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SbMB5309

653G™Iol doMH0mso FoBsbos gemdsmHo Mm3EH0d0DBI300L 53M(356900L BMLEO
905bEMmgd0mo  53MmbsbLBYdOLIMZOL sboo gomdxMdgLYOIMWO SEMOOMTGOoL T9Jdbs o
056589000M39 3OMYM93Mo 0blEGMWINBEGHIO0L 99mygbgdoom dmdbowwo 3HMYMmITMEo Mgo-
0oHsE0s.

6536330 goboboergds ddodg doMmzol dgomEol sbsero Mfyzg@o 3056900
dmgwo (Gelashvili, et al., 2013). 70dodg doG™®M30” FoMdmoygbl gmz0 gMbdiEo0l
9d06030Bsgool

()—’ ’ ’ (1)

53mblbol 396250 3bMmdo s Bs3dsm® 9BIJGHIO gMEL. gl FgoMEO o300 JobssGlom
365350 3mbJ30M0s: 030 98Mm0Ygbhgds GMAMGME 3060390397 Moo  dobodsgrols
LGOS0 doefgzobmgzgol, sbgzg  FEmdsmMo (56 39MQ0  WMISEXEO) dobodseols
39bLOBOZMOLMZ0L. dodg d0OM30L  MgdsBols M35 aBGOO3  0bBHYMgLL  0fj393L. 0o
Lo0bEIOGUMS  Fo9B5BH03M0  FMEI0MGdOL  M35eLIBOOLOm, MoEYPD  ©obsdo3MGo
3639606 FabolfierOHMo  ImToMmgmdolizgbh LHGmOx30L 0ol Mgowobgds  Fgbodwrms
2396bMM 309l GOMT690LPSD  LogMAbMdEIsE  JoBLL3Z9390ME0 FosmgdsBolz Mo dmg-
qdoL Loboom (Brown, et al., 1950; Brown, 1951; Polyak, 1987; Eiselt, et al., 2000; Soo Y. Chang, et
al.,, 1989). 50558500, M30OHMdM M3EGH0T0DoEo0L Bo3dom© bmys Fgdmbzg3zgdl (. w30,
59mBbgdowro, 335H059mbbgJoo doBbol gmbdi0900) LoLEJToEMOs© 9dwgbgds Lsdgsboghm
5 36534030 M35¢LsDBOHOLOM 5dEH)sEEO bdg3Eboghm b5dMMIgdo (Goudou, et al., 2009;
Hajba, 2011; Cabot A., 2009; Bhaya, 2010; Paul-Emile, December 2009), 6H™0¢gddog 3507935¢3)0-
3996 dm@gb Homdmoagbl 3o0M3gwo b Igmeg Mool B39vwgdco30 oRIMIBE0sw MO
LobEgdgdo. MIMsrm© gdudgModgb@gdoom 89330305 ©s3MfdMbgm, Gmd 3dody doMm30l
9900m©o  (o®BsBHgdom  d90dgds  0dbsl  o8mygbgdmeo  sMeyz0  BwbJjzogdol
906030Bs300bmM30L.  sbowo  SEAMOHOMIOL  3OMYMSINWO  MJo0DOEF0S  JI30MIIOM
9dmgdboos, 5943L 3965993HMgdol dgMBg30L MROM IEO0EIMO BTMOgdgd0 @S GHJu3JdDY
UEGHIVOWMMSIPO  JOBO GO0 399l F9gRgdL 539690l dd0dg d0M™MZ0L  LEObIOE W
990056 969000m.

653O™ddo 90 m935H90E0s m3EH0T0Do3gool (1) sdmEsbols sdmblbol mMo dmogo-
3060930 3969303600 swamGomdo, MMIWwgddos 259mygbgderos sbowo Lgwgdaool,
d9%35609d0Ls 5  FMES300L  M3GMOGHMMGd0. gl SEAMOHOMIJO0  LoGHIuGHM ST E69dBY
L50dgEMmE  3domdL.  SELYB0TBs305, MMA  MFEIH0T)  STMEBOLMZOL,  BMIOLMZOLSS
35L03MH0 Igm©gdo 396 s0figgl 999aL, 3960 seaMmOH0mIGd0 0©gdl 3sbvgbl. LoljEogsy
ULOMEosE  FgqLodsdgds  3969303MNM0  SWYMOOMIGOOLMZ0L  FoWYdIM  (56503536)
UEobIMEHIOL.

B5dO™Id0 530939 356b0EME0s 0ligmo 3603369crm3z960 53M 36900, HrmAMmMoss: MI30-
9O OYMBOLY O IRIMZOL HFM(356900. CMAMOF 3bMdOW0s, MIF0MHgLO IYMFBOL
©Ox3M30L 58m(356980 30933690056 NP-Gorewo s8m3o6gdol 3emsll (Garey, et al., 1979).
O90LsM30L 53 59M (356900l BMLEHO STMBLEOLEMZ0L, Fots Fomo 396dm Jgdmnbgzg3900Ls S



SOLYdMOL  9B39IBHMOO  SERMMOomMTo.  5dmbLbol MM  ITMIOEIOIE0s  STMEIBOL
2306DMogdsbyg, ol Ggloderms Ioge 2o0BIMPML 53M36OL 26BMTogdol HBOHILMSD
9OMO© s 3999dwgdgo Aobgl Mm3GH0dsmo 3608369wmdol domgds MgowE GmM™Jo.
3654303500 53 5dm356900L  5TMbLBOL BoFoMmmgds Bbgds Fo4oeomo©  GHMIBL3MOEH 0L
5603360LsLs (Christofides, 1986), 9bgGamlioligdol fgsmrmgdol asbmagligdolsls (Minieka, 1978),
06830060 35300L 2o39dobols (Berge, 1958), dmalobwy®mgdol 349643gool 256magligdolsls s bbgs.
50 59356900l BYLEO 53mblBOLLL 09gbgdgh FBHMgdoL s Lsbw3zMgdol dgomel (Christofides,
1986; Minieka, 1978; Berge, 1958; Balas E., 1980; Fisher M. L., 1990; Ananiashvili, 2014;
Ananiashvili, 2015). ©@®oLsm30L ©O0EO  26BMI0EGOOL  5dM356900L  Fosbermgdomo
5dmblibgdoLsmzol bdoMmow 09gbgd9b: 4969G03M SeamMomdgol (Beaslay J. E., 1992; Eremeev,
2000), 690MMmbmen Jugergdl (Grossman, et al., 1997) s bbgs 93M0LEGHOME SERMOHOMNIYOL.
9360LGHOMWO 5WYMM0MIGO0 OMOL Jobswgd 063gM35¢To 3MmMdID M3EH0T> MO
90obErmgdme  58mbsblbgdl.  FJosbwmgdomo  smMmOomMIgdo  MIYBHILlo©  Ieolbbdmdgb
Bsfowmd®mog gootmBglsl.

6530™ddo Jg0M935D90)0s MI30MHIBO IYMBOLS S IRIMZ0L STMEI6JdOL BMLEO
59mblbol 3mO0x0E0MYdWOo F9JmMEO. 3OMMYMSTOMYd0L 396030l 5MSsMLYIOMO FoMmMg-
0oL bobrxbg dgbodergdgero aobs 459mygbgdmero dgbliog®mgdol, 51939 dodmmzErolsm3zol
LoF0MHM EMMOL dosbermgdom 32IM-x 96 dq0;3060905, LodE M ©IBIMS30 J39L0TMS3EGgO0L
509bMdsy. 58 FoBbom XxgMH ©ogmRol Fo@Mmogs Boofigks 335G ImO© s 8909y
900900 oBHMo30L 9e9d963HgdDg JoM0MSO M3GMS30900 FgLMYIEPES CMYO3IOO M3~
AM6M9O0m. 59 53m 356900l 5TMBIbLBY S s0fgMs 3OMAMSAOOL 3mA3EgJlo SEPYMOHOMIE
965 C++-%g. 3m33wgdLo 536MHMBOMYO0S WOEIMIGHWIMTO 3505 36MdOE MYoEIE 3mTdO-
Bo@mOH Mo Go30b 58m35690Bg, HMAgdoE d930dw0s 53000 LoGJuE M 53m356900L (36MdOo-
o  99JGH®MbMo  30domm930sb: Or-Library-sb (Beasley, 1990). @™ol dobomgd
063 96M3509080 o dMEos 39600 9909900 ©YMBOL  53M(356900LsM30L s Fobowgdo
39092900 535630l 53m(356980LsM30U.

39000535H90M@005 EIRIMZ0L S IMIZ9WRIMIO IBIMZ0L 53M (356900l STMbLBOL
9MmO0x030090w0 4969303M0 SaMOOmMTIJd0, MHMIGO03 ©IBIDBYINMWOs 3sboIME
396930316 sWaMmMomdby Fgx 3509008 s FMEOE00L 9bsEro M3 MsGHMGmgdom. dgdbowos
3OMyM5dMo 3m33wgdugdo Matlab-ol 4969dmdo. seEaM®0mMTGd0 oLobXMW0s LHGHILEH™
59m39690%9, 300gdMwo0s LESOOEMMHO T99gd0. 39OIM®, Yyzgws B39bL doge aslobxyero
LOAILAM  98Mm35BOL  53MbLBs  ILOMWES TJYR0sbs, TgYEgdo Moy  Tgdmbzg3z9ddo
©5990b35 BMLE 50MmbsblbgdL, sbsMBG6 G900b39390d0 SberMml SO BLE) 58MmbsbLBYdM6.

BsdG™ddo 09935359900 5eaMmH0mMIGO0LIMNZ0L Bodox-bsdox 9MOL IMZWOWwo
000MJYwo doXoLM30L LoFoMm 30MMd0MO MM ©s 8999y F9nsLgdMEwos Jmwosbo
3EmMomIoL LoMGo0DBoEOMm M.



Annotation

The primary goal of the present work is to create new optimized algorithms for exact and
approximate solutions of global optimization problems and flexible programming
impelmentation with modern software tools.

A new continuous model of the heavy ball method (Gelashvili, et al., 2013) is considered.
The heavy ball is a well-known and quite effective method to solve the minimization problem of
the smooth function

()_' ’ > (1)

This method is multifunctional in its essence used for both attaining the very "first" local
minimum and identifying the global (or good local) minimum. The heavy ball is an interesting
topic in many aspects. It is interesting from the perspective of mathematical modeling, since the
idea of the dynamic process converging to equilibrium can be realized through quite different
mathematical models (Brown, et al., 1950; Brown, 1951, Polyak, 1987; Eiselt, et al., 2000 Soo Y.
Chang, et al., 1989). Today, serious scientific and practical scientific papers (Goudou, et al., 2009;
Hajba, 2011; Cabot A., 2009; Bhaya, 2010; Paul-Emile, December 2009) are systematically
devoted to general cases of unconstrained optimization (e.g. smooth, convex, quasi-convex
objective functions), where the ordinary differential systems of the first or second order are used
as mathematical models. The experiments show that the heavy ball method can be successfully
used for minimization of the non-smooth functions. Programming realization of the new
algorithm is much more flexible providing richer option for selecting the parameters and showing
much better test results compared to the standard heavy ball method.

In the present work, two modified genetic algorithms are suggested for solving the
optimization problem (1), where the new operators of selection, crossover and mutation are used.
Algorithms permanently show good results on test problems.

In the present work, the minimal set partition and covering problems are also considered.
As it is known, the minimal set partition and covering problems belong to the class of complex
NP problems (Garey, et al., 1979). Today, the effective algorithm for exact solution of these
problems, except for their private cases, does not exist. The time of solving the problem depends
on the scale of the problem, which may significantly increase with the increase of the problem
scale making it impossible to receive the optimum value in real time. Solution of these problems
has applications, for example, in transport scheduling (Christofides, 1986), locating the sources
of power systems (Minneka, 1978), data transfer (Berge, 1958), locating the service centers, etc.
For exact solution of these problems the branch and bound method is used (Christofides, 1986;
Minneka, 1978; Berge, 1958; Balas E., 1980; Fisher M. L., 1990; Ananiashvili, 2014; Ananiashvili,
2015). Today, genetic algorithms (Beaslay ]. E., 1992; Eremeev, 2000), neuron networks
(Grossman, et al., 1997) and other heuristic algorithms are often used to receive approximate
solutions for the large-scale problems. Heuristic algorithms can find near-optimal solution in the
acceptable interval of time. In most cases, the approximate algorithms mostly imply partial
selection.



The modified method for exact solution of minimal set partition and covering problems is
suggested in the work. Non-essential complication of programming technique reduced the
necessary memory and decreased the computational time approximately 32-M times, where M is
the number of covering subsets. To that end, the partition matrix was compactly written, and
then the basic operations were performed on the matrix elements with logical operators. A
complex of programs was written in algorithmic language C++ to solve these problems. The
complex is tested on real combinative problems known in literature, which can be taken from
the well-known electronic library of test problems: Or-Library (Beasley, 1990). Good results are
obtained for set partition problems and acceptable results for set coverage problems in suitable
time intervals.

Modified genetic algorithms for solving the set cover and set multi-cover problems are
proposed, which are based on new operators of crossover and mutation to new algorithms. The
software complexes are developed in Matlab. The algorithms are checked on test problems
permanently showing good results. The conventional time required for each step of the proposed
algorithms is calculated step-by-step, and then the entire time of realization of the algorithm is
estimated.
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06356056@ @ 439030399096 gOms. bob. 1.1.4. 8)-bg bohgzgbgdos GHGogd@mMool bgws
boforo “9439Mbgdo” gMm-9mHmo 06350056 o J39b03MEoL dodsdm. 3 d9dmbggzsdo
3900 Bobl, OH@I  BHM9JBH™MM0s  06gg3s  0b6356M06FEH Mo J3qLogMEol  Fodsmod o
9mb5(330gMd0m 25o@oL dob MmM0gg dbsMgl. bob. 1.1.4. a)-Bg bobggbgdos Lbgs sbMol
3obom.  BHM99JGH™MM00L 39 bofforo  s9x 99 3MOHODBMEEIWMOHS©  IM™O3LgdYO
0635005630 Jgqgliog®Eol dodsdm 06mbgzs, 09das gu Mbgzs by 339 dogosh 6oL

399330690ve0.
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) 3) 3)

Bsb. 1.1.4. 5) MUHOIRILO ©33900L FgMEOL BHMgIEBHMM0s MbOL BYI30MHYPOLS
063500563 J39L03M 39900 9OMo; B)-g) MULHOIRILO 39008 FgOMPOL BHEMSYJEHMMO0S
©@™bols Bgs30090mb JMms Lbgsslbgs bgwooom bsB396900;

MHMsxglo 583905 06350056  J3glogMEgby BgBgMgdom. gobgobowmom  sbgmo
303m@39GHva0o 99mmEob 93900l TgbodegdMmds: ymzge dox by, 39939000 56¢0M0gbEOL
3oLH36m03 8565909, 3006 56 50IM3RBLYIOM MBMM B0 Q5EDMT0 YOOl 0635M056E
9398036 (3990. FoLvaqd0s, MMI doXJOOL MOoMmEIbMds 396 046905 LOZOEOL AEDMB0W DYDY
3930, o6 gmzgw Bdoxbg Lmw NBOM 0O 26D GOl 063500563
94390363990 9930350, LO0WIBSE FoTMBZES BMSYIGHMMOL 56 Fgw9dE0s 0635606EO
943960360 30L 2563560FJdol dosgroom.

0JMO0ME5©, FoMMNWSE  JILoAEGOJ0s  I39HObM™M, vy Mo 306MHMdIL b
53059530 gdIl  F9OGH0wo  56GH0M©0gbGHOL  AoLH3M03, MMIgWoE MBOM  EIBSWO
396BMmdogdols 063560563 43903639005, 30006 oL Fobs 0EHIME00L ML 0TYMBIIMS.
5056 99000l 3657EH03I ©9oe0BOE30L O 3G ZMGISL ©)JFb0l ITMYIWBILMSD
53538060930 36OHMdE93900, $30G™A Lsgombo sbzobowmm 565935369, 3mb3OgEHMw
dogomomby.

39630bowmm (1.1) s8m356s, Boog

530000 X, :( '4,3) . Bob. 1.1.5. 5)-Bg b5B3969005 96E0aM9009bEHOL  F0TsMEgdS
33900530 3mMIob 3M553030L5 s Jobo JOM-9Mm0 0635606E Mo Jagliog® ol 3mbbY.
Bob. 1.1.5. 3)-bg 6563969005 02039 BMOHTOL 4M993030 0635M06EH™ J39L03MEILBMB gHMo.
59x 905, Imbodbo F9MEH0Wwo IMMOZLYdINNWOS X, -0b FoLO AMOOIDEHOL FodsMenyg-

25



000. 950 F9OG0W0d B39 gdM0350 0mM3wgds 339MOEGMIO BMmOToL s6E0RMSO-
96@0L  808sOHMMgds s 030 FoMdmygbowos obMmom. oL, bsb. 1.1.5. @)-bg
9mbodbmo FadEGH0wo 3303 SM0GOIMO0S X, -0D Folo M50 gbEHOL 0O GdOm,
mEmb MBOHM JnOL. OMMOE 3bgEI3m, dxgMo© dobo  BEH0YMI©OgbEo  mMmomddol
35M0MOME05 06350056F M@0 J3gbogcmisob.

—400

~400  -200 0 200 40
d) 2)

Bsb. 1.1.5. 5) 9mbodbveo F9MEHowosb 6583969005 56EGH0aM0096EHOL oo gds
33900530 gmMIob 3M553030L5 s Jobo JMM-gMmo 06350056E WO Jagliogm ol 3mEBY;
0) 030395 53 5)-Bg, Fbmem 6583969000 3M90gbEHOL F0ToOrMEgds; ) 030395 M3 9)-bY,
dbmEm© H9OHEH0wo 50g0w0s dndmMOHgdom.

MUBHOIRgLO 3900l Fgom©Tdo, $3MbsbLboL X F0sbMgd0Esb FMIEI36MDBY oL~
3000l 30MMdS 5MHOL X, +t ELb0gBY (r 96GH0YM0IBEBL 50b0dbs3L 58 0@ gMHSE00LM30L) obgmo
09O G0ol dmdqobs, H™Igedos sbowo 96EGH0yM5096E0 M0l -0l FsM0MdN0. SToLYSD
296Lb3539000, 063560056 391030 39D WTZJdS B EHOMJOIMWO 046905, M 50BOTbYP
Ubogbg 9356Rg3m 0bgom FIMEGHOUL, G@IOEbsg oo 56EH0M©0gbEHO s®ol  Ar-ol
35ODMIMWO (B30 LFmOgo Ar 50l 08 B3O 39dEMMOL 3m0bges®Heo, GMIgEos
9000905 65bsHgdBg 656396900 3MMEgLOL AoMAgEgdom).

MOMamO3 503608659m, gl IgmMmEO BgIgEHIE TMdbmdOsMYs ITMAZ5gdOL 3MmI0Eg-
0990l 30350 s 9OHDO O 00539 0635M056GHME J39b03MEIBY Tglodwms Mo8Ybx gDy
LEOEML 533905, I3 B39bL  9Ju3gm0dxBEBHIOTo  Lom3gmgbm Tggao 9V GdMEO
30500963 q00L  dgomEL 35063 ghmo Goyom BsBMORYds.  3bMdOLMZOL, T9gdmnbzgz0m0
LOTYEHMOO PIPIOOMNIP FobLOBZMOo ToEM0EIOd0L T9dmbggz5d0, MiHEIBgLO sdz900L

d90MmEOo  Ibermgdom  10000-x96m  bgeros  FgM0Egdmwo  gM5096@H00L  Igmmby
(3399008 Moibgo MmEgLss 10-99w9gdoo 0bBmdgds). dgomEol  3mEo  dmygzsboos
sbsmmdo.

30500963 mwo ©s3z900L Ig0mEO. oo LobolEg. dse0sb Imzwgo M sm3hghHm,
F(x)- min, ) (1.4)
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23060Mdm d060d0Bs3E00L 5dMEIBOLMZ0L AMS096E 0 ©sd390s oTbs3L

x= Fi(x), (1.5)
ORIMIB305 MO0 2obEMEgdol s3mblbsl dmgdeo Lsfyolo 30HMdom. 06350056¢ o
J39L03ME0L gob3sMEHG00b s (1.5) 29bEHMgdoL LEHOWID 30MHPI30M FodmObIMYMBL, HmA
09 Lsfyobo 3600369cmds 93360l MHMIgerodg 0635006 JggbogkmiEgl, 03039
93980363990 MBS TGO BHGSgIBHMG0S. 580EMI 53 IJNMEL 56 255BB0S 3Mbs0MO BoY-

B53900, 020 396 EGHM39OL 56/ 2505339V 0635010563 391036 3990U.
LoAPMbIOM, U BodBHO 96 BoBbsgL MMI Fgmmo LHMIRs 03000905 dobodowrolszgb.
90BgH0 50305 SBbLBYW0s gMmdgBMmOMWs (s 99mfdgdsO 3MMYMITMES).
39630bowmm 03039 3390OGHME0 BMMIol Jobodoboszool Lyzombo aMOOgbE IO
9900m0U go8mygbgdoo.

S) 0)
650.1.1.6. 5)-3) 2500096GH*0 33980l FgMMEOL FM9dEHMM00L Lobg mMO
39bLbg9390Mwo bgoo.

Bob. 1.1.6. 930639600L EH®ogdEHm®ool Lobgl m®o goblbgeggdmwo bgom. MHmyme;3
36993, BHM9JAHMM0s Fo0D0oIdS KIO ,wPbMalo“ 06350056¢ Mo J3gLogzMEoL3Ib,
3900099, 3oL 499MgdDY, MBOM OO J56DMT0W YOOl 0635M0BEHWWO J39b036ME0L390 s
5.9., HMamO3 Bgdmo ogm bsbligbgdo 259md0bstg oxgMHgb3E0sMHO obEmegdol Lobosb.

099939 59 LYYOLMYOOL J989Y 8900MEOL LOLHMORILMSD H35380MGOIO 3OIMIYTdO
3oL900 bgds: (1.5) oxgMH963E0sW MO gobEMegds, Mog30L0 Lods®EH030l d0bgoz5 ML
bolio. 960593536 ©™byHY, 58590 335M(dMbgdl 3bso Abs3LYds 65b.1.1.7.-bs s Bsb.1.1.6.-0l
U5 gOL  ImMOL. M30mmb  Bob.1.1.6. s0gdmEos bobGo LolEgdgdobsdo dodwgzbowo
UEHOGH00Ib:
http://www.scholarpedia.org/article/Stiff systems
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Bsb.1.1.7. bobiGo LobEgdol sdmblbols 6bodwdo

(1.5) bLobGYIob LoboliEOL WsdG30(3909 B396 923005 OMHOBO GNMEOM, 3OIMYMSTMEO
353940 MATLAB-0l 539969309900 958tg9gb90007: 390090, H®mIgdo3 Bmyds0s s 0Y969096
699-39F9L 9gMEL (b3 o0 GOYOL), 936 Byers 3mTomdgb bobd) LoEgdgdmsb
L5dMBomE ob3MM360w 3gE0sEM gNMEYIMIE Fgs6gdo.

Bmyos, MATLAB 04gbgdls ode23, ode45, odel13 g3196d;3090L 56obolE LobEgdgdmsb
158 dom@. 595Lsb 0de23 B6J30580 950 BYIMWOS MbYg-39EL 2/3 oYL sSEyMEGHOMNTO
0Mo6330-0580608 dMmE0g035300m, 0oded5 g3mbdi05d0 M9oe0BIdME0s MMbAI-3MGHL 4/5
(0ol 5EMOHOMI0 EMOMT56-300630L IM0B03s300m, brnwwm odell3 gwmbjsos Foedmo-
396L  5sdbol  IgomEL  d5IRMEH-ImEMmbol  dmonozszoom. MATLAB-ol  {joybgdol
533™mM9d0L 1dgBHgLemds M93mdgboE0sl Mgl Me3s30M3gws@ oded5 gMbd00l go8myqbg-
03l, 590 MHMbyg-31EL FgMmgdL IMMOL ol 439esBg dgBo LoDMLEH00 boliosmgds,
396005 530L5 Ol BsOMMSE 395 BLUBOL 356" @ "30MHMdOMO© 356" LoLEYdgdUL.

