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‚ · ¡μÉ¥ · ¸¸³ É·¨¢ ¥É¸Ö ·¥Ï¥´¨¥ § ¤ Î¨ μ¶É¨³¨§ Í¨¨ Ì · ±É¥·¨¸É¨± É¥¶²μ¢μ£μ ¨¸ÉμÎ´¨± 
±·¨μ£¥´´μ° ÖÎ¥°±¨ Å ³´μ£μ¸²μ°´μ° Í¨²¨´¤·¨Î¥¸±μ° ±μ´Ë¨£Ê· Í¨¨ ¸Ô´¤¢¨Î´μ£μ É¨¶ , ¶·¥¤´ §´ -
Î¥´´μ° ¤²Ö ¨³¶Ê²Ó¸´μ° ¤μ§¨·μ¢ ´´μ° ¨´¦¥±Í¨¨ · ¡μÎ¨Ì ¢¥Ð¥¸É¢ ¢ ¨μ´¨§ Í¨μ´´ÊÕ ± ³¥·Ê ¨¸ÉμÎ-
´¨±  ³´μ£μ§ ·Ö¤´ÒÌ ¨μ´μ¢. „²Ö ·¥Ï¥´¨Ö § ¤ Î¨ μ¶É¨³¨§ Í¨¨ · §· ¡μÉ ´ ¨ ¶·μ£· ³³´μ ·¥ ²¨§μ¢ ´
£¨¡·¨¤´Ò° MPI+OpenMP  ²£μ·¨É³ ¶ · ²²¥²Ó´ÒÌ ¢ÒÎ¨¸²¥´¨°, μ¸´μ¢ ´´Ò° ´  ³¥Éμ¤¥ ¶¥·¥¡μ· 
¤²Ö ´ Ìμ¦¤¥´¨Ö ³ ±¸¨³Ê³  ¨´É¥£· ² , ¶·μ¶μ·Í¨μ´ ²Ó´μ£μ ±μ²¨Î¥¸É¢Ê ¨¸¶ ·¥´´ÒÌ ¸ ¶μ¢¥·Ì´μ¸É¨
ÖÎ¥°±¨ ³μ²¥±Ê² £ § . �¥Ï¥´¨¥ μ¶É¨³¨§ Í¨μ´´μ° § ¤ Î¨ ¤²Ö ±μ´±·¥É´μ° ±μ´Ë¨£Ê· Í¨¨ ÖÎ¥°±¨ ´ 
¸Ê¶¥·±μ³¶ÓÕÉ¥·¥ ®ƒμ¢μ·Ê´¯ ¶·μ¤¥³μ´¸É·¨·μ¢ ²μ Ê¸±μ·¥´¨¥ · ¸Î¥Éμ¢ ¢ ¤¥¸ÖÉ±¨ ¨ ¸μÉ´¨ · §.

The paper considers the problem of optimiziation of the heat source characteristics of the cryogenic
cell Å a multilayer cylindrical conˇguration of sandwich type, intended for pulse dosed injection of the
working gaseous species into the ionization chamber of the multiply charged ion source. For solving
the optimization problem, a hybrid MPI+OpenMP parallel computation algorithm based on the brute
force method for ˇnding the maximum of the integral proportional to the number of the evaporated
gas molecules from the surface of the cell has been developed and implemented. The solving of the
optimization problem for the particular conˇguration of cells using the supercomputer ©Govorunª has
demonstrated the acceleration of calculations by tens and hundreds of times.
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–¥²ÓÕ ¤ ´´μ° · ¡μÉÒ Ö¢²Ö¥É¸Ö · §· ¡μÉ±  ¨ ·¥ ²¨§ Í¨Ö  ²£μ·¨É³μ¢ ·¥Ï¥´¨Ö § ¤ Î¨
μ¶É¨³¨§ Í¨¨ Ì · ±É¥·¨¸É¨± ¨¸ÉμÎ´¨±  ±·¨μ£¥´´μ° ÖÎ¥°±¨ Å ³´μ£μ¸²μ°´μ° Í¨²¨´¤·¨-
Î¥¸±μ° ±μ´Ë¨£Ê· Í¨¨ ¸Ô´¤¢¨Î´μ£μ É¨¶ , ¶·¥¤´ §´ Î¥´´μ° ¤²Ö ¤μ§¨·μ¢ ´´μ° ¨³¶Ê²Ó¸´μ°
¨´¦¥±Í¨¨ · ¡μÎ¨Ì ¢¥Ð¥¸É¢ (´ ¶·¨³¥·, · ¤¨μ ±É¨¢´ÒÌ ±μ·μÉ±μ¦¨¢ÊÐ¨Ì ¨§μÉμ¶μ¢) ¢ ¨μ-
´¨§ Í¨μ´´ÊÕ ± ³¥·Ê ¨¸ÉμÎ´¨±  ³´μ£μ§ ·Ö¤´ÒÌ ¨μ´μ¢ [1]. ’ ± Ö ¨´¦¥±Í¨Ö ·¥ ²¨§Ê¥É¸Ö
¸μ§¤ ´¨¥³ ´¥μ¡Ìμ¤¨³μ£μ É¥³¶¥· ÉÊ·´μ£μ ·¥¦¨³  ´  ¶μ¢¥·Ì´μ¸É¨ ÖÎ¥°±¨, ±μ£¤  É¥³¶¥· -
ÉÊ·  ¤μ¸É¨£ ¥É § ¤ ´´μ£μ §´ Î¥´¨Ö ´  ´¥¸±μ²Ó±μ ³¨²²¨¸¥±Ê´¤,   § É¥³ ¡Ò¸É·μ ¸´¨¦ ¥É¸Ö
¤μ ¸²¥¤ÊÕÐ¥£μ ¨³¶Ê²Ó¸ .

1E-mail: ayriyan@jinr.ru
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”Ê´±Í¨μ´¨·μ¢ ´¨¥ ³¥Ì ´¨Î¥¸±¨Ì ¸É¢μ·μ± ¤²Ö ¨³¶Ê²Ó¸´μ° ¨´¦¥±Í¨¨ £ §μμ¡· §´ÒÌ
¸³¥¸¥° ¢ ³¨²²¨¸¥±Ê´¤´μ³ ¤¨ ¶ §μ´¥ ¶·¨ ±·¨μ£¥´´ÒÌ É¥³¶¥· ÉÊ· Ì ¨ ¢ ¸¨²Ó´μ³ ¢´¥Ï´¥³
³ £´¨É´μ³ ¶μ²¥ É¥Ì´μ²μ£¨Î¥¸±¨ ´¥´ ¤¥¦´μ, ¨ ¶μÔÉμ³Ê ·¥ ²Ó´μ°  ²ÓÉ¥·´ É¨¢μ° ³μ¦¥É
¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´¨¥ É¥³¶¥· ÉÊ·´ÒÌ ¸¢μ°¸É¢ £ §μ¢ ¢ ±·¨μ£¥´´μ³ ¤¨ ¶ §μ´¥. „¥°¸É¢¨-
É¥²Ó´μ, ¤ ¢²¥´¨¥ ´ ¸ÒÐ ÕÐ¨Ì ¶ ·μ¢ · §²¨Î´ÒÌ £ §μ¢ ¸¨²Ó´μ § ¢¨¸¨É μÉ É¥³¶¥· ÉÊ·Ò
¨ ³μ¦¥É ³¥´ÖÉÓ¸Ö ´  ´¥¸±μ²Ó±μ ¶μ·Ö¤±μ¢ ¢ ¨´É¥·¢ ²¥ ³¥¦¤Ê É¥³¶¥· ÉÊ· ³¨ ¦¨¤±μ£μ
£¥²¨Ö 4,2 Š ¨ ¦¨¤±μ£μ  §μÉ  78 Š [5]. ‚ ·¥§Ê²ÓÉ É¥, ¶·¨ ¡μ²¥¥ ´¨§±μ° É¥³¶¥· ÉÊ·¥,
· ¡μÎ¥¥ ¢¥Ð¥¸É¢μ ¶·μ¸Éμ § ³μ·μ¦¥´μ ´  ¢´¥Ï´¥° Í¨²¨´¤·¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨ ÖÎ¥°±¨,
  ¶·¨ Ê¢¥²¨Î¥´¨¨ É¥³¶¥· ÉÊ·Ò ¢¸¥£μ ´  5−15 K ¤ ¢²¥´¨¥ ¥£μ ´ ¸ÒÐ¥´´ÒÌ ¶ ·μ¢ ³μ-
¦¥É ¤μ¸É¨£ ÉÓ 10−6 ’μ··, ÎÉμ μ§´ Î ¥É, ÎÉμ ³μ²¥±Ê²Ò · ¡μÎ¥£μ ¢¥Ð¥¸É¢  ÔËË¥±É¨¢´μ
¨´¦¥±É¨·ÊÕÉ¸Ö Å ¶·μ´¨± ÕÉ ¢ μ¡² ¸ÉÓ ¨μ´¨§ Í¨¨, ±μÉμ· Ö ¤μ²¦´  · ¸¶μ² £ ÉÓ¸Ö ¢
´¥¶μ¸·¥¤¸É¢¥´´μ° ¡²¨§μ¸É¨ μÉ ¶μ¢¥·Ì´μ¸É¨ ÖÎ¥°±¨. 	 ¶·¨³¥·, ¤²Ö ±·¨¶Éμ´  (¸³. [2])
´¥μ¡Ìμ¤¨³μ¥ ¤²Ö ¨´¦¥±Í¨¨ ¤ ¢²¥´¨¥ ¶ ·μ¢ ¤μ¸É¨£ ¥É¸Ö ¶·¨ É¥³¶¥· ÉÊ·¥ 42,2 Š. �ÉμÉ
³¥Ì ´¨§³ É ±¦¥ ¶·¥¤²μ¦¥´ ¤²Ö ±·¨μ£¥´´μ° ¸¥¶ · Í¨¨ £ §μ¢ [3].

