ¥´ ¶μ ¸· ¢´¥´¨Õ ¸ ¶·¨³¥´¥´¨¥³ μ¡ÒÎ´μ£μ ¶¥·¸¥¶-
É·μ´  [6].

‚ÒÌμ¤ ´¥°·μ´  ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´ ¢ ¢¨¤¥ ¸²¥¤ÊÕÐ¥£μ Ê· ¢´¥´¨Ö:

y = g

(
b +

∑
i

wixi

)
,

£¤¥ g Å ËÊ´±Í¨Ö  ±É¨¢ Í¨¨; b Å ¸³¥Ð¥´¨¥ (bias); wi Å ¢¥¸μ¢μ° ±μÔË-
Ë¨Í¨¥´É, ¸μμÉ¢¥É¸É¢ÊÕÐ¨° i-³Ê ´¥°·μ´Ê; xi Ö¢²ÖÕÉ¸Ö ¢Ìμ¤ ³¨, a y ¶·¥¤-
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�¨¸. 6. �·¨´Í¨¶¨ ²Ó´ Ö ¸Ì¥³  ¸¨¸É¥³Ò μÌ² ¦¤¥´¨Ö ·¥ ±Éμ·  ˆ	�-2Œ. �μ± § ´Ò ¶·¨-
³¥·´Ò¥ ³¥¸É  · ¸¶μ²μ¦¥´¨Ö ¨§³¥·¨É¥²Ó´ÒÌ ¤ ÉÎ¨±μ¢: ¤ ¢²¥´¨Ö  ·£μ´  (PAr), Ê·μ¢´Ö
´ É·¨Ö (hNa), · ¸Ìμ¤  ´ É·¨Ö (GΣ) Î¥·¥§ �‡, · ¸Ìμ¤  ´ É·¨Ö ¶¥·¢μ£μ ±μ´ÉÊ·  ¢ ¶¥É²ÖÌ
� (G�) ¨ 	 (G	), É¥³¶¥· ÉÊ·Ò ´ É·¨Ö ´  ¢ÒÌμ¤¥ (T¢ÒÌ) ¨ ¢Ìμ¤¥ ¢ �‡ (T¢Ì)

¸É ¢²Ö¥É ¸μ¡μ° ¢ÒÌμ¤ [7Ä9]. ‚ μ¡Ð¥³ ¸²ÊÎ ¥ ´¥²¨´¥°´ Ö  ¢Éμ·¥£·¥¸¸¨-
μ´´ Ö ¸¥ÉÓ (nonlinear autoregressive neural network Å NAR) μ¶¨¸Ò¢ ¥É¸Ö
·¥±Ê··¥´É´Ò³ Ê· ¢´¥´¨¥³

Ĝ(t) = f(G(t − 1) + G(t − 2) + · · · + G(t − d)),

£¤¥ G(t) Å ¢Ìμ¤´μ° ¸¨£´ ² (· ¸Ìμ¤ ´ É·¨Ö Î¥·¥§ �‡); Ĝ(t) Å ¢ÒÌμ¤´μ°
¸¨£´ ² (¶·μ£´μ§¨·Ê¥³Ò° · ¸Ìμ¤ ´ É·¨Ö); f Å ´¥²¨´¥°´μ¥ ¶·¥μ¡· §μ¢ ´¨¥;
d Å Î¨¸²μ § ¤¥·¦¥± ¶μ ¢Ìμ¤´μ³Ê ¸¨£´ ²Ê. �  ·¨¸. 7 ¶·¨¢¥¤¥´   ·Ì¨É¥±ÉÊ· 
¨¸¶μ²Ó§Ê¥³μ° ´¥²¨´¥°´μ°  ¢Éμ·¥£·¥¸¸¨μ´´μ° ¸¥É¨.

‚ ¶·¨¢¥¤¥´´μ° ³μ¤¥²¨ ¶·μ£´μ§¨·μ¢ ²μ¸Ó ¨§³¥´¥´¨¥ · ¸Ìμ¤  ´ É·¨Ö § 
2 ¸ÊÉ c ¨¸¶μ²Ó§μ¢ ´¨¥³ §´ Î¥´¨° ¶·¥¤Ò¤ÊÐ¨Ì 2 ¸ÊÉ. ‚ ± Î¥¸É¢¥  ²£μ·¨É³ 
μ¡ÊÎ¥´¨Ö ¶·¨³¥´¥´ ³¥Éμ¤ ´¥²¨´¥°´μ° μ¶É¨³¨§ Í¨¨:  ²£μ·¨É³ ‹¥¢¥´¡¥·£ Ä
Œ ·±¢ ·¤É  (LevenbergÄMarquardt) [10, 11]. �  ·¨¸. 8 ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ
¶·μ£´μ§¨·μ¢ ´¨Ö · ¸Ìμ¤  ´ É·¨Ö ¨ § ¢¨¸¨³μ¸ÉÓ ³¥¦¤Ê Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¨ ¶·μ£´μ§¨·Ê¥³Ò³¨ ¤ ´´Ò³¨. Šμ··¥²ÖÍ¨μ´´ Ö ¸¢Ö§Ó ³¥¦¤Ê ´¨³¨ μÍ¥´¨¢ -
² ¸Ó ± ± ¸¨²Ó´ Ö (R = 0,98). ‘¶¥±É· ²Ó´ Ö ¶²μÉ´μ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨
¶·μ£´μ§¨·Ê¥³ÒÌ ±μ²¥¡ ´¨° · ¸Ìμ¤  ´ É·¨Ö ´  ¢Ìμ¤¥ ¢ �‡ ¶μ± § ´Ò ´  ·¨¸. 9.
‘¶¥±É· ²Ó´Ò° ¸μ¸É ¢ ¨  ³¶²¨ÉÊ¤Ò ±μ²¥¡ ´¨° · ¸Ìμ¤  ´ É·¨Ö ¶· ±É¨Î¥¸±¨
¸μ¢¶ ¤ ÕÉ.
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�¨¸. 7. ‘É·Ê±ÉÊ·´ Ö ¸Ì¥³  ¸¥É¨ NAR

