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„¥¤μ¢¨Î ’. ƒ., ’μ± ·¥¢ Œ.‚. P2-2013-21
�´ ²¨§ Ë· ±É ²μ¢ ¸ § ¢¨¸¨³Ò³ ¤¥²¥´¨¥³ Î ¸É¥°
BC-, PaC- ¨ SePaC-³¥Éμ¤ ³¨

�¡¸Ê¦¤ ÕÉ¸Ö ¶·¥¤¸É ¢²¥´¨Ö μ · §³¥·´μ¸É¨ ¶·μ¸É· ´¸É¢ -¢·¥³¥´¨ ¢ μ¡Ð¥°
É¥μ·¨¨ μÉ´μ¸¨É¥²Ó´μ¸É¨ ¨ ±¢ ´Éμ¢μ° É¥μ·¨¨. �μ¤Î¥·±¨¢ ¥É¸Ö, ÎÉμ · §³¥·´μ¸ÉÓ
¤¨¸±·¥É´μ£μ ¶·μ¸É· ´¸É¢  ³μ¦¥É ¡ÒÉÓ μ¶·¥¤¥²¥´  ´  μ¸´μ¢¥ ³¥·Ò • Ê¸¤μ·Ë .
�¥Í¥²μÎ¨¸²¥´´ Ö · §³¥·´μ¸ÉÓ Ö¢²Ö¥É¸Ö É¨¶¨Î´μ° Ì · ±É¥·¨¸É¨±μ° Ë· ±É ² .
�·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ¶·μÍ¥¸¸ μ¡· §μ¢ ´¨Ö  ¤·μ´μ¢ ¶·¨ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ Î ¸É¨Í
¨ Ö¤¥· ¢Ò¸μ±¨Ì Ô´¥·£¨° μ¡² ¤ ¥É Ë· ±É ²Ó´Ò³¨ ¸¢μ°¸É¢ ³¨. � ¸¸³ É·¨¢ ÕÉ¸Ö
³¥Éμ¤Ò  ´ ²¨§  Ë· ±É ²μ¢: ¶μ¤¸Î¥É  ±²¥Éμ± (BC), P- ¤¨Î¥¸±¨Ì ¶μ±·ÒÉ¨° (PaC) ¨
¸¨¸É¥³ Ê· ¢´¥´¨° P- ¤¨Î¥¸±¨Ì ¶μ±·ÒÉ¨° (SePaC) ¤²Ö μ¶·¥¤¥²¥´¨Ö Ë· ±É ²Ó´μ°
· §³¥·´μ¸É¨. �·μ¢¥¤¥´ ¸· ¢´¨É¥²Ó´Ò°  ´ ²¨§ Ë· ±É ²μ¢ ¸ § ¢¨¸¨³Ò³ ¤¥²¥´¨¥³
Î ¸É¥° ÔÉ¨³¨ ³¥Éμ¤ ³¨. �¶·¥¤¥²¥´Ò μ¶É¨³ ²Ó´Ò¥ §´ Î¥´¨Ö ¶ · ³¥É·μ¢, ¶μ§¢μ-
²ÖÕÐ¨¥ ¢μ¸¸É ´μ¢¨ÉÓ Ë· ±É ²Ó´ÊÕ · §³¥·´μ¸ÉÓ DF , ±μ²¨Î¥¸É¢μ Ê·μ¢´¥° Nlev ¨
¸É·Ê±ÉÊ·Ê Ë· ±É ²  ¸ ³ ±¸¨³ ²Ó´μ° ÔËË¥±É¨¢´μ¸ÉÓÕ. �É³¥Î ¥É¸Ö, ÎÉμ SePaC-
³¥Éμ¤ ¨³¥¥É ¶·¥¨³ÊÐ¥¸É¢  ¤²Ö  ´ ²¨§  Ë· ±É ²μ¢ ¸ § ¢¨¸¨³Ò³ ¤¥²¥´¨¥³.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ë¨§¨±¨ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¨³. ‚.ˆ. ‚¥±¸²¥· 
¨ �.Œ. 	 ²¤¨´  �ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2013

Dedovich T.G., Tokarev M.V. P2-2013-21
Analysis of Fractals with Dependent Branching
by Using BC, PaC and SePaC Methods

The concept of space-time dimension in general relativity and quantum theory is
brie
y discussed. It is noted that the dimension of a discrete space can be determined
based on the Hausdorff measure. A fractional dimension is a typical characteristic
of a fractal. The formation of hadrons in the interactions of particles and nuclei
at high energies is assumed to have fractal properties. The methods of fractal
analysis as Box Counting (BC), P-adic Coverage (PaC) and Systems of Equations
of P-adic Coverage (SePaC) methods, are used to determine the fractal dimension.
A comparative analysis of reconstruction of fractals with dependent branching is
performed by these methods. The optimal values of parameters of the methods
are determined. They allow us to ˇnd the fractal dimension, number of levels and
structure of the fractal with maximum efˇciency. It is noted that the SePaC method
has advantages to the BC and PaC methods for analysis of fractals with dependent
branching.

The investigation has been performed at the Veksler and Baldin Laboratory of
High Energy Physics, JINR.
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‚‚…„…�ˆ…

‚ μ¡Ð¥° É¥μ·¨¨ μÉ´μ¸¨É¥²Ó´μ¸É¨ ¶·μ¸É· ´¸É¢μ Ö¢²Ö¥É¸Ö Î¥ÉÒ·¥Ì³¥·´Ò³
¶¸¥¢¤μ·¨³ ´μ¢Ò³ ³´μ£μμ¡· §¨¥³, ¸É·Ê±ÉÊ·  ±μÉμ·μ£μ ¢ ³ ²μ° μ±·¥¸É´μ¸É¨
± ¦¤μ° ÉμÎ±¨ μ¡² ¤ ¥É ¸¢μ°¸É¢ ³¨ ¥¢±²¨¤μ¢μ£μ ¶·μ¸É· ´¸É¢ . ‚ μ¡Ð¥³ ¸²Ê-
Î ¥ ²Õ¡μ¥ ¶·μ¸É· ´¸É¢μ Ì · ±É¥·¨§Ê¥É¸Ö ³¥É·¨Î¥¸±¨³¨ ¨ Éμ¶μ²μ£¨Î¥¸±¨³¨
¸¢μ°¸É¢ ³¨. Œ¥É·¨Î¥¸±¨¥ ¸¢μ°¸É¢  ¸¢Ö§ ´Ò ¸ ¶μ´ÖÉ¨¥³ · ¸¸ÉμÖ´¨Ö, μ¶¨¸Ò¢ -
¥³μ£μ ³¥É·¨±μ°. Š ´¨³ μÉ´μ¸ÖÉ¸Ö, ´ ¶·¨³¥·, ±·¨¢¨§´ , ±·ÊÎ¥´¨¥, ¨§μÉ·μ¶-
´μ¸ÉÓ ¨ μ¤´μ·μ¤´μ¸ÉÓ ¶·μ¸É· ´¸É¢ . ’μ¶μ²μ£¨Î¥¸±¨¥ ¸¢μ°¸É¢  μ¶¨¸Ò¢ ÕÉ¸Ö
¢¥²¨Î¨´ ³¨, ¸μÌ· ´ÖÕÐ¨³¨¸Ö ¶·¨ ´¥¶·¥·Ò¢´ÒÌ ¤¥Ëμ·³ Í¨ÖÌ, É ±¨³¨ ± ±
· §³¥·´μ¸ÉÓ ¨ ¸¢Ö§´μ¸ÉÓ ¶·μ¸É· ´¸É¢ , Î¨¸²  	¥ÉÉ¨, Ô°²¥·μ¢  Ì · ±É¥·¨¸É¨± .
� §³¥·´μ¸ÉÓ Ö¢²Ö¥É¸Ö ´¥ Éμ²Ó±μ ³ É¥³ É¨Î¥¸±¨³, ´μ ¨ Ë¨§¨Î¥¸±¨³ ¶μ´ÖÉ¨¥³.
�´  μ¡² ¤ ¥É μ¶·¥¤¥²¥´´Ò³ Ô³¶¨·¨Î¥¸±¨³ ¸É ÉÊ¸μ³ ¨ μÉ· ¦ ¥É ¸¢Ö§Ó ¸ ¨§-
³¥·Ö¥³Ò³¨ ¢¥²¨Î¨´ ³¨, ËÊ´¤ ³¥´É ²Ó´Ò³¨ Ë¨§¨Î¥¸±¨³¨ ±μ´¸É ´É ³¨, § ±μ-
´ ³¨ ¸μÌ· ´¥´¨Ö ¨ ³¥É·¨Î¥¸±μ° ¸É·Ê±ÉÊ·μ° ¶·μ¸É· ´¸É¢ -¢·¥³¥´¨.

� §¢¨É¨¥ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¢´¥¸²μ ¨§³¥´¥´¨Ö ¢ ¶·¥¤¸É ¢²¥´¨¥ μ ¸¢μ°¸É¢ Ì
¶·μ¸É· ´¸É¢  ¨ ¥£μ · §³¥·´μ¸É¨. ˆ´ÉÊ¨É¨¢´μ¥ ¶μ´¨³ ´¨¥ ¸¢μ°¸É¢ ¥¢±²¨¤μ-
¢μ£μ ¶·μ¸É· ´¸É¢  ¢Ò· ¦ ¥É¸Ö ¢  ±¸¨μ³ Ì Ô²¥³¥´É ·´μ° £¥μ³¥É·¨¨, ¸Ëμ·³Ê-
²¨·μ¢ ´´ÒÌ ¢ · ¡μÉ¥ ƒ¨²Ó¡¥·É  [1]. �¸μ¡μ¥ §´ Î¥´¨¥ ¨³¥¥É  ±¸¨μ³  �·Ì¨-
³¥¤  ( ±¸¨μ³  ¨§³¥·¨³μ¸É¨). �´  · ¸¸³ É·¨¢ ¥É ¨§³¥·¥´¨¥ · ¸¸ÉμÖ´¨Ö ± ±
¸· ¢´¥´¨¥ ¤¢ÊÌ ³ ¸ÏÉ ¡μ¢, μ¤¨´ ¨§ ±μÉμ·ÒÌ ³μ¦¥É ¡ÒÉÓ ¸±μ²Ó Ê£μ¤´μ ³ -
²Ò³. ‚ ±¢ ´Éμ¢μ° É¥μ·¨¨ £· ¢¨É Í¨¨ ¸ÊÐ¥¸É¢Ê¥É ³¨´¨³ ²Ó´Ò° ³ ¸ÏÉ ¡ Å
¶² ´±μ¢¸± Ö ¤²¨´  [2]:

lPl ≡
√

�G

c3
, (1)