390003 gd0LsM30L BoFoMM BLIMKR OB F9a30dw0s 308LX I Mo 9Ju39MH0TI6EHJOOL
BoGo®9dol 899009y, 390dm® 399090 LoBMLEHO00 STMbLBOLSL Fga30de0s OZOMNZOEIM™
000MJ0 363008 ddomdol MM s 5MHJM3g M8IEX IO dmbs Fotxz9bs TbscgbY
9005035 S M53gbx 9O dmbs BMbJiEools yodmmgms.

MATLAB-0b 59 3mbJ3ogd0olL godmyggbgdom, (1.5) LobEgdobsmgzol  9du3gmodgbEgdol
BoGo6905 5393306090005 3900099 LOOMMEGLMB: 3630530 Mbs F039M0MNM™ OHMOL
06 96M35¢0, bonwm d060dobsigools sdmEsbsdo fobslifs® 99mdargdqwos 0dol godmEbmds, 0y
M5 Mol 999y 9050H93L BHM99JBH™OO0L drmerm LsFomm LoBMBEIL. s80EH™I, JOHMO S
03039 06@96M35¢m0l 50905 2300936 M539bxgMTg, 306G dmerm FgdEGowdo aMe0gb@Eo
153056M0LS 56 T9I30MHYdS.

06@96M3509ds s300gm: [0,50], [0,100]cos [0,1000]. LOBMLE yzgwrs 99dmbgzgzsdo oym
0.01. 53 LOBNMLEHYIo 0gEPolbIgds HMI oG BHMYJBHMMOOL Lsdmemm aMEGHowdo
53Bd 300U gM5096@0L brmMds Mbs obgl bozwrgdo 0.01-%g.

3b®oo 1.1.1. 3430639690, 0099 G5 EO®T0 STMbLBS LobEHYIs SMIBOLEO (35MA0) LoLEIIg-
00Lm30L 930BbMEds 5FMTLLBYgdTs S MdEIBX M dmbs FoGrx39bs TbMOL godmmazems.
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gbMowo 1.1.1. 9du3g®m0dgb@ob 99gagdo (1.5) LobEGgdolomgol
399900L5m30L 25637973600 5dMIBLBYEgdOL 25dmyqbgdoom.

MATLAB-0U s65bobEo Lol-

063926M900L 06¢)gM35¢0 | 0b3HIM9d0L 063 M350 069260900 06 gM35¢0
t [0,50] t [0,100] t [0,1000]
) 0s6rx 3965 g do6x39b6s > o6 3965
g g bstryBy % 3bstryBy % bstryby
= 2 80056039001 2 90356039980 2 9085603900
g% % 50 9bMdS % 5m©Yb™MdS % 50 YbMdS
S S S
ode45 100.872429 1543780 203.9727 3084124 | 3004.777937 30809780
odell3 | 555.30317 3322650 | 1207.8544 6634619 | - -
ode23 17.358368 132637 34.45375 264876 | 520.117379 2645221
B39m9dM030  ©O0xYMHI630smIMH0  9bBHMWgdol  bobGo  LoLEGYIYIOLIMZOL

396399036000 53mabLbgegdos: odel5s, ode23s, ode23t, ode23tb. s35bsllOSMM® 0LOBO doerosb
dm3wg: odel5s  @umbdszos  09ggbgdl  LElEWMEOLHZIMB0SE  FgomEl  FgdMMBdEo
0x9M963060900L Lggdom, ode23s - HMBI6dO™IOL 39-2 Mool IMOROEFOMYIYWO IJNMEOY,
ode23t - GM339300L 8gOMPOs  "MO30LBOWO"  0BGHIM3MBGHOL  godmygbgdom o
930996009005 9353605 BobEo LoLEGHIIYdIOL 5dMblbOLLL. ode23tb - Mmbag-399EoL 3mddo-
Bo6gdemo dgmm©os GH6Ms39300L 3900MmE™Mb s 906MMbgd 0xgMHgb30MGdOL 1dgdolimab.
59 8196J30900LsM30L 0039 30MMBYBT0, o3 Hobs 3Mbd0900m 94396M0096GHOMYdOLSL 23Jmb-
Q5 Bo3o6m90v)e0o g98mm3egdol 89093980 Im3Egdmeos 4399mo 3bMogdo:

3gbMoeo 1.1.2. 9Jb39MH0d96E L d9w9agd0 (1.5) LobEHgdobsmzol MATLAB-ob bob@o bob@gdg-
00LO™M30L 2563793600 5dMABLBYEgdOL A5TMmYgbgdom.

06392609000 063 gM35c0 | 06393M9d0L 0bFGHgM3zsmo | 0b@gaMgdol 0bEghzowo
t [0,50] t [0,100] t [0,1000]
) o6 396 S o6 3960 > o6 3965
g % 3bstryoy % bstryby % bstryby
% g ag)i]bﬁ)m(égbob 2 90856 0»3900L 2 9085603900
3 4 ©9bMds % 5096M0ds g 50MgbMds>
S S S
odel5s 4.123009 13470 | 3.906377 14011 4.654299 15023
ode23s 1.723359 1823 | 1.082467 1884 1.146167 1965
ode23t 3.795137 11544 |  3.89989 11829 3.964995 12279
ode23tb 1.096987 2429 | 0.830762 2494 1.136194 2594

3b®oo 1.1.2.-0bs s gbMoero 1.1.2.-0l 89093900 9339Mo@ 256Lb3530090056 gerdo-
6900Lsb. OMAMOE 3bgogm, bobBo LolEgdol s8mdblbgwrgdo ©s89gbodg smgMEX I
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U635 bLb0sH (1.5) LoLEBHYIsL. M33EIBIE LOLOLEOL (36905 F353MOE S 3MOL Foblobe-
360, 8933000 59 BogdBob Lordzgebg 35L336sm, M (1.5) sGol boliGo Lolidgds.

Bog-bsgosbo dgomEado - MLHMsEILo 53398006 MsEogbdMesdmy. 39693M 035
BBgds 30mbgs: Mo dmbgds, vy 306080BS300L Fg0MEO YM39W 0EYMOE05DY 9BEH0YMO©O-
96GH0L  goLH3zMog dmdgdbol olgm FgMEGHowl, MmIgedog sboso sbEGHoymsogb@o dzgw
800560099 90LMSB F9ogbL 565 90, 56599 1RO F5IWOo, 3mdz50 135 3mmbgl. gmfm-
Mo 59 80yMAsL 06356M06@ Mo 3Mmboll dJmbg AMeoIbEHMEo MLHOIRILO ©TZ9ds.
30006 MUEOIBILO  ©F3980LMZ0L 0635M0BEHMO 3Mmby GOl 90, aMo09bE¥Eo
©593900Lm30L - 180 5699 as8eoo 3mby.

656.1.1.8. DogaBogosb0 Igomm©ol ymgsdsgze 06356M0sbEHMeo
939b03630L Losbarmgqgls

Bodfmbo®m, 59 doymdom dbmEmE 30MH39wo MsdEIbody 0@GIMsE0s 50dmBbEYds
39B0Wd0m  SBEMml obodoermsb. 9999y, 0635606@ Mo J39b03ME)700L  Losbarmggls
3090 Mdm MBOHM BAoM Doy-boggdbsz 30, bmwm LsdmwmmE 3Mgdsmds FBMEME
«36033690m© 0HBMEYds. Togooms, bob.1.1.8.-bg dmEgdweos 03039 99mEsbsdo (Mog
B99m0 04m) GH659dGMM00L Ynxgs93939 9JO-9MHM0 0635M056FGHWMWO J3gbogzmEoL Losbermgql.

ddodg doMmgol Igommo. 53 IgomEoL s dolbo ghHmo FMEOG03ZS300L  Tglobyd
©IAHOXMMOE 30L5MdMYO0 T8 3969EM5RT0. STX IO, 3939bmo FbMmEM@ SBgo by30mbl
- 0L bserxbg 5e0l 3d0dg doMMZ0 3930 MBOM LHMSR0, 3000609 MLHMIRILO 3900, 56
0099653 3M50096E*o 33930l Igmm©O?

o939 OMAMO3 3M909bEGHWMWOo 533905, 3d0Tdg dBOMMZ0L SEYMMOMI0  FggLodsTgdS
09393 ©0653036 LolE 9oL, MMBgEr0E F90dEGdS SVOFIOML 56 Tgmeg Mool CORYMHY63E0s-
M0 29b@Mgdom:

=+ ()=0 (1.6)
ooz ()-0006086538 () gmbjsool Bgmeg Gogol Fomdmgdaegdol ds@®mogsL.

36 MmO 5goGHMOHO 3Ho30L IA30569dwo LoliEgdoom:
gx(t)=0, t ©; x(0) =x;
1x()=ax(t -9 - #(x(9), t 0

MOmamO3 Bgdmo 3bsbgm, 4Ms09bGMwo ©sd3980L MHY39BHo dmEgeo oL bobiGo
LobBgds @s sdom s0bLbYds dobo odsewo LoBdsGg. 8dodg doGmM3zol Fgommol  LHMsno

(1.7)
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369050030l JobgHBg Fo0dmagbols GqLodabgars aobgzobowmm 0go3g s9dmEsbsty (Mog fobs
9900m©9Yd0LM30L 0gm 49BbomEo) dobo GHGMo9gdG™MEMm0s Mrodgbody 2oblbgsggdaro bywoo:

Y

-
5) 0) d)
69b.1.1.9. 5)-8)-g) 3d0dg d0O®MZ0L BHMgIEBMMOL bbgssbbgs bgwo.
MmamO3 3b9s3m, 8dodg doMm™M30, M) G90dwgds sy 0mMg3sL, LobobEgl s8;30609dL 0ol
botrx Dy, G 83390000 dmbgzg30l 5303605 530Mdggdl mdEsmdIls 0039 JoTsOHNMEgdom,

3990092 5390090L ,,65H9350-056Y49590L*, b O 35¢0l, s sl MOOHBYOS LdFOMM F0TSMMMEGdSL.
9dodg d30OM30L IMgedo Mo MBOM dg@ Hmbsl dog3990m bobwbl s s8oo d93:sd30M9dm

069M300L 393 gbsL, GH®9gdBHMO0s o MBOM EogALYO3LYdS MO IBGHMEO  ©sd3900L
39000l FHM599dGHMM05L. M35, LOLHEIFOL MZELIBOOLOM MBOM IMdYYd0sbo 046905, )
9300040900 dob obgo IMEOG03S30SL, MM BHEMSg]BHMEM0s BodLoToE MO GALYSZLML
3970900 3M5096E900L 9nMm©OL BHEMS9]B™MMO0sL. 909 35653GMsxgdo LimGmg sgmo
9309wMds 33996905 @5 MHMyme3  9Ju3gM0dgbEGHGOOL  Fggagdo  330639690L, Lo3Tom©
0o6M85@90mwog 5650503 d90mbzg3sdo.

1.2.  8d009 3060030l IMPOBOEOMYOIO JOOMPO
1.2.1. 8d08g 306030l 3900mEO BrYsEIE

9dodg d0MH™M30L IJNMEOL BEBHBPIOEMEO SEAMOHOMT0 FobolsDBVZMYdS ©19329M90E -
0 M365BIOOMO00:

£x=% -b, fi( %), i
X

1Xa=% & (x x) Bbfi(x), 0

boosg - 560 J0BbOL BMb30s, Xy 9GOl sdIMbILLBOL Lsfgolo dosbErmgds,
0Ca @ ©s 6>0, >0, m300969 998mb3g39830, Gmoglsg @ =0@s a; =1, Bg6
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309099 MOM LEHOIBIOEH BOJLOMGOME-BOK 0D AMOIbEHIE Tgm©L, s 3dodg doM-
300 MLsLEOMEM IIO>MBIL bobmbols 4569d9. 4936039 gdE0 JMbsBMYd0m, 3d0dg doMHMZ0L
990m©0, 35635 Jg9@Bgnmo 0¢a, @ s b >0 3995303096 900L F93mbggzsdo, ghom-ghmo
L5939009LM5 M3GH0T0BsE0OL MO(b300 JNMEIdL FmMob. gl Joowfigzs 0dol botxbg, GMJ
90608m30L LosbeMgqll 3M:9d5MBOL LoBRJsEY 56 03dL. 0T3S, 3MIB0E0EEHIOOL TgMBg3s
MO0 s SMLBYdIOM0s 3MB3IMYEHMEO 5TMEIBdOLMZ0L BoBoMmgdmo 9du3gmH0dgbEgdol
3909250 QAMHMZ0MWO0 25IMEFEOYOOL o035¢olobgds.

(1.8) bggdol MHY39d MY, FoMTmMoygbl dgmMg Mool OBIMYbEosMGmO LoliEgds
(ob. (Soo Y. Chang, et al., 1989; Goudou, et al., 2009; Cabot A., 2009)). 353653 gl dMmgEr0

2390339 9990b39390d0 (0b. J390mm) 653090 0bBMMTSEH0w0s, Sd0FEHMmd h396 350hgzm
35bLb353900 IGO0 LHORGOLMBL.
099 Bogm3wom, MHmd (1.7)-0o doxo ULszdosm@ d3ocgs, 95306 (1.8) ULJgdol MHY393)
99w 99330d¢005 8030000 BJOG®HMMO 3030l 3056900 (1.7) LoliEgds.
LO>MEGH030LM30L, o S J399Mmm 32olbAMd® MMI 2 ©s H 91I03900s5. -5OOL

Q3056905.

Bob. 1.2.1. 3009 d0MHM30 FLES JEPMBSYH doboToels

SLBgMO SEBHIMbEBH035 TGuodemd B3y, FogMsd 0bgME300L BodBMMOL MgooDgds
523056900l Lodmsgd0o bdo® d99mnb3939030 doe05b JmbobgMbgdgeos, Mosb 330839690l
ddodg d0OmmM30L dgomEol gohmo 3bmdowo ©IBgdEHOL FOTMLHMEOGOOL  TgLodegdEMdSL.
396Jdmq, ddodg d0OHMZ30L Fg0MEOL 453MmYyghgds MO MMO J0b0ToErol A5bLsBL3MmOLmZOL
DMAXIO 5655009335¢) IO 909aL 0deg3s. 9OHMO Sbgmo Fgdmbgagzs bsB39bgd0s Bob. 1.2.1.-%y,
LOS3 BHM99IGHMO05 BOVIENIGdS 965 JEOMBSNO, 50589 "3M©° WMmIsye dobodswrdo.
9dodg 30MM30L  GHMogdBHMOM0s 35030l 9OHM-gMmo dobodorols Losbermggl s 8999y
900L{M5x330L G993 "MoMmglio” m3se)MHo dobodsgrolizab.
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65b.1.2.2. _13560sm@EMwo 365009b@ Mo 9gomm@obs s —3dodg domm30L ghm-9OHmo
0MBEMS300
Bodfmbo®m, sbgmo LoEMOSE0S BHO30IM0S GHOWOIMHO HBYs30MHoL dJmby BMbsosms
U5305m© 30390 JasloLmZzol.  6sb.1.2.2.-Bg bB3g9b gbgogm, ®MI  LEHIBIOEHMWwO
3050096@wwo  Igm©o  BoJLoMYOMEPO  BOKO® 03008905 Y3gPILO M ISIHO
9060850l 396, 300069 8d0dg doOHM30.
(1.7) 8000900 500300050 9933000005 353b50Mo Ma3dm "3F330060":

x(t)=0, t ®; x(0) =%,
x(t)=ax(t -9 - #u(x(1), 0 t< @& (1.9)

xR =ax(t -9 - sid((x(t e (09))) £ ().

(1.9)- 99L509 ULEHMOJMbAo, dgmeg  TgbozMgddo, MsbsTMOZ0  FoMTMoqbL
A®599BH™MO00L 33056980 FoMIMgdmEols s GHM9IGMMool d0dobstyg HobEHowdo
390L 1390 659Mo3wol 6odsbl. 99gae®, GHEMogdBHMOool 2oLf3mog 306039039
M350 d0b0docols 93w0l 8999y (1.9) LobBgds JoIMH™MZGdS MM dogdlodsgrols
dgdbol 91009, mIsMo doduodocrols gogarol d9dgy (1.9) LoLEJIS @oogMHMN39gdS
M350 dobodserol dgdbols G9:08%Bg, s 5. . dmbogzwgmdoo.

39bL53MPMGd0m LHOBEHIMGLMS Ol Bod@o, I dgdbs Mbs obbMEMEFO L OMYME3
306390039 ©m3s)MHo dobodsenol, s15939 30039039 MmIsMo Bogduodseol JodsMmvy-
W900M(3, 96v9 89990 LoliEgdol LydrsEgdom:
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x()=ax(t - +H(x(9)), 0 t< ., @ (1.10)

096 Hobslfotr o6 3393905, My MHMIgen FBsMGL 046905 39O WM IMHO
90b08oo.  35900md©, by 30939300 bodMds  gobbowwo  GHowemMo  gMbdiool
dogomombg, HMmELya (1.10) LobGgds 0dEg3s GHGMSgIEHMOOSL (0b. bsb. 1.2.3, BHMS9JGHMM00L
5L5Hgolo BobsBoL J39s bsfordo dmbodbmeos obmom), HMIgEroa Fodlodoe M SHerMls
3903000l geMds)6) d0b0dsmb. 256Lbzs39000m Bgdmm dmyzsbowro Jgdmbzgzgdoliasb, 59

LoPgobo H9OEGHOWOEIB FeMdsmHO Bobodseols Losbermggls Fgdergdgeos dmzbgzgom
(4m39e 8900bg93580 B396m30L 36MdOO) bbgs MoEbgzomo Igmmgdoom.

Bob. 1.2.3. (1.10) bolEgdoo doMgdEo 9EIR0L GMM-9MHMNO OEMLEMSFOS

LEBHBIOGME  30MMdJddo, (1.7), (1.9)/(1.10) LoLEHYIGOIOL  5TMBLLBOL  sOLYdMBIOL
L530bOL 25633935 56 HoBMYIbL LoMMYgL. MMz, HoMdm®IboEro BsdOMAoL doBIBL
56 oMo gbls Id0dg doMH™M30L Fg0MOOL J5630MGOS FAMBSEIMEMO S 39MYO MO0
906005¢w0ols 9360l 0O gd0m, GO0 gu do0sb 3MEIo s OO Ls3omMbo
©59M)3000999w0 33eg30L 09855, FogMsd ALXgEMmdoL LolEGEolm3zol Mbws 9360dbmm,
6md 9dodg 30MmM30L  BEGHIBPIOGHIMO  SEAMOOMTOLASD oBLb3s3900m, sbews 39bgdM0z0
Q31BN F90s 5096 BMmbgds. 80EM™T, v dgdbols 2oaMdgergdsl 3530609000 GMMOL Bs3doMmE
3039 359Dy, Fglodems gmbogMmeo ogmlb 0bgdEool dygbgeols IsMMAM63s
BORJSM0L 3OM3MM30ES, 56v9:

a(t)=exp( M [B(x())])
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LoSE3 M 5M0l EYIOOMO F99ET030. SUYMO (33C0Gds LTS5 dL FMA339dL, BT bob.
1.2.3-0l 3bas3L0 GH®o9dE™MM0s dogz00mm Lsfigolo g E&owgdols gozowgdoom 3G EIMo
LoIMH3OLMZ0L, 30O gb 23976905 0bgMEOOL FEYIbgOL sMMAMB30L 4o69Tg.

1.2.2. 895635000 3d0dg 306030 (8cmox030Mgdwo dg0mmo)

39630bowmm ddodg doMmmM30L dgomOL §HMO IMPOGBOISE0S, MMIJWOE AS(30LII0M
UH655305 @S oo 3mgR03096EGHIOOL TgMbgzs Tglbodems F5E0EGO0M 3MEIL0 OS35DMBOIB.
300d35m, 560L J0BboL BMbdi305, Xy 50U 53MbablBOL Lafgolo dosbermgds,
20 © b>0 (OMIgwoi bszdom@ 830Mgs) 89dogzo LOWOIYJd0s s  S03[9IOHM™
5EMmGomJo:
535300 {yi}in:0 9090936M™ds 390009ab506M0:

1 sg300m0 Yy =%, (1.8) gm®dnwom 4563Lsbm3mmom G090 dosbemgdgdo, 30Mg
30Bbol gmbdzool 3603369 mdd0  3EGdEMBL; HMAMOE 3o GMmdgwowss X -
obmgol dogowgdm  f (%) ¢ f(%.), sgomgdm Yi=X, X% =Y . 8936086m0m, G
f(y,)¢ f(y).

1 god3sm, 1330 s30da@os Yo oby G0d f(y,)< f(Yos) @ % =Y. g3wsg (18)
RMOIMNWon 2ob3LodBY3OM™M 890gao dosbermgdgdo, 3069 Fobbol RwMbJzool
36009369 mdg00  309dMEmdl; GeymOE 30 OGMIgEoss X -obogol 030090,
F(%) < f (%), 580020000 Yoa = X, % = Yot - 332053 335036 T (V) € F (V).

1 {yl} 9090936M™dol  (93M900L  3oBLEBOZML  ZoaMdgegdod  dsbsdg, 30O 96
©053054MB0GdS 3BgMIdOL 30MHMdS (B39wagdMog, gb 35380MHEIds Y FgdGHowdo
d0BboL 36300l gMo0gbEol LodEzoMmal).

©53959)303M  dgMmEOL  3MHJdsEMdS  LBEHBIOEGHM 30MHMdYdTo (0b. Togooms,
(Brown, 1951)). 530Lsm30L 9936036mm, Gmd B39l dog® S350 {yi}in:0 908@936M™MdsL 5J3L
890930 M30bgd9B0: gmggwo Ki {0,1,2,..} 0bogdiobmgob, w339 8mdgdbowo Yy Bosbamgds
3bLsBOZMO3L  LYFMOwWgEMm 3503369 MBSl Yy - bfi(yk), HMIol  1YFMOEGOOMS3
33mM@Md® Yii1-U (0099 Gmgeme 5350 360905md0L o33 303900bm30L 36093690 mds 565 593L),

olgol OB 38sgmBoE©Yds MAHM@Wmds (Y, ) ¢ f (yk -b fi( yk)).

0gmMgds 1.1. gogdzom, f(x) Fo®dmgdoos R'LDg s f(x)-0L 4M50009bGH0 93059m-
53090l oxdoEol 306HMdLL:
[£09- £ (| efx s (1.11)

35



f (X) 939056 F9amboBL3OHME0s

*

f(x)2 f > -; (1.12)
b 53054mxzogdl 306MHMOSL:

0<b 2/L; (1.13)

{yk}:=O 800@936O™dsdo Yy b69doLdogmo©  90gdMo  39JBH™MG0S,  bmerm  ymgzgeo
ki {0,1,2,...} 0bgbobmzgol Yy @5 Yk Bosbermgdgdo  9emdsbgml  dbmemo

f (Vi) € (yk -b fi( yk)) 2 AHMEdoL LSFMSEGPOM 1353006dS.