�¨¸. 8. �·μ£´μ§ ¨§³¥´¥´¨Ö · ¸Ìμ¤  ´ É·¨Ö Î¥·¥§ �‡ ˆ	�-2Œ ¨ § ¢¨¸¨³μ¸ÉÓ ³¥¦¤Ê
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¨ ¶·μ£´μ§¨·Ê¥³Ò³¨ ¤ ´´Ò³¨ (a). �·¨¢¥¤¥´  ²¨´¥°´ Ö  ¶¶·μ±-
¸¨³ Í¨Ö (¡)

�¨¸. 9. ‘¶¥±É· ²Ó´Ò¥ ¶²μÉ´μ¸É¨ ±μ²¥¡ ´¨° · ¸Ìμ¤  ´ É·¨Ö Î¥·¥§ �‡ (SG), f Å
Î ¸ÉμÉ : � Å Ô±¸¶¥·¨³¥´É; � Å ¶·μ£´μ§
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‚ ·¥§Ê²ÓÉ É¥ ±² ¸É¥·´μ£μ  ´ ²¨§  ¶μ± § ´μ, ÎÉμ ÏÊ³Ò Ô´¥·£¨¨ ¨³¶Ê²Ó¸μ¢
¶μ¸²¥¤μ¢ É¥²Ó´μ · §¤¥²ÖÕÉ¸Ö ´  Î¥ÉÒ·¥ Ê¸Éμ°Î¨¢Ò¥ ¸É·Ê±ÉÊ·Ò (±² ¸É¥·Ò).
�¥·¢Ò¥ ¤¢  ±² ¸É¥·  ´ ¡²Õ¤ ÕÉ¸Ö ¢ ¤¨ ¶ §μ´¥ 0Ä14 Î ¶μ¸²¥ ¢ÒÌμ¤  ´  ³μÐ-
´μ¸ÉÓ. ‡ É¥³ Î¥·¥§ 1,2 ¸ÊÉ ¶¥·¥Ìμ¤´ Ö μ¡² ¸ÉÓ § ± ´Î¨¢ ¥É¸Ö, ¨ ¢ Í¥²μ³
Î¥·¥§ 1,7 ¸ÊÉ ¶μ¸²¥ ¢ÒÌμ¤  ´  ³μÐ´μ¸ÉÓ ÏÊ³μ¢μ¥ ¸μ¸ÉμÖ´¨¥ ·¥ ±Éμ·  ¸É ¡¨-
²¨§¨·Ê¥É¸Ö. �¥·¥Ìμ¤´ Ö μ¡² ¸ÉÓ ·¥ ±Éμ·´ÒÌ ÏÊ³μ¢, ¢¥·μÖÉ´¥¥ ¢¸¥£μ, ¸¢Ö§ ´ 
¸ ¶μÖ¢²¥´¨¥³ ¨§£¨¡´ÒÌ ¤¥Ëμ·³ Í¨° ¶μ¤¢¨¦´ÒÌ μÉ· ¦ É¥²¥° ¢ ¶·μÍ¥¸¸¥ ¨Ì
¶·μ£·¥¢  ¶μ¸²¥ ¢ÒÌμ¤  ´  ³μÐ´μ¸ÉÓ.

‚ ·¥§Ê²ÓÉ É¥ ³μ¤¥²¨·μ¢ ´¨Ö · ¸Ìμ¤  ´ É·¨Ö ¸ ¶μ³μÐÓÕ ´¥²¨´¥°´μ°  ¢-
Éμ·¥£·¥¸¸¨μ´´μ° ´¥°·μ´´μ° ¸¥É¨ ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¸ ¶μ£·¥Ï´μ¸ÉÓÕ ∼ 5%
³μ¦´μ ¶·¥¤¸± §Ò¢ ÉÓ ¨§³¥´¥´¨¥ · ¸Ìμ¤  ´  ¤μ¢μ²Ó´μ ¡μ²ÓÏ¨Ì ¨´É¥·¢ ² Ì
¢·¥³¥´¨ ¢¶²μÉÓ ¤μ 2 ¸ÊÉ.

�μ± § ´μ, ÎÉμ ¢ § ¤ Î¥ ÏÊ³μ¢μ° ¤¨ £´μ¸É¨±¨ ˆ	�-2Œ ¶·¨³¥´¥´¨¥  ¢-
Éμ·¥£·¥¸¸¨μ´´ÒÌ ´¥°·μ´´ÒÌ ¸¥É¥° ¨ ¨¥· ·Ì¨Î¥¸±¨Ì ¶·μÍ¥¤Ê· ±² ¸É¥·´μ£μ
 ´ ²¨§  ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ¡μ²¥¥ ¤¥É ²Ó´ÊÕ ¨´Ëμ·³ Í¨Õ, Î¥³ ¸ ¶μ³μÐÓÕ
¸É ´¤ ·É´ÒÌ ³¥Éμ¤μ¢  ´ ²¨§ .
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