£¤¥ � Å ¶μ¸ÉμÖ´´ Ö �² ´± , c Å ¸±μ·μ¸ÉÓ ¸¢¥É  ¨ G Å £· ¢¨É Í¨μ´´ Ö ¶μ¸Éμ-
Ö´´ Ö. �´  ¨³¥¥É ¶μ·Ö¤μ± 10−35 ³. ‘ÊÐ¥¸É¢μ¢ ´¨¥ ÔÉμ£μ ³ ¸ÏÉ ¡  μ§´ Î ¥É
´¥¢μ§³μ¦´μ¸ÉÓ ¨§³¥·¥´¨Ö · ¸¸ÉμÖ´¨° ³¥´ÓÏ¥ ¶² ´±μ¢¸±¨Ì. � §¢¨É¨¥ ±¢ ´-
Éμ¢μ° Ë¨§¨±¨ ¶·¨¢¥²μ ± ¸μ³´¥´¨Õ ¢ ´¥¶·¥·Ò¢´μ¸É¨ ¸É·Ê±ÉÊ·Ò ¶·μ¸É· ´¸É¢ -
¢·¥³¥´¨, ¶μÖ¢²¥´¨Õ ´μ¢μ£μ ¶·¥¤¸É ¢²¥´¨Ö μ ´¥ ·Ì¨³¥¤μ¢μ¸É¨, ¤¨¸±·¥É´μ¸É¨
¶·μ¸É· ´¸É¢  ¨ § ¢¨¸¨³μ¸É¨ ¥£μ · §³¥·´μ¸É¨ μÉ ³ ¸ÏÉ ¡ . ‚. ‚² ¤¨³¨·μ¢ ¨
ˆ.‚μ²μ¢¨Î ¶·¥¤²μ¦¨²¨ ¨¸¶μ²Ó§μ¢ ÉÓ P- ¤¨Î¥¸±¨¥ Î¨¸²  ¤²Ö μ¶¨¸ ´¨Ö ´¥ ·-
Ì¨³¥¤μ¢ÒÌ ¶·μ¸É· ´¸É¢ ´  ³ ²ÒÌ ³ ¸ÏÉ ¡ Ì [3]. �·¨²μ¦¥´¨Ö³ P- ¤¨Î¥¸±¨Ì
Î¨¸¥² ¢ Ë¨§¨±¥ ¶μ¸¢ÖÐ¥´, ´ ¶·¨³¥·, μ¡§μ· [4].
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‚ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö ¸ÊÐ¥¸É¢Ê¥É ¶·μ¡²¥³  · ¸Ìμ¤¨³μ¸É¥°. �´  ·¥-
Ï ¥É¸Ö, ¢ Î ¸É´μ¸É¨, ¢¢¥¤¥´¨¥³ ¶·μÍ¥¤Ê·Ò · §³¥·´μ° ·¥£Ê²Ö·¨§ Í¨¨, ¨¸¶μ²Ó-
§ÊÕÐ¥° ´¥Í¥²μ¥ §´ Î¥´¨¥ · §³¥·´μ¸É¨ ¶·μ¸É· ´¸É¢ . �¤¨´ ¨§ ¸¶μ¸μ¡μ¢ ´ Ìμ-
¦¤¥´¨Ö ´¥Í¥²μÎ¨¸²¥´´μ° · §³¥·´μ¸É¨ ¤¨¸±·¥É´μ£μ ¶·μ¸É· ´¸É¢  μ¸´μ¢ ´ ´ 
³¥·¥ • Ê¸¤μ·Ë . �É  ³¥·  μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ ¢Ò· ¦¥´¨¥³:

Mδ = lim
ε→0

inf
K

N∑
i=1

lδi . (2)

‡¤¥¸Ó μ¶¥· Éμ· inf μ§´ Î ¥É ³¨´¨³ ²Ó´μ¥ ¨§ ¢¸¥Ì ¢μ§³μ¦´ÒÌ ¶μ±·ÒÉ¨° K
· ¸¸³ É·¨¢ ¥³μ£μ ³´μ¦¥¸É¢ , {li} Å ¤¨ ³¥É·Ò Ï ·μ¢ ¶μ±·ÒÉ¨Ö, ´¥ ¶·¥¢Ò-
Ï ÕÐ¨¥ §´ Î¥´¨¥ ε. � §³¥·´μ¸ÉÓ • Ê¸¤μ·Ë Ä	¥§¨±μ¢¨Î  DF μ¶·¥¤¥²Ö¥É¸Ö
± ± §´ Î¥´¨¥ δ, ¶·¨ ±μÉμ·μ³ ³¥·  Mδ ¨³¥¥É ±μ´¥Î´μ¥ §´ Î¥´¨¥ [5]. ‚¥²¨-
Î¨´  ε−1 ´ §Ò¢ ¥É¸Ö · §·¥Ï¥´¨¥³. �¡Ñ¥±ÉÒ, ¤²Ö ±μÉμ·ÒÌ ¢¥²¨Î¨´  DF ¶·¨-
´¨³ ¥É ´¥Í¥²μÎ¨¸²¥´´μ¥ §´ Î¥´¨¥, ¢ μÉ²¨Î¨¥ μÉ Éμ¶μ²μ£¨Î¥¸±μ° · §³¥·´μ-
¸É¨ DT ´ §Ò¢ ÕÉ¸Ö Ë· ±É ² ³¨. �É²¨Î¨É¥²Ó´μ° Î¥·Éμ° Ë· ±É ²μ¢ Ö¢²Ö¥É¸Ö
¨Ì ¸ ³μ¶μ¤μ¡¨¥ ´  · §´ÒÌ ³ ¸ÏÉ ¡ Ì.

‚ Ë¨§¨±¥ ¢Ò¸μ±¨Ì Ô´¥·£¨° ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ  ¤·μ´Ò, ·μ¦¤¥´´Ò¥ ¢μ
¢§ ¨³μ¤¥°¸É¢¨ÖÌ Î ¸É¨Í ¨ Ö¤¥·, ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ± ± ´ ¡μ·Ò ÉμÎ¥± ¢ É·¥Ì-
³¥·´μ³ Ë §μ¢μ³ ¶·μ¸É· ´¸É¢¥ (pT , η, φ). ‡¤¥¸Ó pT Å ¶μ¶¥·¥Î´Ò° ¨³¶Ê²Ó¸,
η Å ¶¸¥¢¤μ¡Ò¸É·μÉ  ¨ φ Å  §¨³ÊÉ ²Ó´Ò° Ê£μ² Î ¸É¨ÍÒ. � ¸¶·¥¤¥²¥´¨¥ ÉμÎ¥±
§ ¢¨¸¨É μÉ ³¥Ì ´¨§³  μ¡· §μ¢ ´¨Ö Î ¸É¨Í, ´¥ Ö¢²Ö¥É¸Ö μ¤´μ·μ¤´Ò³ ¨ ³μ¦¥É
· ¸¸³ É·¨¢ ÉÓ¸Ö ± ± Ë· ±É ². �μÔÉμ³Ê Ë· ±É ²Ó´ Ö · §³¥·´μ¸ÉÓ Ì · ±É¥·¨-
§Ê¥É ¤¨´ ³¨Î¥¸±¨¥ ¸¢μ°¸É¢  ¶·μÍ¥¸¸  μ¡· §μ¢ ´¨Ö Î ¸É¨Í.

„²Ö μ¶·¥¤¥²¥´¨Ö Ë· ±É ²Ó´ÒÌ · §³¥·´μ¸É¥° ³´μ¦¥¸É¢ ¨ ¶·μÍ¥¸¸μ¢
¢ ²¨É¥· ÉÊ·¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö ´¥¸±μ²Ó±μ ¡ §μ¢ÒÌ ³¥Éμ¤μ¢: ¶μ¤¸Î¥É  ±²¥Éμ±
(BC) [6Ä8], ·¥£Ê²Ö·¨§ Í¨¨ [9], R/S ´μ·³¨·μ¢ ´´μ£μ · §³ Ì  [10], ³ ±¸¨-
³Ê³μ¢ ³μ¤Ê²¥° ¢¥°¢²¥É-¶·¥μ¡· §μ¢ ´¨Ö [11]. ‚ · ¡μÉ Ì [12, 13] ¶·¥¤²μ¦¥´Ò
´μ¢Ò¥ ³¥Éμ¤Ò Ë· ±É ²Ó´μ£μ  ´ ²¨§ : ³¥Éμ¤ P- ¤¨Î¥¸±¨¥ ¶μ±·ÒÉ¨° (PaC) ¨
³¥Éμ¤ ¸¨¸É¥³ Ê· ¢´¥´¨° P- ¤¨Î¥¸±¨Ì ¶μ±·ÒÉ¨° (SePaC). �É³¥É¨³, ÎÉμ ¢ · ¸-
¸³ É·¨¢ ¥³ÒÌ ³¥Éμ¤ Ì ¨¸¶μ²Ó§ÊÕÉ¸Ö ¶μ±·ÒÉ¨Ö ¸ μ¸´μ¢ ´¨¥³ P , ±μÉμ·μ¥ ³μ-
¦¥É ¡ÒÉÓ ± ± ¶·μ¸ÉÒ³, É ± ¨ ¸μ¸É ¢´Ò³ Î¨¸²μ³. ’ ±μ° ¶μ¤Ìμ¤ ¡μ²¥¥ μ¶· ¢-
¤ ´ ¸  ²£μ·¨É³¨Î¥¸±μ° ÉμÎ±¨ §·¥´¨Ö. � ¨¸¶μ²Ó§μ¢ ´¨¥ ¢ ± Î¥¸É¢¥ μ¸´μ¢ ´¨°
Éμ²Ó±μ ¶·μ¸ÉÒÌ Î¨¸¥² Ö¢²Ö¥É¸Ö Î ¸É´Ò³ ¸²ÊÎ ¥³ ¤ ´´ÒÌ ³¥Éμ¤μ¢. �·¥¤²μ¦¥´-
´Ò¥ ³¥Éμ¤Ò ¶μ§¢μ²ÖÕÉ μ¶·¥¤¥²¨ÉÓ ´¥ Éμ²Ó±μ Ë· ±É ²Ó´ÊÕ · §³¥·´μ¸ÉÓ DF ,
´μ É ±¦¥ ±μ²¨Î¥¸É¢μ Ê·μ¢´¥° Nlev ¨ ¸É·Ê±ÉÊ·Ê Ë· ±É ²μ¢.

‚ ¤ ´´μ° · ¡μÉ¥ ¶·μ¢¥¤¥´ ¸· ¢´¨É¥²Ó´Ò°  ´ ²¨§ Ë· ±É ²μ¢ ¸ § ¢¨¸¨³Ò³
¤¥²¥´¨¥³ Î ¸É¥° BC-, PaC- ¨ SePaC-³¥Éμ¤ ³¨. ‚ · §¤. 1 ¶·¥¤¸É ¢²¥´ ¸Í¥´ -
·¨° ¶ ·Éμ´´μ£μ ²¨¢´Ö ¸ ¶μ¸²¥¤ÊÕÐ¥°  ¤·μ´¨§ Í¨¥°, ¶·¨¢μ¤ÖÐ¨° ± μ¡· §μ-
¢ ´¨Õ Ë· ±É ² . ‚ · §¤. 2 ¤ ´μ μ¶¨¸ ´¨¥ ÔÉ¨Ì ³¥Éμ¤μ¢. �·μÍ¥¤Ê·  ¢Ò¡μ· 
μ¶É¨³ ²Ó´ÒÌ §´ Î¥´¨° ¶ · ³¥É·μ¢ ³¥Éμ¤μ¢ ¶·¨¢¥¤¥´  ¢ · §¤. 3. �´¨ ¶μ§¢μ-
²ÖÕÉ ¢μ¸¸É ´μ¢¨ÉÓ Ë· ±É ²Ó´ÊÕ · §³¥·´μ¸ÉÓ DF , ±μ²¨Î¥¸É¢μ Ê·μ¢´¥° Nlev
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¨ ¸É·Ê±ÉÊ·Ê Ë· ±É ²  ¸ ³ ±¸¨³ ²Ó´μ° ÔËË¥±É¨¢´μ¸ÉÓÕ. ‚ · §¤. 4 μ¡¸Ê¦¤ -
ÕÉ¸Ö ·¥§Ê²ÓÉ ÉÒ ¸· ¢´¨É¥²Ó´μ£μ  ´ ²¨§  ¨¸¶μ²Ó§Ê¥³ÒÌ ³¥Éμ¤μ¢ ´  ¶·¨³¥·¥
Ë· ±É ²μ¢ ¸ § ¢¨¸¨³Ò³ ¤¥²¥´¨¥³ Î ¸É¥°. �¸´μ¢´Ò¥ ¢Ò¢μ¤Ò ¸Ëμ·³Ê²¨·μ¢ ´Ò
¢ § ±²ÕÎ¥´¨¨.