’ ±¨³ μ¡· §μ³, ¨¸¶μ²Ó§ÊÖ Ê± § ´´ÊÕ É¥³¶¥· ÉÊ·´ÊÕ § ¢¨¸¨³μ¸ÉÓ ¤ ¢²¥´¨Ö ´ ¸ÒÐ¥´-
´ÒÌ ¶ ·μ¢, ³μ¦´μ ¢Ò¤¥²¨ÉÓ ¤²Ö ± ¦¤μ£μ · ¡μÎ¥£μ ¢¥Ð¥¸É¢  ¤¢  ±·¨É¨Î¥¸±¨Ì §´ Î¥´¨Ö
É¥³¶¥· ÉÊ·Ò, ¶·¨ μ¤´μ³ ¨§ ±μÉμ·ÒÌ · ¡μÎ¥¥ ¢¥Ð¥¸É¢μ ¶· ±É¨Î¥¸±¨ § ³μ·μ¦¥´μ Å ®É¥³-
¶¥· ÉÊ·´Ò¥ ¸É¢μ·±¨¯ § ±·ÒÉÒ ¤²Ö ¨´¦¥±Í¨¨,   ¶·¨ ¤·Ê£μ³, ±μ£¤  ¤ ¢²¥´¨¥ ´ ¸ÒÐ¥´´ÒÌ
¶ ·μ¢ ´¥ ³¥´¥¥ 10−6 ’μ··, ®É¥³¶¥· ÉÊ·´Ò¥ ¸É¢μ·±¨¯ μÉ±·ÒÉÒ ¤²Ö ¨´¦¥±Í¨¨. Œμ¤¥-
²¨·μ¢ ´¨¥ ¨³¶Ê²Ó¸´ÒÌ ¶·μÍ¥¸¸μ¢ ¨§³¥´¥´¨Ö É¥³¶¥· ÉÊ·Ò ¢ ±·¨μ£¥´´μ° ÖÎ¥°±¥ μ¡¥¸-
¶¥Î¨¢ ¥É¸Ö ·¥Ï¥´¨¥³ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ Ê· ¢´¥´¨Ö É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¢ ³´μ£μ¸²μ°´μ°
Í¨²¨´¤·¨Î¥¸±μ° μ¡² ¸É¨.

Š·¨μ£¥´´ Ö ÖÎ¥°±  ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ³´μ£μ¸²μ°´Ò° Í¨²¨´¤· (·¨¸. 1), ¸¥·¤¥Î´¨±
±μÉμ·μ£μ ´  ±· ÖÌ ±μ´É ±É¨·Ê¥É ¸ É¥·³μ¸É Éμ³ (´ Ìμ¤ÖÐ¨³¸Ö ¶·¨ É¥³¶¥· ÉÊ·¥ ¦¨¤±μ£μ
£¥²¨Ö 4,2 K), ±μÉμ·Ò° μ¡¥¸¶¥Î¨¢ ¥É É¥¶²μ¸Éμ± ¤²Ö μÌ² ¦¤¥´¨Ö ÖÎ¥°±¨. �μ¢¥·Ì´μ¸ÉÓ
´ £·¥¢ ¥É¸Ö ¶·¨ ¶·μ¶Ê¸± ´¨¨ Î¥·¥§ ¢´ÊÉ·¥´´¨° ¶·μ¢μ¤ÖÐ¨° ¸²μ° ¨³¶Ê²Ó¸´μ£μ Ô²¥±É·¨-
Î¥¸±μ£μ Éμ±  ¢ É¥Î¥´¨¥ ¢·¥³¥´¨ tsrc, § É¥³ ÖÎ¥°±  μÌ² ¦¤ ¥É¸Ö, μÉ¤ ¢ Ö É¥¶²μ É¥·³μ¸É ÉÊ.
’ ±μ° ¶·μÍ¥¸¸ ¶μ¢Éμ·Ö¥É¸Ö ¸ ¶¥·¨μ¤μ³ tprd.

„¨§ °´ É ±μ° ±·¨μ£¥´´μ° ÖÎ¥°±¨ ¡Ò² ¶·¥¤²μ¦¥´ ¨ ¨¸¶ÒÉ ´ ¢ ‹”‚� �ˆŸˆ [1]. �±¸-
¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶·μ¤¥³μ´¸É·¨·μ¢ ²¨, ÎÉμ ËÊ´±Í¨μ´¨·μ¢ ´¨¥ É ±μ° ±·¨μ-
£¥´´μ° ÖÎ¥°±¨ (¤²Ö · ¡μÎ¥£μ £ §  ³¥É ´ ), ¡Ê¤ÊÎ¨ ¢ Í¥²μ³ Ê¤μ¢²¥É¢μ·¨É¥²Ó´Ò³, É¥³ ´¥
³¥´¥¥ ´Ê¦¤ ¥É¸Ö ¢ ¤ ²Ó´¥°Ï¥° μ¶É¨³¨§ Í¨¨. ‚ · ¡μÉ¥ [4], ¢ · ³± Ì · ¸¸³ É·¨¢ ¥³μ° ¢

�¨¸. 1. ‘Ì¥³ É¨Î¥¸±¨° ¢¨¤ Î¥É¢¥·É¨ ¶²μ¸±μ¸É¨ ¸·¥§  ÖÎ¥°±¨, ¶·μÌμ¤ÖÐ¥£μ Î¥·¥§ μ¸Ó. 	¨¦´ÖÖ
²¨´¨Ö Å μ¸Ó Í¨²¨´¤·  (μ¸Ó ¸¨³³¥É·¨¨), r = 0. 0 Å ¸¥·¤¥Î´¨± (É¥¶²μ¸Ñ¥³), ¨³¥ÕÐ¨° ±μ´É ±É

¸ É¥·³μ¸É Éμ³; 1 Å Ô²¥±É·μ¨§μ²ÖÉμ· ³¥¦¤Ê ¶·μ¢μ¤ÖÐ¨³ ¸²μ¥³ ¨ ¸¥·¤¥Î´¨±μ³; 2 Å ¶·μ¢μ¤ÖÐ¨°
¸²μ° (´ £·¥¢ É¥²Ó); 3 Å ¢´¥Ï´¨° ¨§μ²ÖÉμ·; 4 Å É¥·³μ¸É É (¦¨¤±¨° £¥²¨°)
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´¥° ³μ¤¥²¨, ¡Ò²μ ¶·μ¢¥¤¥´μ ³μ¤¥²¨·μ¢ ´¨¥ ®É¥³¶¥· ÉÊ·´ÒÌ ¸É¢μ·μ±¯ ¤²Ö ±·¨μ£¥´´μ°
ÖÎ¥°±¨. ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¶·¥¤² £ ÕÉ¸Ö § ¤ Î  μ¶É¨³¨§ Í¨¨ ¨  ²£μ·¨É³ ¥¥ ·¥Ï¥´¨Ö,
±μÉμ·Ò¥ ¶μ§¢μ²ÖÕÉ ¶μ¢Ò¸¨ÉÓ ÔËË¥±É¨¢´μ¸ÉÓ ¨¸¸²¥¤μ¢ ´¨Ö ¨ ¶·μ¥±É¨·μ¢ ´¨Ö ±·¨μ£¥´´μ°
ÖÎ¥°±¨ ¤²Ö ÔËË¥±É¨¢´μ° ¨³¶Ê²Ó¸´μ° ¨´¦¥±Í¨¨ · ¡μÎ¨Ì ¢¥Ð¥¸É¢ ¢ μ¡² ¸ÉÓ ¨μ´¨§ Í¨¨
¨¸ÉμÎ´¨±μ¢ ³´μ£μ§ ·Ö¤´ÒÌ ¨μ´μ¢.

1. ��ˆ‘��ˆ… ‡�„�—ˆ

1.1. � Î ²Ó´μ-±· ¥¢ Ö § ¤ Î . � ¸¸³μÉ·¨³ Ê· ¢´¥´¨¥ É¥¶²μ¶·μ¢μ¤´μ¸É¨ ¢ Í¨²¨´¤·¨-
Î¥¸±¨Ì ±μμ·¤¨´ É Ì [9], μ¶¨¸Ò¢ ÕÐ¥¥ ¶·μÍ¥¸¸ Ô¢μ²ÕÍ¨¨ É¥³¶¥· ÉÊ·´μ£μ ¶μ²Ö ¢ § ³±´Ê-
Éμ° Í¨²¨´¤·¨Î¥¸±μ° μ¡² ¸É¨ Ω (r ∈ [0, rmax(z)], z ∈ [0, zmax(r)]):

ρ(r)cV (T, r)
∂T

∂t
=

1
r

∂

∂r

(
rλ(T, r)

∂T

∂r

)
+

∂

∂z

(
λ(T, r)

∂T

∂z

)
+ X(T, t, r). (1)

‡¤¥¸Ó É¥¶²μË¨§¨Î¥¸±¨¥ ±μÔËË¨Í¨¥´ÉÒ ´¥²¨´¥°´μ § ¢¨¸ÖÉ μÉ É¥³¶¥· ÉÊ·Ò ¨ ¶·¥É¥·¶¥-
¢ ÕÉ · §·Ò¢Ò ¶¥·¢μ£μ ·μ¤  ¶·¨ ´¥±μÉμ·ÒÌ §´ Î¥´¨ÖÌ · ¤¨Ê¸  r∗d (d = 1, 2, 3), ËÊ´±Í¨Õ
¨¸ÉμÎ´¨±  ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¸²¥¤ÊÕÐ¥° Ëμ·³¥:

X(T, t, r) = χ(T )
I2(r)
SC

∞∑
n=0

[θ (t − n tprd) − θ (t − n tprd − tsrc)] , (2)

£¤¥ θ(t) Å ËÊ´±Í¨Ö •¥¢¨¸ °¤ ; n ∈ N0 Å ¨´¤¥±¸ ¶¥·¨μ¤ ; χ(T ) Å § ¢¨¸ÖÐ¥¥ μÉ
É¥³¶¥· ÉÊ·Ò Ê¤¥²Ó´μ¥ ¸μ¶·μÉ¨¢²¥´¨¥ ¶·μ¢μ¤ÖÐ¥£μ ¸²μÖ ÖÎ¥°±¨; I(r) Å  ³¶²¨ÉÊ¤  Ô²¥±-
É·¨Î¥¸±μ£μ Éμ± , ¨³¥ÕÐ Ö ±Ê¸μÎ´μ-¶μ¸ÉμÖ´´ÊÕ § ¢¨¸¨³μ¸ÉÓ ¶μ · ¤¨Ê¸Ê, μ´  μÉ²¨Î´  μÉ
´Ê²Ö ¨ · ¢´  I0 Éμ²Ó±μ ¢ μ¡² ¸É¨ ¶·μ¢μ¤ÖÐ¥£μ ¸²μÖ (´ £·¥¢ É¥²Ö), Î¥·¥§ ±μÉμ·Ò° ¶·μ¶Ê¸-
± ¥É¸Ö Éμ±; SC Å ¶²μÐ ¤Ó ¶μ¶¥·¥Î´μ£μ ¸¥Î¥´¨Ö ´ £·¥¢ É¥²Ö; tprd ¨ tsrc Å ¢·¥³Ö μ¤´μ£μ
¶¥·¨μ¤  · ¡μÉÒ ÖÎ¥°±¨ ¨ ¢·¥³Ö ¤¥°¸É¢¨Ö ¨¸ÉμÎ´¨±  ¸μμÉ¢¥É¸É¢¥´´μ. ‘Éμ¨É μÉ³¥É¨ÉÓ,
ÎÉμ ¤²Ö Î¨¸²¥´´ÒÌ · ¸Î¥Éμ¢ ¡Ò²  ·¥ ²¨§μ¢ ´  ³μ¤¥²Ó ¶¥·¥Ìμ¤´μ£μ ¶·μÍ¥¸¸  [11] ¶·¨
®¢±²ÕÎ¥´¨¨¯ ¨ ®¢Ò±²ÕÎ¥´¨¨¯ ¨¸ÉμÎ´¨± , ¸£² ¦¨¢ ÕÐ Ö ¸± Î±¨ ËÊ´±Í¨¨ ¨¸ÉμÎ´¨±  (2).