35906:

T (@ g9bdgos 3mbm@HmbmMms 360905005 {yk}zz0 000@93MMdbY: ymzgeo k-bogol
BODLEYDS f (yir) ¢ F(¥i),

1T 34605009630 d0oL{Msx30L breoliagqb: II(Irg fi(y,)=0;

©53(}303905.  ©9BH30(3JdS  00gmMOL  MIsMEGH039b0  FMOOIDGHWWO  FgoMmEOL
369050030 bE9bIOEMWO ©s3E 3039006 JOMO0MSE TMIGDEHJOL. 459M30949bmm FMEOIMS:
1

fx+y) =f(x) Rf(x ty y b

Om3goa 3303L:
f(vi- bti(%)) -

1

:f(yk)+(|)’]fi(yk (-4 (w)) ( O B(y) d
(535053 ™0 5 3odmzs3wmm fi(y,)d o f (yk))T)

=f () *+ fi(y) ©oF (W) ;'gifi(yk+f( -4 (%)) f(w) g OB(w) d

¢ f(v) -6 ti(v) fgfi(yk+r(-ﬁ(vk))) £(v) 4 OB(y)N d|

¢ f(y) -b| i)l Afi+e( -8 (m)) £ (]| OB wid

0

36



¢ t(v) b fi(w)f Mf( Bi(y)| | O®(w)]d

2

. Ly
=1 (w) o] i) =l -

=1(x) 0@ = Bl
d030090: . B
t(ye- bfi(v)) ¢f(wn) % L—Zb b (I

50350 f (Vi) ¢ f (yk -b fi( yk)) , 5do¢ma

)€ 1(x) 23 5 Bt

BTy

f (Vi) € F(%) -a] fi( %[> (1.14)

8, Lb
Logsg a = l& - 9L BMOIMES 593303906 MYMMgIol 30039 bofowls.
¢

0¥y (1.14)-0b doGrxggbs dbsMgdo 0dY3M™Mdom M5 bxgMdg 45dm3094gbgdm 03039
RMOIMEsL, 30300900:

()€ 1) 2l i)+ [#w)) ) @] (Ol
(1.13)-0L gomgzsolfjobgdom, @ >0, sdomad ymgzgeo k -bogols bﬁ)‘gl:q(niocggibo
A1t ea(t(w) 1) @ (1(x) *).
B MEGHMEMDdS bﬁ)gjlzv)@gbo 4m3z9eo  -bogol, s Fotxz9bs AbsMY M0 IOMEO 5GS
-09, 530GHM™I LOYW YOS SMJNZY
alfi()f ea?(r(w) -r).
®53 59306900, ©md | fi(y,)] - I_Oo GOELsG 1 - B . 09mH90s ©50GI0EIOIWOs.

o) goggwo ki {01,2,..} obogduobmgol s0g60865300 X = Y -b fi( ¥), 85806 {y,} -
808@93M™Md0L M58gbodg 306390 93¢0 Tglodems olg 0gmb 2obaogdmeo, Hmym®s babs®
1.2.4.-%95 bsb3969%0.
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YO

X1l
¥l

Bsb. 1.2.4. X, = Y, -b fi( Yi) -0 Bogderyemo 808g3mmdol Lsfyolbo Faz®gdo

09gm®93s5 1.2. ) 5933039010 009MMgds 1.1-0l 30OHMIGOOL JoMs, F0BBOL g3mbdizos
560 8353305 5dmBbgdowo, 3580b MgMm©9ds 1.1.-00m 53900 {yi}in:1 000¢936M™Mds 3019050
90Bbol (P 3164300l AeEMdsEMHO dobodTolszgb.

©59%303905: 30BbobL f (P BMbJz0s sMOL 3530 58MBBYJoo, 580GHMD sl QoBbOS

9609 IOD0 J0b0Towo ™, 539039 3oMROS (36MdOO, HMI

()=0
5oL 806039930L 30O S 13BIMOLO 30MHMdS SIMBbgJowo FMbJzooLIMZ0L. 33esg
f (® 3mbJaool 835365 58mBb7J0owMd0EL 259mIEObsMYMOL, G LodGMmsgzwY

s={xI R, [t{x)¢ (y, )}
3900bsBOZOME0s S 53MBbYJowo. 5J9sb odmIEObsty {yi}f:l -U 593L DE356m0. 30d350,m,
BgdobdogHo Beaghrimo famdwos (Y1, -ob @ - 7, Gnegs j- B . f(® afygide
©08gOYBE0HYBRO B30 @ [(sa®aozy fyzamo BrbIE0ss, sB0G™3

0=1 oLIIm'( yr=1"C)Hl
0= (M= (") 5936 6;8018(90636)30)613 =77 -0b  BgdobdogOMOOEL
399306560 {yi}i”:l -ob 6300LdogMO 939000 Y3MMBS 03M0dJdS ~-0L39h. gb 30 BodbsgL GMI
{yi}i“:l 000q93MMds3 03000905 ~-0139D. MIMM9To STBHI0GIOIOS.

1.2.3. 39000l g9mIg@EHMowemo 355BMgds 33500Mo¢eo 3oBbol
1bdzooLmzolL

Bobo®  1.2.5-%g 0mEgdwmwos 80b08oBsgool  Lsdo 493039 gdEo 9900l
A599BHMO05bmsb  HY30wgdMmo  FommM3so ddodg B0OMZOL  BHEMSgIBHME0s. Jobbob

B96430500 50gdME0s X2 +10y 2 8wbdis0s. Lsfiyolbo 30MMdgd0 y39wysb gMmo s 0g039s.
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LGHObIOEGHMWO s FoOM35©0 8d0dg B0OMZgOOL  3MIRO0E0IEAHIO0  GHM0S. FSMMNZOPO
Bd0OHMZ30L £Q53bOYFGOOLE F9MEH0wgd0 Fomgwo F9MEH0wgd0mss dmbodbmwo. bab. 1.2.5. )
X630 9ONOOMMWI©  b5B3969005  MUHGIRglo 39008 s  FoMMZ90  doMMZ0L
A®599JHMO09d0 (Lb3s FgMEIOMD 53538060930 BHYMTobMEMyool Tglobgd ob. dmerm
399693 30). 0) bobsHByg BsBL Lo BYOHPGdS FoMMZSO BOMMZO, J9BLHZ53900m LEBSbIOEEO
ddodg d0Mm™M30Lyb, s FgMg MO bEgds oo FMAMomdS. ) BobsBby IgoMEL 35EIMYO™
LEBHBIOGHM M50 96EME TgOMEL BoJLoMmYGIMEO doxom. ©) bobsbby bohgzgbgdos
mmb039 39000l BHM59dBHMM0s JOHMOOMMEISO:

d) Q)
Bob. 1.2.5. 5) LG9 593900l S FsOMZ50 BOOMZ0L FM59dEHMM0Jd0; 0) BsMMZSO

@5 9dodg 00OH™M30L BHM9JBHMM0J00; @) FSOMNZIO dOMMZO S LBEHBPIOEGHMEO JoMIdO-
950 390Mm©0; ©) MmMbogzg IgMEOL GHGMsgdBH™EOS .
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9m0936m Bobosbby 1.2.6. 6563969000 GHGogdBHMM0gd0 HMBYbdOHMIOL Bwbjiz00l dobo-
90D5300L8mM30l, OMIGdOE FgLsdsdobs FooMgds 398 0 8x0MEIBOL 9dmYygbgdoo:

5) LGNGO ©HIZgdOU;

0) ddodg doMM30U;

3) 356OH™M3500 doOMZ0U;

©) LEAHBPIOEGHWMWO 4MH50IbEHMEO IgNMEO BoJLOMYOWWO dOXOM;

(6H™BHg6dOHM 3oL 36300l Fqlobgd 99sMGd0m IYEHIWWOHO 0bBMMTS300 0b. J390mm).

MMamO3 3693, 02039 IBIJA0> 93 3390MEWWo BMbJjzool d98mbggzsdo ddody s
95OM3500 d0MO™M39d0L 99Ol 0BgbL Mgl s3mMbBoblbol Losbermggl, GMBIBdGMIOL
53bd300L 99300b3935d0 Mgl 0hgbL BHMO9JEH™MM00L ILLHyoldogy.

31939 BsobEHgMHglms, M dMmOoRO30MYOMwo 3dodg doMMZ0L FJOMPOL GHGMSg]EHMO0S
153950 SbEIMbOs BEBIOEGHM M5©090EWW BgMEMIB, 1I3s IMEOBROEFOMYdIO dg-
0MQO 25:30¢0gd0m LHGT00.

d) ©)
Bsb. 1.2.6. H™BIHdIOM3I0L BMbJ300L FobodoBsE0s BZoILLIS FgoMmEOm: 5) MLFHEMITRILO

©533900UL; d) ddodg doO™MZ0L; @) FoMMZ5O dOOMZ0L; ©) LEIBIOEHMWO AMIOIbEHIEO
990000 30JLOMYOMEO BOXO;
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MUBHOSRILO 933900l FgomEOL  GHMogdGH™MOool 83390005  3obLb3390o  Loby
50blbgds 08 goMmgdmgdom, Gmd gl dgomo, 0lggg MMAMOE BW9EBIM-Mo3bol Jgommo,
3OO0 9FM30IOME0  AdTIMYgbadEo  9OHMRIBEDMI0gdosbo  Bobodobsiool
59m39560L 5eaMmMHomIBY. HMEILSE JOMRHBDBMI0EG00560 SEAMOHOMT0 3000w MBL LMSRs©
(5 MbHgds) o9R0bml dgdboll 0bEHIM35w0ol dmwmgdo, sMSsdMBbgJowwo BwbJzool
390mbg935d0 Fglsderms gMmMA6BMI0gd0sbo dobodsero 56 ogyml dm39dwero 30dsOMeng-
B0 MO0, 56 3560 M350 J0b0Toe0. goblibgs39do MYs0Bs3ool 30MMdYD-
340, 99L5dE 93905 A3bLHZ5390O BHMS9IBHMMOOL Jowgds.

1.2.4. 8560035000 3000300 5¢rgm®0omdols ¢glidomgdols 39¢ga900

15393B0gOM WOEBHYHIEBHOHS0 08305M5© 33b3Jds 65dMIMTGd0, HMIGd03 bbgsolbgs
5 MM00dob Jglsdsdolo MMM 3MOL MONO0JONTIMJOL s YIOPO0IOHMSBODBL
99036905. 9Om0 30BgBo Fglsderms olss, OHMI sBgmo GH030L BodMMIgdoL 1336900 DmAX IO
199094 GHMO0s @S sdoGHMI 9HobssBYRI0S GPMDsbgmL. B396 F939(390gm, MM FHglGHocmgds
533939690065 03039 $H9dbmEma0Mo bodmowgdgdol 2sdmygbgdom Moz godmoygbgds (Press,
et al., 2007)-3o, H©m3903 39033921000 5DH0m ©IRsJEGH™M bGbIMEL Ho®Bmawgbl. dgommem-
WMmyoMGo InbsbMdgdom, (Jorge J. More, et al,, 1981; Ravindran, et al., 2006)-0osb Bg96
d93560b0gm 599b0dg 9056 3565 36MdOEro F0b0ToDsE00l TMEIBS, HMIWIGdOLM30LS
(05635000 3dodg d0OHMZ0L 45Ms) Lb3s 5¢ymM0mdgdol Ggl@gdo 3bmdowo oym. 0wydzs,
B396 LoFoMHM© Bogmzsgm M159EYH0TY SEMOHOMIOL Lo3MMO 083¢)bEE0S Jog39b0b)s
5 9923905690065 500035000 8d0dg doMHM30L J9GNMEOLMZ0U.

9503500 d0MMZ0L SEMOOMTOL 3O oML FoMGH030 ILIHYMOs. Tglsderms
LHMOgo 9ol 20dm, 030 oMMgbs LyodgEmE FMTomdl, Mdol L3M(IMbgdom FHqLEo-
M900L 890929000 456bo3z0LsL.

95OHM3500 B0OMZ0L  5ERMMOMTOL  SOHIMS o 083w gdgbBoE0s, B0BsMEH030LM30L
I mo3L90E0s gho gsordo: “ControllableHeavyBall”. 9936086mm, Hmd STL doderomomg3ol
1599915 90900L 2odmyg9gbgdol Hgswmdom, 56 5oL 0bgJLoMYOMEO (33e9YIOOL 25dmYgbgdols
330 GOMBS,  BHMo9dBH™M0sdo  [9ghHBHowgdol  LsFoMmm  Gom©gbmdol  @sdoblmzMgds
9500350 ©93I0MmYds. MoEPsb F9BMMOMo InEMEwMmdol 2sdm dmaggegl Ibmerm
35M™MZ5000 dOMOMZ0L 3O, 5d0GH™A ol 6 5m3Lgd™ (39¢0 39 hamespac e-do. (Polyak, 1987)-
oligob 9oblbgsggdom, "ControllableHeavyBall.h" 93900 J0Bbol ggmbgizool dgbobgd
LoFoMm 06g3m®As30sL 0mqgdL "data.h” 3900IH, HMIgerois LsFoMmgdol dgdmbggzsdo
390d90s 890(335¢0 MU, M5 3L dMmdboMdLls Aogob.

496500905 3035J300Mm, OMA bEIBIOEMWwo ddodg doGm30l dgdmbzgzsdo

double alpha = 1.05;

LEHMOJMbo 9F39we© 49dMOf3930s IJNMEOL I(3033dL. h39bL dgommedo gl geom-
9Omo  ddEezmo  MLOLOS  3MJOSEMIOL  OLRJIMGIWsE. Ubgs  4sbLlbgsg9do o
Lo0bBHIMILM MguOLO, B39b0 sSBOHOM, sGOL gzdo inertia , G@IWol AsbmEgds bgds
4m39wm30L, OHMEILS3 HM99dGHMM00L 2olfizog doBbol i3mbdiool sBO©OL Lydodmmgds
BBgds. gl 603bs3L OB B396 3539 FGd doMM3L 53 ImAgbEHT0 s dgeg oL MF9g3L LoBdsGol
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53699735, LYOBEIOGLM  39ML3gIEBH035L JIBol 0bgMEool FgbseBMBIds oM 339w ™bgby,
mEmb dolbo IMdOmWMBYds LoFoMmm FodsMmIgdom, o3 99Jdbos IMIMSMOSTo doOHMZOL
9mdMMbgdol  98adBL. ImEgdmee  BsdOmAdo B39gb, LOTsMEGH030LM30L, 98 9BRYEHDY OO

3595630090 Y)MHOO®IGOSL.
300ob BodsMEGH030L godm, d9¢0 3TgBEHOMIOOL 530G MBS 5GSS:

/ffile "ControllableHeavyBall.h"
#include "data.h" // 908s6MHm35 dmbo39090bY
#include  <iostream>
#include <vector>
const double EPS = 1E - 6;
double beta = 1E - 4;
double alpha = 1.05;
vector<double> inertia(DIMENSIONALITY);
vector<vector<double> > trajectory;
template<typename T>
void getNextlteration( vector<T> & x0)
{
vector<T>x 1(DIMENSIONALITY,0.0);
while (true)
{
objFunctionPrime(x0);
for (inti=0; i < DIMENSIONALITY; ++i)
x1[i] = x0[i] + alpha *inertia[i] - beta*yPrime[i];
if (objFunction(x0)<= objFunction(x1))
return;
for (inti=0; i < DIMENSIONALITY; ++i)
inertia[i] = x1[i] - XO[i];
x0 = x1;
if (dist(x0, trajectory[trajectory.size() - 1])>0.2)
trajectory.push_back(x0);
}
}
template<typename T>
void getMinimal( vector<T> & x0)

while (true)
{
getNextlteration(x0);
solutionlterations.push_back(x0);
for (inti=0; i < DIMENSIONALITY; ++i)
inertia[i] = 0.0;
if (norm (yPrime)<EPS)
break;
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0obbdgds, Mmd "ControllableHeavyBall.h" googro "data.h " gs0wosb
900090l 9999 0bBMEOTo300L (3590l bdi00l 99dmbggzod0):

const int DIMENSIONALITY = 4; Il 583960l 496%BmBoergds

double array[]={3.0, -1.0, 0.0, 1.0}; /0.0, 0.0};

vector<double> xO(array,array+4); I bsGgobo PadGHowo

double y(0.0); I §9dEowo gmbizool
360383690mdq00l qLsbobogo

vector<double> yPrime(DIMENSIONALITY); // 399&H™O0  Bw6jsool

I §563mgdgemol dqLobsboq
template<typename T>
T objFunction( vector<T> &x)

{ ¥y =(X[0]+10*x[1])*(x[0]+10*x[1]) + 5*(x[2] - xB)*(x[2] -
X[3])+pow((x[1] - 2*x[2]), 4) + 10*pow((x[0] - X[3]), 4);
returny;

}

template<typename T>
void objFunctionPrime(const vector<T> & x)

{ yPrime[0]=2*(x[0] + 10*x[1]) + 40*pow((x[O] - X[3]),3);
yPrime[1]=20*(x[0] + 10*x[1]) + 4*pow((X[1] - 2*X[2)]), 3);
yPrime[2]=10*(x[2] -x[3]) - 8*pow((x[1] - 2*x]2]),3);

yPrime[3]= -10*(x[2] -Xx[3]) - 40*pow((x[0] - X[3]), 3);

}

5096 B396L doHomas Jobsbl Fomdmoyqbls 8339350900 Yy Mgdols Jo3gHmds 53
900 M3oLod0 S 365 1530MbOL 53MI[IMH30 A5TM 33935 65IOMTOL BIGYEGdTo, sd0EHM™a
dOMHOMIPO YrIMoPGds 453585H3000gm 5¢MM0mMAol g gdoll EOMDY. SERMM0MTGO0
9mB50md5L 589369096, OMmEILsEg  HoMmBmgdmwo dmEgdmw  LoBMLEIL  53059MBOEINOL.
LobMLEGHOL FgMBg30L 3O0GHIO0MTs 3Mmb3MgIBIE BHILEGHYODY B39b BsgmM3segm ols dobods-
6o 86093690 mds, G®MmIwobm3zobsg B3agEHBRIM-M03L0L 890MEO FodsOHMMEsE F)domdS.
AIBGHoMGOs  BosBHom©s  BEGBIOGHMo  LoddEsgmol  3gOlMmbowrE  3:m8309BHYOHDY
dmbs3999000: Intel(R) Pentium(R) Dual CPU E2200 2.20 GHz, 2.00 GB of RAM.
AILGH0MGO0LM30L 259MYygbgdo d900Mm©Yd0 (BMP0IMH 0 3565393 MOL J0M0MYOOm) RsdMmo-
30005 13939830, bergm 3196430900l Labgwrgdo - LBGodmbgddo.

A9LEGM9d0L 999900 dmyzsb60e0s 1.2.1. 3bGOoWwdo. momMgmMer M) Msdo dmygzsboos
LEHOogmbols dglodsdolo gormeol bgg@ol Jgbodsdol BwWbJEosby BHglEG0MmdOL Tgwgaqdo.
RO gmzger LEGH®odmbdo dmyzsbowos fyzowo (dsgowomsq, 0.001 /1E-12), Hm3gool
3060390 {19300 56Ol MM (99830 (golovdmomgdnwmo Msdgbodg 3ol 99gagdoLmaol),
bmem 9gmeg - LoHBNYLEGI. 300399l ymzwoby, B39b gobgzobowsgzm LobMliEgl, HMdgwos
4395 3900m@©oLbmMZ0L LOgHPMS (0MOMSI, Juss 1E-6, 33s Bwg@hgeol Igmmoobmgzol
3903390 259Mmbs3wolo 3900gds). FgLodergdemdols d90mbgg3s80, mMmag94sgl AomEmBogyq-
0o LoBMBEGHOL Fgbsdsdolo MM, b6 J039POMYdM 08 LOBMBEIL, Mdwolmzgolss B39bL

9096 959myg9bgdmo 083¢gdgboaos dm3gdme 3643059 §Y393)L LBEGHIVOW MmO FggEoL
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B396905L (-—- /1E-12 Loboom, 3535¢0m5). 8d0dg s oMm3500 3dodg dommzol 89dmbgggzsdo,

00x 0L LoaMdgE Y39wRsb S©VGOME0s
double beta=1E - 4;

5 396 96 330WMOm 58 356539xBHMOL FgMbg30L batrx by 58 FgomEYdOL 3M9dsEMdOL
5BJo6dsL, G5 9339 M30MOGHJLMOSL 960FgOL  ©obs®RYE Lsd FgmmEL. M3,
~MUBHOIRILO 33900l (Steepest descent) s BgEbgO-Mo3LoL (Fletcher-Reeves) dgomqqddo
960y6BMmIogd0560 30b6080BsE300LMZ30L 30949bgdm MMML 339000L FGNMEL, B3 SxMgm39

3655 LY 39009LM SMBG3560.
3gb®ogo 1.2.1. 990093900 LoBgbBHem s3mEsbgdoLsmzol

05%BmboL 3590l HHgbdMM30L | 3ol
(Eason) (Powell) (Rosenbrock) (Wood)
306J305 306J305 306J30s 3096J30s
ALG@g0 0.001 /1E-5 1.123 /1E-5 1.096 /1E-5
3339801 Fgmo 0.001 /1E-7 10.4342 /1E-7 1.1156 /1E-7 -—-
0.001 /1E-12
bsbsOEAEO 1.321 /1E-5 26.489 /1E-5 0.586 /1E-5 2.28 /1E-5
26500050 1.3996 /1E-7 26.525 /1E-5 0.849 /1E-7 2.53 /1E-7
8gm@0 3.085/ 1E-11 122.453/ 1E-6 1.503 /1E-12 3.02 /1E-11
--- / 1E-12 ----/ 1E-7 --- /1E-12
0.005/1E-5 0.001 /1E-5 0.006 /1E-5
Sf;’f:i"%’;(’ﬁ’m3° 8:88? ﬁiz 0.006 /1E-6 0.002 /1E-6 0.009 /1E-6
beta = 1F-4 o E7 0.011 /1E-7 0.002 /1E-7 0.007 /1E-7
0.025 /1E-12 0.004 /1E-12 0.01 /1E-12
3oOHM3500 dOOMNZ0 0.017 /1E-6 0.001 /1E-6 0.023 /1E-6
0.001 /1E-6 0.023 /1E-7
alpha = 1.25; . /IE7 0.038 /1E-7 0.003 /1E-7 0.038 /1E-11
beta = 1E-4 0.208 /1E-12 0.003 /1E-12 '
--- /1E-12
0.001 /1E-5 0.857/1E-5 0.007 /1E-5 0.029 /1E-5
9o6m3500 doG»3o | 0.001 /1E-6 3.994 /1E-6 0.011 /1E-6 0.031 /1E-6
alpha = 2. 05; --- /1E-7 18.488 /1E-7 0.011 /1E-7 0.035 /1E-7
beta = 1E-4 --- /1E-8 0.013 /1E-12 0.046 /1E-11
--- /1E-12
83009 doMHM30 0.378 /1E-5 0.495 /1E-5 0.023 /1E-5
alpha = 0.96 0.395 /1E-7 10.556 /1E-7 0.03 /1E-7 -
beta = 1E-4 0.429 /1E-12 --- /1E-8 0.056 /1E-12
0.001 /1E-5 2,711 /1E-5 0.096 /1E-5 0.421 /1E-5
BLOkIO-003b0b | g 401 1E6 | /1E6 —/1E6 —/1E6
d9oO™M©O o J1E-7

3936006m0 5360939, O™I LsdgEboghH™ WO EIMIGHMMST0 5RO 593l BHMT0bgdol
50M939L. MoLog P390 30Mm©gdm LEHBIOEGHM AMOIDEHME FgomEL BoJLoMgdWwo
d0X0m, 03039 d90MEU, dspsemoms Wikipedia-ll dobgzom, Bmyxgd Mfm©qdgb mLHmsgglo
533900l dgonmEb (Steepest descent). B39b GHg®BobL "MLHGRgLO ©sd390s” (Steepest descent)
3099690 (Polyak, 1987)-ob dobggo0m.
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0530 2. m3&080Bo300L 58m3Esbol 5mblbs 39bgE03m™Mo seram®ocmdols
853cmyggbgdom

2.1. 396903960 5¢MM0mdol BmYs®O Uiggds

3969303600 5EMOH0MIGO0m M3EH0T0DI300L 59M(356930L STMbLBOLSL 5M(3560L 3oGro-
393900 §o6HIM0y0b905 3m0M9dMEo 36033690 MdId0mM-9969000m, 3969001 9OHPMBEOMDS
Ja6ob  JOHMIMBMIGRL.  JOMIMBMIGOOLOYsD  Tggds  3M3MEoE0s.  YMm3gwr  JOMIMLMAsL
399L9d59905 LaGRRGO0sBbMdOL BMbJE0s, MMIgEo ImE)dIo 0bog0oOL boMolbol Bmdsl
39bLOBOZMO3L d0EObsGY 53MBsbLET0. MABMHM BoGMS® LotRRGO0s6MdOL BbJ3050 0Mgd9b
LHyolio sdmEsbol FoBbOL g3mbdosl.