1. ���’���›… ‹ˆ‚�ˆ
ˆ ���–…‘‘ �„���ˆ‡�–ˆˆ Š�Š ”��Š’�‹›

„²Ö  ´ ²¨§  ¢§ ¨³μ¤¥°¸É¢¨Ö  ¤·μ´μ¢ ¨ Ö¤¥· ¢Ò¸μ±¨Ì Ô´¥·£¨° Ï¨·μ±μ
¨¸¶μ²Ó§ÊÕÉ¸Ö · §²¨Î´Ò¥ ³μ´É¥-± ·²μ-£¥´¥· Éμ·Ò ¸μ¡ÒÉ¨° [14Ä19]. �¸É -
´μ¢¨³¸Ö ¢±· ÉÍ¥ ´  μ¸μ¡¥´´μ¸ÉÖÌ ±¨´¥³ É¨±¨ · §¢¨É¨Ö ¶ ·Éμ´´μ£μ ²¨¢´Ö.
‚ ¶·μÍ¥¸¸¥ · §¢¨É¨Ö ²¨¢´Ö ·μ¤¨É¥²Ó¸±¨° ¶ ·Éμ´ a ¸ Ô´¥·£¨¥° E ¨§²ÊÎ ¥É ¤¢ 
¤μÎ¥·´¨Ì ¶ ·Éμ´  b ¨ c, ±μÉμ·Ò¥ ´¥¸ÊÉ ¤μ²¨ Ô´¥·£¨¨ z ¨ 1 − z. ’ ±μ° ³¥Ì -
´¨§³ · ¸Ð¥¶²¥´¨Ö ¶μ¢Éμ·Ö¥É¸Ö ¤²Ö ¢¸¥Ì ¤μÎ¥·´¨Ì ¶ ·Éμ´μ¢. “£²Ò · ¸Ð¥¶²¥-
´¨Ö ¶ ·Éμ´μ¢ μ£· ´¨Î¥´´Ò (Θ− < Θ < Θ+) ¨ Ê¶μ·Ö¤μÎ¥´´Ò: Θb, Θc < Θa.

„ ²¥¥ ¶·¥¤¸É ¢²¥´ ¸Í¥´ ·¨° · §¢¨É¨Ö ¶ ·Éμ´´μ£μ ²¨¢´Ö ¨ ¶·μÍ¥¸¸   ¤·μ-
´¨§ Í¨¨, ¶·¨¢μ¤ÖÐ¨° ± μ¡· §μ¢ ´¨Õ Ë· ±É ² . �  ·¨¸. 1 ¶·¨¢¥¤¥´Ò ¶¥·¢Ò¥
É·¨ Ê·μ¢´Ö Ë· ±É ² . „¨ ¶ §μ´ Ê£²μ¢ ¨§²ÊÎ¥´¨Ö (Θ+, Θ−) μ¶·¥¤¥²Ö¥É ¤μ¶Ê-
¸É¨³Ò¥ Î ¸É¨ ¶¸¥¢¤μ¡Ò¸É·μÉ´μ£μ ¶·μ¸É· ´¸É¢  {η} ¤²Ö ¤μÎ¥·´¨Ì ¶ ·Éμ´μ¢
(η = −0,5 ln (tg (Θ/2))). �·μ¸É· ´¸É¢μ ¨§²ÊÎ¥´¨Ö ¤²Ö ·μ¤¨É¥²Ó¸±μ£μ ¶ ·Éμ´ 
Ê¸²μ¢´μ ¤¥²¨É¸Ö ´  ¶ÖÉÓ Î ¸É¥°. „²Ö ¤μÎ¥·´¨Ì ¶ ·Éμ´μ¢ ¤μ¶Ê¸É¨³Ò¥ ¤¨ -
¶ §μ´Ò ¶¸¥¢¤μ¡Ò¸É·μÉ ¸μ¸ÉμÖÉ ¨§ μ¤´μ° (¶¥·¢μ°) ¨ ¤¢ÊÌ Î ¸É¥° (Î¥É¢¥·Éμ°,
¶ÖÉμ°). �  ± ¦¤μ³ ¶μ¸²¥¤ÊÕÐ¥³ Ï £¥ · §¢¨É¨Ö ²¨¢´Ö ¶·μÍ¥¸¸ ¨§²ÊÎ¥´¨Ö
¶μ¢Éμ·Ö¥É¸Ö, ¸μÌ· ´ÖÖ ¸É·Ê±ÉÊ·Ê § ¶μ²´¥´¨Ö η-¶·μ¸É· ´¸É¢ . „¨ ¶ §μ´, ¸μ-
¸ÉμÖÐ¨° ¨§ ¤¢ÊÌ Î ¸É¥°, · ¸¸³ É·¨¢ ¥É¸Ö ± ± ¥¤¨´Ò° μ¡Ñ¥±É, É. ¥. ¶·μ¨¸Ìμ¤¨É

�¨¸. 1. ‡ ¢¨¸¨³μ¸ÉÓ ¤μ¶Ê¸É¨³ÒÌ ¤¨ ¶ §μ´μ¢ η-¶·μ¸É· ´¸É¢  μÉ Ê·μ¢´Ö Ë· ±É ² 
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§ ¢¨¸¨³μ¥ ¤¥²¥´¨¥ Î ¸É¥°. �·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ¶·μÍ¥¸¸  ¤·μ´¨§ Í¨¨ ¸μÌ· -
´Ö¥É ¸É·Ê±ÉÊ·Ê ¶ ·Éμ´´μ£μ ²¨¢´Ö. �·μÍ¥¸¸ Ëμ·³¨·μ¢ ´¨Ö É ±μ£μ Ë· ±É ² 
¡Ê¤¥³ ´ §Ò¢ ÉÓ ·¥£Ê²Ö·´Ò³ ¸ § ¢¨¸¨³Ò³ ¤¥²¥´¨¥³. ”μ·³¨·μ¢ ´¨¥ Ë· ±É ² 
¶·μ¨¸Ìμ¤¨²μ ¶μ P- ¤¨Î¥¸±μ³Ê § ±μ´Ê, É. ¥. ´  ± ¦¤μ³ Ê·μ¢´¥ ¶·μ¸É· ´¸É¢μ
¤¥²¨²μ¸Ó ´  M Î ¸É¥°, ±μ²¨Î¥¸É¢μ ±μÉμ·ÒÌ ´  · §´ÒÌ ³ ¸ÏÉ ¡ Ì ¨§³¥´Ö¥É¸Ö
¶μ ¸É¥¶¥´´μ³Ê § ±μ´Ê ¸ μ¸´μ¢ ´¨¥³ P : M = Pn, £¤¥ n = 0, 1, 2 . . . „²Ö
Ë· ±É ² , ¶μ± § ´´μ£μ ´  ·¨¸. 1, μ¸´μ¢ ´¨¥ P = 5.

� ¶μ³´¨³, ÎÉμ Ë· ±É ²Ó´ Ö · §³¥·´μ¸ÉÓ Å ÔÉμ ¢¥²¨Î¨´  DF , ¶·¨ ±μ-
Éμ·μ° ³¥·  (2) ±μ´¥Î´ . „²Ö Ë· ±É ²μ¢, · ¸¸³ É·¨¢ ¥³ÒÌ ¢ ¤ ´´μ° · ¡μÉ¥,
DF Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö

N1
r∑

i=1

dDF

i = 1. (3)

‡¤¥¸Ó N1
r Å ±μ²¨Î¥¸É¢μ ¶·μ¡´¨±μ¢ (¤μ¶Ê¸É¨³ÒÌ ¤¨ ¶ §μ´μ¢) ¶¥·¢μ£μ Ê·μ¢´Ö,

di Å · §³¥·Ò ¶·μ¡´¨±μ¢ (¤²¨´Ò ¤μ¶Ê¸É¨³ÒÌ ¤¨ ¶ §μ´μ¢), ¶μ±·Ò¢ ÕÐ¨Ì
Ë· ±É ² ´  ¶¥·¢μ³ Ê·μ¢´¥. „²Ö Ë· ±É ² , ¶μ± § ´´μ£μ ´  ·¨¸. 1, Ê· ¢´¥-
´¨¥ (3) ¨³¥¥É ¢¨¤

(1/5)DF + (2/5)DF = 1. (4)

…£μ ·¥Ï¥´¨¥ DF ≈ 0,5639 . . .
— ¸Éμ · §³¥·´μ¸ÉÓ Ë· ±É ²  Ì · ±É¥·¨§ÊÕÉ ±²¥ÉμÎ´μ° · §³¥·´μ¸ÉÓÕ Db,

μ¶·¥¤¥²Ö¥³μ° ¶μ Ëμ·³Ê²¥

Db = − lim
δ→0

ln N(δ)
ln δ

. (5)

‡¤¥¸Ó N(δ) Å ±μ²¨Î¥¸É¢μ ¶·μ¡´¨±μ¢ · §³¥·μ³ δ, ¶μ±·Ò¢ ÕÐ¨Ì μ¡Ñ¥±É. ˆ§-
¢¥¸É´μ, ÎÉμ ±²¥ÉμÎ´ Ö · §³¥·´μ¸ÉÓ ´¥ ¢¸¥£¤  ¸μ¢¶ ¤ ¥É ¸ Ë· ±É ²Ó´μ°. ‚ ¤ ´-
´μ³ ¸²ÊÎ ¥ DF ≈ 0,5639 . . .,   Db ≈ 0,6826. ‚ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥ ¶·¨¢¥¤¥´Ò
μ¶¨¸ ´¨Ö ³¥Éμ¤μ¢, μ¸´μ¢ ´´ÒÌ ´  · §´ÒÌ μ¶·¥¤¥²¥´¨ÖÌ · §³¥·´μ¸É¨.