‡ ³Ò± ÕÐ¨¥ ¸μμÉ´μÏ¥´¨Ö ¤²Ö ¶μ¸É ´μ¢±¨ ´ Î ²Ó´μ-±· ¥¢μ° § ¤ Î¨ μ¶·¥¤¥²ÖÕÉ¸Ö ¨§
 ±¸¨ ²Ó´μ° ¸¨³³¥É·¨¨ ¨ Ë¨§¨Î¥¸±¨Ì Ê¸²μ¢¨°,   ¨³¥´´μ, ´ Î ²Ó´μ¥ Ê¸²μ¢¨¥ ¢ÒÉ¥± ¥É ¨§
¶·¥¤¶μ²μ¦¥´¨Ö, ÎÉμ ¶¥·¥¤ ´ Î ²μ³ ËÊ´±Í¨μ´¨·μ¢ ´¨Ö ±·¨μ£¥´´ Ö ÖÎ¥°±  ´ Ìμ¤¨É¸Ö ¢
· ¢´μ¢¥¸¨¨ ¸ É¥·³μ¸É Éμ³:

T (r, z, t = 0) = T0, (3)

£¤¥ T0 ≡ 4,2 K Å É¥³¶¥· ÉÊ·  ¦¨¤±μ£μ £¥²¨Ö. …¸²¨ ÊÎ¥¸ÉÓ, ÎÉμ ÖÎ¥°±  ´ Ìμ¤¨É¸Ö ¢
¢ ±ÊÊ³´μ° ± ³¥·¥, ¨ ¶·¥´¥¡·¥£ Ö Ô´¥·£¨¥°, É·¥¡ÊÕÐ¥°¸Ö ¤²Ö ¨¸¶ ·¥´¨Ö ³μ²¥±Ê² £ §  ¸
¶μ¢¥·Ì´μ¸É´μ¸ÉÓ ÖÎ¥°±¨, ¶·¥¤¶μ² £ ¥³, ÎÉμ ¶μÉμ± Î¥·¥§ £· ´¨ÍÊ · ¢¥´ ´Ê²Õ. ‘μμÉ¢¥É-
¸É¢¥´´μ, Ê¸²μ¢¨Ö ´  £· ´¨Í¥ μ¡² ¸É¨ Ëμ·³Ê²¨·ÊÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:⎧⎨⎩

∂T

∂n
= 0 ∀ (r, z) ∈ δΩ \ {(r, z) : z = zmax},

T = T0 ∀ (r, z) ∈ {(r, z) : z = zmax},
(4)

£¤¥ δΩ Å £· ´¨Í  μ¡² ¸É¨ Ω,   n Å ´μ·³ ²Ó ± £· ´¨Í¥ μ¡² ¸É¨ δΩ. 	Ê²¥¢μ° ¶μÉμ±
Î¥·¥§ £· ´¨ÍÊ δΩr=0 = {(r, z) : r = 0} ¢ÒÉ¥± ¥É ¨§ Ê¸²μ¢¨Ö  ±¸¨ ²Ó´μ° ¸¨³³¥É·¨¨.
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’¥³¶¥· ÉÊ·  ¢ ¶· ¢μ° Î ¸É¨ £· ´¨ÍÒ μ¡² ¸É¨ ¢¸¥£¤  · ¢´  T0, É ± ± ± μ´  ´ Ìμ¤¨É¸Ö
¢ ±μ´É ±É¥ ¸ É¥·³μ¸É Éμ³. �·¨ ÔÉμ³ Ê¸²μ¢¨Ö ¸μ¶·Ö¦¥´¨Ö ¸·¥¤ ³¥¦¤Ê ¸²μÖ³¨ ¸Î¨É ÕÉ¸Ö
¨¤¥ ²Ó´Ò³¨, É. ¥. μ¡¥¸¶¥Î¨¢ ¥É¸Ö ´¥· §·Ò¢´μ¸ÉÓ É¥³¶¥· ÉÊ·Ò ´  £· ´¨Í¥ ¸μ¶·Ö¦¥´¨Ö ¨
¶μÉμ±  Î¥·¥§ ´¥¥.

1.2. —¨¸²¥´´μ¥ ·¥Ï¥´¨¥. 	 Î ²Ó´μ-±· ¥¢ Ö § ¤ Î  (1)Ä(4) ·¥Ï ¥É¸Ö Î¨¸²¥´´μ ³¥Éμ¤μ³
¶¥·¥³¥´´ÒÌ ´ ¶· ¢²¥´¨° [7Ä10]:

ρi,j cV i,j

T i,j − Ti,j

0,5τk
= Λr

[
T i,j

]
+ Λz [Ti,j ] + X i,j , (5)

ρi,j cV i,j

T i,j − T̂i,j

0,5τk
= Λ

[
T i,j

]
r + Λ

[
T̂i,j

]
z + X i,j , (6)

£¤¥ Λr ¨ Λz Å · §´μ¸É´Ò¥ μ¶¥· Éμ·Ò,   T , T ¨ T̂ Å ·¥Ï¥´¨Ö ´  É¥±ÊÐ¥³ ¢·¥³¥´´μ³ ¸²μ¥,
´  ¶μ²Ê¸²μ¥ ¨ ´  ¨¸±μ³μ³ ¢·¥³¥´´μ³ ¸²μ¥ ¸μμÉ¢¥É¸É¢¥´´μ. � §´μ¸É´ Ö ¸Ì¥³  μ¶·¥¤¥²¥´ 
´  ¸²¥¤ÊÕÐ¥° ´¥· ¢´μ³¥·´μ° ¸¥É±¥:

ω = {(t, r, z) | 0 � t < ∞, tk+1 = tk + τk, k ∈ N;
0 � r � rmax, ri+1 = ri + hi+1, i = 1, . . . , Nr(j);
0 � z � zmax, zj+1 = zj + ηj+1, j = 1, . . . , Nz(i)}. (7)

‘Ì¥³  (5), (6) Ö¢²Ö¥É¸Ö ´¥²¨´¥°´μ°, ·¥Ï ¥É¸Ö ¨É¥· Í¨μ´´μ ¸  ¤ ¶É¨¢´Ò³ Ï £μ³ ¶μ
¢·¥³¥´¨. ‚ ¤ ´´μ° · ¡μÉ¥ ³Ò μ¶Ê¸É¨³ É ±¨¥ ¶μ¤·μ¡´μ¸É¨, ± ± ¢Ò¢μ¤ · §´μ¸É´μ° ¸Ì¥³Ò,
 ¶¶·μ±¸¨³ Í¨Ö Ê¸²μ¢¨° ¸μ¶·Ö¦¥´¨Ö ¸·¥¤ ¨ ¤·.

1.3. �¥±μÉμ·Ò¥ μ¶·¥¤¥²¥´¨Ö ¨ μ¡μ§´ Î¥´¨Ö. ‚¢¥¤¥³ μ¡μ§´ Î¥´¨Ö. ‚ ÉμÎ±¥ (r = rmax,

z = 0) ³¨´¨³ ²Ó´ Ö ¨ ³ ±¸¨³ ²Ó´ Ö É¥³¶¥· ÉÊ·Ò n-£μ ¶¥·¨μ¤  T
(n)
min ¨ T

(n)
max ¸μμÉ¢¥É-

¸É¢¥´´μ μ¶·¥¤¥²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

T
(n)
min = min

n tprd�t�(n+1) tprd

[T (t, r = rmax, z = 0)] ,

T (n)
max = max

n tprd�t�(n+1) tprd

[T (t, r = rmax, z = 0)] .
(8)

’¥³¶¥· ÉÊ·´Ò° ·¥¦¨³ ¸Î¨É ¥É¸Ö Ê¸É ´μ¢¨¢Ï¨³¸Ö, ¥¸²¨ ¤²Ö ²Õ¡μ£μ ³ ²μ£μ ¶μ²μ¦¨-
É¥²Ó´μ£μ §´ Î¥´¨Ö δ ´ °¤¥É¸Ö É ±μ¥ §´ Î¥´¨¥ N , ÎÉμ ¤²Ö ²Õ¡μ£μ n > N ¡Ê¤ÊÉ ¸¶· ¢¥¤²¨¢Ò
¸²¥¤ÊÕÐ¨¥ Ê¸²μ¢¨Ö: ⎧⎨⎩|T (n+1)

min − T
(n)
min| < δ,

|T (n+1)
max − T

(n)
max| < δ.

(9)

�·¨ ¢Ò¶μ²´¥´¨¨ Ê¸²μ¢¨Ö (9) ¤²Ö § ¤ ´´μ£μ §´ Î¥´¨Ö δ ¨´¤¥±¸ ¶¥·¨μ¤  μÉ¡· ¸Ò¢ ¥É¸Ö;
É ±¨³ μ¡· §μ³, ³¨´¨³ ²Ó´ Ö ¨ ³ ±¸¨³ ²Ó´ Ö É¥³¶¥· ÉÊ·  Ê¸É ´μ¢¨¢Ï¥£μ¸Ö É¥³¶¥· ÉÊ·-
´μ£μ ·¥¦¨³  μ¡μ§´ Î ÕÉ¸Ö Tmin ¨ Tmax ¸μμÉ¢¥É¸É¢¥´´μ.

