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�·µ¸Éµ° ¨ µ¡Ð¨° ±·¨É¥·¨° ¶µ¸É·µ¥´¨Ö µ¡µ¡Ð¥´´ÒÌ ³µ³¥´Éµ¢ ¶µ§¢µ²Ö¥É ¶·¨¡²¨¦ ÉÓ¸Ö ¶µ
ÉµÎ´µ¸É¨ ± É¥µ·¥É¨Î¥¸±µ³Ê ¶·¥¤¥²Ê Š· ³¥· Ä� µ ¶·¨ µÍ¥´¨¢ ´¨¨ ¶ · ³¥É·µ¢, ¨§¡¥£ Ö É·Ê¤´µ-
¸É¥° ³¥Éµ¤  ³ ±¸¨³ ²Ó´µ£µ ¶· ¢¤µ¶µ¤µ¡¨Ö ¢ ¸²ÊÎ ÖÌ ¸µ ¸²µ¦´µ° ¶²µÉ´µ¸ÉÓÕ ¢¥·µÖÉ´µ¸É¨ ¨²¨ ¸
¡µ²ÓÏ¨³¨ ³ ¸¸¨¢ ³¨ ¸µ¡ÒÉ¨°.

A simple and general criterion is presented for a practical construction of generalized moments
that allow one to approach the theoretical CramerÄRao limit for parameter estimation while avoiding
the complexity of the maximum likelihood method in the cases of complicated probability distributions
and/or very large event samples.

‘ÊÐ¥¸É¢Ê¥É ¶·µ¸É Ö ¨ ËÊ´¤ ³¥´É ²Ó´ Ö ¸¢Ö§Ó ³¥¦¤Ê ³¥Éµ¤ ³¨ µ¡µ¡Ð¥´´ÒÌ ³µ³¥´Éµ¢
¨ ³ ±¸¨³ ²Ó´µ£µ ¶· ¢¤µ¶µ¤µ¡¨Ö (¸³. ´¨¦¥ Ê· ¢´¥´¨¥ (20)). �É  ¸¢Ö§Ó Ê¦¥ ¡Ò²  ÔËË¥±-
É¨¢´µ ¨¸¶µ²Ó§µ¢ ´  ¢ ·¥Ï¥´¨¨ § ¤ Î¨ µ¡ µ¶É¨³ ²Ó´µ³  ²£µ·¨É³¥ µ¶·¥¤¥²¥´¨Ö  ¤·µ´´ÒÌ
¸É·Ê° [1]. �¤´ ±µ ¥¥ Ô¢·¨¸É¨Î¥¸±µ¥ §´ Î¥´¨¥ Ï¨·¥: ¶µ²ÊÎ ÕÐ¨¥¸Ö ¨§ ´¥¥ ¶· ±É¨Î¥-
¸±¨¥ ·¥Í¥¶ÉÒ (±µÉµ·Ò¥ Ê¤µ¡´µ ´ §¢ ÉÓ ³¥Éµ¤µ³ ±¢ §¨µ¶É¨³ ²Ó´ÒÌ ´ ¡²Õ¤ ¥³ÒÌ) ³µ£²¨
¡Ò ¡ÒÉÓ ¶µ²¥§´Ò ¢µ ³´µ£¨Ì § ¤ Î Ì Ë¨§¨±¨ ¢Ò¸µ±¨Ì Ô´¥·£¨°. ‚ ²¨É¥· ÉÊ·¥ ÔÉ  ¸¢Ö§Ó,
¶µ-¢¨¤¨³µ³Ê, ´¥ ¨³¥²  Éµ£µ µ¡¸Ê¦¤¥´¨Ö, ±µÉµ·µ£µ µ´ , µÎ¥¢¨¤´µ, § ¸²Ê¦¨¢ ¥É; ¢µ ¢¸Ö-
±µ³ ¸²ÊÎ ¥ µ ´¥° ´¥É Ê¶µ³¨´ ´¨Ö ´¨ ¢ µ¤´µ° ¨§ ¡µ²¥¥ ¤¥¸ÖÉ±  ¶·µ¢¥·¥´´ÒÌ  ¢Éµ·µ³
±´¨£ (¢±²ÕÎ Ö ¨§¢¥¸É´µ¥ ·Ê±µ¢µ¤¸É¢µ [2] ¨ ¸¨¸É¥³ É¨Î¥¸±µ¥ ³ É¥³ É¨Î¥¸±µ¥ ¨§²µ¦¥´¨¥
[3]), ´¨, ¸± ¦¥³, ¢ µ¡§µ·¥ ³¥Éµ¤µ¢, ¨¸¶µ²Ó§µ¢ ¢Ï¨Ì¸Ö ¶·¨ µÉ±·ÒÉ¨¨ ¨ ¢ ¨¸¸²¥¤µ¢ ´¨ÖÌ
Éµ¶-±¢ ·± , ¤ ´´µ³ ¢ [4]; § ³¥É¨³, ÎÉµ ¢ ¶µ¤µ¡´ÒÌ ¨¸¸²¥¤µ¢ ´¨ÖÌ ¢¢¨¤Ê ¨Ì ¸²µ¦´µ¸É¨
§ ¤¥°¸É¢µ¢ ´Ò ¶· ±É¨Î¥¸±¨ ¢¸¥ ¨§¢¥¸É´Ò¥ ³¥Éµ¤Ò ¸É É¨¸É¨Î¥¸±µ£µ µÍ¥´¨¢ ´¨Ö ¶ · ³¥-
É·µ¢. ” ±É µÉ¸ÊÉ¸É¢¨Ö ¸²¥¤µ¢ ¨¸¶µ²Ó§µ¢ ´¨Ö µ¡¸Ê¦¤ ¥³µ° ¸¢Ö§¨ ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ°
¶· ±É¨±¥ (´¥¸³µÉ·Ö ´  ¶µÎÉ¥´´Ò° ¢µ§· ¸É µ¡µ¨Ì ³¥Éµ¤µ¢) ³µ¦´µ µ¡ÑÖ¸´¨ÉÓ É¥³, ÎÉµ
¤²Ö ¥¥ ¢ÒÖ¢²¥´¨Ö ´Ê¦´µ ¶·¨´ÖÉÓ ËÊ´±Í¨µ´ ²Ó´µ- ´ ²¨É¨Î¥¸±ÊÕ ÉµÎ±Ê §·¥´¨Ö ¨ ¶·µ-
¢¥¸É¨  ´ ²µ£¨Õ ³¥¦¤Ê § ¤ Î¥° ³¨´¨³¨§ Í¨¨ ¤¨¸¶¥·¸¨¨ ± ± ËÊ´±Í¨µ´ ²  µ¡µ¡Ð¥´´ÒÌ
³µ³¥´Éµ¢ ¨ É¥µ·¨¥° Ô±¸É·¥³Ê³µ¢ ËÊ´±Í¨°, µ¶·¥¤¥²¥´´ÒÌ ´  ±µ´¥Î´µ³¥·´ÒÌ µ¡² ¸ÉÖÌ,
ÎÉµ ¤µ¸É ÉµÎ´µ ´¥¶·¨¢ÒÎ´µ. �µ²ÊÎ ÕÐ¨°¸Ö ®³¥Éµ¤ ±¢ §¨µ¶É¨³ ²Ó´ÒÌ ´ ¡²Õ¤ ¥³ÒÌ¯
¸µ¸É ¢²Ö¥É  ²ÓÉ¥·´ É¨¢Ê ³¥Éµ¤Ê ³ ±¸¨³ ²Ó´µ£µ ¶· ¢¤µ¶µ¤µ¡¨Ö ¢ § ¤ Î Ì, £¤¥ ¶·¨³¥´¥-
´¨¥ ¶µ¸²¥¤´¥£µ ´¥¶· ±É¨Î´µ ¨²¨ ´¥¢µ§³µ¦´µ, ¸± ¦¥³, ¨§-§  ¸²µ¦´µ¸É¨ ¨²¨ µÉ¸ÊÉ¸É¢¨Ö
É¥µ·¥É¨Î¥¸±¨Ì ¢Ò· ¦¥´¨° ¤²Ö ¶²µÉ´µ¸É¨ ¢¥·µÖÉ´µ¸É¨ (± ± ÔÉµ µ¡ÒÎ´µ ¨³¥¥É ³¥¸Éµ ¢ Ë¨-
§¨±¥ ¢Ò¸µ±¨Ì Ô´¥·£¨°, £¤¥ É¥µ·¥É¨Î¥¸±¨¥ µ¶¨¸ ´¨Ö ¶·µÍ¥¸¸µ¢ Î ¸Éµ ¶·¨´¨³ ÕÉ Ëµ·³Ê
£¥´¥· Éµ·µ¢ ¸µ¡ÒÉ¨°) ¨²¨ ¨§-§  ¡µ²ÓÏµ£µ · §³¥·  ¢Ò¡µ·±¨ ¸µ¡ÒÉ¨°.