2. BC-, PaC- ¨ SePaC-Œ…’�„› ”��Š’�‹œ��ƒ� ���‹ˆ‡�

�¸É ´μ¢¨³¸Ö ±· É±μ ´  ³¥Éμ¤ Ì, ¨¸¶μ²Ó§Ê¥³ÒÌ ¢ ¤ ´´μ° · ¡μÉ¥. Œ¥-
Éμ¤ ¶μ¸Î¥É  ±²¥Éμ± (BC) [7] Ö¢²Ö¥É¸Ö μ¤´¨³ ¨§ Ï¨·μ±μ ¨¸¶μ²Ó§Ê¥³ÒÌ ¤²Ö
μ¶·¥¤¥²¥´¨Ö Ë· ±É ²Ó´μ° · §³¥·´μ¸É¨. ‚ · ¡μÉ Ì [12] ¨ [13] ¶·¥¤²μ¦¥´Ò
³¥Éμ¤Ò P- ¤¨Î¥¸±¨Ì ¶μ±·ÒÉ¨° (PaC) ¨ ¸¨¸É¥³ Ê· ¢´¥´¨° P- ¤¨Î¥¸±¨Ì ¶μ±·Ò-
É¨° (SePaC). ‚ ¤ ´´μ° · ¡μÉ¥ ¶·μ¢μ¤¨É¸Ö ¸· ¢´¥´¨¥ ÔÉ¨Ì ³¥Éμ¤μ¢ ¸ Í¥²ÓÕ
μ¶·¥¤¥²¥´¨Ö ´ ¨²ÊÎÏ¥° ÔËË¥±É¨¢´μ¸É¨ ¢μ¸¸É ´μ¢²¥´¨Ö Ë· ±É ²Ó´μ° · §³¥·-
´μ¸É¨, ±μ²¨Î¥¸É¢  Ê·μ¢´¥° ¨ μ¸´μ¢ ´¨Ö ¢ P- ¤¨Î¥¸±μ³ Ëμ·³¨·μ¢ ´¨¨ Ë· ±-
É ² . ‚  ´ ²¨§¥ ¨¸¶μ²Ó§Ê¥É¸Ö ´ ¡μ· 437 É¥¸Éμ¢ÒÌ Ë· ±É ²μ¢, ¶μ²ÊÎ¥´´ÒÌ
§ ¢¨¸¨³Ò³ ¤¥²¥´¨¥³. ˆÌ ±μ²¨Î¥¸É¢μ μ¶·¥¤¥²Ö¥É¸Ö Î¨¸²μ³ ¢¸¥Ì ¢μ§³μ¦´ÒÌ
· §´μ¢¨¤´μ¸É¥° Ë· ±É ²μ¢ ¶μ μ¸´μ¢ ´¨Õ P = 4−8.

4



2.1. Œ¥Éμ¤Ò ¶μ¤¸Î¥É  ±²¥Éμ± ¨ P- ¤¨Î¥¸±¨Ì ¶μ±·ÒÉ¨°. ‚ BC- ¨ PaC-
³¥Éμ¤ Ì Ë· ±É ²Ó´ Ö · §³¥·´μ¸ÉÓ DF μ¶·¥¤¥²Ö¥É¸Ö ± ± ¶ · ³¥É· ´ ±²μ´  § -
¢¨¸¨³μ¸É¨ N ∼ MDF ¢ ¤¢ ¦¤Ò ²μ£ ·¨Ë³¨Î¥¸±μ³ ³ ¸ÏÉ ¡¥. ‡¤¥¸Ó M ¨ N Å
±μ²¨Î¥¸É¢μ ¡¨´μ¢ ¨ ´¥´Ê²¥¢ÒÌ ¡¨´μ¢ ¢ ´ ¡μ·¥ · ¸¶·¥¤¥²¥´¨° ¨¸¸²¥¤Ê¥³μ° ¢¥-
²¨Î¨´Ò. ‚ · ¸¶·¥¤¥²¥´¨ÖÌ ´ ¡μ·  ±μ²¨Î¥¸É¢μ ¡¨´μ¢ {Mi} ¨§³¥´Ö¥É¸Ö ¶μ ¸É¥-
¶¥´´μ³Ê § ±μ´Ê (Mi = (P )i, i = 0, 1, 2 . . .), É. ¥. ´ ¡μ· Ö¢²Ö¥É¸Ö P- ¤¨Î¥¸±¨³
¶μ±·ÒÉ¨¥³. ‚ BC-³¥Éμ¤¥, ± ± ¶· ¢¨²μ, ¨¸¶μ²Ó§Ê¥É¸Ö ¶μ±·ÒÉ¨¥ ¸ μ¸´μ¢ ´¨¥³
P = 2,   ¢ PaC-³¥Éμ¤¥ Å · §²¨Î´Ò¥ ¶μ±·ÒÉ¨Ö ¸ P = 2, . . .Pmax. ‚ ¸²Ê-
Î ¥, ±μ£¤  χ2 ²¨´¥°´μ°  ¶¶·μ±¸¨³ Í¨¨ § ¢¨¸¨³μ¸É¨ ln N μÉ ln M ³¥´ÓÏ¥
§ ¤ ´´μ£μ §´ Î¥´¨Ö ¶ · ³¥É·  χ2

lim, Éμ ´ ¡μ· · ¸¸³ É·¨¢ ¥³ÒÌ Î ¸É¨Í ¸Î¨É -
¥É¸Ö Ë· ±É ²μ³ c μ¸´μ¢ ´¨¥³ P ¨ · §³¥·´μ¸ÉÓÕ DF . Šμ²¨Î¥¸É¢μ Ê·μ¢´¥°
Ë· ±É ²  μ¶·¥¤¥²Ö¥É¸Ö ¶μ Ê¸²μ¢¨Õ ´ ¸ÒÐ¥´¨Ö N(lev, P ) = N(lev + 1, P ).
�É³¥É¨³, ÎÉμ BC-³¥Éμ¤ ¨³¥¥É μ¤¨´ ¸¢μ¡μ¤´Ò° ¶ · ³¥É· χ2

lim,   PaC Å ¤¢ 
¶ · ³¥É· : §´ Î¥´¨¥ μ¸´μ¢ ´¨Ö ³ ±¸¨³ ²Ó´μ£μ P- ¤¨Î¥¸±μ£μ ¶μ±·ÒÉ¨Ö Pmax

¨ χ2
lim. „¥É ²Ó´μ¥ μ¶¨¸ ´¨¥ ³¥Éμ¤μ¢ ¶·¨¢¥¤¥´μ ¢ [12].

2.2. Œ¥Éμ¤ ¸¨¸É¥³ Ê· ¢´¥´¨° P- ¤¨Î¥¸±¨Ì ¶μ±·ÒÉ¨°. Œ¥Éμ¤ ¸¨¸É¥³
Ê· ¢´¥´¨° P- ¤¨Î¥¸±¨Ì ¶μ±·ÒÉ¨° (SePaC) μ¸´μ¢ ´ ´  μ¶·¥¤¥²¥´¨¨ Ë· ±É ²Ó-
´μ° · §³¥·´μ¸É¨ DF , ¶μ²ÊÎ ¥³μ° ·¥Ï¥´¨¥³ ¸¨¸É¥³ Ê· ¢´¥´¨° ¤²Ö ± ¦¤μ£μ
Ê·μ¢´Ö. �´ ¢±²ÕÎ ¥É · ¸¸³μÉ·¥´¨¥ · §²¨Î´ÒÌ P- ¤¨Î¥¸±¨Ì ¶μ±·ÒÉ¨° ³´μ-
¦¥¸É¢  ¸ μ¸´μ¢ ´¨¥³ P = 3, . . .Pmax, ¨¸¸²¥¤μ¢ ´¨¥ £¨¶μÉ¥§ Ëμ·³¨·μ¢ ´¨Ö
Ë· ±É ²μ¢ (¸ § ¢¨¸¨³Ò³ ¨ ´¥§ ¢¨¸¨³Ò³ ¤¥²¥´¨¥³ Î ¸É¥°) ¨ ´ Ìμ¦¤¥´¨¥ ·¥-
Ï¥´¨Ö Dlev

F ¸¨¸É¥³Ò Ê· ¢´¥´¨°

Ndlev∑
i=1

(di lev)Dlev
F = 1. (6)

‡¤¥¸Ó Ndlev ¨ di lev Å ±μ²¨Î¥¸É¢μ ¨ ¤²¨´  ¤μ¶Ê¸É¨³ÒÌ ¤¨ ¶ §μ´μ¢ ¤²Ö ± -
¦¤μ£μ Ê·μ¢´Ö ¸μμÉ¢¥É¸É¢¥´´μ. ‚ ¸²ÊÎ ¥, ±μ£¤  μÉ±²μ´¥´¨Ö μÉ ¸·¥¤´¥£μ §´ Î¥-
´¨Ö 〈Dlev

F 〉 ¤²Ö ± ¦¤μ£μ Ê·μ¢´Ö ³¥´ÓÏ¥ § ¤ ´´μ£μ §´ Î¥´¨Ö ¶ · ³¥É·  Dev,
´ ¡μ· · ¸¸³ É·¨¢ ¥³ÒÌ Î ¸É¨Í ¸Î¨É ¥É¸Ö Ë· ±É ²μ³ ¸ μ¸´μ¢ ´¨¥³ P ¨ · §-
³¥·´μ¸ÉÓÕ DF . Šμ²¨Î¥¸É¢μ Ê·μ¢´¥° Ë· ±É ²  μ¶·¥¤¥²Ö¥É¸Ö Ê¸²μ¢¨¥³ ´ ¸Ò-
Ð¥´¨Ö N(lev, P ) = N(lev+1, P ). SePaC-³¥Éμ¤ ¨³¥¥É ¤¢  ¶ · ³¥É· : §´ Î¥´¨¥
μ¸´μ¢ ´¨¥ ³ ±¸¨³ ²Ó´μ£μ P- ¤¨Î¥¸±μ£μ ¶μ±·ÒÉ¨Ö Pmax ¨ ¶·¥¤¥²Ó´μ¥ μÉ±²μ-
´¥´¨¥ μÉ ¸·¥¤´¥£μ Dev. �μ¤·μ¡´μ¥ μ¶¨¸ ´¨¥ ³¥Éμ¤  ¶·¨¢¥¤¥´μ ¢ · ¡μÉ¥ [13].