� · ³¥É·Ò tprd ¨ tsrc Ö¢²ÖÕÉ¸Ö ¸¢μ¡μ¤´Ò³¨ ¨ ³μ£ÊÉ ¢ ·Ó¨·μ¢ ÉÓ¸Ö ¢ ´¥±μÉμ·μ³ ¨´É¥·-
¢ ²¥. �³¶²¨ÉÊ¤  Ô²¥±É·¨Î¥¸±μ£μ Éμ± , ¶·μÌμ¤ÖÐ¥£μ Î¥·¥§ ¶·μ¢μ¤ÖÐ¨° ¸²μ° I0, ¤μ²¦´ 
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�¨¸. 2 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). ‚μ§³μ¦´Ò¥ ·¥Ï¥´¨Ö ´ Î ²Ó´μ-±· ¥¢μ° § ¤ Î¨ ¢ ÉμÎ±¥
(r = rmax, z = 0). Š· ¸´ Ö ¨ ¸¨´ÖÖ ²¨´¨¨ Å ³ ±¸¨³ ²Ó´ Ö ¨ ³¨´¨³ ²Ó´ Ö É¥³¶¥· ÉÊ·  ¸μμÉ¢¥É-

¸É¢¥´´μ. ˜É·¨Ìμ¢Ò¥ ²¨´¨¨: ³¨´¨³ ²Ó´ Ö (¸¨´ÖÖ) ¨ ³ ±¸¨³ ²Ó´ Ö (±· ¸´ Ö) ±·¨É¨Î¥¸± Ö É¥³¶¥· -
ÉÊ· , ³ ±¸¨³ ²Ó´μ ¤μ¶Ê¸É¨³μ¥ §´ Î¥´¨¥ É¥³¶¥· ÉÊ·Ò (Î¥·´ Ö)
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¡ÒÉÓ ¢ÒÎ¨¸²¥´  É ±, ÎÉμ¡Ò Ê¸É ´μ¢¨¢Ï¨°¸Ö É¥³¶¥· ÉÊ·´Ò° ·¥¦¨³ Ê¤μ¢²¥É¢μ·Ö² ¸²¥¤ÊÕ-
Ð¨³ Ê¸²μ¢¨Ö³:

Tmin < T c
min, (10 )

Tmax > T c
max, (10¡)

Tmax � Tlim, (10¢)

§¤¥¸Ó T c
min ¨ T c

max Å § ¤ ´´Ò¥ ±·¨É¨Î¥¸±¨¥ §´ Î¥´¨Ö É¥³¶¥· ÉÊ·Ò. �·¨ ¢Ò¶μ²´¥´¨¨
Ê¸²μ¢¨Ö (10 ) ®É¥³¶¥· ÉÊ·´Ò¥ ¸É¢μ·±¨¯ ¸Î¨É ÕÉ¸Ö ®§ ±·ÒÉÒ³¨¯,   ¶·¨ ¢Ò¶μ²´¥´¨¨ Ê¸²μ-
¢¨Ö (10¡) ®μÉ±·ÒÉÒ³¨¯. Tlim Å μ£· ´¨Î¥´¨¥ ´  §´ Î¥´¨¥ É¥³¶¥· ÉÊ·Ò ¸¢¥·ÌÊ. �·¨
¢Ò¶μ²´¥´¨¨ Ê¸²μ¢¨° (10) ·¥ ²¨§ÊÕÉ¸Ö ®É¥³¶¥· ÉÊ·´Ò¥ ¸É¢μ·±¨¯ (·¨¸. 2,¦), ¶·¨ ´ ·ÊÏ¥-
´¨¨ ¤ ´´ÒÌ Ê¸²μ¢¨° ¸Î¨É ¥É¸Ö, ÎÉμ ®É¥³¶¥· ÉÊ·´Ò¥ ¸É¢μ·±¨¯ ´¥ ³μ£ÊÉ ¡ÒÉÓ ·¥ ²¨§μ¢ ´Ò
(¸³. ·¨¸. 2,  Ä¥ ¨ ·¨¸. 2, §Ä±).

�·¨ ÔÉμ³ μÎ¥¢¨¤´μ, Î¥³ ¡μ²ÓÏ¥ (¸ ÊÎ¥Éμ³ Ê¸²μ¢¨Ö (10¢)) ¨ Î¥³ ¤μ²ÓÏ¥ §´ Î¥´¨¥ É¥³-
¶¥· ÉÊ·Ò ¡Ê¤¥É ¶·¥¢ÒÏ ÉÓ ³ ±¸¨³ ²Ó´μ¥ ±·¨É¨Î¥¸±μ¥ §´ Î¥´¨¥ ´  ± ± ³μ¦´μ ¡μ²ÓÏ¥°
¶μ¢¥·Ì´μ¸É¨ ÖÎ¥°±¨, É¥³ ¡μ²ÓÏ¥ ³μ²¥±Ê² É·¥¡Ê¥³μ£μ £ §  ¡Ê¤¥É ¨¸¶ ·¥´μ ¨ ¶μ¶ ¤¥É ¢
μ¡² ¸ÉÓ ¨μ´¨§ Í¨¨. �Éμ ¶μ§¢μ²Ö¥É ¸Ëμ·³Ê²¨·μ¢ ÉÓ § ¤ ÎÊ μ¶É¨³¨§ Í¨¨ ¤²Ö ´ Ìμ¦¤¥´¨Ö
É ±¨Ì §´ Î¥´¨° tprd, tsrc ¨ I0, ±μÉμ·Ò¥ ³ ±¸¨³¨§¨·ÊÕÉ ±μ²¨Î¥¸É¢μ ¨¸¶ ·¥´´ÒÌ ³μ²¥±Ê²
§  ¨³¶Ê²Ó¸.

2. ‡�„�—� ��’ˆŒˆ‡�–ˆˆ

„²Ö Ëμ·³Ê²¨·μ¢±¨ § ¤ Î¨ μ¶É¨³¨§ Í¨¨ ¢¢¥¤¥³ ËÊ´±Í¨μ´ ², § ¢¨¸ÖÐ¨° μÉ · ¸¶·¥-
¤¥²¥´¨Ö É¥³¶¥· ÉÊ·´μ£μ ¶μ²Ö ´  ¶μ¢¥·Ì´μ¸É¨ ÖÎ¥°±¨ ¨ ¶·μ¶μ·Í¨μ´ ²Ó´Ò° ±μ²¨Î¥¸É¢Ê
¨¸¶ ·¥´´ÒÌ ³μ²¥±Ê², ¶·¨ Ê¸²μ¢¨¨, ÎÉμ ®É¥³¶¥· ÉÊ·´Ò¥ ¸É¢μ·±¨¯ ´ Ìμ¤ÖÉ¸Ö ¢ ¸μ¸ÉμÖ´¨¨
®μÉ±·ÒÉμ¯. ’μ£¤  § ¤ Î  μ¶É¨³¨§ Í¨¨ ¡Ê¤¥É ¸μ¸ÉμÖÉÓ ¢ Éμ³, ÎÉμ¡Ò ´ °É¨ É ±¨¥ §´ Î¥´¨Ö
¶ · ³¥É·μ¢ tprd, tsrc ¨ I0, ±μÉμ·Ò¥ μ¡¥¸¶¥Î¨¢ ÕÉ ³ ±¸¨³Ê³ ¤ ´´μ£μ ËÊ´±Í¨μ´ ² :

{tprd, tsrc, I0} = arg max

⎛⎜⎝ (n+1)tprd∫
n tprd

∫∫
S

F (t, z; I0, tprd, tsrc) ds dt

⎞⎟⎠, (11)

£¤¥ S Å ¶²μÐ ¤Ó ¶μ¢¥·Ì´μ¸É¨ Í¨²¨´¤·  ¸ · ¤¨Ê¸μ³ rmax ¨ ¤²¨´μ° z0,   ËÊ´±Í¨Ö F (t, z)
¢Ò· ¦ ¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

F (t, z) =

{
0, T (t, r = rmax, z) < T c

max,

T (t, r = rmax, z) − T c
max ¨´ Î¥.

(12)

ƒ· Ë¨± ËÊ´±Í¨¨ F (t, z) ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 3.
„²Ö ¸²ÊÎ Ö Í¨²¨´¤·¨Î¥¸±μ° ¶μ¢¥·Ì´μ¸É¨ ¨  ±¸¨ ²Ó´μ° ¸¨³³¥É·¨¨ ¨´É¥£· ² ¢ (11)

§ ³¥´Ö¥É¸Ö ¶μ¢Éμ·´Ò³¨ ¨´É¥£· ² ³¨ ¨ § ¤ Î  ¸¢μ¤¨É¸Ö ± ¸²¥¤ÊÕÐ¥°:

{tprd, tsrc, I0} = argmax

⎛⎜⎝2 π rmax

(n+1) tprd∫
n tprd

z0∫
0

F (t, z; I0, tprd, tsrc) dz dt

⎞⎟⎠, (13)

£¤¥ z0 Å ¤²¨´  ´ £·¥¢ ¥³μ° ¶μ¢¥·Ì´μ¸É¨ (¶·¨ r = rmax).
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�¨¸. 3. ƒ· Ë¨± ËÊ´±Í¨¨ F (t, z) ¶·¨ §´ Î¥´¨ÖÌ ¶ · ³¥É·μ¢ I0 = 0,5742, tsrc = 0,01, tprd = 0,10

‡´ Î¥´¨¥ ¤¢Ê±· É´μ£μ ¨´É¥£· ²  ¢ (13) (μ¡μ§´ Î¨³ ¥£μ I) μ¶·¥¤¥²Ö¥É¸Ö Î¨¸²¥´´μ.
�μ¸±μ²Ó±Ê ¢¸²¥¤¸É¢¨¥ Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö ´ Î ²Ó´μ-±· ¥¢μ° § ¤ Î¨ (1)Ä(4) ³Ò ¨³¥¥³
É¥³¶¥· ÉÊ·Ê ± ± ¸¥ÉμÎ´ÊÕ ËÊ´±Í¨Õ, F (t, z) ¸ ³  Ö¢²Ö¥É¸Ö ¸¥ÉμÎ´μ° ËÊ´±Í¨¥° ¢ Ê§² Ì
¶μ¤³´μ¦¥¸É¢  ¨¸Ìμ¤´μ° ¸¥É±¨ (7). …¸²¨ ¢Ò¶μ²´ÖÕÉ¸Ö Ê¸²μ¢¨Ö (10), §´ Î¥´¨¥ ¨´É¥£· ² 
μÍ¥´¨¢ ¥É¸Ö ¶μ Ëμ·³Ê²¥