39U (39 - 39693032960 5¢am®m0md0) Y39 03JMs305g 3969E03MM0 M39MHoGMEMdOL
3°9myg9bgdom bgds Lofiyolbo 3m3Ms3ool 93mEY30s, 9699 0330w gds  JOMIMBMIsdo
390535000 0b6x53mMT5305. MgoLsM30L 893490539005 35-b 1586930 FMm©IE0. §39dmo dgdm-
0535H900 5eaMMH00mdo 94Mrbmds 2969@03M0 5MHOmMIBOL BMYs© 3M06E03gdL.

300069 B3960 IM©ORO0E0MGOMMO 5EMM0mMToL S©FgMl §930390M©I BMYSO©
39630bowmm Msdo 8YMBsMmYMBL g9gbgB03MM0 SWMOHO0MTJOOL sOBO s o500 FTomdOL
3606(303900. 2969303100 SAMOHOMTJI0 MobErglo SEMOHOMIGB0s S obobo LbgsIlbas
R3O0 580099690056 M350 LsgEboghMm s 3H9dbozMMo 3O MdEGOL gooLsFY39E)S.
396930300  5WMOHO0MIgO0  45dM0Ygbhgds  godmmzomo  LBEHMMIEGHOIOOL, FoYIWOMS,
6go®mbmwo  Jugegdol 36MHmgdGHocmgdolsl. olobo gsdmoygbhgdosh Lbgsslbgs Logbmd®mog
1RBIOMYOT0: BOMWMPO0Ly s LemEomEwmaool bol@gdgddo. dglsdwrgdgwos g9bg@Eo3mcm0o
503 Jd0L 459mygbgds M3EH0T0DsE0ol 5dM356900L STMBLEOLSL. Moo sdm356900L
5dmblbolsls dglsderms Imombmggdm@gl 356M5d9G™M9d0L 08 3608369 Md9d0L gobloBM3G.,
Gdgdoi 3m339996 DML 58mboblbl, bbgs 90mbggz980 BMLEGHO Mm3EH0dMTol 3m3zbs s61ss
UoFoMOM, 50539 59mbsblbs Tgodegds BsomM3oerml Bgdoldog®mo sdmbsblbo, ®Mmdgeros
13909605 dm399 5dMbIBLEMID TgoMmgdom. sligo G9dmbgzg35d0 9693 03MO SeMOOMT0
dobogdo 990MmEO0s 1B5FoOM 5dMbIBLEOL Lodm3zbgws. 2969E03MM0 SEYMMOMAGOOL dog0s
939l B J0gM I35 3560539EMB 9OPNOOHMM 5 F5b03E0Mmgd5T0. MILLM®I-
™0™ 3969303960 5O TJO0 O 3163MMI63E05L 159390 m3EH0T0BEOOL GO
dogdob 3900MmE9dL s B335 Ho®DsBgdomsg.

3959303160 5EMOH0MTJO0 30603900 099198535 X ™b 3mesbds (Holland, 1975),
OMamOE 396900030  93mEEool  gHol  3m3309GHYOHMEo  MJoobo3os.  ¥969d6(030
9309305 2560b0wsgl IfYgdmwo LomaEbeol MAsmEH039L0 FMMTGI0PID OMYMOOE3S,
900X M9056900, 515939 OPNMEO MEORBOBIGOOL (FoQ9E0MS, 3396569900 s 3BM3gEgdo)
39630056905L. 3 IBbEOL 4969303 MM0  SEAMOOMTJd0, U BdMbgOIMOZ0 J3MEYY300L S
990330609Md0mMd0L JsEH030 IMEYEgdos. 9396569930l s 3bM39gegdol BOHOL 3GMm3gLo
09b0EB 96 339MEHMXMIV0WIL IFYJOMWO, 3MbEHOMEPOMPIdS 00 3969000, HMIWIdO3
do 0993300060 gMd0m  dooMgl  dFMOGIOLORs6. 396900 0bsbgds I  (gHBmJLoMOdM-
693egobols 35535)-0b 9B 96 M6dEYbodg L3oMsEITo. MiJglm QodMm3wgdols dgdmbggzsdo
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33009008 @63 (oMo gbgl FdMdEOL ©BI-0L Sbewl, mwdzs Fglodergdgeros I30MY
3900mb3930m0 3300 gdsE, MMIGLsE 3MEHSEosl Mimgdgb. LJgbmd®mO30 godMS39dOL
3o 9300 ©b3-Ul 39933000MIMI0 0EIOL MO39 dFMOWOEsL. BAoGMs© osbEMgdom
Mm6039 9dMdoEsb  bsbgzomo  ©bd-ol  3m306Mgds  bgds dz0do, Losg  obobo
3996000©098056.DMma500©  d30gd0ol ©bd 2sblb3zs3gds mM0zg dIMdoL  ©BI-oLogysb.
016996030 93305 0dEOBIMYMBOL 0d, LooE Ie0gMHO 0603000 YoIMRGB06 s HI-
b 390009y 5mMdYAL gosL39d96 899330MGMdOm. 96v) 3M3MWH(30900 30MMYO0sE dslido
390535000 06003000900L goMRG30L gBom. 2969303)M0 SEAMMHOMIGdo 89039396 Lalioby
3039953090L.  Ym39gero 0603000 IMEIocgdos M09 LBEGHMOoJMbdo, MGMIgwoE 50
06003000l ©63-I FgqLodsdgds. 3m3MS(30930 "93MEME0MbOMYO06"- FMSZSEINRJMSW©O
199300 (39056MRY30L) 30 F00WYdS SHIEO "58MbILLBYdO" s Fomo Bsbs3zwgdom dzgero
"580bsblibgdol" S0 by.

3969303600 5eaMmOOoMIoL 0gs M3EGH0T0BoEo0L STMEsbgdoLsm30L 30,  Tgdgado
9369 Mdl: Mbs HoMdmz00y0bmo bgwmzbs®o Lodgs®m, Hmdgudos 893600 0bo300s,
535bm9b gmgz9wo 3smgsbo sM0OL dm3999o s3mM3560L Mo0dg 53Mmbsblbo. Bogmzgoswmm, GmJ
060030000 N3O Gg@o 35630L05, M3 MNBOM v39maL 5dMbIBLOL 935deg3l. 35806 M3EH0do-
Bo300L 5dM3960L STIMbLBS F00g435690s MoE Fgodergds Lsm3909LM LoMRJIO06MdOL dJmby
06003000l dmdqdbs®g. @b, Yzgws 0bogzgool bobgs 89dwrgdgwros dsmo FMsgoen-
0oEbMm3bmo0L A59m, 3558 TglodagdgE0s MHMdsMs LOTMI3ggdol gobbowgs. v Bgqb 53
36Mm39Ld0  2o30035¢0Lobgdm  4969@03MO 899330MGMdLL, 85d0b 030093  FocIMU,
MM39w03 9993990935695 9330 3OHMEILL. 53 bgarmzbrMo g3mEMEoMEMmo 3OHMEILOL
d0Bsbo 30 046935 Ly 39009LM 53MbIBLBOL T9Jdb5-25bLOBWIMS. BSOS g3MEY305 YUl
362390005, Mol J0dE0bsMYMBOLIL 0bEO30JIOL BoMYIOE0bMds M9BPIMB 0BEMEgds.
B396 0dMgdMwgdo 356Mm gl 3OHMEglo HMIgEody 9Bs3Bg d937Y30GHM® ©s B0MYdMO
050090056  5dmz5MB0M®  Lo39gMGLM  BoMYJI0sbMdOL  dJmbg  0obwogzoo.  sdom
SOLMEMEHMOMO DBMLE 5TMbBsbLBL 396 8030090m, ogMod gl SdMbsbLbo  Jglodgrms doer0sb
sbeml 0gml m3@0doemOHmsb.

0595L505d9, 3969303M0 SEYMOHOMIJO0 bbb 29b9BH03MM0 398330OIMIONMBOL
@5 36906030 gosmBY30L 3MMELOL 0d0EHOMYBL. 53 3OMELd0 06030Yd0 gOHmOl dbGO]
0650B1bq09gb 39O gdoLsRsb Fowgdmer doMmomoE ™M30L9dgdL, dgmegl dbGMOZ #oboEOb
dMB3098 s 0d969b sboew M30L9gdgdL. gl BP0 MZ30LYdGdO TgbsMPMBIdS O F5SY (39S
0993300069Md0m. 3Mm3eg© 30 39593H039M0 5HMMH0TYOOL F9domdoL 3006303980 Tgodergds
3Ly 503h9MO™o: 0dobsmM30L MM 30LsMYIMM® 39693 03e F90330MIMIONMBIDY 30039
603do B3960 0b03000900 Mbs 35J30mm  JOHMIMLMIGIs©. 29693H03MO  SEYMOHOmMITo
JO@Ambmds - gl 3oL Gogbgzomo dsbogo, MMIgEroE Fggbodsdgds MmIgErodg FgeHbgrye
356599@OL.

95603030 2969303900 sewamGomdo 8gdmbggzomo gom sg9bgM0Mgdl Lofiyol 3m3v)-
Ws305L. 29693H03MO0 SEMMH0mMIol dPsmdol 3OMEJLO MO 0GOSO S OB dMO3-
905 dmIbIo6gdol JogH sOBJME0 256339990 M5MYHMBOL MomMdgdoL G930, 96 Lbgs
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36M0@9M0mdol Igbmegdol 99993 396930300 samOHOMIOL Yym3z9w ™omdsdo bgds
3325300l LaMygd0sbmdol 98mfjagds, 9g9x 39695 s BM@S309.

0dobom30L, MMI 9839JGMIO0 2969303900 SEAMOHOMT0 F0JRM® MHIMS30 33¢0g3d Bo-
A9 5 LI MIYEXEI0S F9FomdS 58 0O JIO.

3969303600 5aMOHO0MTJI0 253503039390 Lobom 0bsMRMBIdL domemyom® @HgMdo-
Beranmgosl. 353mbszgarggo 3060l gmbjsos () 933035¢96¢¥H0s 3mEbso m®as6obdol
LoM3gde056mdOL (36980L5. I0BBOL FMBJ300L 5GIPBEL = (1, 2.0 ) »Gm©9d96
B96mHo3L,  39dH™mOOlL o3y 3m330bgbHgdL firgdgb ™30lgdIRL. 39bgBo3N®
Seam®omIgddo  -90L HoMTMo9b9b Mo0dg  BMG®Iom, MHMIgEroE dmdbdsMgderols gbgwv)-
qd0LsYOO MREOM  IMbIBYIOHJOIE0S  SERMOOMIOL  MJoEODI300LIMZOL. -9l 49690l
1809096, 5333505 N6  39dBHMMO BsofgMgds sboewo = (1, 2,.., ) LEHONI-
AMOMo ZmOTom S Job JOMIMBMAL, ggbm@Hodl 96 0bogzoL MHmwgdgh. Gmames Hglo
65 5OBYOMDEIL MMNOYJON LB FoMIoddbols falio-89dsboBdo ggbmEHodols 4gbm@EHoddo
@5 3000Jom.  LogMEoLmZoL J9dmsdzo JoBBoL gwbdgool Aigogbo () gubdgos @ -

obgomo Gmd () - : 5003560L 58mblbs Booyzsbgds () - , S 53mizsbol
500bLBsBY. () BMBJ309L BoBHBIL BMBJ30sL Mfm©gdgb. = (1, 2,..., ), =12,..,
65369090, MHrg09b 3M3Mo3E0gdL. Lo - BmI6osbo 3m3mwsizoss, bowem -

3353008 BMBs, - i-mE@0 ggbos  -O 3m3s30530.
3L03MM0 2969303900 SeRMOOMT0  9MIORMOToMS© TJodegds 503(gm Mo 99d-

©93050650:
5¢Mm®00d0 2.1. D500 39693039600 seaMmMomdo

Bsdoxo 1. Lofgolo 3m3MEogools s6BRg3s.
65d0x0 2. LoRgd0sbMmdOL ("BoEbal") BwMbJzool AoBLEBEIMS s Tglsdsdobsw dJowy-
00 301399530530 06E030000L LocRRYOE0sbMBOL Tgnsligds.

Bsdox0 3. Lgargd309-LoMgd0sbMdOL dobgz00m FdMdWGdOL s®R3s.

6sdox0 4. H9360HMm©OMJ305 O 33300l Tga3ws : IgMBgMw 06030090BY 49693 0-
39960 m39M5GMMd0L: 93560900l s G300l godmyghgds s Fmodmds-
3500 060003000900l  F0gds. oGO  Jedmdszswo  0boz0gdoL
Lo6MRQYO056MmBdOL FgRsligds s LEMRGOW0sbMdOL dobgz0m Lsfyols 3m3mems-
30590 9OHM-9MH M0 FdMdEOL Bsbs33¢09ds B399l FmodMTS3E0m.

65300 5. LLLOMEO, 0799 TgBEMIGOIME0S SERMOHOMNIOL EILOMEGdOL 30MMdS, fobo-
50dgy 990mbg93580 45050 bsdoy 3-Dby.

99-5 6500% 30 "5eaMmMH0mToL ILOEGOOL 30MMDS"-b J399Mm 35D MVBEJOIM, SEYM-

030l d0XJOOL IBILOSMGIOLSL.
535H5B05M® 35103 MMO 3969303MNMO SEPMOONTOL BOK JIO:

1. Lsfigobo 3m3vgmszools sMBgzs-0bogosemobsgos (Initialization)-bsfigolbo 3dm3mersEos
506bBg35 390mb3z930mo@ B5d0gdm 560l 3600369 MdsMs LOTMSZOIH. 3M3MWs300L Bms-
JO®AMb@IGO0L MHoMmEIbMds ITMI0IOIE0s 3mb3IMYEW 5FM(3565DY.
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2.

LG90w056Mmdol (3o3bL, Fitness function) gbdo0l— g0bLsb®3Ms. 59 BMb3000

3960LB3MGOs ) MHMIgEo  STMBsbLbo  M98EIBI© 3960, 9B FoblsBEZGMLZL  ggbol
Lod0gMgL, M58YbsIE AE0gMOos 3960 Jom dg@o TobLo 5g3b MHMA oaMBgL. LHmGgw sBgmo
396900 99699500 OO Fsblio BHMT bgergd300L PEOML sMRBIB sGRJME 0b03z09dL JmMob.

3.

Lgergdgos  (Selection)- Lgengdaos gl 9oL M3gMs30s OGMIgErog  3wIerolbbdmdl

LOMRIO056MdOL  BMbd300L  3B0T369WMdgdOL  Fglsdsdobo  @oo0MBIL  0bo30©gdO
3900mdo d9x35Mm900LsmM30L. 5 AmM35¢oLHobYdMo Mbs 0dbgl ob Lodwogos MM, 0wy
53009300 439woHg LoY39malm JOMAMLMIGOL, odMOMmOEbYds Bosmo FMS35ETBYIMHM369ds O
369050030l 3O 39L0 RJIMYds, LYo 296900L sMB93s 30 93MmEE300L 3BM(3gLL gsbg-
oL, 56w 53 SHOOL om35¢olHobgdom Mbws ImbEgl JgMPg30L IBSEIBLYDS.  SMLGdMBL
bgargd00L 989bodg 890™MEO, 5096 Y39wsBg Po3MEIXGOIE0.:

1

M

3sbdodLos(panmixia) (89000b393000 56533MSWBdMNYMHO 5GMB935)- 59 O™L 0bogzo-
©9%0L 5MB935 bgds ;0560 33053000 s 6gdolidogmo Jomysbo dglsdwms

dmbgql dgbox 356909 fiyz0¢do. gl Igmm©o d0wbgsz5 LodsMEH0gz0Ls Mboggm-
LogErE@Oos bLbgoalbgs 3¢sliols 53m3sbgdolsm3z0b.

bgqd0l dgmmo (Rank Selection)-3GMm3mGM 300 56B930L Igomo - 53 dgmmools
3OO 3EMToMgMAOL 03580, MM "83MdWgdo" Jgboderms 2obbgb ol 0bozogdo,
MM39ms LIOMRIO06MIOL BMb30s 96 ML b53egd0 BB 3M3MEsE0oL
060003000900l LoMygd0sbMBOL Bmbdi00l Lodwmsem 36033b9emdsbyY.

Mg 3olb dgomeo (roulette-wheel selection) - 2w9eolbdmdl "Gv)engEHIoL" ©o@-
605wgd00  JIMdEGOoL  56MBG3L. ) 306073 ™6 JIMdgl,  MeEgE3e
IGHM0WYds MOY IO, M53 F99Hgds 13000Mb BgdE MMl Fo00 MHOMEY6MdS YYEMOL
06000300900l H5mEgbMdsL 3329530530, BgdEHMEOOL LoWO WY 30 FMZOEYOIE0S
0300mb6 0600030009008 LMY 0sbMdOL  BMBJ300l  FoMEMdom  doerosbo
30353008 0600300GB0L BoMYGO0s6MBOL Bb300L I608369wMdYdOL X 5FMSB.

AMOboMoL Igmmeo (tournament selection) - 5 96 s0MRg3s M89b0dg 0bozoo
d90mbggz0mo ffaloo s 96y 3500 MO Lowm3gmglim;

06dMHoobgo (Inbreeding selection)-09mdgdols {y30eosb 300390 obwozoo
506Bg3s Fgdmbgzgzom, bmwm dgmeg 306039msb OO  9BsMMBd0m  Folmsb
"305bermadmeo Imbomgliogg". dmbosmglisggdo ogmeolibdgds: 39dobyol dsbdowro 53
™6 0603001 dmMol Mbs 0gml dobodscrMo;

3mdMHoobao  (Outbreeding selection) - 063G0@Obyol  Lsdo®oldomms  ©s
d9Lox 350909 (Y30 gds 0MmBI3L FoglodsIMO "TMGOOME" 06E030HBL.

Qs bbgs.
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4. 936 J309 9 3m3eEs300L 9933¢s (Reproduction). 9300305 32)0olbIMdL

39000930 05MdOL 3m34s300L 39gbgM 309l Hobs MsMdOL 06E0300gd0LOYSE. T9dga0 MoMmdOl
396965305 bgds 396930300 Mm39MH9GHMMmIO0L IBAsMYd0m. gl b0odbogl, MM Fqdgyo
0500l 9OHM-9MH 0 06003000 F00WYds fobs MoMdOl ghom b H339bodg 0bogzowl Jmeol
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J6O®3mbMIGO0L 32EOMGOOLSMZ0L BsFOMM BOEHIOOL MO>MEIHMDIS.

doxo 3. vf s vm dsboggdol 0-sb | b-dgdy 0bgdbosh gegdgb@gdl 893339 Mmo
5RO R0
00x0 4. 3m35bobmom "89x356090wo" vi s vm dslloggdol 3mOMYds 33C3 1 S 2
60860560 JOHMINLMIGOOL 5©A0WGIT0 1953009306395 3MBOEOVIO MOMBOD
303d0. 399009 30 MOMOOMNOEIL 330053 25W5339Y53L 3Mgol 3medo.
d9x%356900L  EslMIMEgdol 89dgy JooMgds SboEo 3M3MEs30s, MMIgEog ffobos
330)5300L5g96 08000 goblbgszgds, MM dsbdo dIMdYo JHMIMLMIgdo Bsbs(33¢©gd056
3300 JOHMIMLMIYGO0m, 5800 HOE0 3M3Ms3E00L BMOT0MYdS 56 LOMEIGdS. JOHMIMBM-
990056 9M3s 96 M53Ybodgd Wb FobooML FEsE0s. IMEIE00L M3gMOGHMOL J39dmm
39b30bowsgom.
930Y356M0 5eam®0mTd0 2.2.2-0L doX JO0L M50 B300L BoEY3096M0 SMHgOS.
2500996900900 9H0FgOEH00560 89x35M980L dgmmo. [0, 1] 06¢9M35¢0@s6 sg300mm
890mbggzomo  MoEbggdo: @, @, ... @ 8500 TMOOL  sBmzsORoMmm MO0 Jobodserymo
8609369 md0bL d3mby. 300g300, Sbgmgdos: @, s @,. 567) Jgbox35MYBI0 JOHMIMLMIGd0s 39-4
@5 99-6 JOMIMLMs. o MfimEgdgb FdMdIgdL. 30650096, Fgx356M9d0l O™ B39
52330600905 d0GHWMO M396530900L Fglermegds, MMIJWMS MYoE0BYds BmbyMbgdmeos
C++ 9gbob d0GHMOH0 M39M0@GMMJP0m,  LBoEY309M0 s0figMol bo3zws WX Mmdglos dsmo
36MyM53M 13M5dg6EJO0L Loboo 899Mm535Hgds. dOFGHMO M39M530900 3DbMBOW0S s >0
50935 56 FoMIMybL LoOMgl. 0ToLsmM30L MM 06030OL(JMHMIMBMIOL) 3L OGS 56
094l o056 0O, MOHMB0MI0 3NPOMIOM X4 QO X JOMIMBMTZdOL J0TsM Q5dm3094gbmm
3M90L  3m©OMgds. 3MB3IOYGHMEs© 30, B3gbo JOMIMbmIdo 3MmEoMgdoeros unsigned long
G030 3sbogdo, 8 Bsbogol bydoldogmo gagdgb@ol, Mmgol 3mEdo gosy3zsbs Tglsderms
MBOHb39w39mo 99990 36Gdsbgd0m:

gf=xch[numb]"(xch[numb]>>1);
Losi gf 33woos unsigned long ¢o3ol, bogom xch-4®mdmlmdgdols slggg unsigned long
G030l AsLog0s. bmem numb 30mE0MGIOLIMZOL SMBRJMo  JOHMIMBMIol bmdgMos, B39bL

359290mTo 0ls G90dgds 0ymU 4 56 6. 8999 Imzsbobmm gf-0ls g3m©oMgds: Jobo doEgdol
360083690md900 B3hg0Mmm Gs0dg v dslogd0. gl 9933000 2obzsbmME0gwMmm  3GMyMTol

39000930 BMad9bEH0m:
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for (int i=0; i<bit; i++)

unsigned long c0, c; int c1;
for (int j=0; j<bit; j++){
c0=1;
c=c0<<(bit-j-1);
cl=gf & c;
if (c11=0) vf[jl=1;  }

Looi bit  JOHMIMLBMIoL  300E0MGIOLIMZ0L  BoFoMm  d0EJOOL  MromEabmdss, B39bL
d90mbgg3sdo  bit=21. (2.1)-sb @godmmgzeol  dglsdsdobs vy P390 3m@oMmgdolsmzol
33300@©gds Fbmm 21 066Gy, 0dobomzol ™Y, x;-9d0 ©sMRBI6 [a;, bl ©0s35BMb6o,
000Mg0 JOMIMb@Aol dobsrmw Fomdmoygbsdo 21-sb ©sfygdmwo 32-0pg oo
56609030 Mbs 33979MML 0-9d0. 58 {gbom BsHgOow 4 @S g JOMIMLMIGOL X9

390053093560 490l 3m©do, 9999y 30 IM35bIbM WY3MPOMYISL. 3g35m, 4-0b s ¢ -0ObL
d9L5dsdobo dolinggdos vE ovm :

vf: 0000 0000 0001 0011 0111 1011 0100 1000
vm: 0000 0000 0000 1100 0110 0101 1101 0000

530000 dgdmnbgzgz0mo GoEbgo [1, 2 1 Ufmogo gb  0d690s ol 3mboios, Gemdeol
d08sMmo3 Imbgds 39-4 s 39-6 JOMIMLMIOL Jgx35M90s. 300dzo00 = 1 135806 v oovm slig
89033@gdo:

vf: 0000 0000 0001 0011 0111 1101 1101 0000

vm: 0000 0000 0000 1100 0110 0011 0100 1000

30600400 ©93MOMJI0LIMZ0L 45dM3094gbmm 3OMYMoL d90ga0 BORTI6GO:

gf=0;

for(int p=1; p<=bit; p++){

if (vi{p-1]==1) c=1;
else c=0;
c=c<<(bit-p); gf=gf|c; }

3690L 3mT0 2oIBEY3965, 30:

for (xch[numbf] = 0; gf; gf >>=1)
xch[numbf] "= gf;
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2.2.4. 379035305

d9x356900L 9999 bmME09gw©ads 3M@S300L d0x0. 8g0Y356Mo FMEHOSEO0L serym-
0030 MO0 (330501 BbI300LsM30L. FESEF00L OML 033wYdS 9M0 b MFEIH0TY ggbo.