�Ê¸ÉÓ P Å ¸²ÊÎ °´ Ö ¶¥·¥³¥´´ Ö, ±µ´±·¥É´Ò¥ §´ Î¥´¨Ö ±µÉµ·µ° ¡Ê¤¥³ ´ §Ò¢ ÉÓ ¸µ-
¡ÒÉ¨Ö³¨. ˆÌ ¶²µÉ´µ¸ÉÓ ¢¥·µÖÉ´µ¸É¨ µ¡µ§´ Î¨³ π(P). �·¥¤¶µ² £ ¥É¸Ö, ÎÉµ ¶²µÉ´µ¸ÉÓ
§ ¢¨¸¨É µÉ ¶ · ³¥É·  M , ±µÉµ·Ò° ¸²¥¤Ê¥É µÍ¥´¨ÉÓ ¨§ Ô±¸¶¥·¨³¥´É ²Ó´µ° ¢Ò¡µ·±¨ ¸µ-
¡ÒÉ¨° {Pi}i. Œ¥Éµ¤ µ¡µ¡Ð¥´´ÒÌ ³µ³¥´Éµ¢ § ±²ÕÎ ¥É¸Ö ¢ ¢Ò¡µ·¥ ´¥±µÉµ·µ° ËÊ´±Í¨¨
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fP ´  ¸µ¡ÒÉ¨ÖÌ (µ¡µ¡Ð¥´´Ò° ³µ³¥´É) ¨ ¢ µÍ¥´±¥ M Ë¨É¨·µ¢ ´¨¥³ É¥µ·¥É¨Î¥¸±µ£µ
¸·¥¤´¥£µ,

〈f〉 =
∫

dPπ(P)f(P), (1)

¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨¥³

〈f〉exp =
1
N

∑
i

f(Pi). (2)

‡ ¤ Î  ¸µ¸Éµ¨É ¢ ´ Ìµ¦¤¥´¨¨ ³µ³¥´É  f , ±µÉµ·Ò° ¶µ§¢µ²¨² ¡Ò ¨§¢²¥ÎÓ M ¸ ´ ¨²ÊÎÏ¥°
ÉµÎ´µ¸ÉÓÕ ¨§ ¤ ´´µ° ¢Ò¡µ·±¨.

‚ ¶·¥¤¥²¥ ¡µ²ÓÏ¨Ì N Ë²Ê±ÉÊ Í¨¨ µÍ¥´±¨ M ¸¢Ö§ ´Ò ¸ Ë²Ê±ÉÊ Í¨Ö³¨ §´ Î¥´¨°
¸·¥¤´¥£µ 〈f〉 Ëµ·³Ê²µ°

δM =
(

∂〈f〉
∂M

)−1

δ〈f〉. (3)

�·µ¨§¢µ¤´ÊÕ ¸²¥¤Ê¥É ¶·¨³¥´ÖÉÓ Éµ²Ó±µ ± ¶²µÉ´µ¸É¨ ¢¥·µÖÉ´µ¸É¥°:

∂〈f〉
∂M

=
∫

dPf(P)
∂π(P)
∂M

, (4)

É. ±. Ë¨É¨·µ¢ ´¨¥ M ¶·µ¨§¢µ¤¨É¸Ö ¸ Ë¨±¸¨·µ¢ ´´Ò³ f . (‡¤¥¸Ó ¸¤¥² ´µ µ¡ÒÎ´µ¥ ¶·¥¤¶µ-
²µ¦¥´¨¥, ÎÉµ £· ´¨ÍÒ µ¡² ¸É¨ ¨§³¥´¥´¨Ö P ´¥ § ¢¨¸ÖÉ µÉ M .) „²Ö ³ ²ÒÌ Ë²Ê±ÉÊ Í¨°
∂〈f〉 = N−1/2

√
Var f , £¤¥

Var f =
∫

dPπ(P)(f(P) − 〈f〉)2 ≡ 〈f2〉 − 〈f〉2, (5)

‚ É¥·³¨´ Ì ¤¨¸¶¥·¸¨¨ Ê· ¢´¥´¨¥ (3) ¶·¨´¨³ ¥É ¢¨¤

VarM [f ] =
(

∂〈f〉
∂M

)−2

Var f ; (6)

§ ¤ Î  ¸µ¸Éµ¨É ¢ ³¨´¨³¨§ Í¨¨ ÔÉµ£µ ¢Ò· ¦¥´¨Ö ¶µ¤Ìµ¤ÖÐ¨³ ¢Ò¡µ·µ³ f .
‚ ¤ ²Ó´¥°Ï¨Ì · ¸¸Ê¦¤¥´¨ÖÌ (ËÊ´±Í¨µ´ ²Ó´Ò¥ ¶·µ¨§¢µ¤´Ò¥ ¨ É. ¶.) ³Ò ´¥ ¡Ê¤¥³ ¸É·¥-

³¨ÉÓ¸Ö ± Ëµ·³ ²Ó´µ° ¸É·µ£µ¸É¨, É. ±. ÔÉµ § É¥³´¨²µ ¡Ò ¶·µ¸ÉÊÕ  ´ ²µ£¨Õ ¸ ¨§ÊÎ¥´¨¥³
³¨´¨³Ê³µ¢ µ¡ÒÎ´ÒÌ ËÊ´±Í¨°, ´¥ ¶·¨´µ¸Ö ¶· ±É¨Î¥¸±µ° ¶µ²Ó§Ò. „µ¸É ÉµÎ´µ § ³¥É¨ÉÓ,
ÎÉµ ¤¨ ¶ §µ´ ¶·¨³¥´¨³µ¸É¨ ¶µ²ÊÎ ÕÐ¨Ì¸Ö ·¥Í¥¶Éµ¢ É ±µ¢ ¦¥, ± ± ¨ Ê ³¥Éµ¤  ³ ±-
¸¨³ ²Ó´µ£µ ¶· ¢¤µ¶µ¤µ¡¨Ö, ¨ ÎÉµ ´ Ï ¢Ò¢µ¤ ¨³¥¥É ¡²¨§±¨¥ ¶ · ²²¥²¨ ¢ ¸É ´¤ ·É´ÒÌ
¤µ± § É¥²Ó¸É¢ Ì ´¥· ¢¥´¸É¢  Š· ³¥· Ä� µ ¢ É¥·³¨´ Ì £¨²Ó¡¥·Éµ¢µ° ´µ·³Ò (¸³., ´ ¶·¨-
³¥·, [5]).