I =
1
4

Nt−1∑
k=1

Nz−1∑
j=1

(Fk,j + Fk+1,j + Fk,j+1 + Fk+1,j+1) (tk+1 − tk) (zj+1 + zj) , (14)

£¤¥ Fk,j = F (tk, zj),   Nt Å ±μ²¨Î¥¸É¢μ ÉμÎ¥± ¤¨¸±·¥É¨§ Í¨¨ ¶μ ¢·¥³¥´¨ ¢ μ¤´μ³ ¶¥·¨μ-
¤¥ Ê¦¥ Ê¸É ´μ¢¨¢Ï¥£μ¸Ö É¥³¶¥· ÉÊ·´μ£μ ¶·μÍ¥¸¸ . ”μ·³Ê²  (14) ¸Ê³³¨·Ê¥É Î ¸É¨Î´Ò¥
μ¡Ñ¥³Ò ± ± ¶·μ¨§¢¥¤¥´¨¥ ¶²μÐ ¤¨ ÖÎ¥°±¨ ¸¥É±¨ ¸ ¨´¤¥±¸ ³¨ (k, j) ¨ ¢Ò¸μÉÒ ËÊ´±Í¨¨ ¢
Í¥´É·¥ ¤ ´´μ° ÖÎ¥°±¨.

3. �‹ƒ��ˆ’Œ �…˜…�ˆŸ ‡�„�—ˆ ��’ˆŒˆ‡�–ˆˆ

‚ É¥μ·¨¨ μ¶É¨³¨§ Í¨¨ ¸ÊÐ¥¸É¢Ê¥É ¡μ²ÓÏμ¥ ±μ²¨Î¥¸É¢μ ÔËË¥±É¨¢´ÒÌ  ²£μ·¨É³μ¢ ´ -
Ìμ¦¤¥´¨Ö £²μ¡ ²Ó´μ£μ Ô±¸É·¥³Ê³ : ± ± ¤¥É¥·³¨´¨·μ¢ ´´Ò¥ ³¥Éμ¤Ò, § Î ¸ÉÊÕ É·¥¡ÊÕÐ¨¥
¢ÒÎ¨¸²¥´¨Ö ¶¥·¢μ°,   ¨´μ£¤  ¨ ¢Éμ·μ° ¶·μ¨§¢μ¤´μ° (£¥¸¸¨ ´ ), É ± ¨ ¸ÉμÌ ¸É¨Î¥¸±¨¥
³¥Éμ¤Ò, ´ ¶·¨³¥·, É ±¨¥ ± ± ·μ¥¢Ò¥ ¨²¨ £¥´¥É¨Î¥¸±¨¥.

‘ÉμÌ ¸É¨Î¥¸±¨¥ ³¥Éμ¤Ò ´  ± ¦¤μ° ¨É¥· Í¨¨ É·¥¡ÊÕÉ ¢ÒÎ¨¸²¥´¨Ö §´ Î¥´¨Ö ËÊ´±Í¨¨
¢ ¡μ²ÓÏμ³ ³´μ¦¥¸É¢¥ ÉμÎ¥± ¢ ¶·μ¸É· ´¸É¢¥ ¶μ¨¸± . „¥É¥·³¨´¨·μ¢ ´´Ò¥ ³¥Éμ¤Ò É·¥¡ÊÕÉ
³¥´ÓÏ¥£μ μ¡Ñ¥³  ¢ÒÎ¨¸²¥´¨Ö §´ Î¥´¨Ö ËÊ´±Í¨¨ ´  ¨É¥· Í¨Õ, μ¤´ ±μ ±μ£¤  ¶·μ¨§¢μ¤-
´Ò¥ ËÊ´±Í¨¨ ´¥ ³μ£ÊÉ ¡ÒÉÓ  ´ ²¨É¨Î¥¸±¨ ¢Ò· ¦¥´Ò ¨²¨ ¦¥ ¸ ³  ËÊ´±Í¨Ö ´¥ ¢Ò· ¦ ¥É¸Ö
 ´ ²¨É¨Î¥¸±¨, ± ± ¢ ´ Ï¥³ ¸²ÊÎ ¥ (¥¸²¨ · ¸¸³ É·¨¢ ÉÓ ¨´É¥£· ² ¢ (11) ± ± ËÊ´±Í¨Õ μÉ
¶ · ³¥É·μ¢), ¤²Ö μÍ¥´±¨ £· ¤¨¥´Éμ¢ ¨ £¥¸¸¨ ´  É·¥¡ÊÕÉ¸Ö ¤μ¶μ²´¨É¥²Ó´Ò¥ ¢ÒÎ¨¸²¥´¨Ö
§´ Î¥´¨° ËÊ´±Í¨¨. Œμ¦´μ ¢Ò¤¥²¨ÉÓ É ±¦¥ ±² ¸¸ ´Ê²¥¢ÒÌ ³¥Éμ¤μ¢ [13], ±μÉμ·Ò¥ ´¥ É·¥-
¡ÊÕÉ ¢ÒÎ¨¸²¥´¨Ö ¶·μ¨§¢μ¤´ÒÌ. ˆ ¢¸¥ ¦¥ ¢μ ¢¸¥Ì ¨§ ´¨Ì ¸²¥¤ÊÕÐ Ö ÉμÎ±  ¢ ¶·μ¸É· ´¸É¢¥
¶μ¨¸±  § ¢¨¸¨É μÉ ¶·¥¤Ò¤ÊÐ¥°.

�¤´ ±μ ¥¸²¨ ¨³¥¥É¸Ö ¤μ¸ÉÊ¶ ± ¡μ²ÓÏμ³Ê μ¡Ñ¥³Ê ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ ·¥¸Ê·¸μ¢, Éμ ¤²Ö
±² ¸¸  § ¤ Î, ±μ£¤  ¢ÒÎ¨¸²¥´¨¥ μ¤´μ£μ §´ Î¥´¨Ö ËÊ´±Í¨¨ É·¥¡Ê¥É ¡μ²ÓÏμ£μ ±μ²¨Î¥¸É¢ 



284 �°·¨Ö´ �. ‘. ¨ ¤·.

�¨¸. 4. 
²μ±-¸Ì¥³  ·¥Ï¥´¨Ö μ¶É¨³¨§ Í¨μ´´μ° § ¤ Î¨

¢·¥³¥´¨, ÔËË¥±É¨¢´¥¥ ¨¸¶μ²Ó§μ¢ ÉÓ ³¥Éμ¤ ¶¥·¥¡μ· : ¤¨¸±·¥É¨§¨·μ¢ ÉÓ μ¡² ¸ÉÓ ¶μ¨¸± ,
¢ÒÎ¨¸²¨ÉÓ §´ Î¥´¨Ö ËÊ´±Í¨¨ ¶ · ²²¥²Ó´μ ´  ± ¦¤μ³ Ê§²¥ ¸¥É±¨ ¨, ¸· ¢´¨¢ Ö ¶μ²ÊÎ¥´´Ò¥
§´ Î¥´¨Ö, ´ °É¨ μ¶É¨³ ²Ó´μ¥. Šμ´¥Î´μ, ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ¤¨¸±·¥É¨§ Í¨Ö ¤μ¸É ÉμÎ´μ
¶²μÉ´ Ö,   ËÊ´±Í¨Ö ¢ μ¡² ¸É¨ ¶μ¨¸±  ´¥ ¨³¥¥É ¤¥²ÓÉμμ¡· §´μ£μ ¶μ¢¥¤¥´¨Ö. ˆ³¥´´μ
³¥Éμ¤ ¶¥·¥¡μ·  ¡Ò² ¢Ò¡· ´ ¤²Ö ·¥Ï¥´¨Ö § ¤ Î¨ (13).

�²£μ·¨É³ ·¥Ï¥´¨Ö § ¤ Î¨ (13) ¸μ¸Éμ¨É ¨§ ¸²¥¤ÊÕÐ¨Ì μ¸´μ¢´ÒÌ ÔÉ ¶μ¢ (¶μ¤·μ¡´¥¥
¸³. ¡²μ±-¸Ì¥³Ê ´  ·¨¸. 4):

1. „¨¸±·¥É¨§ Í¨Ö μ¡² ¸É¨ ¶μ¨¸±  ¢ ¶·μ¸É· ´¸É¢¥ ¶ · ³¥É·μ¢ tprd × tsrc:

T = {(tprd, tsrc) | tmin
prd � tprd � tmax

prd , t
(p+1)
prd = t

(p)
prd + Δt

(p)
prd, p = 1, . . . , Mp;

tmin
src � tsrc � 0,5tprd, t(q+1)

src = t(q)src + Δt(q)src , q = 1, . . . , Mq}.
(15)

‚ ¶·μ£· ³³´μ° ·¥ ²¨§ Í¨¨  ²£μ·¨É³  ³´μ¦¥¸É¢μ T § ¤ ¥É¸Ö ¢ ¢¨¤¥ É ¡²¨ÍÒ ¢μ ¢Ìμ¤´μ³
Ë °²¥.
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2. „²Ö ± ¦¤μ£μ Ô²¥³¥´É  ±μ´¥Î´μ£μ ³´μ¦¥¸É¢  T ³¥Éμ¤μ³ ¤¨ÌμÉμ³¨¨ ·¥Ï ¥É¸Ö § ¤ Î 
Ê¶· ¢²¥´¨Ö ¨¸ÉμÎ´¨±μ³

I
(p,q)
0 = argmax

⎛⎜⎝2 π rmax

(n+1) tprd∫
n tprd

z0∫
0

F (t, z; t(p)
prd, t

(q)
src) dz dt

⎞⎟⎠. (16)

	  ± ¦¤μ° ¨É¥· Í¨¨ ¤¨ÌμÉμ³¨¨ ·¥Ï ¥É¸Ö ¶·Ö³ Ö § ¤ Î  É¥¶²μ¶·μ¢μ¤´μ¸É¨ (1)Ä(4). �·¨
ÔÉμ³, ¥¸²¨ ·¥Ï¥´¨¥ ¶·Ö³μ° § ¤ Î¨ ´ ·ÊÏ ¥É ÌμÉÖ ¡Ò μ¤´μ ¨§ Ê¸²μ¢¨° (10), ¨´É¥£· ²Ê
¢ (16) ¶·¨¸¢ ¨¢ ¥É¸Ö §´ Î¥´¨¥ ´μ²Ó.