3. ��ˆ‘Š ��’ˆŒ�‹œ�›• ‡��—…�ˆ‰
����Œ…’��‚ χ2

lim, Pmax, Dev

Š ¦¤Ò° ¨§ ³¥Éμ¤μ¢ BC, PaC ¨ SePaC ¨³¥¥É ¸¢μ¨ ¶ · ³¥É·Ò. �¶É¨³ ²Ó-
´μ¥ §´ Î¥´¨¥ ¶ · ³¥É·μ¢ χ2

lim, Pmax, Dev ¶μ§¢μ²Ö¥É μ¶·¥¤¥²¨ÉÓ Ë· ±É ²Ó´ÊÕ
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· §³¥·´μ¸ÉÓ, ±μ²¨Î¥¸É¢μ Ê·μ¢´¥° ¨ μ¸´μ¢ ´¨¥ ¸ ³ ±¸¨³ ²Ó´μ° ÔËË¥±É¨¢´μ-
¸ÉÓÕ. �ËË¥±É¨¢´μ¸ÉÓ ´ Ìμ¦¤¥´¨Ö ¢¥²¨Î¨´Ò V μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

EfV = 1 − |ErV |, ¥¸²¨ |ErV | � 1, EfV = 0, ¥¸²¨ |ErV | > 1. (7)

‡¤¥¸Ó ErV Å μÏ¨¡±  ¢μ¸¸É ´μ¢²¥´¨Ö ¢¥²¨Î¨´Ò V = DF , Nlev, P :

ErV = (V − Vtest)/Vtest. (8)

‡¤¥¸Ó Vtest Å ¨¸É¨´´μ¥ §´ Î¥´¨¥ ¢¥²¨Î¨´Ò V . �μ²´ Ö ÔËË¥±É¨¢´μ¸ÉÓ ¢Ò· -
¦ ¥É¸Ö Î¥·¥§ ÔËË¥±É¨¢´μ¸É¨ ¢μ¸¸É ´μ¢²¥´¨Ö Ë· ±É ²Ó´μ° · §³¥·´μ¸É¨, ±μ-
²¨Î¥¸É¢  Ê·μ¢´¥° ¨ μ¸´μ¢ ´¨Ö ¸²¥¤ÊÕÐ¥° Ëμ·³Ê²μ°:

Eftot = EfDF · EfNlev · EfP . (9)

3.1. �·μÍ¥¤Ê·  ¶μ¨¸±  ¶ · ³¥É·  Pmax ¤²Ö PaC- ¨ SePaC-³¥Éμ¤μ¢. ‡´ -
Î¥´¨¥ ¶ · ³¥É·  Pmax μ¶·¥¤¥²Ö¥É ±μ²¨Î¥¸É¢μ · ¸¸³ É·¨¢ ¥³ÒÌ P- ¤¨Î¥¸±¨Ì
¶μ±·ÒÉ¨°. �·μÍ¥¤Ê·  ¶μ¨¸±  ÔÉμ£μ ¶ · ³¥É·  ¤²Ö PaC- ¨ SePaC-³¥Éμ¤μ¢ ¤¥-
É ²Ó´μ μ¶¨¸ ´  ¢ · ¡μÉ¥ [20]. �É³¥É¨³, ÎÉμ §´ Î¥´¨¥ ¶ · ³¥É·  Pmax Ê¸É ´ -
¢²¨¢ ¥É¸Ö ¶·¨  ´ ²¨§¥ ËÊ´±Í¨¨ ΔDext(Pmax) ¤²Ö · §²¨Î´ÒÌ §´ Î¥´¨° Pmax

¨ ¢¸¥Ì §´ Î¥´¨° χ2
lim ¨ Dev ¤²Ö PaC- ¨ SePaC-³¥Éμ¤μ¢:

ΔDext = ΔDDF + ΔDNlev + ΔDP . (10)

‡¤¥¸Ó ΔDDF , ΔDNlev ¨ ΔDP Å · §´μ¸ÉÓ · ¸¶·¥¤¥²¥´¨° ¶μ ¢¥²¨Î¨´ ³ DF ,
Nlev ¨ DP ¸μμÉ¢¥É¸É¢¥´´μ.

„ ²¥¥ ¶·¨¢¥¤¥´μ μ¶¨¸ ´¨¥ ¶·μÍ¥¤Ê·Ò ¶μ¨¸±  ¶ · ³¥É·  Pmax. ‡ ¢¨¸¨-
³μ¸ÉÓ ËÊ´±Í¨¨ ΔDext μÉ Pmax ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 2,   ¤²Ö PaC- ¨ ´  ·¨¸. 2, ¡
¤²Ö SePaC-³¥Éμ¤μ¢. ‚Ò¡μ· μ¶É¨³ ²Ó´μ£μ §´ Î¥´¨Ö Pmax ¶·μ¢μ¤¨²¸Ö ¢ ¤¨ ¶ -
§μ´¥ §´ Î¥´¨° Pmax = 3−23. „²Ö PaC-³¥Éμ¤  §´ Î¥´¨¥ χ2

lim ¨§³¥´Ö²μ¸Ó ¢ ¤¨ -
¶ §μ´¥ 10−13−2,5. ‡´ Î¥´¨¥ Dev ¤²Ö SePaC-³¥Éμ¤  ¢ ·Ó¨·μ¢ ²μ¸Ó μÉ 10−6

�¨¸. 2. ‡ ¢¨¸¨³μ¸ÉÓ ËÊ´±Í¨¨ ΔDext μÉ ¶ · ³¥É·  Pmax ¤²Ö ³¥Éμ¤μ¢ PaC ( ) ¨
SePaC (¡)
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¤μ 0,9. Š ± ¢¨¤´μ ¨§ ·¨¸. 2, a, § ¢¨¸¨³μ¸ÉÓ ΔDext(Pmax) ¤²Ö PaC-³¥Éμ¤ 
¨³¥¥É ¶² Éμ ¶·¨ Pmax = 10−18. ‡´ Î¥´¨¥ ΔDext ≈ 0,045 ´  ¶² Éμ Ê± §Ò¢ ¥É
´  ´¥§´ Î¨É¥²Ó´μ¥ ¨§³¥´¥´¨¥ Ëμ·³Ò ¢¸¥Ì · ¸¶·¥¤¥²¥´¨°. „²Ö SePaC-³¥Éμ¤ 
§ ¢¨¸¨³μ¸ÉÓ ΔDext(Pmax) (·¨¸. 2, ¡) É ±¦¥ ¨³¥¥É ¶² Éμ ¶·¨ Pmax = 8−18.
�¥¨§³¥´´μ¸ÉÓ Ëμ·³Ò · ¸¶·¥¤¥²¥´¨° ¸μμÉ¢¥É¸É¢Ê¥É §´ Î¥´¨Õ ΔDext = 0 ´ 
¶² Éμ. �É³¥É¨³, ÎÉμ Pmax = 8 (´ Î ²μ ¶² Éμ) Ö¢²Ö¥É¸Ö ³ ±¸¨³ ²Ó´Ò³ §´ Î¥-
´¨¥³ μ¸´μ¢ ´¨Ö P- ¤¨Î¥¸±μ£μ ¶μ±·ÒÉ¨Ö  ´ ²¨§¨·Ê¥³μ£μ ´ ¡μ·  ¤ ´´ÒÌ.

ŒÒ Ê¸É ´μ¢¨²¨, ÎÉμ ¶ · ³¥É· Pmax ¤²Ö PaC- ¨ SePaC-³¥Éμ¤μ¢ μ¶·¥¤¥²Ö-
¥É¸Ö ³¨´¨³ ²Ó´Ò³ §´ Î¥´¨¥³, ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ ´ Î ²Ê ¶² Éμ ¢ § ¢¨¸¨³μ¸É¨
ËÊ´±Í¨¨ ΔDext μÉ ¢¥²¨Î¨´Ò Pmax. „²Ö Ë· ±É ²μ¢ ¸ ´¥§ ¢¨¸¨³Ò³ ¤¥²¥-
´¨¥³ ¢Ò¡μ· ¶ · ³¥É·  Pmax É ±¦¥ ¸μμÉ¢¥É¸É¢μ¢ ² ³¨´¨³ ²Ó´μ³Ê §´ Î¥´¨Õ
´  ¶² Éμ [20].

3.2. �·μÍ¥¤Ê·  ¶μ¨¸±  ¶ · ³¥É·  χ2
lim ¤²Ö BC- ¨ PaC-³¥Éμ¤μ¢. � · -

³¥É· χ2
lim μ¶·¥¤¥²Ö¥É, Ö¢²Ö¥É¸Ö ²¨ · ¸¸³ É·¨¢ ¥³Ò° ´ ¡μ· ¤ ´´ÒÌ Ë· ±É -

²μ³. �·μÍ¥¤Ê·  ¶μ¨¸±  ÔÉμ£μ ¶ · ³¥É·  ¤²Ö BC- ¨ PaC-³¥Éμ¤μ¢ μ¶¨¸ ´  ¢
¸É ÉÓ¥ [20]. �É³¥É¨³, ÎÉμ ¢Ò¡μ· μ¶É¨³ ²Ó´μ£μ §´ Î¥´¨Ö χ2

lim μ¶·¥¤¥²Ö¥É¸Ö
¶·¨  ´ ²¨§¥ ËÊ´±Í¨¨ ΔDext(χ2

lim) ¤²Ö · §²¨Î´ÒÌ §´ Î¥´¨° χ2
lim ¶·¨ Ë¨±¸¨-

·μ¢ ´´μ³ μ¶É¨³ ²Ó´μ³ §´ Î¥´¨¨ Pmax ¤²Ö PaC-³¥Éμ¤ . „²Ö μ¡μ¨Ì ³¥Éμ¤μ¢
§´ Î¥´¨¥ χ2

lim ¨§³¥´Ö²μ¸Ó ¢ ¤¨ ¶ §μ´¥ 10−13−2,5. ‚ É ¡². 1 ¶μ± § ´μ ¸μμÉ-
¢¥É¸É¢¨¥ ³¥¦¤Ê ´μ³¥·μ³ Nχ2

lim
¨ §´ Î¥´¨¥³ χ2

lim.

’ ¡²¨Í  1. ‘μμÉ¢¥É¸É¢¨¥ ´μ³¥·  Nχ2
lim

¨ ¢¥²¨Î¨´Ò χ2
lim

Nχ2
lim

1 2 3 4 5 6 7 8 9

χ2
lim 10−13 10−12 10−11 10−10 10−9 10−8 10−7 10−6 10−5

Nχ2
lim

10 11 12 13 14 15 16 17 18

χ2
lim 10−4 10−3 0,01 0,02 0,03 0,04 0,05 0,06 0,07

Nχ2
lim

19 20 21 22 23 24 25 26 27

χ2
lim 0,08 0,09 0,1 0,2 0,3 0,4 0,5 0,6 0,7

Nχ2
lim

28 29 30 31 32 33 34 35 36

χ2
lim 0,8 0,9 1,0 1,1 1,2 1,3 1,4 1,5 1,6

Nχ2
lim

37 38 39 40 41 42 43 44 45

χ2
lim 1,7 1,8 1,9 2,0 2,1 2,2 2,3 2,4 2,5

�  ·¨¸. 3,   ¶·¨¢¥¤¥´  § ¢¨¸¨³μ¸ÉÓ ËÊ´±Í¨¨ ΔDext μÉ ´μ³¥·  Nχ2
lim

¤²Ö BC-³¥Éμ¤ . ‚¨¤´μ, ÎÉμ ÔÉ  ËÊ´±Í¨Ö ¨³¥¥É ¤¢  ¶² Éμ, ±μÉμ·Ò¥ ¸μμÉ-
¢¥É¸É¢ÊÕÉ ³ ²Ò³ ¨ ¡μ²ÓÏ¨³ §´ Î¥´¨Ö³ χ2

lim. �¡² ¸ÉÓ μ¶É¨³ ²Ó´ÒÌ §´ -
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�¨¸. 3. ‡ ¢¨¸¨³μ¸É¨ ËÊ´±Í¨¨ ΔDext (a) ¨ ÔËË¥±É¨¢´μ¸É¥° (¡) μÉ ´μ³¥·  ¶ · ³¥-
É·  Nχ2

lim
¤²Ö BC-³¥Éμ¤ 

Î¥´¨° ÔÉμ£μ ¶ · ³¥É·  § ¢¨¸¨É μÉ ÔËË¥±É¨¢´μ¸É¥° ¢μ¸¸É ´μ¢²¥´¨Ö Ë· ±-
É ²  EfFrac, Ë· ±É ²Ó´μ° · §³¥·´μ¸É¨ EfDF , ±μ²¨Î¥¸É¢  Ê·μ¢´¥° EfNlev ¨
μ¸´μ¢ ´¨Ö P- ¤¨Î¥¸±μ£μ ¶μ±·ÒÉ¨Ö EfP μÉ ´μ³¥·  Nχ2

lim
. �ËË¥±É¨¢´μ¸ÉÓ ¢μ¸-

¸É ´μ¢²¥´¨Ö Ë· ±É ²  μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

EfFrac = NFrac/Ntest, (11)

£¤¥ Ntest ¨ NFrac Å ±μ²¨Î¥¸É¢μ · ¸¸³ É·¨¢ ¥³ÒÌ ¨ ¢μ¸¸É ´μ¢²¥´´ÒÌ Ë· ±-
É ²μ¢.