	¥µ¡Ìµ¤¨³µ¥ Ê¸²µ¢¨¥ ³¨´¨³Ê³  ³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´µ ¢ É¥·³¨´ Ì ËÊ´±Í¨µ´ ²Ó´ÒÌ
¶·µ¨§¢µ¤´ÒÌ:

δ

δf(P)
Var M [f ] = 0. (7)
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�µ¤¸É ¢¨³ Ê· ¢´¥´¨¥ (6) ¢ (7) ¨ ¨¸¶µ²Ó§Ê¥³ ¸µµÉ´µÏ¥´¨Ö

δ

δf(P)
〈f〉 = π(P),

δ

δf(P)
〈f2〉 = 2f(P)π(P),

δ

δf(P)
∂〈f〉
∂M

=
∂π(P)
∂M

. (8)

�·µ¸ÉÒ¥ ¢ÒÎ¨¸²¥´¨Ö ¤ ÕÉ

f(P)〈f〉 + const
∂ ln π(P)

∂M
, (9)

£¤¥ ±µ´¸É ´É  ´¥ § ¢¨¸¨É µÉ P. �É  ±µ´¸É ´É  ·µ²¨ ´¥ ¨£· ¥É, É. ±. f µ¶·¥¤¥²Ö¥É¸Ö ¤ ´´Ò³
· ¸¸Ê¦¤¥´¨¥³ Éµ²Ó±µ ¸ ÉµÎ´µ¸ÉÓÕ ¤µ ¶µ¸ÉµÖ´´µ£µ ³´µ¦¨É¥²Ö. ‡ ³¥Î Ö, ÎÉµ∫

dPπ(P)
∂ ln π(P)

∂M
=

∂

∂M

∫
dPπ(P) ≡ ∂

∂M
1 = 0, (10)

¶·¨Ìµ¤¨³ ± ¸²¥¤ÊÕÐ¥³Ê µ¡Ð¥³Ê ¸¥³¥°¸É¢Ê ·¥Ï¥´¨°:

f(P)C1
∂ ln π(P)

∂M
+ C2, (11)

£¤¥ Ci ´¥ § ¢¨¸ÖÉ µÉ P, ´µ ³µ£ÊÉ § ¢¨¸¥ÉÓ µÉ M .
„²Ö Ê¤µ¡¸É¢ , ± ± µ¡ÒÎ´µ, ¨³¥¥³ ¢ ¢¨¤Ê ¸²¥¤ÊÕÐ¨° Î²¥´ ¸¥³¥°¸É¢  (11):

fopt(P) =
∂ ln π(P)

∂M
. (12)

’µ£¤  Ê· ¢´¥´¨¥ (10) ¢ ¸ÊÐ´µ¸É¨ ¸µ¢¶ ¤ ¥É ¸

〈fopt〉 = 0. (13)

‚ ± Î¥¸É¢¥ ¶·µ¸Éµ£µ ¶·¨³¥·  · ¸¸³µÉ·¨³ · ¸¶·¥¤¥²¥´¨¥ �·¥°É Ä‚¨£´¥· . �Ê¸ÉÓ P Å
¸²ÊÎ °´Ò¥ ¢¥Ð¥¸É¢¥´´Ò¥ Î¨¸² , · ¸¶·¥¤¥²¥´´Ò¥ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸

π(P) ∝ 1
(M − P)2 + Γ2

(14)

¢ ´¥±µÉµ·µ³ Ë¨±¸¨·µ¢ ´´µ³ ¨´É¥·¢ ²¥, ¢±²ÕÎ ÕÐ¥³ ÉµÎ±Ê P = M . ’µ£¤  µ¶É¨³ ²Ó´Ò³
³µ³¥´Éµ³ ¤²Ö µÍ¥´±¨ M ¡Ê¤¥É

fM,opt(P) =
∂

∂M
ln π(P) = − 2(M − P)

(M − P)2 + Γ2
. (15)

(	 ¶µ³´¨³, ÎÉµ  ¤¤¨É¨¢´Ò¥ ¨ ³Ê²ÓÉ¨¶²¨± É¨¢´Ò¥ ´¥ § ¢¨¸ÖÐ¨¥ µÉ P ±µ´¸É ´ÉÒ ³µ£ÊÉ
¡ÒÉÓ µ¶ÊÐ¥´Ò ¢ É ±¨Ì ¢Ò· ¦¥´¨ÖÌ; ¸³. Ê· ¢´¥´¨¥ (11).)

ˆ´É¥·¥¸´µ µÉ³¥É¨ÉÓ, ± ± fM,opt ¶µ¤Î¥·±¨¢ ¥É ¢±² ¤Ò ¡µ±µ¢ÒÌ Î ¸É¥° ¶¨±  Å ¢ ÉµÎ-
´µ¸É¨ É ³, £¤¥ ¢¥²¨Î¨´  π(P) ´ ¨¡µ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´  ± ¢ ·¨ Í¨Ö³ M , ¶·¨Î¥³ ÊÎ¥É
¢±² ¤µ¢ µÉ ¤¢ÊÌ ¡µ±µ¢ÒÌ Î ¸É¥° ¸ ¶·µÉ¨¢µ¶µ²µ¦´Ò³ §´ ±µ³ ³ ±¸¨³¨§¨·Ê¥É ¸¨£´ ². �·¨
ÔÉµ³ ¢Ò· ¦¥´¨¥ (15) ¶µ¤ ¢²Ö¥É ¢±² ¤Ò µÉ §´ Î¨É¥²Ó´µ£µ Î¨¸²  ¸µ¡ÒÉ¨° ¢ ¸·¥¤´¥° Î ¸É¨
¶¨±  (14), ±µÉµ·Ò¥ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ°, ¸±µ·¥¥, ÏÊ³ ¸ ÉµÎ±¨ §·¥´¨Ö ¨§³¥·¥´¨Ö M .
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“· ¢´¥´¨¥ (12) ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¶¥·¥¢µ¤ ³¥Éµ¤  ³ ±¸¨³ ²Ó´µ£µ ¶· ¢¤µ¶µ¤µ¡¨Ö
(±µÉµ·Ò°, ± ± ¨§¢¥¸É´µ, ¤ ¥É É¥µ·¥É¨Î¥¸±¨ ´ ¨²ÊÎÏÊÕ µÍ¥´±Ê ¤²Ö M ; ¸³. ´¥· ¢¥´¸É¢µ
Š· ³¥· Ä� µ [2, 3]) ´  Ö§Ò± µ¡µ¡Ð¥´´ÒÌ ³µ³¥´Éµ¢. ‚ ¸ ³µ³ ¤¥²¥, ³¥Éµ¤ ³ ±¸¨³ ²Ó-
´µ£µ ¶· ¢¤µ¶µ¤µ¡¨Ö ¶·¥¤² £ ¥É µÍ¥´¨¢ ÉÓ M §´ Î¥´¨¥³, ³ ±¸¨³¨§¨·ÊÕÐ¨³ ËÊ´±Í¨Õ
¶· ¢¤µ¶µ¤µ¡¨Ö ∑

i

ln π(Pi), (16)

£¤¥ ¸Ê³³¨·µ¢ ´¨¥ ¢¥¤¥É¸Ö ¶µ ¢¸¥³ ¸µ¡ÒÉ¨Ö³ ¢ ¢Ò¡µ·±¥. 	¥µ¡Ìµ¤¨³µ¥ Ê¸²µ¢¨¥ ¤²Ö ³ ±-
¸¨³Ê³  ¨³¥¥É ¢¨¤

∂

∂M

[∑
i

ln π(Pi)

]
=

∑
i

∂ ln π(Pi)
∂M

∝ 〈fopt〉exp = 0. (17)