3. ˆ§ ±μ´¥Î´μ£μ ³´μ¦¥¸É¢  ·¥Ï¥´¨° § ¤ Î¨ (16) ¢Ò¡¨· ¥É¸Ö ³ ±¸¨³ ²Ó´μ¥ §´ Î¥-
´¨¥ ¨´É¥£· ² , ¨ § ¶¨¸Ò¢ ÕÉ¸Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¥³Ê ¶ · ³¥É·Ò tprd, tsrc ¨ I0. ‚Ò¡μ·
μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶ÊÉ¥³ ¸μ·É¨·μ¢±¨ É ¡²¨ÍÒ (tprd, tsrc, I0, I∗) ¶μ Ê¡Ò¢ ´¨Õ §´ Î¥´¨Ö ¨´-
É¥£· ²  (14).

	  £² ¢´μ³ Ï £¥  ²£μ·¨É³  § ¤ Î  Ê¶· ¢²¥´¨Ö ¨¸ÉμÎ´¨±μ³ ·¥Ï ¥É¸Ö ´¥§ ¢¨¸¨³μ ¤²Ö
± ¦¤μ° ¶ ·Ò ¨´¤¥±¸μ¢ p ¨ q; ¸μμÉ¢¥É¸É¢¥´´μ, ·¥Ï¥´¨¥ ± ¦¤μ° § ¤ Î¨ ³μ¦¥É ¡ÒÉÓ ¢Ò-
¶μ²´¥´μ ¶ · ²²¥²Ó´μ. � · ²²¥²Ó´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¡Ò²¨ ·¥ ²¨§μ¢ ´Ò ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
É¥Ì´μ²μ£¨¨ Message Passing Interface (MPI) [17] (¸μμÉ¢¥É¸É¢ÊÕÐ¨° ¡²μ± ¢ ¡²μ±-¸Ì¥³¥
´  ·¨¸. 4 ¢Ò¤¥²¥´ ÏÉ·¨Ìμ¢μ° ²¨´¨¥°) ¨ μ·£ ´¨§μ¢ ´Ò ¶μ ³μ¤¥²¨ ®³ ¸É¥·/· ¡μÎ¨¥¯ (mas-
ter/slaves) [14]. �·μÍ¥¸¸-³ ¸É¥· ´¥ ÊÎ ¸É¢Ê¥É ¢ · ¸Î¥É Ì,   ¢Ò¶μ²´Ö¥É Ê¶· ¢²ÖÕÐ¨¥ ËÊ´±-
Í¨¨, É ±¨¥ ± ± · ¸¶·¥¤¥²¥´¨¥ § ¤ Î ¶μ · ¡μÎ¨³, ³μ´¨Éμ·¨´£ μ¸¢μ¡μ¤¨¢Ï¨Ì¸Ö ¶·μÍ¥¸¸μ¢,
ÎÉμ¡Ò ´ §´ Î¨ÉÓ ¨³ · ¸Î¥ÉÒ ¤²Ö ¸²¥¤ÊÕÐ¥° ¶ ·Ò ¶ · ³¥É·μ¢ tprd ¨ tsrc (ÎÉμ ¶μ§¢μ²Ö¥É
¡μ²¥¥ ÔËË¥±É¨¢´μ · ¸¶·¥¤¥²¨ÉÓ § £·Ê§±Ê ¶·μÍ¥¸¸μ·μ¢), ¸¡μ· ·¥§Ê²ÓÉ Éμ¢, ¨Ì ¸μ·É¨·μ¢± 
¨ ¢Ò¡μ· μ¶É¨³ ²Ó´μ£μ ·¥Ï¥´¨Ö.

‡ ¤ Î  Ê¶· ¢²¥´¨Ö ¨¸ÉμÎ´¨±μ³ ·¥Ï ¥É¸Ö ³¥Éμ¤μ³ ¤¨ÌμÉμ³¨¨ c ¤¥²¥´¨¥³ μÉ·¥§±  ¶μ-
¨¸±  ¶μ¶μ² ³. �²£μ·¨É³ ·¥Ï¥´¨Ö ¶·¥¤¸É ¢²¥´ ´  ¡²μ±-¸Ì¥³¥ ´  ·¨¸. 5 ¨ ¸μ¸Éμ¨É ¨§
¸²¥¤ÊÕÐ¨Ì μ¸´μ¢´ÒÌ Ï £μ¢:

1. 	  ¢Ìμ¤ ¶μ¤ ¥É¸Ö ¶ ·  ¶ · ³¥É·μ¢ tprd ¨ tsrc.
2. �¶·¥¤¥²Ö¥É¸Ö μ¡² ¸ÉÓ ¶μ¨¸±  ·¥Ï¥´¨Ö I0 ∈ [ampMin = 0, ampMax], £¤¥ §´ Î¥´¨¥

ampMax ¥¸ÉÓ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (17). ’ ±¨³ μ¡· §μ³, μÎ¥¢¨¤´μ, ÎÉμ §´ Î¥´¨¥ I0, μ¡¥¸¶¥-
Î¨¢ ÕÐ¥¥ ³ ±¸¨³Ê³ ¨´É¥£· ²  ¢ § ¤ Î¥ (16), ´ Ìμ¤¨É¸Ö ¢ ¶·μ³¥¦ÊÉ±¥ ³¥¦¤Ê 0 ¨ ampMax

T (r = rmax, z = 0, t = tsrc; I0) = Tlim. (17)

‡¤¥¸Ó É¥³¶¥· ÉÊ·  Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³ ´ Î ²Ó´μ-±· ¥¢μ° § ¤ Î¨ ¤²Ö Ê· ¢´¥´¨Ö É¥¶²μ¶·μ-
¢μ¤´μ¸É¨ ¸ μ¤´μ° ¶·μ¸É· ´¸É¢¥´´μ° ¶¥·¥³¥´´μ°, μ¶¨¸Ò¢ ÕÐ¥£μ · ¸¶·μ¸É· ´¥´¨¥ É¥¶² 
¢ · ¤¨ ²Ó´μ³ ´ ¶· ¢²¥´¨¨ ¶·¨ z = 0 [6]. “· ¢´¥´¨¥ (17) ·¥Ï ¥É¸Ö ³¥Éμ¤μ³ ¡¨¸¥±Í¨¨.
‹μ± ²¨§ Í¨Ö ±μ·´Ö ¶·μ¢μ¤¨É¸Ö · ¢´μ³¥·´Ò³ ¸± ´¨·μ¢ ´¨¥³ μÉ ´Ê²Ö, ¶·¨ ÔÉμ³ ¶·¥¤¶μ-
² £ ¥É¸Ö, ÎÉμ ¸ÊÐ¥¸É¢Ê¥É Éμ²Ó±μ μ¤´μ ·¥Ï¥´¨¥ ´  ¶μ²Ê¨´É¥·¢ ²¥ [0,∞).

3. ‡´ Î¥´¨Õ ¶μ²Ê¸Ê³³Ò ampMin ¨ ampMax ¶·¨¸¢ ¨¢ ¥É¸Ö I0, ¨ ¤ ²¥¥ Î¨¸²¥´´μ ·¥-
Ï ¥É¸Ö ´ Î ²Ó´μ-±· ¥¢ Ö § ¤ Î  (1)Ä(4) ³¥Éμ¤μ³ ¶¥·¥³¥´´ÒÌ ´ ¶· ¢²¥´¨° ¸ ¨É¥· Í¨-
Ö³¨ ´  ¢·¥³¥´´μ³ ¸²μ¥ ¨  ¤ ¶É¨¢´Ò³ ¢·¥³¥´´Ò³ Ï £μ³ (5), (6). �·¨ ·¥Ï¥´¨¨ ¨¸-
¶μ²Ó§ÊÕÉ¸Ö ¶ · ²²¥²Ó´Ò¥ ¢ÒÎ¨¸²¥´¨Ö, μ·£ ´¨§μ¢ ´´Ò¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ É¥Ì´μ²μ£¨¨
OpenMP [18] (¸³. ¡²μ±-¸Ì¥³Ê ´  ·¨¸. 5) É ±¨³ μ¡· §μ³, ÎÉμ ¶ · ²²¥²Ó´μ ¢Ò§Ò¢ ¥É¸Ö ³¥-
Éμ¤ ¶·μ£μ´±¨ [12] ¤²Ö ´ Ìμ¦¤¥´¨Ö §´ Î¥´¨° ´¥¨§¢¥¸É´μ° ËÊ´±Í¨¨ ¢ μ¤´μ³ ¨ ¤·Ê£μ³
´ ¶· ¢²¥´¨ÖÌ.
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�¨¸. 5. 
²μ±-¸Ì¥³  ·¥Ï¥´¨Ö § ¤ Î¨ Ê¶· ¢²¥´¨Ö ¨¸ÉμÎ´¨±μ³
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4. �¡² ¸ÉÓ ¶μ¨¸±  ·¥Ï¥´¨Ö ²μ± ²¨§Ê¥É¸Ö ¶μ ¸²¥¤ÊÕÐ¨³ ¶· ¢¨² ³:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

…¸²¨

{
T (r = rmax, z = 0, t) > Tlim

T
(n)
min > T c

min ¤²Ö ²Õ¡μ£μ n

}
, Éμ ampMax = I0;

…¸²¨

{
t � tlim

T
(n)
max − T

(n)
min < T c

max − T c
min ¤²Ö ²Õ¡μ£μ n

}
, Éμ ampMin = I0;

…¸²¨ ¢Ò¶μ²´ÖÕÉ¸Ö Ê¸²μ¢¨Ö (10), É. ¥.

⎧⎪⎨⎪⎩
Tmin < T c

min

Tmax > T c
max

Tmax � Tlim

⎫⎪⎬⎪⎭ , Éμ ampMin = I0.