5¢eam®omdo 2.2.3. 399330

3009350, 3393008 BMdos - P, -3m3mws305d0 -Ormdmbimdol 3mo®mgdolsm3zol
U5 F0MOHM BOEJOOL MroMEIbMdS,

doxo 1. gsdmgmgsmmm xsdo: K= Y2 Ki; 303m3mm K- Sob 1%, sbwy: T= 00 :K-P
(Losg 0.0 L K:P 50bodbogl 0.0 1 K- P -1 doge bsfoeml);
doxo 2. [1, K- P] 06¢)96035¢0@56 530000 99000b393000 bem®doerobgdwyemo HGogbggdo:
r, Ia... Iy
dox0 3. s300mm: i = 1;
d0x0 4. 3030300 0LYMO |, HMIAWOLMZOL:

0 _ ( 0
100 100

), =12,..,

L9 U J-190 JOHMAML@AS JoboEOL FwEOEOL.
doxO0 5. 353M3m35M: = ( = 1C - )), -9 5oL 03 doEol bmdgo,
39 ds3 B 2960350ML 8Go30d;

d0x0 6. 396m&03d0 b i 6tndm056 do@GHTo Boglig®mo 0, mvy dsbsdg o 9figMs 1 s
Bogfgbmm 1, 009 9fgees 0. (ob. sergmGomndo );

dox0 7. s300m0: = + 1,00 i < T, 490030009 00x0 4-bg, Hobsswdgy 9dmbgg-
3530 oLELGWO.

5¢mM0mMIoL BEOWMLEHOI30M® A9630boEMmm Bz9b0 ogsomo:

39306900 39600l Mom©gbmds ©sg30m3zsmm 993Ybo0MsE: 3330500
003900L M5MmYbMds A5359M53M® 3M3MWS300L BMBsDy: 21* =21*25=525, ©s IMFHo305L
053999399009356MH™M0 58 Ho3bz0L gHmO 3G:M(396¢0(MMTI0E ITMY35W GO0 YOO 5-U), 5649
5 2960. 530000 5 898mbgggomo Gogbgo [1,5 2]H6EH)MH350@sb. 30d3sm, gb GoEbggdos: 1,

2, 3, 4 5. 500690 59 6xm3M0560 2960m3H03900, 2560300056 8MBHoE0sL. Boy.: vy 1 = 6 535906
dgmmby (65/21=3) JOMIMbMIsdo dgmeg (65-3"21=2) do@Gdo vy §96os 0, Mbs d933335m» 1-
0560 5 30600Jom, 19 1-05605 0-00. F1ES309500g 59 3393 309969000 JOHMIMBMTOL Mgol
30300 Bsfigcsls, 0lg39g OHMYMEOE gb 29353907900 TJX 350900l OMU.

31@93000 30536095 B3960 5¢MM0mMAOL 306390 0@ JMSE0sS. 53 dox L (bLgargdsoo,
d9%356905, 39935305) 3039MMGOD 03JMS30900L 5M[IMH350Y. Y™M39e0 0GJMHE00L 8999y
306B93m J0HboL BMb300L Lom39009LMm I60TZBYEPMBL, 35MGdM [Hobs s sboro 0FIMS300L
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0mmb domqdme  Bs39m9Lem 3603369 MdgAL s 30TobLMZMYdIM ©939mMaLL. 0EIMOE09dOL
53mfm30L5L LHMOgE gl Lo3gmglicm 0dbgds B3gbo s3MEsbOL s8Mbsblbo.

39630bowmm 8909a0 B3MbJi00l dsgscomo, (Peaks function):

1 2 2
=3(1- )2 - 2 +1)2_1 —_ 3_ 5y -2-2_ = —(+1)2-
3 ) 0(5 ) 3

303900l 53bd00l gMsx3030:

Peaks

,/QO‘ ‘\\\\\m
e,
000K T

227/ X 07
':':”‘““::“:‘:QQ :\\\\;:

‘2“:“0
NN

Bob. 2.2.3. Peaks 536300l 36593030

B3960 5¢mGH0mToL MgoE0Bs300L 30MHZ39gWo 0FIMS305DY Fowgdwo Fgrgyol ghHm-
960 356056@0 990degds slgoo ogmls:

61



=
T
o
o
0
o
o
0
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l

i
i

Bob. 2.2.4. 306390 0EHMS300L FJEIRO

903936 039Mo3090D9 M339 23996905  3M3MWsE00L M6dgbodg B0bodoEI MM
dosbermgdmwo 3603369wmds, 5358090 BMYo WM I J0b0ddmsb 046935 Sbemb Bmyo 30

MO OIND:
3

j . G . :
=] OO =]
D))
1F Lo} i -1
o
° T
@ o]
(o
0r o o -~

Bob. 2.2.5. 43-9 0G9gMo3ooL 9990

300b 3850m30L EILOYIENGIOLIMZOB-O0MEM 0FIMS305DY 30 33976905 sLgmo LmEsmo:
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1+ s i @ o |
o o
L]
o (/)0
0F ] o _
) e @
L] e ]

o 500mbsblbo .
GOQOB‘%Q’O&

Bob. 2.2.6. 278-9 0@ gH o300l 9990

2.2.5. BgbGoMgdol 39093900

SMOH0mM30  BEAHIVOEMEMSE  435dg3l 396y  F0sbEMGdGOL  LoBguBHM  sdm35690%bY.
LoLHOsg39 30 LOWEOsE TJgLodsdgds 3969303 NOO SEAMM0MTJIOLMZOL F0WGdI (5601593536)
LGobsMEJOU.

3500 2.2.2. 3r0BR0E0MJOIMYWOo g3-0b 458cmm3wol 89003900 LodgbEm (6o
33w50b) B3bJE0gdoLsmzol

6900l 3ol

RCTURH/CRR 86?)?3%3@0165 X1 X2 ©6™(f0)
05bmbol (Eason) 0,98655 | 3.07515| 3.07164 0,055
806g430d
O2bGogobob 0.11925 | 0.01203 | 0.02139 3.829
(Rsatrigin) g3vbJ300
9943L319B0osbo Bogo
5980l (Six-hump -1.0306 | -0.09898 |  0.72261 3.781
camel black) g3bg00
159329D05bo og30
sgdandols (Three-hump 15.0793e-004 | 0.01131 | -0.02251| 272.08
camel black) g3bJ00
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HBgbdOM 0L ) 12.45

(Rozonbrak) sisos 000111234 | 1.02942 | 1.05813

d98960b (Shatfer) 0011215 | 0.01252 | 0.10531 58.29

8964305

Bird's oo 106.6743 | -15732| -3.1542| 15765
B9°06 1062419 | 4.7540 3.1851 32.79

3039800 (Peaks ) -6.0261 0.1411 | -1.82212 8.586

B96d300

gb®owo 2.2.3. 3mogoEoMgdwyeo 3s-b 4odmmgaol 99093900 Las@GgbGem (mombo
33w50b) B3bJE0gdoLsmz0L

b

3796g300b P30

BIICO® | g5 aabgmmds | X2 Xa X4 ©6({)

320U 812

(Wood) -0.0133553 | 1.00307 | 1.003102 | 1.003874 | 1.01732 78.
806g300
35990l

(Powell) 0.027593 | -0.170792 | 0.031448 | 0.021555 | 0.280749 133.01
8096g300

A9LEGHM905 B9 LE9BIMEMOo LT 53Ol 3gOLMbIEMO 30330993 gMDY dMbs-
3999%00: Intel(R) Pentium(R) Dual CPU E2200 2.20 GHz, 2.00 GB of RAM.

Bob. 2.2.8-%g 3mdo 8530 HgOGowom 6583969005 3960 sergm®0mdom 300MgdmEo demds-
Mo 30603mdol oM GH0wo, MH3LEHM0R0b0L BMbJz00l sg5e0mBY.

Bob. 2.2.7. L0060l gmbdiz00l acMsg030
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2.3. 3gm6rg 3moxo300M93w0 396930300 Seym®00d0

9dm3094356mm 300093 9OHMO IMPOBOE0MJOVIO 3969G03MNM0 SO T0, BJgdsd-
5@ 9-U seaMmOomdo dm39dMwos bob. 2.2.-%Bg. 53 seamGomddo dmbszgdgdol RolsfigMo
330093 2590996930 0gbgds MmOHMB0mO 3000MGd0L bdgds. HMIgeoi Bgdmm §2.2.-805 s©fg-
6Hoo.

Lofigolio 3m391es300L BMOI0MmYds3 0BYM0395 OHMYMOE Bgdmm s©3(gMgm 2.2.1-do (ob.
seam®omdo 2.2.1)

9m3094356m sbsMBgbo doxGdOL 5)gMs FgmMg s5eyMOHOMTOLIMZOU.

2.3.1. bgergdzos 0bdMoEobyols 3gomol gsdmygbgdoom

Lgergd30s 2olbdmdl 0d 3M0GHIM0MIgdIOL  2oblsbrg®sl, Mmool dobgzomss
5300B 9300 dqLox 350909 §yz3009dl. 65dOMId0 JgaM™935D9d0s 06dHOEObAOL dgommeo,
3699 9hm-9MHm» 3dmdgl 306Bg300 Jgdmzgzomo ffalom, bmerm dgmMgl s3060B9300 doglods-
@M@  "005bmgdMEl” 339 9®BIM 06030ML. Losbwmzgl 30 2963LsBLIMIZM
390060l 3s6dogrom. 39dobyol dsbdoro - gb sG0L ImEgdMo mMo  ©d 0bo30@0b
d9L53530L MOMBOM LEBHMOJMbIo 2sblibsgzg3do BOEHJdOL MOMEYbMDd.:

Bo3mzomm OMI MO0 s 060003000 sbermliss 0y
( H ) = mi {n ( 1 )l = 1121"' ) = 1121"'1 1 ¢ }

9L 999009, ®53 J0dEO0bIMY 3379300056 063GOBOLYOL Hgbom sMBgMmos Fglox3569-
090 MO0 JdMdGo - 0603000 25dm30949bg 9OMHIOEHOW0s6o Tgx356M9ds. 0b. Fgx 350900
sergmMomdo 2.2.2.
99X 356900l LW gdoL G909y 800Mgds sboo 3Mm3MEs30s, HMIgeoi Hobs dm3vwy-
5300LSRYD 0dom A5BLL393Yds MMA Fslido FdMdYGo JOHMIMLMAGdO Psbs33wId0sb 300
JO®MbMIGO0m, 58000 B0 33300l BMOT0MYDS SO OIS, JOHMIMBMTYO0I6
90»ds 96 M599b0dgd Mbs goboEsml FMBHSE0s. 903PIOMm  FMBHIEooL  oblobme-

(3099090 SEAMOHOMNTO.
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2.3.2. 3735305 3690l 3m0MmgdoL 353mygbgdoom

3009350, 3M3Mo300l BMmdsds - S, 1 @O 2 -3m3Ms30sdo  (, )-JOmImlemdol
3M©06Mg00LsM30L LS FOMM B0FJOOL MroMEYbMdYO0s, -IMO JOHMIMLMTS 30 3MPOMIGIWOs
Qo 351039080, 8Mm30Y356M FMBHOSEO0L SEAMOHOMI0 MO0 33wsEOL BMbJzooLsM30L
00x900L Loboon:

(096003b65: 5453 @d J399mMo3  sWaMmO0mTIgddo  dslogol 0bwgdugdo  BsfgMHoos
53Mhbogngddo)

5¢am®omdo 2.3.1. 3m@s30s

dox0 1. s353969M0Mmo M50 d9dmbggzomo MoEbgo: [1, ] 9995¢09000056, LHimMgo
I Nbmdmosbo JOHMAMLBMBs ©999399@YdMYds F)EHO3E0SL;

00x0 2. ©5353969M0MMm MHs0dg 99dmbggzomo Moibgo: [0,1 0]085¢90©sb, vy <
5 005806 89&5300L 039300 9dsMmm [ ] ga960. 0w =2 5 085806 3mEocosl
©537993080850m0 [ ] agbo.

(89500g6s: Lbgs Mom@gbmdol (33¢sgdol d9dmbggzsdo sbsermyom®mo Fabom gobgzlabwzMogom
09) OMIgeo 99635 Mbs gobogsml dM@oizos: 3MMEIbEGMEs© r-ol 360d3-
69cmdob glsdsdolog. 3og. mMbO (33¢50L 39dmbggzsd0 (1, 2, 3, 4) 3923000
5300B0M: ) I < 2 55300B0Mmm X1, 09 2 X < 5 0s3060B0mom Xp, o5 K <
7 553060bomm X3, 7 5< < 1 0,83060homom X4)

doxo 3. 0doL dobgzom vy OGMIGEo 9960  AboEOL  FMEHEOSL  WI35396gMOMM™
390bggz0m0 MHosbzo: (0, 1) o6 (0, 2).

dox0 3. 2905309356mm s@MBgmamo: [ ] (6 [ 1) 2960 3oL 380, 309435, gL 5ol
g
00x0 4. 9m3560bMmm g-ll 9Y3MPOMYds MOMIOM V 39JGMEMT0;

dox0 5. 9dmgobobmm [ - = 1]-b 06396FGH06M9ds, Boghgdmo dobido 0, vy 35650 of
90965 1 s Bogfgmo 1, oo gfhigées 0.

doxo 6. Bm3z5HEObM®m MOMBOMO V 39dBHMMOL 3MEoM9ds [ 196 [ ] 29680, 0dol
d9L50590bo, MHMIGEDs 9b3o3 oboEsS FMEFESEOSs.

dm@o300L 89099 bowo 3M3Ms30d 80MOIEn0s. sbans by 99350mfidmm go-U
QILOMWYOOL oMM, M) 306MHMdS  FLMIMEgdM0s, 35dob JogdMeE  3M3MEs30Sd0
L59939m9Lm  0bogzoo  0gbgds Bz9bo  STMEIbOL  STMBsbLBO, obsswdgy Fgdmbggzsdo
5eam®omIol  doxJOL:  Lgargd30s, TIx39Mgds, FMESE0L  309MMPOM  MOZ0D  AS-U
©OLOME9doL  30MHMBOL JglcrmegdsdEg. 99dmmegz5H O bsdOMITo 4o-U ILEWEgdOL
306005 5090905 0EJM30900L Fobolffot goblisbrz®meo MHom©gbmds.

4m39o 0G9Ms3gool 9999y 306B300 80Bbol g3mbdi00l bowmzgmgbm d60d3z6gwmdsL,
35056M90m {jobs s sbowo 0@gesEool dmEml dogdme  Ls3gmgle 360d369wMddL o
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3005bLM3MYPIM ©939M9LL. 0GHIMS30900L STM[MMZ0LSL LHmGg gl Lsr3zgmglm 0dbgds Bzgbo
59m3sbols  53mbsblbo.  seaMmMomTo  53MMB0MYOIM0s  LBoGguBH™m BMBJ309dDY, oL oMy

39©9390L 0deg3e.

2.3.3. 890093900

Lo@gLEM 58M(35698DY 5EMM0MAOL 53MIMIS300L F9YR)00 Jmy356005 §399mo 3bMO-

wqddo.

gb®owo 2.3.1. 3gmmg InEoxoE0MYdw0 43-b godmmgeol 99900 Lo@dgbBHem (mMo
33w50b) B3bdiE0gdoLsmzol

3bggools 030b | 03gM:30900L

BIbggo0s 96003690ds X X2 @OM(d) | Gom©gbmds
05%mBob (Eason) 0999876 |  3.14934 313864 | 75,086 1822
©bGHOOFoboL -0,0082 | -0.00598 0.002391 66,31 907
(Rsatrigin )
9943L39D0sbo Bog0
sg@qdo (Six-hump 1.03142 | 0.09688475 0711739 | 90,007 1075
camel black function)
159399 D0sbo Togo
sgeegdo (Three- -0.00091212 | -0.019783 -0.005187 |  62.865 3053
hump camel black
function)
OBHOdOMZ0L 0.00106851 |  1.011310 1019681 |  69.251 121
(Rozenbrok)
Bgm0®ob (Shaffer) -3.2167-005 | -0.0029778 0.0048542 | 105.791 2859

. 106.004 | -1.57427 3.05588 |  63.773 1299
By6eab (Bird) 106.682 |  4.69286 317597 |  89.744 608
93003980 -6.54949065 0.2411 16212 | 119.88 1489
(Peaks)

300 2.3.2. 3969 InEOB03E0M0E0 3d-U 259mm3eol 99092900 Ly@guG™ (mmbo 33wo-
ob) 53bd30900Lsm30L

B0bgzoob 0®gH>30-
1996J30s | 3603369¢0m X1 X2 X3 Xa mgszgg) 900U
DS Q 509bMds
?Vf\j/i‘:)’ -0.00604 | 0.99703 | 1.001102 | 1.002308 | 1.001232 | 124.86 2145
asgevqe’l‘l’)" -0.012726 | 0.12226 | -0.003944 | -0.00465 | -0.02217 | 103.64 2969
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3t304396Mm0 MH55¢00BgdOL GO0 LHOWMLEMIGOM F549WomO: 5358mm Bird gwbjsool
365983030 s 358396Mm® 0GHIMS30E0 3OMELOL J0dEobsGgMmds.

(,)=-(- )%= Wsi.cogs (i cos
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Bob. 2.3.2. 40-9 0@gM530sHg Bo®IdMwo
d60083690md900
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Bob. 2.3.3. 60-9 03HgMo305Bg Bowgdwyo Bob. 2.3.4. 450-9 0)gMo305%9 Bo®9dYEO
96009369wm™d900 960083690™d900
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63 8399005 3bOHoEo 2.3.1-80, Mm3EH0ToHo 3603369cmds domgdyeros 608-9

03 965(30597. 993505600 JoMM3500 3d0Tdg B0OMZOL > YMOHOMTOm S 3969303MM0
S5O0 IJO0m J0LYdIYo 909gaq00:

2.50

2.00 A

1.50
1.00

0.50 \

0.00 & \AL - w A

J 7\
91 42y Q48 FTdzpBBXINAWFHFVINRG] Q& 22 dNA( F 2z OO

30603scnmto 3608369emdgdo

-0.50
8bdsogde
== 05003500 00MHM30 =M=9969%031M0 seamOomdo 1 4 3969303100 sewamGomdo 2

Bob. 2.3.5. O350 3d0dg B0MMZ0L 5EQMOHOMNT0M s 3969E03NMO SEFMH0TJO0M
9009090 990093900l F9sMIO0M0 OYMSDs.

Q053653056 BsbL, MMI 99bgB03m™mBs sWaMO0TGdTs “oMgbo F9Ygd0 TMA33S
Eason-ols g3bJ 300 89800b393580, Lbgogeb Lodogg 39mm©om ssbarmgdom gombso®o 9990

dooqdo.
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0530 3. 793060950 IYMBOLO S IRIMZ0L 53ME6gdOL SAMbLBOLS
dgLsbgd

3.1. 3Gdgdol glisbgd

M33030Bs30oL  98m356980L  bsfoero 8093936905  3FdOBsGMEMME  5TM35690L. 53
59m 3969000 53mbLbOL y39es sOBYOVIEO SEYMOHOMTGOOL BOOMZL FoMMOYIBL 5dMbIBLBYBOL
LEOMWOo 56 BsFoWMdMH030 2oMPBY3s. 49MBY30L LEBGMSGYA0s Lb3sILbZs semam®omddo
bm® 309w @gds bLbgoalbgea3s6Ms@. Bsv)390mgLem 53mbsblbol Bodogdwrs@, BOMYIENIdS STM3d-
Boli  356589BHM9gdoL  y3zgmws  dgboderm  3603369emdgdol  dodstrmero, dgdombggzomo b
30330606930 45056k 3s. 58 B0Bbom 9933539390 SWYMOHOMTGO0 OMYMOG DYLEO-
LOYWO FoIMRI30L, 91939 93MOLAHONWO EEY36EIL MDY 396 0IBPHID Loryzgogbm
59mboblbgdl dolormad Mmdo.

653O™MId0 4O Egds gMIMBS 5WYMOHOMIN Ls3oMbgdl, GMIgdoE WS393d0MY-
005 IRIMZ0L 5TMEIBOL BMLE S F0sbEMgd0o 5TMBLLLMSD. dm(3gdMwos 0bgMmMTsiE0s
390000535H90@00 5eaMH0mIgd0L 32)Fomdol globgd Lo@GglBM Bogow00gdby.

©OxYM30L  59M (356900 ©OLIMYGH IO M3EH0TODOEOOL 3560 (36MdOO 5BM(3569000.
obobo 9093153690056 NP-Gmewo 59mEsbgdols 3ensll. 98 99m396930L s3mblibs dobowgd
@Omdo dgBo© 960336935605, Mogob ©IGIMZOL sTMEsbsHY F00g3:6905 OLIMYEHIO
™330dobogool 89300 s3m3sbs.  3M5gBH03980  @RMZ0L  sdMEsbgdo  [omBrMm0d390056
dAbob®9gd0L  3996JEgdol 4obmoagligdolsls (Christofides, 1986; Heuemypenko, u zp., 1990),
0b6x3m®3s30wo dogdol bLolidgdgddo, GGMobldmMmEol sbodzbolols, Jugargdol osbmLGH0MY-
ooLol  (Christofides, 1986), slggg MgbyOLYdOL  Fobsfogdol  OYYATZOLIL  YEMBSEIME
399mm3om Jugegddo. 53 59m39Bgd0L  STMBLEOLSL 3500 FMMbM3bs SEYMMOMT7dOL
3965300 3735mds s 00gdMEo 53mbsblbol LobMUEgs, Josbermgdomo sdmbsblibols
dogdol dgdmbggzsdo 30, 30b0dsermo (30Mmdogds BMLE 959MbsbLBoLMLD Tgscmgdo.
m330MgLo  OBIMZ0L  sTMEsbol 39Mdm  Fgdmbgzg3zsl HoMmBmoygbl MAEoMgbo  symaol
5dm39bs.  98mblbol dgom@gdol bofogro bdoMo 898853999 0s  YMBoL  SFM3SBOL
59mboblbgws s 9999y bgds 3500 4963M3Mds IFIMZ0L sdm3560LsmM30L. (Christofides,
1986; Balinski, 1965; Garfinkel , et al., 1969; Pierce, 1968; Gomory, 1963; Goldberg, 1989),
653639000 50F9M00s 53 5dM356900L 5dMbLEOL dgommegdo. dsMEGHoz0 dgommgdo (Pierce,
1968; Gomory, 1963) 0ygbgdgb dgobol bgl. (Christofides, 1986)-0o Fg0mm»o35H90IC0s
5 MMH0md0, H®MIYEoE 0949690l dgdbol byl s iMxR03 I3MMAMSTGISL. 0-1 3HMYMB0MYdsd0
9009090 3606303900l ALYs3L0 oYMIGO0 JobbowMwos (Gomory, 1963)-do.

fobolfo  98m3z036Mmo M58@Ybodg 369ds. = ( , ) 4Mx8oLsMZ30L EMIboMmYIS®O
LodM3eg 9fmEads 0d {i396MH™gdoL  J39L0TMsZ3gls: -, ®md 3M5x30L  ymgz9en
0390mbomgol, MHMIgeroE 9O 93Mmzbol  -U, sOLYIMBL GO0, GMIgWoE AoTMmEOL
LOIMH3EOL  OMIGELOMS(3S 0390Mm©sb s F0930M©IdS D3960m3do. 3M5x30L  439ed
©MJd0boMmgds© LOIMH3¢ggd06 MIzoMglbo Loddwsgz®mol  IJmbgl gfimgds dzotglo
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©MJ0boMgds©o LoIMOZWg, bmem Sgmo LodM3wrol LoddErezMal 9HmEIds Emdobo®mgdol
“o3b30. (LOIM3EPoL LOJEI3MGI0 0 olbTgdS JergdgbEgdol MoMmEYbMds 53 LoIMO3w9d0).