�Éµ ¸µ£² ¸Ê¥É¸Ö ¸ (12) ¡² £µ¤ ·Ö (13). “¤¨¢¨É¥²Ó´µ, ÎÉµ ¢ µ¡Ð¥¤µ¸ÉÊ¶´µ° ²¨É¥· ÉÊ·¥,
¢µ-¢¨¤¨³µ³Ê, µÉ¸ÊÉ¸É¢Ê¥É Ö¢´ Ö ¨ µ¡Ð Ö Ëµ·³Ê²¨·µ¢±  ³¥Éµ¤  ³ ±¸¨³ ²Ó´µ£µ ¶· ¢¤µ¶µ-
¤µ¡¨Ö ¢ É¥·³¨´ Ì µ¡µ¡Ð¥´´ÒÌ ³µ³¥´Éµ¢, ÌµÉÖ Ô±¢¨¢ ²¥´É´Ò¥ Ëµ·³Ê²Ò ³µ¦´µ µ¡´ ·Ê-
¦¨ÉÓ ¢ ¶·¨³¥· Ì ¢Ò¢µ¤  ±µ´±·¥É´ÒÌ µÍ¥´µ± ¤²Ö ¶ · ³¥É·µ¢ ¸É ´¤ ·É´ÒÌ · ¸¶·¥¤¥²¥´¨°,
´ ¶·¨³¥·, ¢ [5].

ˆ§ÊÎ¨³, ± ± ³ ²Ò¥ µÉ±²µ´¥´¨Ö µÉ fopt ¢²¨ÖÕÉ ´  ÉµÎ´µ¸ÉÓ µÍ¥´±¨ M . � ¸¸³µÉ·¨³
ËÊ´±Í¨µ´ ² VarM [f ]. �Ê¸ÉÓ φ Å ËÊ´±Í¨Ö ´  ¸µ¡ÒÉ¨ÖÌ, ¶·¨Î¥³ 〈φ2〉 < ∞. 	 ¶¨-
Ï¥³ ËÊ´±Í¨µ´ ²Ó´Ò°  ´ ²µ£ · §²µ¦¥´¨Ö ’¥°²µ·  ¤²Ö VarM [fopt + φ] ¶µ φ, Ê¤¥·¦¨¢ Ö
±¢ ¤· É¨Î´Ò¥ Î²¥´Ò:

VarM [fopt + φ] = VarM [fopt] +
1
2

∫ [
δ2Var M [f ]
f(P) δ(Q)

]
f=fopt

φ(P)φ(Q) dP dQ + . . . .

(18)

‹¨´¥°´Ò° ¶µ φ Î²¥´ ´¥ ¢µ§´¨± ¥É, É. ±. fopt Ê¤µ¢²¥É¢µ·Ö¥É (7). —Éµ¡Ò ¢ÒÎ¨¸²¨ÉÓ ±¢ ¤· -
É¨Î´Ò° Î²¥´ ¢ (18), ¤µ¸É ÉµÎ´µ ¨¸¶µ²Ó§µ¢ ÉÓ ËÊ´±Í¨µ´ ²Ó´Ò¥ ¶·µ¨§¢µ¤´Ò¥ ¨ ¸µµÉ´µÏ¥-
´¨Ö É¨¶  (8) ¨

δ

δf(P)
f(Q) = δ(P,Q),

∫
δ(P,Q)φ(P)dP = φ(Q). (19)

�·Ö³µ° · ¸Î¥É ¤ ¥É £² ¢´Ò° É¥Ì´¨Î¥¸±¨° ·¥§Ê²ÓÉ É ¤ ´´µ° · ¡µÉÒ:

VarM [fopt + φ] =
1

〈f2
opt〉

+
1

〈f2
opt〉3

{
〈f2

opt〉 × 〈φ̄2〉 − 〈fopt × φ̄〉2
}

+ . . . , (20)

£¤¥ φ̄ = φ− 〈φ〉. 	¥µÉ·¨Í É¥²Ó´µ¸ÉÓ ¢Ò· ¦¥´¨Ö ¢ Ë¨£Ê·´ÒÌ ¸±µ¡± Ì ¸²¥¤Ê¥É ¨§ ´¥· ¢¥´-
¸É¢  �Ê´Ö±µ¢¸±µ£µÄŠµÏ¨Ä˜¢ ·Í , É ± ÎÉµ ³Ò ¤¥°¸É¢¨É¥²Ó´µ ¨³¥¥³ ¤¥²µ ¸ ³¨´¨³Ê³µ³.
(‡ ³¥É¨³, ÎÉµ ´¥· ¢¥´¸É¢µ �Ê´Ö±µ¢¸±µ£µÄŠµÏ¨Ä˜¢ ·Í  Ë¨£Ê·¨·Ê¥É ¨ ¢ ¸É ´¤ ·É´ÒÌ
¸É·µ£¨Ì ¤µ± § É¥²Ó¸É¢ Ì É¥µ·¥³Ò Š· ³¥· Ä� µ.)

�¥·¢Ò° Î²¥´ ¢ ¶· ¢µ° Î ¸É¨ (20), 〈f2
opt〉−1, ¤ ¥É  ¡¸µ²ÕÉ´Ò° ³¨´¨³Ê³ ¤¨¸¶¥·¸¨¨

M , Ê¸É ´µ¢²¥´´Ò° ´¥· ¢¥´¸É¢µ³ Š· ³¥· Ä� µ. �µ¸²¥¤´¥¥ ¸¶· ¢¥¤²¨¢µ ¤²Ö ¢¸¥Ì φ ¨
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¶µÔÉµ³Ê ´¥¸±µ²Ó±µ ¸¨²Ó´¥¥, Î¥³ ·¥§Ê²ÓÉ É (20), ¶µ²ÊÎ¥´´Ò° ²¨ÏÓ ¤²Ö ¤µ¸É ÉµÎ´µ ³ ²ÒÌ
φ. �¤´ ±µ Ê· ¢´¥´¨¥ ¤ ¥É ¶·µ¸Éµ¥ Ö¢´µ¥ µ¶¨¸ ´¨¥ µÉ±²µ´¥´¨° µÉ µ¶É¨³ ²Ó´µ¸É¨ ¨
¶µÔÉµ³Ê ¤¥² ¥É ¢µ§³µ¦´Ò³ ¶· ±É¨Î¥¸±¨¥ ¶·¥¤¶¨¸ ´¨Ö, ¤ ´´Ò¥ ´¨¦¥ ¶µ¸²¥ Ê· ¢´¥´¨Ö
(24).

“¤µ¡´µ £µ¢µ·¨ÉÓ µ¡ ¨´Ëµ·³ É¨¢´µ¸É¨ If µ¡µ¡Ð¥´´µ£µ ³µ³¥´É  f ¶µ µÉ´µÏ¥´¨Õ ±
¶ · ³¥É·Ê M , µ¶·¥¤¥²¥´´µ° ± ±

If = (Var M [f ])−1. (21)

ˆ´Ëµ·³ É¨¢´µ¸ÉÓ µ¶É¨³ ²Ó´µ£µ ³µ³¥´É  fopt · ¢´ 

Iopt = 〈f2
opt〉, (22)

ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ¶·¥¤¥²Ê Š· ³¥· Ä� µ. � §²µ¦¥´¨¥ Ö¢´µ µ¶¨¸Ò¢ ¥É µÉ±²µ´¥´¨Ö µÉ ¶·¥-
¤¥² . ˆ´Ëµ·³ É¨¢´µ¸ÉÓ É¥¸´µ ¸¢Ö§ ´  ¸ ¨´Ëµ·³ Í¨¥° ”¨Ï¥·  [2, 3], ±µÉµ· Ö, µ¤´ ±µ,
¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸¢µ°¸É¢µ ¤ ´´ÒÌ, Éµ£¤  ± ± ¨´Ëµ·³ É¨¢´µ¸ÉÓ Å ¸¢µ°¸É¢µ ³µ³¥´É .