�·μ¢¥¤¥³ ¸· ¢´¨É¥²Ó´Ò°  ´ ²¨§ ÔËË¥±É¨¢´μ¸É¨ ¢μ¸¸É ´μ¢²¥´¨Ö
(·¨¸. 3, ¡) ¨ ËÊ´±Í¨¨ ΔDext (·¨¸. 3,  ) ¤²Ö BC-³¥Éμ¤ . �¥·¢μ¥ ¶² Éμ ËÊ´±Í¨¨
ΔDext(Nχ2

lim
) ¸μμÉ¢¥É¸É¢Ê¥É ´Ê²¥¢μ³Ê §´ Î¥´¨Õ ¤μ²¨ Ë· ±É ²μ¢ ¢ ´ ¡μ·¥ ¸μ-

¡ÒÉ¨° EfFrac (·¨¸. 3, ¡),   ¢Éμ·μ¥ Å ³ ±¸¨³ ²Ó´μ³Ê §´ Î¥´¨Õ ËÊ´±Í¨¨ EfFrac.
�μÔÉμ³Ê χ2

lim μ¶·¥¤¥²Ö¥É¸Ö ± ± ³¨´¨³ ²Ó´μ¥ §´ Î¥´¨¥ ÔÉμ° ¢¥²¨Î¨´Ò ´  ¢Éμ-
·μ³ ¶² Éμ § ¢¨¸¨³μ¸É¨ ËÊ´±Í¨¨ ΔDext μÉ χ2

lim. �ÉμÉ ¦¥ ¢Ò¡μ· χ2
lim ¸μ-

μÉ¢¥É¸É¢Ê¥É ³ ±¸¨³ ²Ó´Ò³ §´ Î¥´¨Ö³ ÔËË¥±É¨¢´μ¸É¨ ¢μ¸¸É ´μ¢²¥´¨Ö EfDF ,
EfNlev ¨ P (¸³. ·¨¸. 3, ¡). �μ¤Î¥·±´¥³, ÎÉμ ¤²Ö Ë· ±É ²μ¢ ¸ ´¥§ ¢¨¸¨³Ò³ ¤¥²¥-
´¨¥³ ¢Ò¡μ· ¶ · ³¥É·  χ2

lim ¤²Ö BC-³¥Éμ¤  É ±¦¥ μ¶·¥¤¥²Ö¥É¸Ö ³¨´¨³ ²Ó´Ò³
§´ Î¥´¨¥³ χ2

lim ´  ¢Éμ·μ³ ¶² Éμ [20].
„ ²¥¥ ¶·¨¢¥¤¥³ ·¥§Ê²ÓÉ ÉÒ  ´ ²¨§  Ë· ±É ²μ¢, ¶μ²ÊÎ¥´´Ò¥ PaC-³¥Éμ¤μ³.

�  ·¨¸. 4,   ¶μ± § ´  § ¢¨¸¨³μ¸ÉÓ ΔDext μÉ ´μ³¥·  Nχ2
lim

. �´  ¨³¥¥É ¤¢ 
¶² Éμ ¶·¨ Nχ2

lim
= 1−6 ¨ Nχ2

lim
= 35−45,   É ±¦¥ ¶¨±¨ ¶·¨ Nχ2

lim
= 11 ¨

Nχ2
lim

= 21. �¸μ¡¥´´μ¸É¨ ËÊ´±Í¨¨ ΔDext(Nχ2
lim

) μ¶·¥¤¥²ÖÕÉ¸Ö ¶μ¢¥¤¥´¨¥³

ÔËË¥±É¨¢´μ¸É¥° ¢μ¸¸É ´μ¢²¥´¨Ö EfFrac, EfDF , EfNlev ¨ EfP μÉ ´μ³¥·  Nχ2
lim

¤²Ö ´ ¡μ·μ¢, ¢μ¸¸É ´μ¢²¥´´ÒÌ ± ± Ë· ±É ²Ò (·¨¸. 4, ¡). ˆ§ ·¨¸Ê´±  ¢¨¤´μ, ÎÉμ
§ ¢¨¸¨³μ¸ÉÓ EfFrac(Nχ2

lim
) ¨³¥¥É ¤¢  ¶² Éμ ¶·¨ Nχ2

lim
= 1−6 ¨ Nχ2

lim
= 21−45.

8



�¨¸. 4. ‡ ¢¨¸¨³μ¸É¨ ËÊ´±Í¨¨ ΔDext (a), ÔËË¥±É¨¢´μ¸É¥° ¤²Ö ´ ¡μ·μ¢, ¢μ¸¸É ´ ¢²¨-
¢ ¥³ÒÌ ± ± Ë· ±É ²Ò (¡), ¨ ¢¸¥Ì ´ ¡μ·μ¢ ¤ ´´ÒÌ (¢) μÉ ´μ³¥·  ¶ · ³¥É·  Nχ2

lim
¤²Ö

PaC-³¥Éμ¤ 

‡´ Î¥´¨¥ EfFrac ´  ¶¥·¢μ³ ¶² Éμ · ¢´μ 0,125,   ´  ¢Éμ·μ³ Å 1. 	Ò¸É·Ò°
·μ¸É EfFrac ´ ¡²Õ¤ ¥É¸Ö ¶·¨ Nχ2

lim
= 11, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¶¥·¢μ³Ê ¶¨±Ê

§ ¢¨¸¨³μ¸É¨ ΔDext(Nχ2
lim

). �ËË¥±É¨¢´μ¸ÉÓ EfDF ¶· ±É¨Î¥¸±¨ ´¥ ³¥´Ö¥É¸Ö
¢μ ¢¸¥³ ¤¨ ¶ §μ´¥ ¨§³¥´¥´¨Ö Nχ2

lim
. �ËË¥±É¨¢´μ¸É¨ EfNlev ¨ EfP ¨³¥ÕÉ

³ ±¸¨³ ²Ó´Ò¥ §´ Î¥´¨Ö (0,95Ä0,99) ¶·¨ Nχ2
lim

= 1−10. �·¨ ¡μ²ÓÏ¨Ì §´ -
Î¥´¨ÖÌ (> 10) ÔËË¥±É¨¢´μ¸É¨ ²¨´¥°´μ Ê³¥´ÓÏ ÕÉ¸Ö ¨ ¡Ò¸É·μ ¸¶ ¤ ÕÉ ¶·¨
Nχ2

lim
= 21, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¢Éμ·μ³Ê ¶¨±Ê § ¢¨¸¨³μ¸É¨ ΔDext(Nχ2

lim
). „²Ö

μ¶·¥¤¥²¥´¨Ö μ¡² ¸É¨ μ¶É¨³ ²Ó´ÒÌ §´ Î¥´¨° ¶ · ³¥É·  ¶·μ ´ ²¨§¨·Ê¥³ § ¢¨-
¸¨³μ¸É¨ ÔËË¥±É¨¢´μ¸É¥° ¢μ¸¸É ´μ¢²¥´¨Ö EfDF , EfNlev ¨ EfP μÉ ´μ³¥·  Nχ2

lim
¤²Ö ¢¸¥Ì É¥¸Éμ¢ÒÌ Ë· ±É ²μ¢ (·¨¸. 4, ¢). “¸É ´μ¢²¥´μ, ÎÉμ ³ ±¸¨³ ²Ó´μ¥ §´ -
Î¥´¨¥ EfDF ´ ¡²Õ¤ ¥É¸Ö ¶·¨ Nχ2

lim
= 21−45 (·¨¸. 4, ¢). �Éμ ¸μμÉ¢¥É¸É¢Ê¥É

μ¡² ¸É¨ ¸¶· ¢  μÉ ¢Éμ·μ£μ ¶¨±  § ¢¨¸¨³μ¸É¨ ΔDext(Nχ2
lim

) (·¨¸. 4,  ). Œ ±-
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¸¨³ ²Ó´Ò¥ §´ Î¥´¨Ö EfNlev ¨ EfP ¸μμÉ¢¥É¸É¢ÊÕÉ Nχ2
lim

= 12 (É. ¥. ¶¥·¢μ³Ê
§´ Î¥´¨Õ Nχ2

lim
³¥¦¤Ê ¤¢Ê³Ö ¶¨± ³¨ ¢ § ¢¨¸¨³μ¸É¨ ΔDext(Nχ2

lim
)).

’ ±¨³ μ¡· §μ³, ¤²Ö BC-³¥Éμ¤  §´ Î¥´¨¥ ¶ · ³¥É·  χ2
lim μ¶·¥¤¥²Ö¥É¸Ö ± ±

³¨´¨³ ²Ó´μ¥ §´ Î¥´¨¥, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ´ Î ²Ê ¢Éμ·μ£μ ¶² Éμ ¢ § ¢¨¸¨³μ¸É¨
ËÊ´±Í¨¨ ΔDext(Nχ2

lim
). ‚ PaC-³¥Éμ¤¥ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö DF ¢¥²¨Î¨´  χ2

lim

μ¶·¥¤¥²Ö¥É¸Ö ± ± §´ Î¥´¨¥ ¢Éμ·μ£μ ¶¨±  § ¢¨¸¨³μ¸É¨ ΔDext(Nχ2
lim

),   ¤²Ö

¢ÒÎ¨¸²¥´¨Ö Nlev ¨ P ¢¥²¨Î¨´  χ2
lim μ¶·¥¤¥²Ö¥É¸Ö ± ± ³¨´¨³ ²Ó´μ¥ §´ Î¥´¨¥

³¥¦¤Ê ¤¢Ê³Ö ¶¨± ³¨.
3.3. �·μÍ¥¤Ê·  ¶μ¨¸±  ¶ · ³¥É·  Dev ¤²Ö SePaC-³¥Éμ¤ . � · ³¥É· Dev

μ¶·¥¤¥²Ö¥É, Ö¢²Ö¥É¸Ö ²¨ ´ ¡μ· ¤ ´´ÒÌ Ë· ±É ²μ³. �·μÍ¥¤Ê·  ¶μ¨¸±  ÔÉμ£μ
¶ · ³¥É·  ¶μ¤·μ¡´μ μ¶¨¸ ´  ¢ ¸É ÉÓ¥ [20]. �É³¥É¨³, ÎÉμ ¢Ò¡μ· Dev μ¶·¥¤¥-
²Ö¥É¸Ö ¶·¨  ´ ²¨§¥ ËÊ´±Í¨¨ ΔDext(Dev) ¶·¨ Ë¨±¸¨·μ¢ ´´μ³ μ¶É¨³ ²Ó´μ³
§´ Î¥´¨¨ ¶ · ³¥É·  Pmax. �¡² ¸ÉÓ ¨§³¥´¥´¨Ö Dev ¸μμÉ¢¥É¸É¢Ê¥É ¤¨ ¶ §μ´Ê
10−6Ä0,9. ‚ É ¡². 2 ¶μ± § ´μ ¸μμÉ¢¥É¸É¢¨¥ ³¥¦¤Ê ´μ³¥·μ³ NDev ¨ §´ Î¥-
´¨¥³ Dev.