300935m, 365530l I9HBMIMIOL FoGHMOEOL BHMIBL3MBOMGIMOo FoGM0EsS  FoBHMO3.

305530L 3060960 EMT0b0MYOsO LOIMSZEIOL FoblsDBPZMOL 5dM(396s 933035 9bEGHWEOS

3503580 obgmo MI30MmgL0 MHOMEYbMdOL 139Egd0L 3m3zboly, MMA gmggwo LEGHMoJmbo
390393L 90 1-056L 35063 59 sdmMbgMe» B39BH90do (s dbmermE ghm 1-056L MIzoMgLo
©594mxoL 5dm3sbol d90mbgnz0d0). gl 396513690 58M3sbs - LE®0JMmbgdol "sdgscMsz0"
330090 MoMmEIbMdOL 1393gdol 3m3b0LY, ML MIF0MILO RIMZ0L Lobgwroo 3bmdowo
59m3965. BMY99 ILIN RIMZ0L STMEFI65T0 56 SMOL 59930 9dE0, O™ 0-930Ls s 1-
056900L5256 90996000 FsBHGOES 04mb 335MIGHW0. MO SToLY, ymzgwr  -mM 13gAHL
(B396L 90mbgzg35d0 ymgzger  §39Mml) F99Lsd539ds M503g OMGdIMgds S FMmomMbmgzqds
m33oMgbo  LEYONM  POMYPOMEGOOL  OGRIMZ0L  3m3bs, o3 b3y  BHgMBobmwmyoom -
30583990LsM30L  60dbogl Moxz0L  MIoboMgdso  LoIM3eol  IMdgdbsL. M3 IBIWI3
03960m9d0L »dz0mglo EMIoboEmGdsO LOAMOZEIOL 53905 SMOL 3gHdm F90mbgg3s IGSMZOL
5dm3obols, Mmglbsg =1, ymggewo = 1,..., -bsogol, geomo dgbgozom Tglsderms
9m239B396m MM slgoo s3MEsboL STMBLBS MFBOM FoM3H0305, 30Mg Bmyso MIzocMglio
QOxBMZ0L 53M(3560L 5TMblbs.

503560l slids.
m330M9gLO  OBIMZ0L  5FM39653  Lobgwo FooMMm Ms30Lo  MYMOOME-LOIMHZIMHO
06 96M3693530056. MI306MgL0 sBIMZ0L SFM365F0 IME9IMW0s Bolitmeo LodMsgwy: =

{1, 2,00y YO0 93908653 g9d0L 65360900 (Mmxobo): = { 1, 2,..., }, bd@OE ymzggw
b 80f9m0o 5938 sGorgsygmaomo fmbs = 0. 6gdolidog® J39bsgmgdL (mxsbl) =

{ . 5 b -6 gfimgds  LoIMSZOL EIBIMZS YY) LOMYDS F1IIHO 30MHMDS:

= (3.1)
=1

S, =12,.., ULodcsgmggdl 30 9fcmmgds ©s8xsm30 LodMogzwggdo. oy (3.1) Gmemdol
3905 LOHYY YOS T9IOIRO BN MOJOO3:

=, , {1,2,.., }, # (3.2)

By, =1,2,..., LodMsgzwggdo fyzow-fyzomws@ 0065033907900 56056, 35306 B

LOIMS3OL GHMEIdS OYMRS.
sbgm 93965309093l ImEOOL Mbs FgoMmbgly ols, HMIcOL Fmbgdol Kxsdo Y 6ol dobo-

doe©o0.
b0 MIF0MILO BIMZOL 5IMESBIL F9M9b ToBHOEME0 GmEmTom: gmgzsm = (),
5ol X Bmdol BsGHMo30, MHMIToLm30LsE3 =1, o , QO = 0 §obsomdogy

30990bg93580. ymggew S;-U Fggbededgds ¢; 2 0 fembs. ¢M830MILO @oGMZS 30 FIEolbImdl 0d
35030l 00 b39EJOOL STMMPG3L HMIGIOEG IGIM39D Y39 LEMOJMBL S FoMO X 5TMMO
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Hmbs 046905 mdz0MgLo. 53mE5BoL BMOIMEOMIds 30 SLgmos: Mbs Imzsbobmam Jobbol
53964300l dobodoBbsz0o:

f=ac &, (3.3)

=

39900920 99B03900L 4om35¢oLfobgdoo:

! {01}, =1,.., , (34)

1l M
\Y
=
I
=

1

5 33w9©0 GOl 1-, v BodM3wg 9ol IRIMZ5d0 S MMOL 0-b Hobsomdgy
d90mbgg3sdo.

3306980 IYMBOL 53M3I65T0 IBIMZOL sTM3560Lss6  goblbgsggd0m (3.4) YEHMEIM-
0900l bo33eo 23996905 BHMEMdgdo:

S - =1, =1,., , {01, =1,., , (35)

399mygbgdols sgse009gd0

0500069800 56935

3009435,  ©5fglgdMgdSL  gLOFOOMGdS  s0JoMOZML MoK 0TbYdO,  BMIWgdo3
756 Mo, 9Mdsbrero, dgMdbMo, 0@SXOMEmO, Ju3sBMMO, OO S BobMEmo 969006
05696056 0baolme 9bsBg s 39ogm 5 Jsbowsdmes: A, B, C, D s E. omommgmwo
39600o@0 Bl  Bgdmm  Bsdmmzwowo  9bgdol  LOIMIZWOEE  gbgdOL  LoIMMIM
943909653 glb @S 0MbM3L A9M339MWO  M3MEIBMdIOL bgRsLL. IHglYdMwgdsd Mbs
50MBOML 0LYMO 39BOWIEHMYIO 535096, GMT Yy39ws HBgdmm Bsdmmzw oo 9bosb 34sgwgl
056X 00560 5 00X 0365dDg bgerrgzsliols Loboo 25399990 Msbbs oymb MdioMglio. 3bsos,
6 g 56U MI30MHgLO IRIMZ0L 58M396s (Christofides, 1986).

Bo3m3emo G-I g4zl 9OHMbs0mO Mbbs Mbs 25o3bsM™m s MK 03690
3900 350960 GMIge 9698l BBl dmEgdeos §39dmon do@cmoisdo:

®56x0dbgd0

9bo A B C D E
03560 1 0 0 1 1
39600560 1 1 0 0 0
0963dbero 0 1 0 0 0
0&5WovIM0 1 0 0 0 1
L3560 0 0 0 1 0
G0 0 1 1 1 0
BobmMo 0 0 1 0 1
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35906, 3bsos ®MI sHglgdmEgdsd «bs s0®RoML B, D s E 3560s@mMgdo.

0920000%9(0b530L 36(960b 85699900

300935m, 9M5MmMH09b6E0MgdM0 3M5x30L  §3960Mmgd0  5gMHM3MEOEHOL  FoMdmMmowyqbgb,
bom 405530l M35gd0 - 0300080065308 A9RMIBOL gFHO39005, GMIWgdoEg bm-
309W90s ImE9dme OMdo. 63doLdogmo FoMTOWGHO 5T GMsxzdo  Tggbodsdgds BMGBOL
MH™IGoMs3 G9LOHIgds© FoOTOMAEL. 300d35m, SOLYdMOL SLgmO 05(IOMBHO 5 59 JoMr-
363930l OMYOIEGdS ASTMMZEPOW0S M30dg Hglom. s8mEsbs MMBgEro dmombmal oligmo
3503 BH00L BLOTMSZEOL AoBLEBOZMBL, MMIGWMS X SFMMO OMGdIMds 0dbgds dobods-
WM S MDONMIMYWO B30 8935 5dmMBGo BoMIOMBHIO0L LoIMOZ3E0Ib gMmdo ds0bs,
560b MI306MH9L0 RIMZ0L STMEsbs (Christofides, 1986).

3.2. m93069L0 3gMBoL 53m3s60l 53mblibs

6530™MId0 0930930039  JobbowMWos MB3oMgLo  IYMBOL  sTMEsbol  BMLEHO
5dmblbol  seramMomdo  (Ananiashvili, 2014), 8909y 3o Tdobo  9963MEMdS  IGFIMZ0L
5dm3sbolomgol (Ananiashvili, 2015). segm®omdo 9xdbgds dEMgdol s LsbE3zmdOL
d90MmL.

Bsdm™ddo Imygzs600s sboro doymdoom gobbmME0gwgd Mo seram®omdol yodmyg-
69000 Or-Llibrary-csb (Beasley, 1990) 5s090wc00 Lo@gl@m s9m3sbgdol sdmblibolsls domgdwwo
39092900. 1930090 IYMBOL STMEH6OL 5FMbLBOL LoMgooBsEOMm 3MMYMHTOL O MY0 3OO
LAHOMIGHMOS Fgodwgds s©03hgMMmm Jg8EIbs0MsE: IYMBOL Tos@EHMoEs 5¢3608bmm A-mo,
UEAHMO0JMBIBOOL COMEIBMdS  -0m, 139G JOOL MOoMEIBMBds  -0m. 30039 9BHI3BY oYMBOL
35BHM03S 04mRs dEM3JS, 0Ly Mmamea gl (Christofides, 1986)-30s. mommgmer dgmzdo
39605390 wo0s olgmo  LIMm3Eol Tglsdsdobo 13gBHo, ®MI  LOIMmIZ3EY ,BsMIZL* -6
039600Ub, 56 o5 dgbodeoms  + 1, + 2,..., -6 300093 DMa0geml, JogMsd 565 1-sb
(= 1)-0009. Ug9gasGMMSE BEPMIGOIW OIE5RJOMEO IYMFBOL FoBMOEL 996905 b0 3.1.-
ol bobyg:

3bMo0 3.1. B¢™ 39050 IGO0 YMROL ToBM0EoL BJgdo@ MO 35dMmlobryegds

I dqwm3zo II denm3o IIId¢gm3o | IVdmmzo [ V dgmmzo
M XM 0
1....1 0 0
0
1.1
- ns6 1l 1..1
nsb1
nst1 1.1
nsb1
nsb1
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OEM3JOI® 53500l 999y 000Mgro BggBo Boghgdmm 30m335JGMo@ - dmgob-
©obmo»m dsmo ,d9BWM35“ (,098MM30L“ 0wgs B396 M339 9dm3094abgo §2.2-do Moibzgdol

BoLOPYMO MOMIOM 3MJ0, 3MMEIOIDY 30 HIM0Gd0m J39dmMmm 0d69gds LEMdIMmO). 50l
3900099 000mMmgMe dem3do B39xEJOO0 2535 Fom0 [mbgdoL (FoLgdol) B Ol Jobgo-
300, M3 1939 9603369cm3zbs F999306090L 45MBYI3900L MOMEYbMBIL S TGLodsFOBO®
950Bs300LsM30L LoFomm EMML. 890y 30 F3MmYgbgdmos dgdbols bol serymemomdo,
Mdgeoa 8mygzsboeros (Christofides, 1986)-3o0. @ogmxzol dsGMoiEol 39@gdbBg obbmM309wg-
00 JOMHOMIPO M39M5(30900 LOMMEPEIOS MPO03MIOO M3JMOEHMMGO0m, MHMIYEgdo3 SB939
950B5300L OOMOL 93:mbmdosl 0deng3s.

9390m d90m3535H93wo F9x5m30L 3OMEIIOS 3OMYMF0M9d0L 3H9dbozol sErssMly-
000 29O gdoL boMxDg Lodmogdsll 0derggzs sbemgdom 3 I -xg6 d9930M©IL
030olm30L BSFOOM OM, MOEYD SEPMOHOMToLOMZOL boFodm  m3gesigool boalwo
360059530 bLEOEEGds [ /3 2+ 1 ™3gMs30s (5 [ /3 2 50boTbogl -0l 32-Bg goymgol
doge Boffoanls). gl 3909309305 obog0L gargdgbBgdol T9sMgdol m3gMsE0gdo - MHMEILLE
9md9ds 1393900l 965933900Mds, 3060 FJO0L M39M5(30930 - HMEgLSE sbowo b3gEHO 9dsGHYds
90006569 ogmaxzol 1393HJoL, 56 Fglodewms ogml MO39 gOHMO: F9EsMgdoL s doboFqdol
396530990, ®MEQLSE 8080bs6Y 58MmbsBLB0D 3dom Dmaoghom LggdL.

»00BMM30L" 00095 30 3EyMTsMgmdL d90gydo: 3md3sm, A(NxM) ogmaols dos@GMoEss.
95l 9900099, ®o3  F5BHMOBS WIYMBOWOS dEM3Jds©, J0BbIgfmboos M sdols 9909y
»09BYDMo“ Lboboom Bsoffgdml Unsigned Long &odol 065306 do@Mmoasdo.
35@H®™0oEoL Bmdos ([ /3 2+ 1) x by FoB®oEob ymggaro bggEHo dgogmmgds [ /3 2+ 1
90809360000 )X M9g0d0 5 b3l Yds M3gMsE0 BgblogMgdsdo AP 3s@®0(3580. Moyob
dgobols bols searam®omddo 43zges 139G 0L gobbowgs begds Mommyge 35063 s MoMMgMWwo
139GHOLMZ0L M3l O™ F30MPYds FosbMmgdom 32-x9M, 5d0EH™A d9330d0s 3MJ350 BT
569l 9900b393580 3ol O™ Jgd;3060©9ds 3 T -x96.

do®Mogol  -mmo L3ggBo 5©036086mm  -oom. L3gHoLb (= 12,..., ) 99gmm3s

bmO (30993 99IIR0 S5E3MOHO0MNT0:

5¢0aM00d0o 3.1. dsllogol gumomgs

00x0 1. N §om3m35090b6m0 89dgao bobom =3 2 + ,bossg = 0 domgwo Hoisbgos,
bowm k dogmos s 0 <3 2

doxo0 2. s300mo: Pcklii]=0, ii=0,...,1 (Pck 39J&™®M0 ¢bws oyml Unsigned Long &ogdol );
i=1; 1= 3 2
d0x0 3. 5300m0: p=1;
doxo4. o ((-1) 322 -1)=1,035806 sg00mm c=0’ (‘0" —560l Unsigned Long
A030UL 3mbLE6EY), Hobsswdgy 890mbggzsdo sgommom: c="1";

d0x0 5. s300mm = << (32 ), (bysg << (3 2 ), 560l dstmabbog dzMs c-do
(3 2 ) mOMmd0m Msbmoaby);
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(-1= ( = 1] Lowsg | -myo3M®0o x5300);
00x0 6. sg30mm» = + 1,00 < 1,085000 o309 doxo 4-by;
dox0 7. s300m»m = + 1;

00x08. v < , 24500530 39-3 d0XDY; D) = 5300MM 1 = QOO Q930G Ig-
3-9 00xbY; §0bs50dg d90bgz935d0( + 1) ©ogoLemEMmo.

S5eam®omddo s1939 ©9o0HYOIE0s FGBMMZ0L Bo30MOL30MOM GMbdi305, MHMIGEO3
SbMO(309090L dgnm30L JgoMMBIdME M3gMO30sL - 39dGHMMOL 2obgmmzal (Robgmzol
0095 1339 359m30949bgo §2.2-80 Mo3b3zgdol ©g3MOMYdOLLL), b seymemomdo Unsigned Long
Go30oL [ /3 2+ 1 Bmdol dsbogl 258col(gobgrmogls) 9w9396@0s6 dmgwo Eo3dol B
dsb0gdo. 3m3093956mm gobammzols seramMomdo:

5¢0mM0mdo 3.2. dsL030L 2obgMM3s
doyxo 1. Domdm3z5006mm dgdgao Lsbom =3 2 + , bossg 1= 0 dovgero Hogb-
309, beagom k dongewos o 0 < k < 32

doxo2. s3opmoe» =0, =1,..., ; =32 =1

d0ox0 3. s300mm: j=1,CH =" X1’ —s6olb Unsigned Long &o3dol 30bL&obds);

doxo 4. 5300m0: = << (32 -1), (boog o0<< (32 =-1), 560l dstx3b0o3
dgMs Cp-do (3 2 j— 1) mOHMdom Msbmoa®by); s300mo: 1 = (- D&

(LOIE & ~EMP03MIOO 25TMH3GDSS);
dox05. oy 1% 0sgoomm ((( -1) 32 )=1;

00x0 6. s300m0: = + 1,009 j< ki, 35906 4500530009 doxo 4-bY;

o0x0 7. 5300m0: = + 1, o = 530000 1= Q5 350530009 d9-3 doxDY;
Hoboswdgy d9dmbggzedo (=  + 1)-b @5 ©o35LMHVIEM™.

b5 500b603bml MH™A3 B3z9bl ogMH 999353900 SEMOOMTOL 53MMBS3050 3960
39092900 33063965, MMam®E B396L doge@ d9dmbggzomo (gbom dgagboo Fo@HMoEgdoLYm-
30U, sbggg Or-Library-qsb (Beasley, 1990) 5090900 Los@Ggb@m s9mEsbgdolsmgol.  Jggdmom
09000535H900s Or Library-ol 59m3sbgdol sdmblboo dowgdmeo d9wmgaqd0 3bGowols
Lobom.  Lssg  80000mgdemos  98m35bol  dqLsdsdobo  gsool  Lobgwo,  sdmEsbol
396BMm3ogds-05GHMoEol Bmds,  -00m 30 50b0dbMwos seam®omTol F/domdol F9w9Qo©
9009090 30Bbol Bmbdi00l Mm3EH0dseemo 3609369 mdgdO:

11
n ™M
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3b®ogo 3.2. 9Jb396H0T963HIOOL F9YAO0 OYMBOL sdM3569d0LsMZ0L

5dm3sbs | BEGHMOJMbgdol | 1393gdol 3ol | m3@odogMo | 9960336
50mEbMds | Mom©obmds MM 3608369 mds
($>890380)

sppnw06 50 6774 54.714 7810

sppnw07 36 5172 0.24 5476

sppnw08 24 434 0.063 35894

sppnw09 40 3103 2981.71 67760

sppnw10 24 853 0.195 68271

sppnw12 27 626 0.188 14118

sppnw16 139 148633 123.028 1181590

sppnw20 22 685 0.06 16812

sppnw21 25 577 0.044 7408

sppnw24 19 1366 0.083 6314

sppnw25 20 1217 0.228 5960

sppnw31l 26 2662 0.147 8038

sppnw37 19 770 0.51 10068

sppnw40 19 404 0.089 10809

sppnw42 23 1079 0.037 7656

sppkl01 55 7479 37.687 1113 dosbamgdomo
960033690 mdo

sppnw03 59 43749 4347.16 25302 805bEmgdomo
960033690 mdo

sppnw04 36 87482 568,216 17324 80sbEmgdomo
360033690 mdo

3936086Mm0 H™I, 3OO0 8MmY3560¢00 583569806 BmyogMmOolmzol Jogowgom dosb-
©Mgd0m0 36033690 mds, dog.: sppkl01 sdm3560LmM30L B396 M3es 93569690 Tob 9999, O
doBbol BmbJzool 3603369 mds gobs 1113, Goasb 999 osbErMgdoom 1 Losmols mzerols
29635300Md530 gl FgYR0 S0 25Tx MBIGINIS. 439e0s IBIMRID G90mbgzg35d0 FogdME0s
33m3560L BNLEHO 53MbsbLBO. 5lsb0dbs305 MM 0bFYIMbgEHTo bsdMmagdols dogdolisls ByLEo
SO0 mIJO0m 5dmblbsls  Ifoco 3b3adom, MMIzs 98 STMEIbYdOLIMZ0L  (36MmdOO
M330ds¢rmemo 36033690 mdgdol 3bGowo dmyzsbowo sdzm dsy.: (Broderick Crawford, et al.,
2013)-80. 59 B5dOMIJo godmygbgdmw0s 300MHOYICO Fg0MEYd0. LHOBEHIMIGLMS, HMI F>00
990093990 9gAHLo©  gdmbggzs 96 sbrmlbss  m3G0dow®  860d369wMdgdmsb. 3o,
952500005 SPPNWOG 53m35B0LsM30L M3E0TsMHo 860d3bgumdss 7810, (Broderick Crawford,
et al., 2013)-do 3o gm0 999mb393580 F0GdE0s 9788 s 29Ix MdIGOIeno 8038. DMmA0gOHO
5dm3sbologols, dog.: sppnwO8 (Broderick Crawford, et al., 2013)-do 50mbsblbo 396 6oL
9dmdgdboo. Bsob@ghglms s3Mgm3g (Kong, 2007)-ob 65dGMmdo, Mmdgerdos 99mygbgdmeos
062030 36:MM5d0MOOL SEAMOHOMT0, HMIGEo 5308 IBGM0Z 04gbgdl MMl 335G
9900m©U. 03039 SPPNWOE 53m3560BsmM30L M3EH0TswMHo 860d3bgwmds (Kong, 2007)-8o mecols
7640. 3650960  5TMBobLbgdO  doMmomsEo© gIMbZzgzs Bgdmm  dmyzsboer  F9wga90L.
50Ls603b530, ®MI 0d Losg, BMLEGHO 860d3z69wMdYBO 3435J3L JoEGdo STMbLBOL LoLHMgY
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doMOMII® Jobogds (Kong, 2007)-do docmqdryen Lob{iMoxgql. 4o0©s sppnwi9 s sppnwl6
53m356900L5, HMIgdLYE B3gbMsb Hmbg A9 0 sliFoMmom.

3.3. 993060950 Ex35M30l 5dmEsBOl 5MbLBS

330090 OIRIMZ0L 5FM3S6OL HTMVBsbLbgWOE 98mYgbgdmeEos 08039 0QYs, HMIGEO3
2396bMM(309 @S YgMBOL 53MEBOL 5FMBBLBOLLL - WIFGIMZOL ToEHMOEOL 13gE OO0 XIO Mbs
B50HgOML G980 Lobom, 0dol 65EMAO0MMS© OMYMEOF U 393900 IYMBOL sdm3560L
5dmblbols 89dmbggzsd0. 99909 LsFoMm gobs ogmRol sdm3560L 58MbEbLBYEO seymEom-
ol (3GMmyMsdol)  FMEORB03ISE0S  OBIMZ0L  5FM3560L  Fglodsdobs.  dMmEOB03s300L
9600369 ™3560 33963 gd0 30 IAMIsMgMdL F989Ad0: IBIMZ0L Fo@moEol b3g@gdo XM
Q©Y04MRBd dM3905© 0Ly, OMAMOE3 BIIMD 453900 IYMBOL Fgdmbzg3zsdo. Boasd, 0dob
3990, OHMA 59 56 23543l OGIMZ0L 1393JOOL M96591339MdOL BMMbM3bs, LsFoMmms ymzgwo

={ ., L1} B036O3OlL Tgbsdsdolo bggBob dg@obs gzgws dewrmzdo:  , ...,

3H50005 53 935651369 s 453MOf305 RIMZOL FoBHMOEOL BMTJIOL LOMABMOO QoBEOS. BdY.:
50x500 Dmdob do@HMogs 96 99dmbggzsdo (50m3sbs scpel) 4obs 50x3972 Bmdol, Lbgs s0m3s-
6580 (s9mEobs scpe2)  50x4055 Bmdol. 0)d3s 9999y, 3065006 segm®omdols d/domdol
36m39L30, OYMROL 53M(3560LoYL obLLZs39000, F0dEObIMY 58MbsbLBET0 ymgzguo sbowo
139GHOL  3F5BHYIOLOL LOFOMM 5SS 53 1ZgBHOL 9653390 MdOL T9dm{jdgds dodobasdy
53mbobLbdo 339 Fgbyar B39E OB, 53M3SBOL HFMbLBOL GM 3603369 ™36 56 Fo0BIGS.
9L dmbs 00  99dmnbz9g39ddo, GMEILSE 9dMEIBOL 1933060390 2o6DMToEgds s 0ym
doeosb oo (50x500). d399mmImygsboen  bGowdo  "b3gBHYOoL MoMmEIbmds" LggEdo
3000093 9os Or Library-osb s0gdweo do@Mogol 1393900l Mom©qbmds s i3@Rbowgddo
30 9m©0Ru0E0MgdMNWwo  seam®omdom Jormgdmwo 139E900L MomEabmds. dmEoxo30Mg-
0ds 3MIQE5358 259MMZgdoLOL 25dM0Yygbs LfaMg 58 BmTol do@Mo39d0.