’µÉ Ë ±É, ÎÉµ ·¥Ï¥´¨¥ Ö¢²Ö¥É¸Ö ÉµÎ±µ° ±¢ ¤· É¨Î´µ£µ ³¨´¨³Ê³ , µ§´ Î ¥É, ÎÉµ ²Õ-
¡µ° ³µ³¥´É fquasi, ¤µ¸É ÉµÎ´µ ¡²¨§±¨° ± (12), ¡Ê¤¥É ´  ¶· ±É¨±¥ É ± ¦¥ Ìµ·µÏ, ± ±
¨ µ¶É¨³ ²Ó´µ¥ ·¥Ï¥´¨¥ (´ §µ¢¥³ É ±¨¥ ³µ³¥´ÉÒ ±¢ §¨µ¶É¨³ ²Ó´Ò³¨). Šµ²¨Î¥¸É¢¥´´ Ö
³¥·  ¡²¨§µ¸É¨ ¤ ¥É¸Ö ¸· ¢´¥´¨¥³ Î²¥´µ¢ ¶µ·Ö¤±µ¢ O(1) ¨ O(φ2) ¢ ¶· ¢µ° Î ¸É¨ (20):

〈f2
opt〉〈φ̄2〉 − 〈foptφ̄〉2

〈f2
opt〉2


 1, (23)

£¤¥ φ̄ = fquasi − 〈fquasi〉 − fopt.
‚ÒÎ¨É ¥³Ò° Î²¥´ ¢ Î¨¸²¨É¥²¥ ´¥µÉ·¨Í É¥²¥´, É ± ÎÉµ, µ¶Ê¸± Ö ¥£µ, ¶µ²ÊÎ¨³ ¤µ¸É -

ÉµÎ´µ¥ Ê¸²µ¢¨¥ ¤²Ö Ê· ¢´¥´¨Ö, É¥³ ¡µ²¥¥, ÎÉµ 〈foptφ̄〉 ¡Ê¤¥É ¶µ¤ ¢²ÖÉÓ¸Ö, ¥¸²¨ fquasi

µ¸Í¨²²¨·Ê¥É µ±µ²µ fopt. �·¥¤¶µ² £ Ö ¡¥§ ¶µÉ¥·¨ µ¡Ð´µ¸É¨, ÎÉµ 〈fquasi〉 = 0, ¶µ²ÊÎ ¥³
¸²¥¤ÊÕÐ¨° Ê¤µ¡´Ò° ¤µ¸É ÉµÎ´Ò° ±·¨É¥·¨°:

〈[fquasi − fopt]2〉 
 〈f2
opt〉. (24)

�·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ ÔÉµ ¨ Ê· ¢´¥´¨¥ (20) ¨ µ¡µ§´ Î Ö ¸É ´¤ ·É´µ¥ µÉ±²µ´¥´¨¥ σ
¤²Ö M ¢ µ¶É¨³ ²Ó´µ³ ¨ ±¢ §¨µ¶É¨³ ²Ó´µ³ ¸²ÊÎ ÖÌ ± ± σopt ¨ σquasi, ¸µµÉ¢¥É¸É¢¥´´µ,
¶µ²ÊÎ¨³

σquasi

σopt
≈ 1 +

1
2
〈[fquasi − fopt]2〉

〈f2
opt〉

. (25)

’¥¶¥·Ó ³¥Éµ¤ ±¢ §¨µ¶É¨³ ²Ó´ÒÌ ³µ³¥´Éµ¢ ³µ¦´µ ¸Ëµ·³Ê²¨·µ¢ ÉÓ ¸²¥¤ÊÕÐ¨³ µ¡· -
§µ³:

1) ¢Ò¶µ²´¨³ (²Õ¡Ò³ ¸¶µ¸µ¡µ³) ¶·¨¡²¨¦¥´´µ¥ ¶µ¸É·µ¥´¨¥ µ¡µ¡Ð¥´´µ£µ ³µ³¥´É 
fquasi, ·Ê±µ¢µ¤¸É¢ÊÖ¸Ó Ëµ·³Ê²µ° (12), É ± ÎÉµ¡Ò fquasi ¡Ò² ¡²¨§µ± ± fopt ¢ ¨´É¥£· ²Ó´µ³
¸³Ò¸²¥ Ê· ¢´¥´¨Õ (24);

2) µ¶·¥¤¥²¨³ M Ë¨É¨·µ¢ ´¨¥³ 〈fquasi〉 ¨ 〈fquasi〉exp;
3) µÍ¥´¨³ µÏ¨¡±Ê ¤²Ö M ¶µ¸·¥¤¸É¢µ³ (6);
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4) ¥¸²¨ fquasi ¤µ¸É ÉµÎ´µ ÎÊ¢¸É¢¨É¥²Ó´µ § ¢¨¸¨É µÉ M , Éµ ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¨É¥· -
É¨¢´ÊÕ ¶·µÍ¥¤Ê·Ê, ´ Î ¢ ¸ ´¥±µÉµ·µ£µ M0, ¡²¨§±µ£µ ± ¨¸É¨´´µ³Ê (¢ § ¤ Î Ì ¶·¥Í¨§¨µ´-
´ÒÌ ¨§³¥·¥´¨° É ±µ¥ M0 ¢¸¥£¤  ³µ¦´µ Ê± § ÉÓ; ²¨¡µ ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ  ²ÓÉ¥·´ É¨¢-
´Ò° ³¥Éµ¤, ¸± ¦¥³, χ2), ¨ § É¥³ ³µ¤¨Ë¨Í¨·µ¢ ÉÓ fquasi ¶µ¸²¥ ¶µ²ÊÎ¥´¨Ö ´µ¢µ° µÍ¥´±¨
¤²Ö M (ÔÉµ ´ ¶µ³¨´ ¥É ¶µ¨¸± Ô±¸É·¥³Ê³  ¢ ³¥Éµ¤¥ ³ ±¸¨³ ²Ó´µ£µ ¶· ¢¤µ¶µ¤µ¡¨Ö).

„²Ö ¶· ±É¨Î¥¸±µ£µ ¶µ¸É·µ¥´¨Ö ±¢ §¨µ¶É¨³ ²Ó´ÒÌ ³µ³¥´Éµ¢ fquasi ¶µ²¥§´µ ¶¥·¥Ëµ·-
³Ê²¨·µ¢ ÉÓ ¢ É¥·³¨´ Ì ¶µ¤Ò´É¥£· ²Ó´ÒÌ ¢Ò· ¦¥´¨°:∫

dPπ(P)[fquasi(P) − fopt(P)]2 

∫

dPπ(P)f2
opt(P). (26)

‚ ± Î¥¸É¢¥ ´ ¢µ¤ÖÐ¥£µ ¸µµ¡· ¦¥´¨Ö ¸²¥¤Ê¥É ³¨´¨³¨§¨·µ¢ ÉÓ ¢Ò· ¦¥´¨¥ ¢ ¸±µ¡± Ì ¢
²¥¢µ° Î ¸É¨ (26):

[fquasi(P) − fopt(P)]2 
 f2
opt(P). (27)

	¥· ¢¥´¸É¢µ ¤µ²¦´µ ¢Ò¶µ²´ÖÉÓ¸Ö ¤²Ö ®¡µ²ÓÏ¨´¸É¢ ¯ P, É. ¥. ¸²¥¤Ê¥É ÊÎ¨ÉÒ¢ ÉÓ ¢¥²¨Î¨´Ê
π(P): ´¥· ¢¥´¸É¢µ (27) ³µ¦´µ µ¸² ¡¨ÉÓ ¢ µ¡² ¸ÉÖÌ, ¤ ÕÐ¨Ì ³ ²Ò° ¢±² ¤ ¢ ¨´É¥£· ² ¢
²¥¢µ° Î ¸É¨ (26).