�·¨ ¢Ò¶μ²´¥´¨¨ Ê¸²μ¢¨° (10) ¢ÒÎ¨¸²Ö¥É¸Ö §´ Î¥´¨¥ ¨´É¥£· ²  ¢ (16) ¶μ Ëμ·³Ê²¥ (14),
¨´ Î¥ §´ Î¥´¨Õ ¨´É¥£· ²  ¶·¨¸¢ ¨¢ ¥É¸Ö ´μ²Ó.

5. �·μ¢¥·Ö¥É¸Ö Ê¸²μ¢¨¥ ´  ÉμÎ´μ¸ÉÓ ´ °¤¥´´μ£μ ·¥Ï¥´¨Ö |ampMax− ampMin| < ε.
…¸²¨ ÉμÎ´μ¸ÉÓ ´¥ Ê¤μ¢²¥É¢μ·¨É¥²Ó´ , Éμ ¶μ¢Éμ·ÖÕÉ¸Ö Ï £¨ 3Ä4.

6. ‚μ§¢· Ð ¥É¸Ö §´ Î¥´¨¥ I0 ¨ §´ Î¥´¨¥ ¨´É¥£· ² .
�¥·¢ Ö ¶ ·  Ê¸²μ¢¨° ¢ Ï £¥ 4 ¸μμÉ¢¥É¸É¢Ê¥É ·¥Ï¥´¨Ö³ ´ Î ²Ó´μ-±· ¥¢μ° § ¤ Î¨, ¶·¥¤-

¸É ¢²¥´´Ò³ ´  ·¨¸. 2,  Ä¥ ¨ 2, §. �·¨ ÔÉμ³ μÎ¥¢¨¤´μ, ÎÉμ ¢ ¤ ´´μ³ ¶·¨³¥·¥ ´¥μ¡Ìμ¤¨³μ
Ê³¥´ÓÏ¨ÉÓ  ³¶²¨ÉÊ¤Ê ¸¨²Ò Éμ± , ¶μÔÉμ³Ê ¶· ¢ Ö £· ´¨Í  μ¡² ¸É¨ ¶μ¨¸±  ¸³¥Ð ¥É¸Ö
¢²¥¢μ. ‚Éμ· Ö ¶ ·  Ê¸²μ¢¨° ¢Ò¶μ²´Ö¥É¸Ö ¤²Ö ·¥Ï¥´¨° ´  ·¨¸. 2,  , ¡, 2, ¤, ¥ ¨ 2, §Ä±. …¸²¨
· §´¨Í  ³¥¦¤Ê ³ ±¸¨³ ²Ó´Ò³ ¨ ³¨´¨³ ²Ó´Ò³ §´ Î¥´¨Ö³¨ É¥³¶¥· ÉÊ·Ò ³¥´ÓÏ¥, Î¥³
· §´¨Í  ³¥¦¤Ê ³ ±¸¨³ ²Ó´Ò³ ¨ ³¨´¨³ ²Ó´Ò³ ±·¨É¨Î¥¸±¨³¨ §´ Î¥´¨Ö³¨, Éμ ´¥μ¡Ìμ-
¤¨³μ Ê¢¥²¨Î¨ÉÓ  ³¶²¨ÉÊ¤Ê ¸¨²Ò Éμ± , ¸μμÉ¢¥É¸É¢¥´´μ, ²¥¢ Ö £· ´¨Í  ¸³¥Ð ¥É¸Ö ¢¶· ¢μ.
�μ¸²¥¤´¨° ´ ¡μ· Ê¸²μ¢¨° ¢Ò¶μ²´Ö¥É¸Ö ¤²Ö ·¥Ï¥´¨Ö ´  ·¨¸. 2,¦. �Éμ μ§´ Î ¥É, ÎÉμ ¤²Ö
³μ¤¥²¨·Ê¥³μ° ±μ´Ë¨£Ê· Í¨¨ ±·¨μ£¥´´μ° ÖÎ¥°±¨ ¸ § ¤ ´´Ò³¨ ¢·¥³¥´´Ò³¨ Ì · ±É¥·¨-
¸É¨± ³¨ ¨¸ÉμÎ´¨±  ·¥ ²¨§ÊÕÉ¸Ö ®É¥³¶¥· ÉÊ·´Ò¥ ¸É¢μ·±¨¯; ¢ É ±μ³ ¸²ÊÎ ¥ ´¥μ¡Ìμ¤¨³μ
Ê¢¥²¨Î¨ÉÓ §´ Î¥´¨¥  ³¶²¨ÉÊ¤Ò Éμ±  ¤²Ö ¶μ¨¸±  ®É¥³¶¥· ÉÊ·´ÒÌ ¸É¢μ·μ±¯ ¸ ´ ¨¡μ²ÓÏ¨³
§´ Î¥´¨¥³ ¨´É¥£· ²  (14).

4. �…‡“‹œ’�’› ��‘—…’�‚

�¶É¨³¨§ Í¨μ´´ Ö § ¤ Î  ¡Ò²  ·¥Ï¥´  ¤²Ö ±μ´Ë¨£Ê· Í¨¨ ÖÎ¥°±¨, ¨¸¸²¥¤μ¢ ´´μ°
¢ [4, 6], ¢±²ÕÎ Ö É¥¶²μË¨§¨Î¥¸±¨¥ § ¢¨¸¨³μ¸É¨ ³ É¥·¨ ²μ¢ ¸²μ¥¢ ¢ ±·¨μ£¥´´μ³ ¤¨ -
¶ §μ´¥ É¥³¶¥· ÉÊ·. „²Ö ·¥Ï¥´¨Ö § ¤ Î¨ (13) ´  ¢Ìμ¤ ¶·μ£· ³³¥ ¶μ¤ ¢ ²¸Ö ¸²¥¤ÊÕÐ¨°
´ ¡μ· Ê§²μ¢ (tprd, tsrc) ¢ μ¡² ¸É¨ ¶μ¨¸±  ¢ ¶·μ¸É· ´¸É¢¥ tprd × tsrc:

tprd ∈ {0,01, 0,02, 0,05, 0,06, 0,07, 0,08, 0,09, 0,10},
0,001 � tsrc � 0,5tprd(p), t(q+1)

src = t(q)src + 0,001.

‡´ Î¥´¨Ö ±·¨É¨Î¥¸±¨Ì É¥³¶¥· ÉÊ· ¡Ò²¨ ¢§ÖÉÒ ¸²¥¤ÊÕÐ¨³¨: Tmin = 37 K, Tmax =
42 K, ³ ±¸¨³ ²Ó´μ ¢μ§³μ¦´μ¥ §´ Î¥´¨¥ É¥³¶¥· ÉÊ·Ò Tlim = 45 K.

� ¸Î¥ÉÒ ¶·μ¢μ¤¨²¨¸Ó ´  £¥É¥·μ£¥´´μ³ ¸Ê¶¥·±μ³¶ÓÕÉ¥·¥ ®ƒμ¢μ·Ê´¯ [15, 16], ¸μ¸ÉμÖ-
Ð¥³ ¨§ ¸²¥¤ÊÕÐ¨Ì ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ ·¥¸Ê·¸μ¢:

–�“: 40× 2× Intel Xeon Gold 6154 (SkyLake, 18 Ö¤¥·, 36 ¶μÉμ±μ¢),
21× 1× Intel Xeon Phi 7290 (KNL, 72 Ö¤· , 288 ¶μÉμ±μ¢),

ƒ�“: 5× 8×NVIDIA Tesla V100 (5120 Ö¤¥·).
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�¨¸. 6. ‡ ¢¨¸¨³μ¸ÉÓ ·¥Ï¥´¨Ö § ¤ Î¨ Ê¶· ¢²¥´¨Ö ¨¸ÉμÎ´¨±μ³ μÉ ¶ · ³¥É·μ¢ tprd ¨ tsrc

‚ ¢ÒÎ¨¸²¥´¨Ö ¡Ò²¨ ¢μ¢²¥Î¥´Ò 70 –�“ Intel Xeon Gold 6154 ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ £¨-
¶¥·¶μÉμÎ´μ¸É¨, ¶·¨ ÔÉμ³ ¤μ¶μ²´¨É¥²Ó´μ¥ ¢ÒÎ¨¸²¨É¥²Ó´μ¥ Ö¤·μ ¨¸¶μ²Ó§μ¢ ²μ¸Ó ¤²Ö Ê¶· -
¢²¥´¨Ö ¢ ³μ¤¥²¨ ®³ ¸É¥·/· ¡μÎ¨¥¯.

	  ·¨¸. 6 ¶·¨¢¥¤¥´  § ¢¨¸¨³μ¸ÉÓ ³ ±¸¨³ ²Ó´μ£μ §´ Î¥´¨Ö ¨´É¥£· ²  ¢ (16) μÉ ¶ -
· ³¥É·μ¢ (tprd ¨ tsrc). ˆ§ £· Ë¨±  ¢¨¤´μ, ÎÉμ ·¥Ï¥´¨¥ § ¤ Î¨ (13) ¤μ¸É¨£ ¥É¸Ö ¶·¨
³ ±¸¨³ ²Ó´μ³ §´ Î¥´¨¨ tprd.

	  ·¨¸. 7 ¶·¥¤¸É ¢²¥´μ ¢·¥³Ö · ¸Î¥Éμ¢. ‚ ¶· ¢μ³ ¸Éμ²¡Í¥ Å ¢·¥³Ö ·¥Ï¥´¨Ö § ¤ Î¨
(13). �Éμ ¢·¥³Ö, ±μÉμ·μ¥ ¶μ²ÊÎ¥´μ ´  MPI-¶·μÍ¥¸¸¥ ®³ ¸É¥·¯ μÉ ´ Î ²  § ¶Ê¸±  ¶·μ-
£· ³³Ò ¤μ ¢Ò¤ Î¨ ·¥§Ê²ÓÉ É . ‘·¥¤´¨° ¸Éμ²¡¥Í Å μÍ¥´±  ·¥Ï¥´¨Ö § ¤ Î¨ ´  μ¤´μ³
¶·μÍ¥¸¸μ·¥ Intel Xeon Gold 6154 (SkyLake) c 18 Ö¤· ³¨ ¨ ³´μ£μ¶μÉμÎ´μ¸ÉÓÕ (36 ´¨É¥°).
„ ´´ Ö μÍ¥´±  ¶μ²ÊÎ ¥É¸Ö ¸Ê³³¨·μ¢ ´¨¥³ ¢·¥³¥´¨ · ¸Î¥Éμ¢ ´  · ¡μÎ¨Ì MPI-¶·μÍ¥¸¸ Ì.
‹¥¢Ò° ¸Éμ²¡¥Í Å ÔÉμ μÍ¥´±  ¢·¥³¥´¨, ¶μ²ÊÎ¥´´ Ö ¨§ ¶·μ¨§¢¥¤¥´¨Ö ¸·¥¤´¥£μ ¢·¥³¥´¨
Ê¸±μ·¥´¨Ö ·¥Ï¥´¨Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ 36 OpenMP-´¨É¥° · ¡μÎ¨³¨ MPI-¶·μÍ¥¸¸ ³¨ ¨
μÍ¥´±¨ ¢·¥³¥´¨ ·¥Ï¥´¨Ö ´  μ¤´μ³ ¶·μÍ¥¸¸μ·¥.