3b®oo 3.3. 9J39MH0d9x63HOOL F9YAJIO0 B0 5TM39BJOOLIMZ0L

59m3bs | bAHGoJmbgdol | LggBgdoL 03wolb | 330 MHo 99609365
65m©9bmds | Mom@gbmds 6OH™ 36008369 mds
(§>090d0)

scpel 50 500(3972) 85.319 8

scpe2 50 500 (4055) 23.483 10

scpe3 50 500(4066) 199.404 9

scpe4 50 500(3991) 2.067 11

scpe5 50 500(4063) 305.338 9

scp4l 200 1000(3120) 0.222 573 Bosbermgdomo
9600369 mds

scp53 200 2000(6006) 0.062 353 Bosbermgdomo
3600369 mds
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sCp63 200 1000(8762) 0.634 183 BosbEEgdomo
96083690 mdo
scp410 200 1000(3006) 0.217 752 BosbEegdomo
9600369 mds

3HO00IH BbL, H®MI sBIMZ0L 5¢MO0mMT0 15305Mm© 9BIJGIMS© FTomdl FgsMg-
00 353565 49b6BMTogdols (Bosbermgdom 50x500)59m 356900l 58mblbobol, LYoz Joowgds
BMBEG0 59mboblbo. s1939 OO oEBMT0gdOL 5TM356900L STMBbLBbgWs© Fosbermgdomo
96003690Md900 doowgds Ls305m© LGRS, 890y gu 5dMbsbLBYdO 1 Lssmosbo mzeol
d9000b393530(3 30 9096 IX MdIBLOIOS.

ALAGM90s  BosBoms  BEbsMEGHMwo 1oddwsgzmol  3m33omGHgeby dmbsigdgdoo:
Intel(R) Pentium (R) Dual CPU E2220 2.40 GHz, 2.00 GB of RAM.

900900 990093900 230P39690L, MHMA 65dOMTI0 990M535HJOME0 IFIMZOL SEYM-
0m3o 15335M0LS 9BIJBHIMS FMFomdL FgEIMgd0m 3069 FIEBMTogdol s8m356900-
Lom30L. 08 53M 3569080, 30 LHSE 98 SEAMOHOMT0m F0MJOIE0s JOSBEMGdIOMO STMbBbLBYdO,
dgLbodems gl 53Mbsblbgdo  498mygbgdmeo  0dbgl  Lbgs  seam®omgdolsmzol  Lafiyols
dosbermgds.
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0530 4. BMZ0L 53m35B0L 53mblibs 996930390 SEraMmM0xToL
853cmygbgdom

4.1. 533560 53bLBOL seaM0cdo

OMamO3 99339 3bsbgom 65dGMIol dqLsdg mogdo BMLGHO sWMOHOMTGd0 I30MgLO
OxYM30L 53M3560L LOMMMWOEIB odMIEObIOY  MdgBJLHow s WA MOGI0S MO
©@OMA0  5dmblbsL, 96 0Mbsz ™30l MMIgEodg 9o 9BHs3bg  dooeml 3560
dosbmgdomo  5dmbsblbo. LmGgo sdo@md, 860d3bgermazsbos 9x39d@dmMo  93MolEGomwo
5Qam®omIol 8999353905, HMIWOM3 BLEHIDOWIMSE 3567 B0sbErMmgdqdl 30300gd0.

9600-9H®M0 300390 15939 gLM BB MIBOMO  SWYMHOMT0  FBM™35DJOME0S
b3sGowol doge (Chvatal, 1979), AHmIgwog ULEHBPIOGHME ©BIMZ0L  STMEsbsl  blbol
30bmdos® Mmdo. (Grossman, et al., 1997)-9o 4o6boemos oxs630L bGobs®Eeo
59m39bs,  99Immo35H9dMo  93MoLEHOMWO  SEMOomMdo, 90bodbwos H®mI ol Moy
50m39690%Bg 0dg3s  M39009L  F99gdL  F9bsdg  s®LYOME  TJOMPYOIMSD  FYIMYOO).
bEObIMEO0 IBIMZ0L FgE993MOLEE0 SEYMOOMT0s FoMdm®agboero (Guanghui Lan,
2007)-8o. (Ching Lih Lim, et al., 2014)-80 89000535%931¢005 93060960 EIRMZOL STM360L
5dmblbols dMbfio seram®omdo. J3gdmom 30 Bgdl doge 9dmms35Hgdmw0s 53 58m3560L
5dmblbol 4969¢03M60 seymGomdo (Ananiashvili, 2015; Ananiashvili, 2015), G™dgeroi 3969
3909290L 3359093l LoGgLBH™ 59Mm(35690by.

3353 30bosgm Md30MgLo oRsM30L (3.3) 59m3565L, (3.4) 99HBO©39d0m.

330090 ERIMZ0L 5TM360L 5TdMbLBOL 899359900 SEAMOHOMT0 0MZOEOL-
§obgdl 2969303M0 seAMmG0mMTgdOL bmas 3M0b30390L (Eremeev, 2000). as63o0bocrmm
1d90s, BMIGoE Fodmoyghgds 899mmogz5HYdMW SEyMm®OmMITo. 3060390 9BS30 2969G036
50 TJo 5OOL 3M0MO0L dgdol sOBg3s. SMBJM0S MOMBOMO 3MEOMYdS, M3 Bodbsgl
63 4mgz39wwo JOmInbmds §omBmoagbl  qobBmdogdosh = ( 1, 2,..., ) 399BHMOL,
MOmdgwdos  -M0 9argdgb@o 3000gdl 1-ob Gme» 3609369wmdsL, vy LodMogwg dgol -
w6 JOMIMbMAsdo s = 0, 09 LodMs3eg 56 9ol k-6 JOMIMBMIsdo. by -gd0 =
12,..., §s60m5039696 JOH@BMLMmIgOl, MHmAwgdoi d9ggbodsdgdosd 0bozogdl. jk—gbo
3969005, M™MIWgdoE 990dwgds MOHobg6 0- 6 1-b.  LoIMSZ3Eggdo  TggLodsdgd0b
396M30390L. 0600300700 (JOMIMBMIGOOL) s MoMmEIHMdS 3330580 ITMIOEIOYW0S
59m 39560l gobBM0EgdsBHYg. LoBMYsMmE 00gd9b: 2 &= < 1 0.0

306B93m Bofiyol 303meo30sL. 99990 9930 3MH0L JOHMAMLMIGOOLIMZ0L BoMygd0sb-
®d0b 364300l 3603369cMdOL Qodmmzs:

=y - , =12,., (41.1)
=1

390009y 306069300 FIMdEGOL. 3969E03)M0 SEAMOHOMIGOOL 2odmygbgdom 53m(3569d0L
53mblbolsls 88mdgdols 9mRg30Lsl 094gbgdgb Mmeg@BH3ol 6 MHMIgeodg bbgs dgomb
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(PyTkoBckas , u ap., 2006). 3900m0035H90e0 65dOM™ITo 3o sGBg3s bgds 9dwgabso®a: 396¢
039530599 333000 5300B0Mm oL MmMo 060300, OMIAIOLYE 59300 LRI~
056md0L 53mbdi00l dobodser®o 360dzb9wMdgd0. Ml 0GIMI305Dg 30 930MR0M™ 9HMO
439Dy 390090 - BoMygdW0sbMdOL BMbJ300L dobodser®o 860369 mdols dmby
JO@AMbMTs, dgmeg 30 Y39wsHg MoMgbo - LoMRJIO0sbMdOL BMbJ300L  FoglodseMHo
36008369mdol  dJmbg. sbg 930300  LHGO  309dEMOSL  MMTYJE0dg M ISWIMO
9060830b5396. 5OBgMwo 0bE030@YdOL Tgx3569d0LOMZ0L Qodm3094gbmo ghmfigMEHowosbo
39%3560900L  Mm39Mo@GMmMo.  Fgx350m900L 989y Jorgdmwo 06030900  9boiEOsb
dMBo30slL.  bdoMs 296930376  swammomdgddo  00Bg396  IMBHo3ool  MIgMOGHMEMOL

g0odbo®mgder 36093690 MdI: ﬁ 6596330  90MH35HJ0MI0s  FMEBHOEO0L (3OO

96003690 Mmd0l go9mygbgds, 99ga0 dmboBM9gdgd0b 259m0bocg: Gosb Fgx356M9d0Ls
5 39@S300L M39M5@GMMJO0L 606D 334530530 sOLYdMEO 06E030YdOLSR6
39bLb35390M0 06030 YOOL J0Wgds, 5T5LMsb 9JuEM9MMb Josbermgdolsl 0bozogdo
93069 396Lb353090056 JOT5bgmMOLOY6, 580EHMA, HMT 56 43Jmbgl FbMmEM© FMbscglisgy
0600300900, 259m3099bmo FMES300L Mm39MoGMEOO 33wso 360d3bgumdom, GMIgEos
5930009090 046905 HMYMEOHE M3000mb6 06030DY, 1939 99 0boz0OL A9bmEH03gd0L
0530L9099M905D9. 3903 30 39bm G030 Jq8535¢0 1-056900L s 0-9d0l BomEYbmdsbY.

d9%356900L5 @5 3EHo300L 89099 F0MgdMEo 3300 JMMIMbmIGd0EIb s300mBg30
9o mMoL M39009LL, HMIGLSE VOMJIIGds-LoMYIO0sbMdOL 316300l d60T369wMds
90608smE0o 5943b. 8m3dqgdbmo Lsfyol 3m3MesEosdo dogdlodswrGo VoMgdYIEgdols ddmby
060030000 ©s B53565330 ™M 830g30sb sMRgMmo  0bozoom. 53 3GMEqLL: d8mdgwo
gAMoL 5MBg3s, Ggx 3560905, 893930, 3Mm3Is305d0 060300l 30mMdowom Bo-
65330905 3009MmMGOD 0FJM(30900L 5dM{wYMH358¢0].

4.1.1. b5{gobo 3m3MESE00L BrMT0MmGdS

303)obbdmom MMmd  5@GM0E530 139GHJOI0 IWHRGOME0s BoLYOOL DOl dobgz00m.
5036006mm -0  3Mm3MWo305d0 060300l MoMmEgbmds,  — oo X bmdols
33995300l FoB®30.

5@m®0mdo 4.1. Lsfgolo 3m3Mo3Eool BMOIOMmYDS.
Bsdoxo 1. sgoomo: (, )=0, =12,..,, =12,.. ; @)=02t=12,... ;
= 1; = 1;

353Mo3oL 3060390 bEH®Modmbo, 96 dm3MEsgool 30M39w0 JOHMIMBMIs
53530 899gabs0Gs:

B5d0x0 2. 303m3mm A 5BHMo30L ol 306390039 B3gBHo 1 bmIMom, HMIgEoE BoMH3L -
2O §3960mb, 569 A(L,j1) = 1 ©s 8930396000 ©oxsM3580, sgoomm: (1, 1) = 1.

sgoomon: (8) = (£)+ (£, 41),¢=12,..,
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bsdoxo 3.  303mgmm R-8o 30639039 bmemmgzsbo gargdgb@ ol 6mdgeo i;.

530000: |1 = i1, 3500530090 39-2 bsdoxbg. vy bmermzsbo gegdgbBo s0se
33993V 30530090 bsdoyx 4-bg.

L 9s@6ogol 0mdg3bm  LEMoJmbgdo, 6 3m3mesgool  sbsdbgbo
JO®IMLMIYO0 535300 99009ab506M5:

Bodoxo 4. s3o00mm = + 1,0 > ©35L6Mwmm, H0bsswdwgy d90mbgg35d0 s300M:
¢)=0t=12,..., , =1

6sdox0 5. 303mzmm A d5@®moiEol 00 bggBgdol bmdmgdo { 1, 2,..., }, OMIWIdOEG BoGS3L
-6 §396000. { 1, 2,..., }-©96 9dmbgzgz0m0 Fgbom sgoMbomm MHmIgeody |,
6mdg@o, by (1)) =1 @5 893046mo 808@obsmy t-196 JOHmImbedsdo:
(, )=1logowmo: ()= (&)+ (¢, ), ¢=12,..,
bsdoxo 6. 303mgmom R-do 306390039 bmarmgsbo gargdgb@ol bmdgmo ii. oy sligoo
9999630 235943V 93000 | = i1, o300 M 3g-5 BodoxBY. v byarmgzgsbo
9999630 5056 33543V gowoo bsdoy 4-Bg.

Sbgmo  fgbom 590 3330580  Boglbgdom  Tglodrgdgwros MHMI  O0MYE
JO®AMbMIsdo 50mRbgl FoMd0 496900, 56w MOMMGM IBIMZ5T0 9Ts35¢0 139G JO0Ib
3908, 56 Ms8gbodg bggBHoL Fodwol 9dwgy R= {ry, ro,...r } LodGsgzwg obgg
503mBbOIL IRIOME0. | ©RIMZL 3Mfimmom BobmMo ©oRsM3s, vy bgdolbdog®o j  J-
Loogol ] {j} 5056 FoMdmoagbl ©oxgsm3sL. UfmMgo s8o@md  LsFoMms  Bowgdmeo

3353008 MO0MMYY0 0600030006 [o385¢mm BgdgEo B39GHI00 s Fo3bsEM™ oLobo
BobmMo. 530Lsm30L 459m30949bma 9990 93M0LEOIEO sSEraMGOMTo:

5eam®omdo 4.2. Fo6do 1393900l Fodws  -me 0bozodo.
Bsdoxo 1. gmggawo £ = 1,2,...,N-0bsmzgol  (£) gobglobog®mm 893gabso®ac:

(2) = 4, Ld@og ¢ 3M3MWs300L -G JOMIML@IsTo  -mE  §39H™L
539356530 139EHJOOL M3MEIBMBSs. 9B Lbgsa35Me® MM 3mJzs0m: k-6 JGm-
dmbMdsdo, OMmIgoi  FoG®o3ol -6 BLEGHMogmbdos foMdmoygbowo, Mbs
303m3mm 00  ©odBsms30  b3gBHIOoL {1, 2,..., }  MomEIbMds:  hy,
OmIggdobogolbss (8, ) =1, =1,2,..., 4.

sgoomo: = 1.

65d0x0 2. 303m3Mmm MI30MGLo 6o 11 < 1< L, MM (1) > 1, 099590 oG 33593
35806 slslitrmemo.
sgoomo: = (1), =1

Bsdoxo 3. ®vg yzgws  ()— (, )>0, =12,..., , 35806 k-0 JHMINLMI0@6

d9L5dgd9W0s jp 13930L Hods. sg300Mmm:
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O= 0O- ¢ ) =12, w© (, )=0

Bsdoxo 4. sg300mm: = + 1,09 < 245053009 bsdoxo 3-bg.
Bsdox0 5. s300mm: = 1+ 1, 09 < 2500000 Bodoyx 2-Bg, Hobsowdgy d90mbggzsdo
Q3LOLOYYEO.
53 5EMMH0mMI0m 33MEs3008 mommger «mé (= 1,2,..., ) oboogowdo

fog0wom  F90m0 U1393HgdL > 803009000 Bobe  GRIMZ9L.  dM30Y356Mmm  3MHMYGMSToL
365299630, MHMIGEromsE IgLodEgdg0s 1 253bsmo Boby®o:

for i=1:N
if R1(3)==1
continue
end
max1=R(i);
it=1;

k=find(A(i,(ch1~=0)));
while it<=max1
if  (numel(find(R - A(k(it)== - 1]0)))==0)
ch1(k(it))=0; R=R - AG k(it));
end
end
end

4.1.2. 99x 356905

30353008 BMOIoMmgdol 90y 00MMIMwo  JHMIMLMToLIMZ0L A9TMZ0MNILO”
Lo6RJO056MOOL G3mbd300L 86003690 Md9dL (2.1) BMEMTMgdom. Bgdmom 2.2. 356r10aM59380
50f9M0wo ool dobgwzom 350GFg300 MG FdMBYEL-MmE JOHMIMBMISL. 300350, gugbos:

= (e )
S )
99x% 3560900l 30D0E0s 2963L5BOZMM™M Fgdmbzgzomo Lowoom {12,3,..., -1}
d9%3569d0L 9990099 30300930 I30MdO JOMAMLMINOL:
L= (1, 2veee s 41aeen )
2= (1, 2y 0 wdreen )

sbgmo Fgx 350980l J989y dgloderms MM 30w Moo JOHMIMBMIGI0 3906 Fo6ro-
30696 R= {ry, ra,....,r }-b. LoFoO@s 59 JOMIMLMIGP0 MBIM30 §39MMGBOLIMZOL Tomo
595356530 J39L0MS3E0L IMAdgdbs S BBsEHYOS. FM3094356Mmm sEAMGOMT0, HMdgEoE Y™m39-

039 535 MDOOHMb39ymal:
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Semam®omndo 4.3. JOMIMLmIgddo ©oRBIMs30 39MMad0lL IIBIMS30 J39L0BEMSZOL
Bodo3gds.
SEMGH0mIT0 25633979 MdOLEMZ0L 50gdwos XE 1 JHMIM0Ds.

Bsdoxo 1. 303mzmm L 460mambmdsdo  sMobrmmgzsbo  9argdgb@gdol  bmdmgdo:
{i;dys iyt gb 960L 58 gOMIMb@Bol Fgbsdsdobo  @aBsM30L  LggEgdobL

BmIHgd0. ©I8sM30L A B5BHOoEob { 1, 2,...  }139EHgO0L ymgge L-w96 biBGo-

gmbdo, t = 1,2,..., -obom3z0l, ©s30m35¢Mmm 08 139¢3Jd0L MomMmEgbmds:
MMAwgdoE 3969396 (- 39O MUL. 96 HMAdoLmz0LE:
({)'1 ) = 11 = 1)2)--'1 ? @b { 11 21ty E} {1! 21y }
sgogmo:  (8) = ¢; =1

B5d0ox0 2. 303m3mom MBgoMgbo bmdgmo 11 < 1<, ®@Iobmzgobog: R( 1) = 0. oovy
R-0b y39ms 900989630 96096m3z5606 slisbHrvyaro.

6odox0 3. 303mgmm A 85¢®0oEol 08 bggEgdol 6mdMYdo {j;.j,; -] .} OMIwIdoE BoMgL
1, §3000b. {j,.j, -] }r@56 Bgdmbgggomo figlom sgo®Bomo Gmdgeody |y
68960, by (ir,j,) = 1. Bg30¢Hbmm j, bggdo 808obsmy JHmBmlmdsdo:
X h(j) = 1.
sgoomo: R(£) = R(L) + (E,ju), e=12,...,

Bsdoxo 4. s300mm = 1+l. 09 i<, 99500530009 bsdoxo 2-Bg, [obsomdogy

d900bg935d0 @sLLLGMEO.
50 5QaMmOOMIoL odMYgbgdom 1 s 2 JOHMIMLTgd0 33e93 IRIMSZ90 R=
{1, 2,-.4 } LO3GOZaL. Vgx350900L 90y 930MdOEO  JOHMMLMIGPO 33603006

dMBo3090L.
9tm30943956m0  3OMYMdoL  BMLRd)bE0, OHMIgwomss Fglodwgdgwos 1 a53bsmo
©539356530:

t=true;
while t
kO=numel(find (R==0,1, ‘first' );

k=find(R1==0,1, first' )i
end
r=find(A(k,:)==1,1, first' );
R=R+A(,r);
ch1(r)=1;
end
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9960083bs: find(R==0,1,  ‘first’ ) o7 3mmwmdl R 39d@m®mdo 3o6m3z9wo 0-mzsbo
993960 MHoyom bmIgML, 0y SLgmo (0-m3s60 gargdgb@o) o6 a3b39ds R 39d@™MTdo, 3590b
390930 046905 39Mm0go. numel gmbjios 4oblabrgmagl dobogol Log®mdqgl, 1vy 50dmBbos HMJ
numel gmbdgool symdnb@o 3odmogero dslogos, 35306 s300MHbgdL 0-U.

4.1.3. 3m@Hog0d

00MMJ)0 30 MO0O 1 Qo 2 Je@Imbmdolsmgol dgdmbggzomo figloo
5300980 OHMIge0dg Hogbgl, -U: {1,2,3,..., }Lod6s30©sb ©s 39bgbm 53 JH@I-
dob  -M0 3960l 3B o30sL. 9936036Mmm MMT 53 53mEsbsdo 29bgdols AsboliosmgdgEos MMmAMM3
om0 fmbo, sliggg Aol Fgbsdsdol 9bmEHo3ddo 1-056930L @s 0-9d0l MomEgbmds. A ds@GHMoiol
gmgge -G LggBdo: = 12,..., -Lsmz0oL ©s30m35emm 1-096980L HomEgbmds - 1( ) @o 0-
900 ®5m@gbmds - o( ). 3939 ym39eo B39EOLIMZOL F5MZ0MZoMm LOWOHJVO:

(): - O() ( O( ))_ 1() ( l( ))1 = 1’2""1 (412)
3900099 30 99350030600 35300l 5Ed50MO0L 39dEHMOO0:

A

()= L, =1.2,.., (4.1.3)

1
2=
5300B0mm T 3960 3m@Eo300L5m30L, Losa T 9dmbggzomo bm®mseobgdmwo dogwo
MoEbz051 < TS 895¢0900056. Bsdm35945¢00d8mo 399@s300l 3060 Mds:

1. 09 bEMWEIDdS 390090 30MMIGBO: ()>2, 1()=1@ ol)> 1()
85806 3960 35603000 3E5E0L, BgladsoLO® 23969ds: 1()=0.

2. 09 bEHWYEEIRS 3990HP0 30HMBIBO: ()>=, 1()=0@> o )> 1()
85806 T 3960 35603@0L 399E530L, Fgbodsdola 39J69ds: ()=1.

3bsErmaomEms dmgzsbgbor dgmby 2 46OHmIMbmAoL  3MBHOEosl. olggg MmymOE dgx-
3569005, Mool 3909y 930cMdOEds JOHMIMBMTgdds gloderms 39096 IBIOME =
{1, 2.4 }L03GOZg. 3950m30496m® Bgdmm dmyzsbowo seameomdo 2.4. s 1 s  2-
b Pogmdsdmo 1393900, MMIGIOE IBIMI396 Y39es IMRBIMOZ i39Mml. ULg9EHgdol
B535@ 900l 9999 F0qdE JOMIMbmIdo Tgboderms 50sM FoMTMoaqbbgb Poby® ws-
3396390U. 259Mm30949bmm seaymGomdo 4.2. s {93050 M0mMMYME0sb B9 o 13939d0.
59 3OH™m3E9LL 3099MEMGOM 0FJMS(30900L 5MwOH359Y.
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4.1.3. 9Ju39»0d96EH 900l g9a00

390000535H90@00  5EaMMHOmMIJO0  Mgo0Bgdwos Matlab-do. Matlab-l go5hbos ol
LoLOGRYJIWM  BMbd30900, GMIWGdoE 3OXMYMAOL  3MB3sdBHMs©  BIHIMHOL Lo gdsls
00¢093096. o3 Bgdmo  dmygzsbogw  3MHMyMTME  BGRAGBGHGO30E  BbL.  sSeamMomdols
983993OMd0L Jgbosdm{jogdeo 2o8mygbgdmos Lo@gbBm 99m3s6gd0 3bmdowo dodgrom-
0930056: Or-Library-qosb (Beasley, 1990), ©389w8o sbgoo 11 3amsliols s9mEsbss. gl 3ansligdos:
4,5,6, A, B,C D,EF, G, H. obobo 990mbzg30m0 {gbom 539090 sdm3sbgdos ¢ [1,1 0]0
Pmbgdom s A B53HM0(3900m, HMIgddoi 1-056900L MHom©gbmds 2%-sb 20%-0¢9s.

3bM0Eo 4.1.1. 59m356900L Lobgegdo s om0 FobbMToEgdgdo.