� ¸¸³µÉ·¨³ ¢ ± Î¥¸É¢¥ ¶·¨³¥·a Ê· ¢´¥´¨¥ (14). �·¥¤¶µ²µ¦¨³, ÎÉµ ÉµÎ´µ¥ · ¸¶·¥¤¥-
²¥´¨¥ ¢¥·µÖÉ´µ¸É¥° µÉ²¨Î ¥É¸Ö µÉ (14), ¸± ¦¥³, ¸² ¡µ°, ´µ ¸²µ¦´µ° § ¢¨¸¨³µ¸ÉÓÕ Γ µÉ
P (ÎÉµ ³µ¦¥É ¨³¥ÉÓ ³¥¸Éµ ¢ ¢ÒÎ¨¸²¥´¨ÖÌ ¶µ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° Å É¨¶¨Î´ Ö ¸¨ÉÊ Í¨Ö
¢ Ë¨§¨±¥ ¢Ò¸µ±¨Ì Ô´¥·£¨° [6]). ’µ£¤  ¶· ¢ Ö Î ¸ÉÓ (15) ¸ ¶µ¸ÉµÖ´´µ° γ ¡Ê¤¥É ¸µµÉ¢¥É-
¸É¢µ¢ ÉÓ µ¡µ¡Ð¥´´µ³Ê ³µ³¥´ÉÊ, ±µÉµ·Ò° ¢¸¥£µ ²¨ÏÓ ±¢ §¨µ¶É¨³ ²¥´, ´µ µÉ±²µ´¥´¨Ö µÉ
µ¶É¨³ ²Ó´µ¸É¨ ³µ£ÊÉ ¡ÒÉÓ ¶· ±É¨Î¥¸±¨ ¶·¥´¥¡·¥¦¨³Ò (¢ § ¢¨¸¨³µ¸É¨ µÉ Éµ£µ, ´ ¸±µ²Ó±µ
¸² ¡µ° Ö¢²Ö¥É¸Ö § ¢¨¸¨³µ¸ÉÓ µÉ P). ’µ£¤  ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ³µ³¥´É, § ¤ ¢ ¥³Ò° ¶·µ-
¸É¥°Ï¥° Ëµ·³Ê²µ° (15), ¶· ±É¨Î¥¸±¨ ¡¥§ ¶µÉ¥·¨ ¨´Ëµ·³ É¨¢´µ¸É¨.

’ ±¦¥ ³µ¦´µ § ³¥´¨ÉÓ  ´ ²¨É¨Î¥¸±ÊÕ ±·¨¢ÊÕ ±Ê¸µÎ´µ-¶µ¸ÉµÖ´´µ° ¨²¨ ±Ê¸µÎ´µ-
²¨´¥°´µ°  ¶¶·µ±¸¨³ Í¨¥° (¸³. ·¨¸Ê´µ±):

‚ ²Õ¡µ³ ¸²ÊÎ ¥ ÔËË¥±É ´¥µ¶É¨³ ²Ó´µ¸É¨ ³µ¦¥É ¡ÒÉÓ µÍ¥´¥´ ¶µ¸·¥¤¸É¢µ³ Ê· ¢´¥´¨Ö
(25): ±Ê¸µÎ´µ-²¨´¥°´ Ö Ëµ·³  (£) µÉ²¨Î ¥É¸Ö µÉ µ¶É¨³ ²Ó´µ¸É¨ ¢ ¸³Ò¸²¥ Ê· ¢´¥´¨Ö
(25) ´  ´¥¸±µ²Ó±µ ¶·µÍ¥´Éµ¢ (ÔÉµÉ ¢Ò¢µ¤ ³µ¦¥É ¡ÒÉÓ ´ ·ÊÏ¥´, ¸± ¦¥³, ¨§-§  ³¥¤²¥´´µ
Ê¡Ò¢ ÕÐ¨Ì ®Ì¢µ¸Éµ¢¯ · ¸¶·¥¤¥²¥´¨Ö ¢ ¸²ÊÎ ¥ ¡¥¸±µ´¥Î´ÒÌ ¶·¥¤¥²µ¢ ¨´É¥£·¨·µ¢ ´¨Ö,
É ± ÎÉµ ³µ¦¥É ¶µ´ ¤µ¡¨ÉÓ¸Ö ¢¸É ¢±  ¤µ¶µ²´¨É¥²Ó´ÒÌ ²¨´¥°´ÒÌ ÊÎ ¸É±µ¢ ¨ É. ¤.).

“· ¢´¥´¨¥ (27) ¶µ§¢µ²Ö¥É £µ¢µ·¨ÉÓ µ ´¥µ¶É¨³ ²Ó´µ¸É¨ ³µ³¥´Éµ¢ (É. ¥. ¨Ì ÌÊ¤Ï¥° ¨´-
Ëµ·³ É¨¢´µ¸É¨ ¶µ ¸· ¢´¥´¨Õ ¸ fopt) ´  Ö§Ò±¥ ¨¸ÉµÎ´¨±µ¢ ´¥µ¶É¨³ ²Ó´µ¸É¨, É. ¥. É¥Ì
µÉ±²µ´¥´¨° fquasi(P) µÉ fopt(P), ±µÉµ·Ò¥ ¤ ÕÉ ¤µ³¨´¨·ÊÕÐ¨¥ ¢±² ¤Ò ¢ ²¥¢ÊÕ Î ¸ÉÓ
(24). �·µ¸É¥°Ï¨° ¶·¨³¥·: fopt Å ´¥¶·¥·Ò¢´ Ö ¶² ¢´µ ³¥´ÖÕÐ Ö¸Ö ËÊ´±Í¨Ö, Éµ£¤  ± ±
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fquasi Å ±Ê¸µÎ´µ-¶µ¸ÉµÖ´´ Ö  ¶¶·µ±¸¨³ Í¨Ö (¸³. ·¨¸Ê´µ±, ¢); Éµ£¤  fquasi ¸¨²Ó´¥¥ ¢¸¥£µ
µÉ±²µ´Ö¥É¸Ö µÉ fopt ¢µ§²¥ · §·Ò¢µ¢, ±µÉµ·Ò¥ ¶µÔÉµ³Ê ¥¸É¥¸É¢¥´´µ ¨¤¥´É¨Ë¨Í¨·ÊÕÉ¸Ö ± ±
¨¸ÉµÎ´¨±¨ ´¥µ¶É¨³ ²Ó´µ¸É¨. ’µ£¤  ¥¸É¥¸É¢¥´´Ò° ¸¶µ¸µ¡ Ê²ÊÎÏ¥´¨Ö fquasi Å ®·¥£Ê²Ö·¨-
§ Í¨Ö¯ · §·Ò¢µ¢ ¶µ¸·¥¤¸É¢µ³ ´¥¶·¥·Ò¢´ÒÌ (´ ¶·¨³¥·, ²¨´¥°´ÒÌ) ¨´É¥·¶µ²ÖÍ¨°.