�¨¸. 7. ‚·¥³Ö · ¸Î¥Éμ¢ ¨ μÍ¥´±  ¢·¥³¥´¨ · ¸Î¥Éμ¢ ´  ¸Ê¶¥·±μ³¶ÓÕÉ¥·¥ ®ƒμ¢μ·Ê´¯. ‡¢¥§¤μÎ± ³¨
Ê± § ´Ò §´ Î¥´¨Ö, ±μÉμ·Ò¥ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ± ± μÍ¥´±  ¢·¥³¥´¨
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5. ‚›‚�„›

� §· ¡μÉ ´ ¨ ¶·μ£· ³³´μ ·¥ ²¨§μ¢ ´ £¨¡·¨¤´Ò° MPI+OpenMP  ²£μ·¨É³ ¶ · ²²¥²Ó-
´ÒÌ ¢ÒÎ¨¸²¥´¨° ¤²Ö ·¥Ï¥´¨Ö § ¤ Î¨ μ¶É¨³¨§ Í¨¨ Ì · ±É¥·¨¸É¨± ¨¸ÉμÎ´¨±  ¤²Ö É¥Ì-
´μ²μ£¨¨ ®É¥³¶¥· ÉÊ·´ÒÌ ¸É¢μ·μ±¯. ’ ±μ° ¨´¸É·Ê³¥´É ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ ¤ ²Ó´¥°Ï¥£μ
ÔËË¥±É¨¢´μ£μ ¨¸¸²¥¤μ¢ ´¨Ö ¨ μ¶É¨³¨§ Í¨¨ Ê¸É·μ°¸É¢ ¨³¶Ê²Ó¸´μ° ¨´¦¥±Í¨¨ · ¡μÎ¨Ì
£ §μ¢ ¢ ¨μ´¨§ Í¨μ´´ÊÕ ± ³¥·Ê ¨¸ÉμÎ´¨±μ¢ ¨μ´μ¢, ·¥ ²¨§ÊÕÐ¨Ì ®É¥³¶¥· ÉÊ·´Ò¥ ¸É¢μ·-
±¨¯. ‚ÒÎ¨¸²¥´¨Ö ¤²Ö ±μ´±·¥É´μ° ±μ´Ë¨£Ê· Í¨¨ ÖÎ¥°±¨ ´  ¸Ê¶¥·±μ³¶ÓÕÉ¥·¥ ®ƒμ¢μ·Ê´¯
¶·μ¤¥³μ´¸É·¨·μ¢ ²¨ Ìμ·μÏ¥¥ Ê¸±μ·¥´¨¥ · ¸Î¥Éμ¢.

‡ ¤ Î  μ¶É¨³¨§ Í¨¨ ·¥Ï ¥É¸Ö ³¥Éμ¤μ³ ¶¥·¥¡μ· , ±μÉμ·Ò° ¶·¨ ´ ²¨Î¨¨ ¡μ²ÓÏμ£μ
μ¡Ñ¥³  ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ ·¥¸Ê·¸μ¢ μ± §Ò¢ ¥É¸Ö ¡μ²¥¥ ÔËË¥±É¨¢´Ò³ ¢ ¸³Ò¸²¥ ¢·¥³¥´¨
¢ÒÎ¨¸²¥´¨° ¶·¨ ¶ · ²²¥²Ó´μ° ·¥ ²¨§ Í¨¨. ‚ ¨¤¥ ²Ó´μ³ ¸²ÊÎ ¥, ±μ£¤  ¤μ¸É ÉμÎ´μ ·¥-
¸Ê·¸μ¢, ÎÉμ¡Ò ¶ · ²²¥²Ó´μ ¢ÒÎ¨¸²¨ÉÓ ¢¸¥ §´ Î¥´¨Ö ËÊ´±Í¨¨ ¢ Ê§² Ì ¸¥É±¨, § ¤ ´´μ° ¢
μ¡² ¸É¨ ¶μ¨¸± , ¢·¥³Ö Î¨¸²¥´´μ£μ ·¥Ï¥´¨Ö § ¤ Î¨ μ¶É¨³¨§ Í¨¨ ¶· ±É¨Î¥¸±¨ ¸¢μ¤¨É¸Ö
± ³ ±¸¨³ ²Ó´μ³Ê ¢·¥³¥´¨ ¢ÒÎ¨¸²¥´¨Ö §´ Î¥´¨Ö ËÊ´±Í¨¨ ¢ μ¤´μ° ÉμÎ±¥. �Éμ μ¸μ¡¥´´μ
ÔËË¥±É¨¢´μ, ±μ£¤  ¢ÒÎ¨¸²¥´¨¥ μ¤´μ£μ §´ Î¥´¨Ö ËÊ´±Í¨¨ É·¥¡Ê¥É ¤²¨É¥²Ó´μ£μ ¢·¥³¥´¨.
Š·μ³¥ Éμ£μ, ³¥Éμ¤ ¶¥·¥¡μ·  ¤ ¥É §´ Î¥´¨Ö ËÊ´±Í¨¨ ¢μ ¢¸¥Ì Ê§² Ì ¸¥É±¨ (¸³. ·¨¸. 6), ÎÉμ
¶μ§¢μ²Ö¥É ¸μÌ· ´ÖÉÓ ¨ ¸μ·É¨·μ¢ ÉÓ ¨Ì ¶μ Í¥²¥¢μ³Ê §´ Î¥´¨Õ. �Éμ ³μ¦¥É ¤ ÉÓ ¨¸¸²¥-
¤μ¢ É¥²Õ ¢μ§³μ¦´μ¸ÉÓ ´¥ Éμ²Ó±μ ·¥Ï ÉÓ § ¤ ÎÊ μ¶É¨³¨§ Í¨¨, ´μ ¨ ¶·μ¢μ¤¨ÉÓ trade-off
 ´ ²¨§, É. ¥. ¨¸± ÉÓ ´ ¨²ÊÎÏ¥¥, ¢ ´¥±μÉμ·μ³ ¸³Ò¸²¥, ¸μμÉ´μÏ¥´¨¥ ¢·¥³¥´¨ ¨´¦¥±Í¨¨,
¥£μ μ¡Ñ¥³ , ¶¥·¨μ¤  ¨ É. ¤.

…¸²¨ ·¥Ï¥´¨Ö ¢ Ê§² Ì ¸¥É±¨ ´¥ ´ °¤¥´μ, Éμ  ²£μ·¨É³ ¢μ§¢· Ð ¥É ´μ²Ó ¢ ± Î¥¸É¢¥ ³ ±-
¸¨³ ²Ó´μ£μ §´ Î¥´¨Ö ¨´É¥£· ²  ¶·μ¶μ·Í¨μ´ ²Ó´μ¸É¨ ±μ²¨Î¥¸É¢Ê ¨¸¶ ·¥´´ÒÌ ¸ ¶μ¢¥·Ì-
´μ¸É¨ ¨³¶Ê²Ó¸´μ° ±·¨μ£¥´´μ° ÖÎ¥°±¨ ³μ²¥±Ê². ’μ£¤  ²¨¡μ ·¥Ï¥´¨Ö ¢ μ¡² ¸É¨ ¶μ¨¸±  ´¥
¸ÊÐ¥¸É¢Ê¥É, ²¨¡μ μ´μ ¸ÊÐ¥¸É¢Ê¥É, ´μ ¤¨¸±·¥É¨§ Í¨Ö μ¡² ¸É¨ ¡Ò²  ´¥¤μ¸É ÉμÎ´μ ¶²μÉ´μ°.
‚ ÔÉμ³ ¸²ÊÎ ¥ ¸²¥¤Ê¥É ¶μ³¥´ÖÉÓ ¸¥É±Ê ¨ ¨¸± ÉÓ ´  ´¥° ·¥Ï¥´¨¥, ·¥±μ³¥´¤Ê¥É¸Ö § ¤ ÉÓ
· ¢´μ³¥·´ÊÕ, ¡μ²¥¥ ¶²μÉ´ÊÕ ¸¥É±Ê, ´ ¸±μ²Ó±μ ¶μ§¢μ²ÖÕÉ ¶·¨ ÔÉμ³ ¢ÒÎ¨¸²¨É¥²Ó´Ò¥ ·¥-
¸Ê·¸Ò.

�² £μ¤ ·´μ¸É¨. �¢Éμ·Ò ¢Ò· ¦ ÕÉ ¡² £μ¤ ·´μ¸ÉÓ �.�.�°·¨Ö´Ê §  μ¡¸Ê¦¤¥´¨Ö ¨ ¶μ-
¸ÉμÖ´´μ¥ ¢´¨³ ´¨¥ ± ¤ ´´μ° · ¡μÉ¥, £·Ê¶¶¥ £¥É¥·μ£¥´´μ° ¢ÒÎ¨¸²¨É¥²Ó´μ° ¶² ÉËμ·³Ò
HybriLIT §  ¶·¥¤μ¸É ¢²¥´´ÊÕ ¢μ§³μ¦´μ¸ÉÓ ¶·μ¢μ¤¨ÉÓ · ¸Î¥ÉÒ ´  ¸Ê¶¥·±μ³¶ÓÕÉ¥·¥
®ƒμ¢μ·Ê´¯. � ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ Î ¸É¨Î´μ° ¶μ¤¤¥·¦±¥ �””ˆ (£· ´ÉÒ º18-51-18005
¨ º19-01-00645).
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