5dm3960L | LEBH®odmbgdol | b3gEgdol 5dm3956900L MoMmEbmds
300lo | 0m©gbmds | Hom©gbmds | 5 Zoogdols Lobgegdo
10
4 200 1000 scp4l, ..., scp410
5 200 2000 10
scp51, ..., scp510
5
2 1
6 00 000 scpbl, ..., scp65
A 300 3000 >
scpal, ..., scpa5
5
B 300 3000 scpbl, ..., scpb5
C 400 4000 >
scpcl, ..., scpeh
5
D 4 4
00 000 scpdl, ..., scpd5
E 500 5000 >
scpel, ..., scpe5
5
F
>00 5000 scpnrfl, ..., scpnrf5
G 1000 10000 >
scpnrgl, ..., scpnrgb
5
H 1000 10000 scpnrhl, ..., scpnrh5

0009 5dm35bsbg BoGo®ms 10-10 gdudgModgb@o, gmggwo 9Judgmodgb@obsmgol
0MBJMS 5HWO 3t3M5(305. 0G0 F9YRJO06 1593909LMYdO Fmygz560w0s bMHowo
4.1.2-80 s 4.1.3 -do. 890092900 9690 E0s 53 SdMEI6gd0LsmM30L 3bMdoEr MIzoMglio
©OxYM30L  M33H03oMmo fbgdol 9609369 MdgdmMsb.  Lmew gobboremos 65 5dm39bs.
3990030 9d0LSL 303530 900L DMABs Y39wysb 50gdMEos s = 100. 0GgM30980L MomMm©Ibmds
30 0330935 550-56 35250 06¢3gM35¢0d0. 4-6 s A-D geHool sdmEsbgdolsmzol 3bmdogos
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M330ds¢Eo 8609369wmdgdo (Beaslay J. E., 1992), bomeom E-H bg©oob sdmEsbgdolsmgol, Hma-
9003 OO 49bBMI0gdol $3mEs69d05, Fom™M30L FgLOIMGOWHSE 50JII0s 3bMmdoWwO
b59939m9LM d9ga900 (Jacobs, et al., 1993).

5036036mm f - 94u39M0396Ed0m Fogdo Lor390gbm 360dzbgEMds.

gb®owo 4.1.2. 9du396H0d96¢9d0L 9900 4-6 LMool sIM36gdOLIMZ0L, GMIgedos
653969005 Lom39mgbm 3603369 MdGdO Bo@sMgdo 9dl39MH0T9bEJO0IH:

30956 330 OHO ggﬁé)ag@gjﬁéo 0396530990l 030l
“6 53mBsblbo 0035IRMO> | Gsmgbmds | ()
4,1 429 432 850 5.748834
4,2 512 549 27250 189.521844
4,3 516 526 650 5.591801
4.4 494 509 5250 41.614141
4,5 512 527 650 7.285392
4,6 560 578 550 4.547840
4,7 430 437 650 4.874183
4,8 492 499 750 5.513872
4,9 641 665 15250 84.042923
4,10 514 537 750 5.267568
51 253 264 27250 184.503032
52 302 311 25250 160.479980
53 226 237 1250 10.480415
54 242 245 5250 38.623774
55 211 212 5250 36.555420
5,6 213 228 5250 35.234376
57 293 313 1250 11.987480
58 288 296 15250 106.514343
59 279 280 35250 254.069516
5,10 265 270 45250 345.253260
6,1 138 147 550 4.952619
6,2 146 150 35250 239.397738
6,3 145 150 5250 35.749140
6,4 131 132 5250 38.840746
6,5 161 169 1250 10.292615

gbMoo 4.1.3. 9Ju39MH0d96EHdOL F99ag00 A-D LgMool sdm3sbgdolsmgol, Gmadgendos
653969005 Lo 39m9gLm I609369W™MdGdO Bo@9Mgdo 9Jl39MH0T96EJO0IH:

530956 ™330 OHO SSBY;)@;@GZO 039530990l | 30l O™
G 530B5blBO 0U3RIRMO | 6 50009Bd0 (%9)
Al 253 255 1250 20.120029
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A2 252 267 850 15.381661
A3 232 246 45250 699.561851
A4 234 246 5250 79.033534
A5 236 240 15250 279.40790
B,1 69 76 15250 260.158726
B,2 76 83 5250 114.132584
B,3 85 85 550 13.921434
B,4 79 83 5250 97.910171
B.,5 72 75 650 12.822692
Cl 227 233 35250 886.189983
C2 219 227 40250 835.990969
C3 243 254 15250 367.848676
CA4 219 235 35250 844.615780
C5 215 221 850 26.015785
D,1 60 60 35250 859.387968
D,2 66 70 550 23.790084
D,3 72 77 15250 452.277166
D,4 61 64 850 28.991679
D,5 62 64 550 18.933103

35000 4.1.1.-0b dobg30m 4-6 53M(356900L5M30L 5353 OYMSDs, B3960 sEyMG O~
doo 800900 899900l 58 53mEs6gd0L (36MdoE Mm3GH0Towre 5dMbIbLBYdMIE Tgloos-

9050.
g 100 4-6 583563001 58blBoL Bggagdo
600
£/ 500
14
s§’400
® 300
2
\%0200
£ 100
- 0
R T T = I R
S I T s A o B Vo R Vo N e N Vo N To N o N To N Vo i (o Vo N e R e Nt}
=== 360000 d0bodse ™o 96036y mds $80r35690L bgBogdo
==P3960 5¢gMH0mMTom Jogdyo dobodsgry®o 360dzbgarmds

Bob. 4.1.1. 4-6 53m3569d0L 5IMbLBOL Tggy o0

43905D9g 0O 3MI0MYGds 59 56M0L 7%, gL I9gdmnbz93530 30 0l 033gds 0.3%-sb
1%-08¢09. LYFMSEM (30MToEGds Q5IM300S 3%.

9939608963 9dd0  BoMdMEo  Bo3gmabm 3603369 Mdgd0  A-D  53m356900Lsm30L
dmyzsboos 3bMowo 4.1.2-8o. B3960 s¢amMHomdom JoEgdwo 999gagdol 53 sdm3Esbgdols
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3bmdo  m3EH0TowH  53MmbsbLBYOMSE  Tglootgdes. o (bob. 4.4.) 939wy OO
3MIogds 5GOL 4%, LsMSEM (3MI0EOS BM30©s 1%, 58Mbsblbo Moy Fgdmbzgzsdo
©5990b35 36MdOn 5TMBbLHYDOL.

w
o
o

A-D 58m3569000L 53mblibols 9gcogagd0

P 2NN
g o u o U
O O O o o

o

583530l 3608369¢mdgd0

Al A2 A3 A4 A5B1B2B3B4B5C1C2C3C4C5D,1D,2D,3D,4D,5
59m396gd0L LgMHogdo

== 360000 d0b0dse®o 360367 mds

===B23960 scram®omndom d00gdwwo dobodscrMo bodzbgarmds

65b. 4.1.2. A-D 58m356900L 58mbLbol 8993900

gbMoo 4.1.4. 9139003963 gdoL dggagdo E-H LMool sdm3sbgdolsmgol, Gmdgwdos
653969005 Lom39m9gbm I603369™dGdO Bo@sMgdo 9dl39MH0T96EJO0IH:

0980053509009¢00 | 806035 Mo

5dm3960 dobodscrm®o 960836900 mds 0286)06206601) o;?qpolg

36003690mds >MRIPAOS @6 ()
E,1 29 29 650 37.089270
E2 30 32 1250 55.733434
E,3 27 29 5250 222.218509
E4 28 31 15250 795.258351
E5 28 30 550 31.467857
F1 14 16 550 38.747741
F.2 15 17 650 36.459649
F.3 14 17 550 32.964627
F.4 14 16 850 45.287650
F,5 14 16 550 31.603698
Gl 179 185 35250 4163.728506
G,2 158 164 25250 2921.625042
G,3 169 175 5250 932.124276
G4 172 176 25250 3059.695269
G,5 168 177 35250 5870.136848
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H,1 64 69 5250 706.016420
H,2 64 66 35250 4681.564954
H,3 60 67 1250 226.269730
H.4 59 65 550 111.810822
H,5 55 60 850 148.935323

35000 4.1.3.-5b 5353Mmm 056535 E-G 5835690053300 B3960 sergm®omdom dowyg-
000 990093900l 36Md0 M3FH0ToEME 5MbsbLBYdMIb Tglos®mgdEs.

200

B
a o u
o O o

583530l 3609369¢0mdgd0
o

Ty

EG 58m3sbgdols s8mblibols 3gwmgagoo

E1E2E3E4E5F1F2F3F4F5G1G2G3G4G5H,1H,2H,3H,4H,5
59m356gd0L Lg®ogdo

=== 36000 J0bodseMHo db0dzbgenmds

==+=P3960 5¢amH0md0m dorgdMwo dobodswr®o 3609369 mds

Bob. 4.1.3. E-G 59m3s6gd0L sdmblbol 99093990

5 9439wsby oo (3™ gds ML 11%, Bsdwmomm 3EMI0EGds gsdmgos 8%,
5dmboblbo gHm J98nbgz935d0 ©o9dmb3zs 36MmdO Lyvn3909LM STMBSLUBL..
ALEM90s  BosBotms  BEbsMEHWMwo  1oddwsgzmol  3m330EGHgeby Imbsigdgdoo:

Intel(R) Pentium (R) Dual CPU E2220

2.40 GHz, 2.00 GB of RAM. 99939l d9dmbgggzsdo

59m3956900L 5dmbLbsl gusFommgds (odgdo, Dmyoghom dgdmbggzsdo Msdgbodg (momo. dbm-
wmE E-H bg®ool ©59@gbodg 58m356s8 @olido®mqs Losmdg dg@EHo Mm. 893500mmm 8969-
G030 seam®omdom Jogdmeo §9093900 DMBEH0 9MM0m30m JoEgd F9w9Q90L,
MM39d03 8my39600s Hobs 0380 0b. §4.3.-do gbGowo 4.2.
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800 -

/

700
600

/

00

AN

00

[
I\ [/

o
o

/AN

N W A~ O

o
o

©585M30L 360836gemd

100
0 _El :

scpel scpe2 scpe3 scped scped scgﬁl scp53 scp63scp4dl10

= Hl%Ho
5¢MOHOMNI00
do@gdyo
330350
3d60936gcnmds

—2369003960
5¢MOHOMNI00
do@gdwo
™3035 MH0
3609369 mds

50356900l LgMog

Bob. 4.1.4. ©ox3M30L BMPOINHMO 5dM 3560l BMUEHO S FOIBEMGPBOMO SEYMOHOMTGOOL
390929000L 99M900mM0 OSYMST.

05365300 BBl MHMA scpel... scpe5 sdm3s69080 BMLEGHO sMOHOMNTom JoPGIWOS
1390980 89092900, B35 58m3569830 Lssg BMLEHO sEMOHOMTom 0w dwo g3dmbs do-
sbermgdomo 3609369c0md9d0, 3969@0301M0 SEMmMHOmMATs FOE0Wgd0m 19399l 9GO0
5B39bs. 58539 @OML MFgEHgb J98mb3z935d0 BMLEBHO SEYMOOMB0 MMBEIE Fosbermgdomo

3300560 9093990L doqds 8901degdgo bgds Mo MMJIo.

4m39e039 H90mm 04dMmosb s Bo@eMgdmmo  9dudgmodgb@gdol  Losgmdlzgw by
3933000005 9391336500 GMI 99M0535H90w0 396930329600 5O b5385M0LS© 9B9]-
A5 89domdb.
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42. 9306090 EIBIMZ0L 356BMYsYOMO 53MEIBOL sFMBIBS 39bgBHO3MMo
5EMMH0mM30m

4.2.1. 5803560 slids

§3.1-80 oM@ RsM30L (3.3)-(3.4) 50m3565d0 (3.4) 306HMdYdO F93(335¢M® Sbowro
306Md)O0m:

, {0,1}, =1,..., , (421)

n ™M
v
1
L

1

w3E0M9gLbo OBIMZ0L obBMASIOIE 5M(356500 FMOMBM3Z9gds 0lYMO RIMZ0L Bmdgdb.,
M™d 33es3 dmbgls

M

f(x) =84 c, &

j=L
196J300L 8060d0bgds (4.2.1) G9BMY©3900L 3060HMdYdT0, Lowsg  , = 1,..., -900 Fobslfo®
93990 BoGMBOwMHo Mobgdos, HMIJWMs 0535HDMbo 56 sGOL OO (530 IOOm
doMgs  -Py).

m330MgLo  ORIM30L  BEBBIMEGHMW  5TMEs6s30,  ORIMZ5T0  FMOsDBMHYOMOS
953030506 sMBgMmo 1393 900L 9gdgbEgdol MbMOYMOMO30 W MY03MO X sdo. beagnm
39JGMO5© 5009dMOS 39dGHMOM0, HMIoL 43ges 9egdgbEHo 1-0b GHmos. 30GYzom ™A
39JGMO0 Focrogl Go0dg  39JGHMOL, oy = L, 96y =, = 1,..., . 8595L5sdg, MI306MH9L0
OxBYOZ0L  A56DMYsIOMo  STMEI6s  JEolbImdL 35303056  olgmo  139¢gdoL
59mMBg30L, OHMIGEMS 499MHM05690s BoMO3L  39dEBHMOL S 9MBgMo bggBHgdobsmzol ()
16J30s 0bodoery®os (Ananiashvili, 2016).

59 Bo8Mmyo0dqdeo 53m3sbs 36ModGHozmwo 259myqbgdol mzswlsBGolom dglsderms
006808358 oligmo  3bmgzmgdolgMmo  3OHMBEGIGOOL  2ooFMOLSL, MMmEILSE 23F0MYdS
35290mo@ dMmALEHYYOGOOL MBOYIEJOOL 0LYMO obEoggds, BMI gMod dmIbIscMmdgel d9q0-
@b dsbmob Mobermgl Msdgbodg sligmo md0gdEH0IB 9HM-9HPOL FMALObMgdOL sG],
5699 obogol AmbobMgdol mdogd@Bo by ogml ghmo b dg@o. Togsoms@ 0563900l
39b@5930L5L, HMEILSE BsFOMMS M0YJOOL M530@IB 5MH0YBY, 56 1M3000Mb 356330 dMALLbMEY
M3965GHMM900l MoMmEgbmdOoL AoBLIBOIMOLLL, @S b3S 3M5gE03M 58Mm(3569080. AMR9dOL
965%g 30, sLgmo sdmEsbs Fgloderms 498mygbgdmeo oyml xgMs©o 39bEGHMYdOL sdmE3SBOL
5dmblbolsl (Minieka, 1978).

(Yossi Azar, et aRP09) 30 s3@™6MH900 3560b05396 ©9306MH9L0 BIOZOL obBMmYodmE
3G¥gdol,  990mmo35Dg0MEo  9J30  MSM0mMINo  LobMLEBHOL  Josbarmgdomo
seam@momdo. (Nikhil Bansal, et al., 2010) 3603530 53@M6M9dTs doowgdxmdqlgl (Yossi Azar, et al.,
2009)0l dggao. (Yang, et al., 2005)-do s (Umetani, et al., 2013) 960m39dd0 obobowgds
396BM509gdMmo  shmbowo  oRIMZ0L  3OMDdEGTs, BMmoMbMZzxds  gMm3zgwo  9wgdgbEol
369395 R MO0 IRIMZs. 93EMMJIL F96M9d0LsM30L A5dMYgbgdIeo 9d300 JMgEMoiEbas
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3OM30M900L 5dm356900L 5dmIbLBgo - 3MIgOEOM 3GMmaGmsds CPLEX (IBM, 2000), dso
30939 BMOMINWoMgdMw Lo@gbdm s0mEabgdby, 0d dmEHogzom MHMI FoM30L 96 sGOL
3bmdoo Lbgs 93GH™OM9d0l doge domqdvIemo d9wgaqoo. (Ecumos, u ap., 2014) 6596380
390000535H90E005 MO0 SWMOHO0MT0: 5OGH0MMO s 29693032960, HMIGEMS 9B9JGHIOMDS
390039005 533HMO9d0L doge Tgmbgzgzomo  figloo 9390 JoGHMoEgddy, §mbgdol
399&™6M03 03L9ds 890mbgzgz0mo gloom.

4.2.2. 36d¢ngdol 25005793930 s 359,mm3egdol 9998900

B90mm LMo MIF0MHYLO IBIMZ0L FIBEBMYSIIMO STMEsbs $3mMgblgbo §4.1.-
do dmygzsbowo 2969303900 SEAMOOMIOL  45dmygbgdom, MHMIgerdos Lsgomms (3.4)-
30600980 65335 2530m35¢olHobmm (4.1) 306>Mdgd0. 39MHIM:

T sewam®omad 4.1-30(Lsfyobo 33w s3ool BnMmoMmYds) b5d0x0 3-G0 s 6-00 30MMd.:
3030m3mm  -do 3060390039 bmwmgzsbo gwgdgbdol bmdgho 1-ob bozmo Mbws
3030M3Mmm 30039039 999960, MMBYos 5305953090l 30MMdaL: (1) < (1) ;

T sewam®omd 4.2-do(FoMd0 b39GHJdoL Fodws -6 0b0300d0) bsdox0 2-d0 30MMDd.:

(1) > 1 -ob Boggeo 9bs 890mfdal 306HMdY: (1) > (1). Bsdoxo 3-3o
3oMmds: ()—- (, )>0, =12,.., -ob bsggero Mbs 998mfdgl 3oGMds:
- ¢, )y> , =12,..., ;

T swam®omd 4.3-80(JOm3Mmbmdgddo ©sx3sMe30 §390Mmgdol ©sdBM30 J39L0TMS3-
ol Bs3s®Hnds) Bsdoxo 2-80 306mds: (1) = 0-0b Boggaro@ vbs BgdmEFdgl
306mds: (1)< (1);

30650056 B39BL J0gM olidmo STMEIBOLIMZOL X JO-XJOMIOD LoGguE ™M STM3E6gdO G
5MLYIMOL, dMLWMEOMOBEYW 5b5EMY0ME 3310939080 30 53GMMYOL 9Ju39M0dYbEJdOLIM30L
299y9g6900 5930 L3NG - 98mMb3z930m0 glom BMOTOMYOO IGIMZOL FoEHMOEJdO
@5 dgLsds3oLo mbgdols Jslog9d0E, sdoEMmd LogdudgModgb@m sdm3s6900 s300g Or-Library-
56, 85gM58 M5YBsE 53 53M (3569030 0gMeolbdgds Hmd: =1, =1,..., ,500&™0a godmm-
3egdobsL 53009 Jgdmbggzomo  GHoEbzgdo: [1,3], =1,.., (3Oma©53580: =

([1,3], ,1); ). 9900093 30 99s0gdoLaM30L Bgdl Joge s3mbLboEro 53mEsbgBdOLIMZOL
9935009069 AMPL-5300353008 8m@©9wgdo ©s 58m3blgbo NEOS Server-ols godmygbgdoom
(Gurobi s CPLEX 53mdblibgengdo). 08 58m356930Lsmg0l Gmdgerms oxgs®30l do@®oiol
bmdgdo 100x1000, 200x1000, 200x2000-0s Gurobi 53mdblbgwom w3gmalio 3603369crmdgdO
903009m, MROM 0O Bmdol 99dmbggzsdo 400x4000, 500x5000 653630 J9dmmo35H9dIeo
5dmblibgdo o Gurobi $3mdblbgeom doegdmeo 360d369cmdqd0 sbenmliss gMmMsbgommsb,
scpd1 53m356obmz0L »39mglio 990 303009 GUROBI-msb gsmgdom. 1000x10000 Bmaols
d90mbgg35do Bgdo seram®omdom 303009 sdmblibgdo, Gurobi sdmdblbgwrom 3o 396 dogowy
390920 (Ananiashvili, 2017).

53mblbol d9gagdo Imyzsbowos gbMowo 4.2.1.-8o, GmIgedog, f -00m 50bodbyos
©90m®» 5000 39693 03M0  SEAMmOOoMIoL  45dmYygbgdom dowgdmwo 10 300096
Lo 39009Lm 3603369 Mdy, Fgurobi-om 3o Gurobi Legg®oo Jowgdmwo 3609369 mds.
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gbPowo 4.2.1. 9Ju3gM0dgbEBHdol  F9gagd0,  IBIMZOL  obBMYswIOMEo

sdm39bobomgzol:
039530990l 030l , 3ol O™

2000565 soopbds | obm §d) | 8 |3 GUROB-om
4,1 1359 | 877 9.5218 1206 0.000546
4,2 1601 | 965 11.3247 1448 0.000571
4,3 1631 | 535 7.4521 1417 0.0005

51 841 5500 123.5824 718 0.005

5,2 851 575 10.7950 775 0.000625
59 959 895 7.1852 847 0.000584
6,1 360 575 10.9263 330 0.000595
6,2 381 775 10.0854 346 0.000576
6,3 440 9575 115.4195 375 0.000622
Al 741 1575 50.0961 655 0.000584
B,1 189 874 7.5625 167 0.000533
C1l 771 885 8.2353 598 0.000633
D,1 150 875 8.9659 154 0.000569
E,1 10 1278 4.0702 9 0.000589
F.1 27 875 10.2762 25 0.000564
G,1 447 1876 524.7170 - -

H,1 149 2276 864.1087 - -

AIBGH0MG0s  BoBHIM©s  LEHBIOGHWMwo  Loddwszmol 330G gHby  dmbsizgdgdoo:
Intel(R) Pentium (R) Dual CPU E2220
59m 3969000 5dmblbsl s FomMmgds §odgdo, Dmyog@om 8gdmbzgzsdo Msdgbody fmoo.

3935050Mmm (58096089 sdmEsbolsmzol B396L doge gmBgmwo d9beMrmzqdoL:

1,...,
1,.

-900l 8603369cMd900 godmm3egdoL 89099© 8000 EIRMZ0L Tgbodsdols
-9%0L 86093690 md9dL.

2.40 GHz, 2.00 GB of RAM. 99939l d9dmbgggzsdo

),

(SN
o

S N A O @

— 00

3909003700l Hsmgbmdgdo

Lo
—

N
N

(2]
N

—

O© M O N~
M < 0 .0 O N~

300900 36033690 mdgd0

[ce]
~

(=]
o
—l

M O
— N
—

$306mgdoL 6mdmhgdo

Lo
(ce}

(8N
(o2}

(e2}
(o2}

N~
N
-

134
141

148
155
162
169
176
183
190
197

— 8:m3908no 89Br©3zgd0

65b. 4.2.1. 390056900000 ©OsM535 scp4l sdm356580 dmEgdmEo 99BO39d0LS
3ol 9909390 J0©gdeo 3609369 mdgd0LIMNZ0U.
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89Dy003700L Gomgbmdgdo

(SN
(o]

e e
N

4
0 |
8 |
6
4
2
0

AYTNNOMOONWOAITNOMNMODODNIDATNOMOODN LD O

SIS S BERS =S dEe oG ENER MR ER
$3960900L bemdMgdo
——000gdMwwo 360936gwmmdgdo ——0m399990 d9D0©3900

Bob. 4.2.2. 3905690010 0™ scpdl s3m 356580 3980 39B0©39d0Ls o

030l 39990 300gdmwo 3609369 mdgdoLsM30U.
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0530 5. 5¢3M»H0009900L 3Mdscdol LobMsgols 9gxsligds

o056 3609369035605 8935835LMmm SEMMH0mMIG00 ddocmdol 3OmEgldo Mo MHgliEULL
39909969096 - gl 0469d5 TgLsdsdolo 3m@ol doge Asdmygbgdreo m3gkmsd oo dgbliogMgds
099 350MmM3900LsM30L LOFOMM EOM. 5¢RMOOMIO0L LoLGROL T9x3sLGds ymzgerm3zol
0y® sg@H«omdo (Garey, et al., 1979; Christofides, 1986; Minieka, 1978; [lamagumurpuy, u zap.,
1984; Cormen Thomas H., 2002; Kacesauos , u gp., 2003).

3900M300M0 300Md0MO 5060836900 s F935835Mmm BsdOMATo Imyzs60wo SEIYMGOM-
d900L LoLHGOLxRY:  1-000 5©036036M d0boF OOl 1 M3gMO300LIM30L LoFoMH™m MM, 2-00
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