�¡· §´µ £µ¢µ·Ö, ¨¸ÉµÎ´¨±¨ ´¥µ¶É¨³ ²Ó´µ¸É¨ ³µ¦´µ ¶·¥¤¸É ¢²ÖÉÓ ¸¥¡¥ ± ± ®¤Ò·Ò¯,
Î¥·¥§ ±µÉµ·Ò¥ É¥·Ö¥É¸Ö ¨´Ëµ·³ Í¨Ö µ M ,   ·¥£Ê²Ö·¨§ Í¨Ö fquasi Éµ£¤  ¡Ê¤¥É ¸µµÉ¢¥É-
¸É¢µ¢ ÉÓ ®§ ÉÒ± ´¨Õ¯ É ±¨Ì ®¤Ò·¯.

…¸²¨ π(P) ¤ ¥É¸Ö É¥µ·¨¥° ¢µ§³ÊÐ¥´¨° ¸ ¢µ§· ¸É ÕÐ¥-¸²µ¦´Ò³¨, ´µ Ê¡Ò¢ ÕÐ¥-
¢ ¦´Ò³¨ ¢±² ¤ ³¨, Éµ ³µ¦¥É µ± § ÉÓ¸Ö ¤µ¸É ÉµÎ´Ò³ ¨¸¶µ²Ó§µ¢ ÉÓ ¶·¨¡²¨¦¥´´ÊÕ Ëµ·³Ê
¤²Ö ¶· ¢µ° Î ¸É¨ (12), ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ ÊÎ¥ÉÊ ²¨ÏÓ É¥Ì ´¨§Ï¨Ì Î²¥´µ¢ ¶¥·ÉÊ·¡ É¨¢-
´µ£µ · §²µ¦¥´¨Ö, ¢ ±µÉµ·ÒÌ ¶·µÖ¢²Ö¥É¸Ö § ¢¨¸¨³µ¸ÉÓ µÉ ¨§³¥·Ö¥³µ£µ ¶ · ³¥É· . ’¥µ-
·¥É¨Î¥¸±¨¥ Ê²ÊÎÏ¥´¨Ö ¤²Ö ¶µ²´µ° ¶²µÉ´µ¸É¨ π(P) ´¥ µ¡Ö§ É¥²Ó´µ ¤µ²¦´Ò µÉ· ¦ ÉÓ¸Ö
¢ ±¢ §¨µ¶É¨³ ²Ó´ÒÌ ³µ³¥´É Ì (· §Ê³¥¥É¸Ö, É¥µ·¥É¨Î¥¸±µ¥ ¸·¥¤´¥¥ ¤²Ö ±¢ §¨µ¶É¨³ ²Ó-
´µ£µ ³µ³¥´É  ¢¸¥£¤  ¤µ²¦´µ ¢ÒÎ¨¸²ÖÉÓ¸Ö ¸ ¶µ³µÐÓÕ ³ ±¸¨³ ²Ó´µ ¶µ²´µ° É¥µ·¥É¨Î¥¸±µ°
¶²µÉ´µ¸É¨ ¢¥·µÖÉ´µ¸É¨).

…¸²¨ · §³¥·´µ¸ÉÓ ¶·µ¸É· ´¸É¢  ¸µ¡ÒÉ¨° ´¥¢¥²¨± , Éµ ³µ¦¥É µ± § ÉÓ¸Ö ¢µ§³µ¦´Ò³
¶µ¸É·µ¨ÉÓ ¶µ¤Ìµ¤ÖÐ¨° fquasi ³¥Éµ¤µ³ £·Ê¡µ° ¸¨²Ò, £¥´¥·¨·ÊÖ £¨¸Éµ£· ³³Ò ¤²Ö π(P) ¤²Ö
· §´ÒÌ M ¨ ¢Ò¶µ²´ÖÖ Î¨¸²¥´´µ¥ ¤¨ËË¥·¥´Í¨·µ¢ ´¨¥ ¶µ M .

Œµ¦´µ É ±¦¥ ¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö fquasi · §´Ò¥ ¢Ò· ¦¥´¨Ö: ´ ¶·¨³¥·, ¢Ò¶µ²´¨ÉÓ ¶¥·-
¢Ò¥ ¨É¥· Í¨¨ ¸ ¶·µ¸ÉÒ³ ¢Ò· ¦¥´¨¥³ ¤²Ö Ê¸±µ·¥´¨Ö ¢ÒÎ¨¸²¥´¨° ¨ ¢ ±µ´Í¥ ¶¥·¥°É¨ ´ 
¡µ²¥¥ ¸²µ¦´ÊÕ ¨´É¥·¶µ²ÖÍ¨µ´´ÊÕ Ëµ·³Ê²Ê ¤²Ö ¤µ¸É¨¦¥´¨Ö ´ ¨²ÊÎÏ¥° ÉµÎ´µ¸É¨.

�·¨ µÍ¥´¨¢ ´¨¨ ´¥¸±µ²Ó±¨Ì ¶ · ³¥É·µ¢ ¨³¥ÕÉ ³¥¸Éµ µ¡ÒÎ´Ò¥ ´¥µ¤´µ§´ Î´µ¸É¨, ´µ
¢¸¥£¤  ³µ¦´µ µ¶·¥¤¥²¨ÉÓ µ¶É¨³ ²Ó´Ò° ³µ³¥´É ¤²Ö ± ¦¤µ£µ ¶ · ³¥É·  ¶µ¸·¥¤¸É¢µ³ (12).
’µ£¤  ¨´Ëµ·³ É¨¢´µ¸ÉÓ (21) Ö¢²Ö¥É¸Ö ³ É·¨Í¥° (± ± ¨ ¨´Ëµ·³ Í¨Ö ”¨Ï¥· ). ’ ± ± ±
³ É·¨Í  ±µ··¥²ÖÍ¨° (±¢ §¨) µ¶É¨³ ²Ó´ÒÌ ³µ³¥´Éµ¢ ¨§¢¥¸É´  (¨²¨ ³µ¦¥É ¡ÒÉÓ µÍ¥´¥´  ¨§
¤ ´´ÒÌ), Éµ µÉµ¡· ¦¥´¨¥ Ô²²¨¶¸µ¨¤µ¢ µÏ¨¡µ± ¨§ ¶·µ¸É· ´¸É¢  ³µ³¥´Éµ¢ ¢ ¶·µ¸É· ´¸É¢µ
¶ · ³¥É·µ¢ ´¥ ¸µ¸É ¢²Ö¥É É·Ê¤ .