’ ¡²¨Í  2. ‘μμÉ¢¥É¸É¢¨¥ ´μ³¥·  NDev ¨ ¢¥²¨Î¨´Ò Dev

NDev 1 2 3 4 5 6 7 8

Dev 10−6 10−5 10−4 2 · 10−4 5 · 10−4 10−3 2 · 10−3 5 · 10−3

NDev 9 10 11 12 13 14 15 16

Dev 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08

NDev 17 18 19 20 21 22 23 24

Dev 0,09 0,1 0,2 0,3 0,4 0,5 0,6 0,7

�¨¸. 5. ‡ ¢¨¸¨³μ¸É¨ ËÊ´±Í¨¨ ΔDext (a) ¨ ÔËË¥±É¨¢´μ¸É¥° (¡) μÉ ¶ · ³¥É·  Dev ¤²Ö
´ ¡μ·μ¢, ¢μ¸¸É ´ ¢²¨¢ ¥³ÒÌ ± ± Ë· ±É ²Ò, ¤²Ö SePaC-³¥Éμ¤ 
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�  ·¨¸. 5,  , ¡ ¶·¥¤¸É ¢²¥´Ò § ¢¨¸¨³μ¸É¨ ËÊ´±Í¨¨ ΔDext ¨ ÔËË¥±É¨¢´μ-
¸É¥° EfFrac, EfDF , EfNlev ¨ EfP μÉ ¶ · ³¥É·  Dev ¤²Ö ´ ¡μ·μ¢, ¢μ¸¸É ´ -
¢²¨¢ ¥³ÒÌ ± ± Ë· ±É ²Ò. ‡´ Î¥´¨Ö ËÊ´±Í¨¨ ΔDext(Dev) (·¨¸. 5,  ) · ¢´Ò
´Ê²Õ. “¸É ´μ¢²¥´μ, ÎÉμ ¤μ²Ö Ë· ±É ²μ¢ ¢ ´ ¡μ·¥ ¸μ¡ÒÉ¨° EfFrac · ¢´  0,9
¶·¨ ²Õ¡ÒÌ §´ Î¥´¨ÖÌ Dev (·¨¸. 5,¡),   ÔËË¥±É¨¢´μ¸É¨ ¢μ¸¸É ´μ¢²¥´¨Ö EfDF ,
EfNlev ¨ EfP ´¥ ¨§³¥´ÖÕÉ¸Ö ¢ Ê± § ´´μ³ ¤¨ ¶ §μ´¥.

’ ±¨³ μ¡· §μ³, §´ Î¥´¨¥ Dev ³μ¦¥É ¡ÒÉÓ ¢Ò¡· ´μ ¶·μ¨§¢μ²Ó´μ ¨§ ¤¨ -
¶ §μ´  10−6Ä0,9.

4. ‘��‚�…�ˆ… Œ…’�„�‚ BC, PaC ˆ SePaC

‚ ¤ ´´μ³ · §¤¥²¥ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ¸· ¢´¥´¨Ö ÔËË¥±É¨¢´μ¸É¥°
¨ μÏ¨¡μ± ¢μ¸¸É ´μ¢²¥´¨Ö Ë· ±É ²Ó´μ° · §³¥·´μ¸É¨ ErDF , ±μ²¨Î¥¸É¢  Ê·μ¢-
´¥° ErNlev ¨ μ¸´μ¢ ´¨Ö ErP , ¶μ²ÊÎ¥´´Ò¥ ¶·¨  ´ ²¨§¥ Ë· ±É ²μ¢ ¸ § ¢¨¸¨³Ò³

�¨¸. 6. �μ·³¨·μ¢ ´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö μÏ¨¡μ± Ë· ±É ²Ó´μ° · §³¥·´μ¸É¨ ErDF ( ),
μ¸´μ¢ ´¨Ö ErP (¢), ±μ²¨Î¥¸É¢  Ê·μ¢´¥° ErNlev (£) ¨ ¨´É¥£· ²Ó´μ¥ ¤²Ö DF (¡) ¤²Ö
´ ¡μ·μ¢, ¢μ¸¸É ´μ¢²¥´´ÒÌ ± ± Ë· ±É ²Ò BC-³¥Éμ¤μ³
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¤¥²¥´¨¥³ BC-, PaC- ¨ SePaC-³¥Éμ¤ ³¨, ¨¸¶μ²Ó§ÊÕÐ¨³¨ ´ °¤¥´´Ò¥ ¢ · §¤. 3
μ¶É¨³ ²Ó´Ò¥ ´ ¡μ·Ò ¶ · ³¥É·μ¢.

�  ·¨¸. 6,  , ¡ ¶μ± § ´Ò ´μ·³¨·μ¢ ´´μ¥ ¨ ¨´É¥£· ²Ó´μ¥ · ¸¶·¥¤¥²¥´¨Ö
μÏ¨¡±¨ ErDF ¤²Ö ´ ¡μ·μ¢, ¢μ¸¸É ´μ¢²¥´´ÒÌ BC-³¥Éμ¤μ³ ± ± Ë· ±É ²Ò.
“¸É ´μ¢²¥´μ, ÎÉμ ¤²Ö ¡μ²ÓÏ¨´¸É¢  Ë· ±É ²μ¢ · §³¥·´μ¸ÉÓ ¡μ²ÓÏ¥ É¥¸Éμ-
¢μ° (·¨¸. 6,  ). ‚ ¸É ÉÓ¥ [20] ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¤²Ö Ë· ±É ²μ¢ ¸ ´¥§ ¢¨-
¸¨³Ò³ ¤¥²¥´¨¥³ Î ¸É¥° ¤²Ö ¡μ²ÓÏ¨´¸É¢  Ë· ±É ²μ¢ ¢μ¸¸É ´ ¢²¨¢ ¥³ Ö · §-
³¥·´μ¸ÉÓ BC-³¥Éμ¤μ³ ³¥´ÓÏ¥ É¥¸Éμ¢μ°. ’ ±¨³ μ¡· §μ³, ¥¸²¨ ¢ ´ ¡μ·¥ ¤ ´-
´ÒÌ ¶·¨¸ÊÉ¸É¢ÊÕÉ Ë· ±É ²Ò ¸ § ¢¨¸¨³Ò³ ¨ ´¥§ ¢¨¸¨³Ò³ ¤¥²¥´¨¥³ Î ¸É¥°,
Éμ · ¸¶·¥¤¥²¥´¨¥ Ë· ±É ²Ó´ÒÌ · §³¥·´μ¸É¥° ¡Ê¤¥É ¨¸± ¦ ÉÓ¸Ö. � ¶·¨³¥·,
´  £² ¤±μ³ ÊÎ ¸É±¥ · ¸¶·¥¤¥²¥´¨Ö ³μ¦¥É ¶μÖ¢¨ÉÓ¸Ö ¶² Éμ ¨²¨ ¤¢  ¶¨± .
	Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ Ë· ±É ²Ó´ Ö · §³¥·´μ¸ÉÓ μ¶·¥¤¥²Ö¥É¸Ö ÉμÎ´μ, ¥¸²¨ μÏ¨¡± 
¢μ¸¸É ´μ¢²¥´¨Ö ³¥´ÓÏ¥ 0,5%. � °¤¥´μ, ÎÉμ · §³¥·´μ¸ÉÓ ¢μ¸¸É ´ ¢²¨¢ ¥É¸Ö
ÉμÎ´μ ¤²Ö 2,5 % Ë· ±É ²μ¢, ¤²Ö 25% Ë· ±É ²μ¢ μÏ¨¡±  ErDF ³¥´ÓÏ¥ 5%,  

�¨¸. 7. �μ·³¨·μ¢ ´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö μÏ¨¡μ± Ë· ±É ²Ó´μ° · §³¥·´μ¸É¨ ErDF ( ),
μ¸´μ¢ ´¨Ö ErP (¢), ±μ²¨Î¥¸É¢  Ê·μ¢´¥° ErNlev (£) ¨ ¨´É¥£· ²Ó´μ¥ ¤²Ö DF (¡) ¤²Ö
´ ¡μ·μ¢, ¢μ¸¸É ´μ¢²¥´´ÒÌ ± ± Ë· ±É ²Ò PaC-³¥Éμ¤μ³
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¤²Ö 42 % ³¥´ÓÏ¥ 10 % (·¨¸. 6, ¡). Š ± μÉ³¥Î¥´μ ¢ · §¤. 2.1, BC-³¥Éμ¤ ¨¸¶μ²Ó-
§Ê¥É Éμ²Ó±μ μ¤´μ ¶μ±·ÒÉ¨¥. �μÔÉμ³Ê μ¸´μ¢ ´¨¥ P ¨ ±μ²¨Î¥¸É¢μ Ê·μ¢´¥° Nlev

´¥ ³μ¦¥É ¡ÒÉÓ μ¶·¥¤¥²¥´μ ¤ ´´Ò³ ³¥Éμ¤μ³,   ´μ·³¨·μ¢ ´´μ¥ · ¸¶·¥¤¥²¥´¨¥
μÏ¨¡±¨ ErP (·¨¸. 6, ¢) Ì · ±É¥·¨§Ê¥É Éμ²Ó±μ ´ ¡μ· ¤ ´´ÒÌ. 	μ²ÓÏ¨´¸É¢μ
Ë· ±É ²μ¢ ¢ · ¸¸³ É·¨¢ ¥³μ³ ´ ¡μ·¥ ¨³¥ÕÉ μ¸´μ¢ ´¨¥ P = 8, ¨ ¶μÔÉμ³Ê ³ ±-
¸¨³Ê³ ¢ · ¸¶·¥¤¥²¥´¨¨ ErP ¸μμÉ¢¥É¸É¢Ê¥É ErP = (2− 8)/8 = −0,75. �μ·³¨-
·μ¢ ´´μ¥ · ¸¶·¥¤¥²¥´¨¥ μÏ¨¡±¨ ¢μ¸¸É ´μ¢²¥´¨Ö ±μ²¨Î¥¸É¢  Ê·μ¢´¥° ErNlev

(·¨¸. 6, £) É ±¦¥ Ì · ±É¥·¨§Ê¥É ¨¸¸²¥¤Ê¥³Ò° ´ ¡μ· ¤ ´´ÒÌ. „²Ö Ë· ±É ²  ¸
μ¸´μ¢ ´¨¥³ P = 8, ¨³¥ÕÐ¥£μ 512 ÉμÎ¥± (Nlev = 3), ¶μ±·ÒÉ¨¥ ¸ P = 2 ¸μμÉ-
¢¥É¸É¢Ê¥É ±μ²¨Î¥¸É¢Ê Ê·μ¢´¥° Nlev = 9,   μÏ¨¡±  ¤²Ö ¡μ²ÓÏ¨´¸É¢  Ë· ±É ²μ¢
· ¢´  ErNlev = (9 − 3)/3 = 2.