�µ¶Ê²Ö·´Ò° ³¥Éµ¤ χ2 ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° Ë¨É ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ·Ö¤  ´¥µ¶É¨³ ²Ó´ÒÌ
³µ³¥´Éµ¢ (ÖÎ¥°±¨ £¨¸Éµ£· ³³Ò). ƒ¨¸Éµ£· ³³¨·µ¢ ´¨¥ ¶·¨¢µ¤¨É ± ¶µÉ¥·¥ ¨´Ëµ·³ Í¨¨,
´µ § Éµ ³¥Éµ¤ Ö¢²Ö¥É¸Ö Ê´¨¢¥·¸ ²Ó´Ò³, ¶·µ¢¥·Ö¥É Ëµ·³Ê · ¸¶·¥¤¥²¥´¨Ö ¢¥·µÖÉ´µ¸É¥°
¨ ·¥ ²¨§µ¢ ´ ¢ ¸É ´¤ ·É´ÒÌ ¶·µ£· ³³ Ì. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¶µ¸É·µ¥´¨¥ fquasi É·¥¡Ê¥É
¸¶¥Í¨ ²Ó´ÒÌ Ê¸¨²¨° ¢ ± ¦¤µ° § ¤ Î¥, ´µ § Éµ ¶µÉ¥·¨ ¨´Ëµ·³ Í¨¨ ³µ£ÊÉ ¡ÒÉÓ ¢ ¶·¨´-
Í¨¶¥ ¸¢¥¤¥´Ò ´  ´¥É ¶µ¤Ìµ¤ÖÐ¨³ ¢Ò¡µ·µ³ fquasi. � ² ´¸ §¤¥¸Ó, ± ± µ¡ÒÎ´µ, Å ³¥¦¤Ê
± Î¥¸É¢µ³ ¸¶¥Í¨ ²Ó´ÒÌ ·¥Ï¥´¨° ¨ ¤µ¸ÉÊ¶´µ¸ÉÓÕ Ê´¨¢¥·¸ ²Ó´ÒÌ. �¤´ ±µ ± ± Éµ²Ó±µ
±¢ §¨µ¶É¨³ ²Ó´Ò¥ ³µ³¥´ÉÒ ¶µ¸É·µ¥´Ò, ± Î¥¸É¢µ ³¥Éµ¤  ³ ±¸¨³ ²Ó´µ£µ ¶· ¢¤µ¶µ¤µ¡¨Ö
µ± §Ò¢ ¥É¸Ö ¤µ¸ÉÊ¶´Ò³ ¸ ³¥´ÓÏ¨³¨ ¢ÒÎ¨¸²¨É¥²Ó´Ò³¨ § É· É ³¨. „¢  ³¥Éµ¤  ¸²¥¤Ê¥É
· ¸¸³ É·¨¢ ÉÓ ± ± ¢§ ¨³´µ ¤µ¶µ²´ÖÕÐ¨¥: ³µ¦´µ ¸´ Î ²  ¨¸¶µ²Ó§µ¢ ÉÓ ³¥Éµ¤ χ2 ¤²Ö
¢¥·¨Ë¨± Í¨¨ Ëµ·³Ò ¶²µÉ´µ¸É¨ ¢¥·µÖÉ´µ¸É¨ ¨ ¶µ²ÊÎ¥´¨Ö ¨¸Ìµ¤´µ£µ §´ Î¥´¨Ö M0, ±µÉµ-
·µ¥ § É¥³ ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö ¶µ¸É·µ¥´¨Ö ±¢ §¨µ¶É¨³ ²Ó´ÒÌ ³µ³¥´Éµ¢ ¸ Í¥²ÓÕ ¶µ²ÊÎ¥´¨Ö
´ ¨²ÊÎÏ¥° µ±µ´Î É¥²Ó´µ° µÍ¥´±¨ ¤²Ö M .

„µ¶µ²´¨É¥²Ó´µ¥ ¶·¥¨³ÊÐ¥¸É¢µ ³¥Éµ¤  ±¢ §¨µ¶É¨³ ²Ó´ÒÌ ³µ³¥´Éµ¢ ³µ¦¥É ¸µ¸ÉµÖÉÓ
¢ Éµ³, ÎÉµ ´¥±µÉµ·Ò¥ ¨§ Î¨¸²  ¡µ²¥¥ ¨§µÐ·¥´´ÒÌ É¥µ·¥É¨Î¥¸±¨Ì Ëµ·³ ²¨§³µ¢ ³µ£ÊÉ
¤ ¢ ÉÓ ¶·¥¤¸± § ´¨Ö ¤²Ö ¶²µÉ´µ¸É¨ ¢¥·µÖÉ´µ¸É¨ ¢ ¢¨¤¥ ¸¨´£Ê²Ö·´ÒÌ (¨ ¶µÔÉµ³Ê ´¥ µ¡Ö§ -
É¥²Ó´µ ¢¸Õ¤Ê ¶µ²µ¦¨É¥²Ó´µ µ¶·¥¤¥²¥´´ÒÌ) µ¡µ¡Ð¥´´ÒÌ ËÊ´±Í¨° (¸·. ¸¨¸É¥³ É¨Î¥¸±ÊÕ
± ²¨¡·µ¢µÎ´µ-¨´¢ ·¨ ´É´ÊÕ ±¢ ´Éµ¢µ-¶µ²¥¢ÊÕ É¥µ·¨Õ ¢µ§³ÊÐ¥´¨° ¤²Ö ´¥¸É ¡¨²Ó´ÒÌ
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Î ¸É¨Í, µ¶¨¸ ´´ÊÕ ¢ [7]). ‚ É ±¨Ì ¸²ÊÎ ÖÌ É¥µ·¥É¨Î¥¸±¨¥ ¶·¥¤¸± § ´¨Ö ¤²Ö µ¡µ¡Ð¥´-
´ÒÌ ³µ³¥´Éµ¢ ³µ£ÊÉ ¸ÊÐ¥¸É¢¥´´µ ¶·¥¢µ¸Ìµ¤¨ÉÓ ¶µ ± Î¥¸É¢Ê ¶·¥¤¸± § ´¨Ö ¤²Ö ¶²µÉ´µ¸É¨
¢¥·µÖÉ´µ¸É¨, É ± ÎÉµ ¨¸¶µ²Ó§µ¢ ´¨¥ ³¥Éµ¤  χ2 ³µ¦¥É ¡ÒÉÓ ³¥´¥¥ ¶·¥¤¶µÎÉ¨É¥²Ó´Ò³ ¶µ
¸· ¢´¥´¨Õ ¸ ³¥Éµ¤µ³ ±¢ §¨µ¶É¨³ ²Ó´ÒÌ ³µ³¥´Éµ¢.

	 ±µ´¥Í, ¶·¥¤¸É ¢²Ö¥É¸Ö ·¥ ²Ó´Ò³ ¸¶·µ¥±É¨·µ¢ ÉÓ ¡µ²¥¥ ¨²¨ ³¥´¥¥ Ê´¨¢¥·¸ ²Ó´Ò¥
¶·µ£· ³³Ò ¤²Ö Î¨¸²¥´´µ£µ ¶µ¸É·µ¥´¨Ö fquasi. ‚ ¸ ³µ³ ¤¥²¥, § ¤ Î  ¶µ¸É·µ¥´¨Ö fquasi

³¥Éµ¤µ³ £·Ê¡µ° ¸¨²Ò ¸ ¶µ³µÐÓÕ £¥´¥· Éµ·µ¢ ¸µ¡ÒÉ¨° ¡²¨§±µ·µ¤¸É¢¥´´  § ¤ Î¥ µ¡
 ¤ ¶É¨¢´µ³ ¨´É¥£·¨·µ¢ ´¨¨ ³¥Éµ¤µ³ Œµ´É¥-Š ·²µ, ¤²Ö ±µÉµ·µ° ¨³¥¥É¸Ö ·Ö¤  ²£µ·¨É-
³¨Î¥¸±¨Ì ¸Ì¥³ [8]. Š·µ³¥ Éµ£µ, ´ ²¨Î¨¥ Ö¢´ÒÌ Ëµ·³Ê² É¨¶  (12) ¨ (20) ¶µ§¢µ²Ö¥É
¨¸¶µ²Ó§µ¢ ÉÓ Ô¢·¨¸É¨±¨ ¢ É¥Ì ¸²µ¦´ÒÌ ¸¨ÉÊ Í¨ÖÌ (É¨¶  ¶µ¨¸±  Éµ¶-±¢ ·±  ¢ Î¨¸Éµ  ¤·µ´-
´µ³ ± ´ ²¥; ¸³. [4]), ¢ ±µÉµ·ÒÌ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¶µ² £ ÕÉ¸Ö ¨¸±²ÕÎ¨É¥²Ó´µ ´  ³¥Éµ¤
¶·µ¡ ¨ µÏ¨¡µ±.

�¢Éµ· ¡² £µ¤ ·¥´ „. 
. � ·¤¨´Ê §  µ¡¸Ê¦¤¥´¨¥. „ ´´ Ö · ¡µÉ  Î ¸É¨Î´µ ¶µ¤¤¥·¦¨¢ -
² ¸Ó £· ´Éµ³ �””ˆ 99-02-18365.
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