�  ·¨¸. 7,  , ¡ ¶μ± § ´Ò ´μ·³¨·μ¢ ´´μ¥ ¨ ¨´É¥£· ²Ó´μ¥ · ¸¶·¥¤¥²¥´¨Ö
μÏ¨¡±¨ ErDF ¤²Ö ´ ¡μ·μ¢, ¢μ¸¸É ´μ¢²¥´´ÒÌ PaC-³¥Éμ¤μ³ ± ± Ë· ±É ²Ò.

�¨¸. 8. �μ·³¨·μ¢ ´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö μÏ¨¡μ± ¢μ¸¸É ´μ¢²¥´¨Ö Ë· ±É ²Ó´μ° · §³¥·-
´μ¸É¨ ErDF (a), μ¸´μ¢ ´¨Ö ErP (¡) ¨ ±μ²¨Î¥¸É¢  Ê·μ¢´¥° ErNlev (¢) ¤²Ö ´ ¡μ·μ¢,
¢μ¸¸É ´μ¢²¥´´ÒÌ ± ± Ë· ±É ²Ò SePaC-³¥Éμ¤μ³

13



“¸É ´μ¢²¥´μ, ÎÉμ ¤²Ö ¡μ²ÓÏ¨´¸É¢  Ë· ±É ²μ¢ · §³¥·´μ¸ÉÓ ¡μ²ÓÏ¥ É¥¸Éμ¢μ°
(·¨¸. 7,  ). ‚ ¸É ÉÓ¥ [20] ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¤²Ö ¡μ²ÓÏ¨´¸É¢  Ë· ±É ²μ¢ ¸
´¥§ ¢¨¸¨³Ò³ ¤¥²¥´¨¥³ Î ¸É¥°, · §³¥·´μ¸ÉÓ ¢μ¸¸É ´ ¢²¨¢ ¥É¸Ö ÉμÎ´μ. ’ ±¨³
μ¡· §μ³, ¥¸²¨ ¢ ´ ¡μ·¥ ¤ ´´ÒÌ ¶·¨¸ÊÉ¸É¢ÊÕÉ Ë· ±É ²Ò ¸ § ¢¨¸¨³Ò³ ¨ ´¥-
§ ¢¨¸¨³Ò³ ¤¥²¥´¨¥³ Î ¸É¥°, Éμ ¤²Ö PaC-³¥Éμ¤  · ¸¶·¥¤¥²¥´¨¥ Ë· ±É ²Ó´ÒÌ
· §³¥·´μ¸É¥° ¡Ê¤¥É ¨¸± ¦ ÉÓ¸Ö ³¥´ÓÏ¥, Î¥³ ¤²Ö BC-³¥Éμ¤ . � °¤¥´μ, ÎÉμ · §-
³¥·´μ¸ÉÓ ¢μ¸¸É ´ ¢²¨¢ ¥É¸Ö ÉμÎ´μ ¤²Ö 1,5 % Ë· ±É ²μ¢, ¤²Ö 26 % Ë· ±É ²μ¢
μÏ¨¡±  ErDF ³¥´ÓÏ¥ 5%,   ¤²Ö 43 % ³¥´ÓÏ¥ 10 % (·¨¸. 7, ¡). �μ·³¨·μ¢ ´´Ò¥
· ¸¶·¥¤¥²¥´¨Ö μÏ¨¡μ± ErP ¨ ErNlev ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 7, ¢ ¨ £ ¸μμÉ¢¥É-
¸É¢¥´´μ. Š ± ³μ¦´μ ¢¨¤¥ÉÓ, ±μ²¨Î¥¸É¢μ Ê·μ¢´¥° ¨ μ¸´μ¢ ´¨¥ P- ¤¨Î¥¸±μ£μ
¶μ±·ÒÉ¨Ö μ¶·¥¤¥²ÖÕÉ¸Ö ÉμÎ´μ ¤²Ö 38 ¨ 63% ´ ¡μ·μ¢, ¢μ¸¸É ´μ¢²¥´´ÒÌ ± ±
Ë· ±É ²Ò (·¨¸. 7, ¢, £).

�μ·³¨·μ¢ ´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö μÏ¨¡μ± ¢μ¸¸É ´μ¢²¥´¨Ö Ë· ±É ²Ó´μ° · §-
³¥·´μ¸É¨ ErDF , μ¸´μ¢ ´¨Ö ErP ¨ ±μ²¨Î¥¸É¢  Ê·μ¢´¥° ErNlev ¶·¨¢¥¤¥´Ò
´  ·¨¸. 8,  Ä¢ ¤²Ö ´ ¡μ·μ¢, ¢μ¸¸É ´μ¢²¥´´ÒÌ SePaC-³¥Éμ¤μ³ ± ± Ë· ±É ²Ò.
Š ± ³μ¦´μ ¢¨¤¥ÉÓ ¨§ ·¨¸Ê´±μ¢, · §³¥·´μ¸ÉÓ, ±μ²¨Î¥¸É¢μ Ê·μ¢´¥° ¨ μ¸´μ¢ -
´¨¥ P μ¶·¥¤¥²ÖÕÉ¸Ö ÉμÎ´μ ¤²Ö 97Ä100% Ë· ±É ²μ¢.

�¥§Ê²ÓÉ ÉÒ ¸· ¢´¨É¥²Ó´μ£μ  ´ ²¨§  ÔËË¥±É¨¢´μ¸É¥° ¨ μÏ¨¡μ± ¢μ¸¸É ´μ-
¢²¥´¨Ö DF , P , Nlev · ¸¸³ É·¨¢ ¥³Ò³¨ ³¥Éμ¤ ³¨ ¶·¨ μ¶É¨³ ²Ó´ÒÌ §´ Î¥´¨ÖÌ
¶ · ³¥É·μ¢ ¤²Ö Ë· ±É ²μ¢ ¸ § ¢¨¸¨³Ò³ ¤¥²¥´¨¥³ Î ¸É¥° ¶·¨¢¥¤¥´Ò ¢ É ¡². 3.
ˆ§ É ¡²¨ÍÒ ¢¨¤´μ, ÎÉμ BC- ¨ PaC-³¥Éμ¤Ò ¢μ¸¸É ´ ¢²¨¢ ÕÉ Ë· ±É ²Ó´ÊÕ · §-
³¥·´μ¸ÉÓ ¸ ÔËË¥±É¨¢´μ¸ÉÓÕ EfDF = 85Ä86%. � §³¥·´μ¸ÉÓ ¢μ¸¸É ´ ¢²¨¢ -
¥É¸Ö ÉμÎ´μ ¤²Ö ´¥¡μ²ÓÏμ£μ ±μ²¨Î¥¸É¢  Ë· ±É ²μ¢ 2,5Ä1,5 %. „²Ö BC-³¥Éμ¤ 
μ¸´μ¢ ´¨¥ P ¢μ¸¸É ´ ¢²¨¢ ¥É¸Ö ¸ ÔËË¥±É¨¢´μ¸ÉÓÕ 21 %,   ±μ²¨Î¥¸É¢μ Ê·μ¢-
´¥° Nlev ´¥ ¢μ¸¸É ´ ¢²¨¢ ¥É¸Ö. „²Ö PaC-³¥Éμ¤  ÔËË¥±É¨¢´μ¸É¨ EfNlev ¨ EfP

· ¢´Ò 65 ¨ 61% ¸μμÉ¢¥É¸É¢¥´´μ. SePaC-³¥Éμ¤ ¢μ¸¸É ´ ¢²¨¢ ¥É DF , Nlev ¨
μ¸´μ¢ ´¨¥ P ¸ ÔËË¥±É¨¢´μ¸ÉÓÕ 91 %. „μ²Ö ¸μ¡ÒÉ¨°, ¨³¥ÕÐ¨Ì μÏ¨¡±¨ ErDF ,
ErNlev , ErP ³¥´ÓÏ¥ 0,5 %, ¸μ¸É ¢²Ö¥É 89Ä90%. �¡Ð Ö ÔËË¥±É¨¢´μ¸ÉÓ Eftot,
ÊÎ¨ÉÒ¢ ÕÐ Ö ¢μ¸¸É ´μ¢²¥´¨¥ DF , Nlev ¨ P SePaC-³¥Éμ¤μ³, · ¢´  75 %.
�´  ´ ³´μ£μ ¶·¥¢ÒÏ ¥É ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ §´ Î¥´¨Ö ¤²Ö PaC- ¨ BC-³¥Éμ¤μ¢
(33 ¨ 0 %).

’ ¡²¨Í  3. �ËË¥±É¨¢´μ¸É¨ ¨ μÏ¨¡±¨ ¢μ¸¸É ´μ¢²¥´¨Ö DF , Nlev, P Ë· ±É ²μ¢ ¸
§ ¢¨¸¨³Ò³ ¤¥²¥´¨¥³, ¶μ²ÊÎ¥´´Ò¥ ³¥Éμ¤ ³¨ BC, PaC ¨ SePaC

Œ¥Éμ¤ EfDF , EfNlev , EfP , Eftot, % ¸μ¡ÒÉ¨Ö, % ¸μ¡ÒÉ¨Ö, % ¸μ¡ÒÉ¨Ö,
% % % % ErDF < 0,5% ErNlev < 0,5% ErP < 0,5%

BC 85 0 21 0 2,5 0 0

PaC 86 65 61 33 1,5 43 26

SePaC 91 91 91 75 89 90 90
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�·μ¢¥¤¥´  ´ ²¨§ ¢μ¸¸É ´μ¢²¥´¨Ö Ì · ±É¥·¨¸É¨± Ë· ±É ²μ¢ ¸ § ¢¨¸¨³Ò³
¤¥²¥´¨¥³ Î ¸É¥° ³¥Éμ¤ ³¨ BC, PaC ¨ SePaC. � §· ¡μÉ ´´ Ö · ´¥¥ ¶·μÍ¥¤Ê· 
¶μ¨¸±  §´ Î¥´¨° ¶ · ³¥É·μ¢ χ2

lim, Pmax, Dev ¶·¨³¥´¥´  ¤²Ö ´ Ìμ¦¤¥´¨Ö
¨Ì μ¶É¨³ ²Ó´ÒÌ §´ Î¥´¨°. � °¤¥´Ò ÔËË¥±É¨¢´μ¸É¨ ¨ μÏ¨¡±¨ ¢μ¸¸É ´μ¢²¥-
´¨Ö Ë· ±É ²Ó´μ° · §³¥·´μ¸É¨ DF , ±μ²¨Î¥¸É¢  Ê·μ¢´¥° Nlev ¨ μ¸´μ¢ ´¨Ö P .
�μ± § ´´μ, ÎÉμ SePaC-³¥Éμ¤ ¨³¥¥É ¶·¥¨³ÊÐ¥¸É¢  ¢  ´ ²¨§¥ Ë· ±É ²μ¢ ¸ § -
¢¨¸¨³Ò³ ¤¥²¥´¨¥³ Î ¸É¥° ¶¥·¥¤ BC- ¨ PaC-³¥Éμ¤ ³¨.
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