




06:rn;aa xapaKTepHCTHKa pa6oTbI 

AKTyaJibHOCTb pa6oTbI. 9KcrrepIIMeHT CBM (Compressed Baryonic Matter) [1] no 

n:3yqemno HOBbIX COCTO.HHHH .H,IJ,€pHOH MaTepIIH, o6pa3yIOID;HXCfl B .H,IJ,p0-.H,IJ,€pHbIX coy,n;apeHH.HX 

npn: aHeprn:.Hx ny"<IKa 8 + 45 AraB, HBJI.HeTc.H o,n;HHM H3 ocHOBHhIX B nporpaMMe n:ccJie,n;oBa

HHli Ha cTpo.Hm;eMC.H B ,ll;apMrnTa,n;Te (fepMaHH.H) yc1rnpIITeJibHOM KOMIIJieKce FAIR (Facility for 

Antiproton and Ion Research). 3a,n;a'1H o6pa6oTKH SKcnepHMeHTaJibHbIX ,n;aHHhIX B TeMne HX 

nocTyrrJiemrn HBJI.HIOTC.H o,n;HHMH H3 KJII0'1€BbIX ,n;JI.H ycrreIIIHoli peamrsau;mr aKcnepHMeHTa CBM. 

K '1IICJIY aTHx Ba)KHhIX sa,n;a-q OTHOCHTC£ peKOHCTpyKI:t;Hfl TpaeKTOpII:ii sap.H)KeHHbIX -qacTnn; -

TpeKOB, o6bI'1HO Ha3bIBaeMOH B JIIITepaType mpe?;;U'/-/,W.M. 

,ll;JIH peKOHCTpyKn;nn TpaeKTOpIIii qacTHI:t; B aKcnepnMeHTe CBM ncrroJibsyeTcH cncTeMa 

,n;eTeKTopoB, KOTopa.H, B -qacTHOCTH, BKJIIO"<IaeT: 1) KpeMHHeBbIH ,n;eTeKTop STS (Silicon Tracking 

System), 2) ,n;eTeKTop nepexo,n;Horo H3Jiy"<IeHH.H TRD (Transition Radiation Detector) H 3) 

MIOOHHYIO cncTeMy MUCH (MUon CHamber) . B ,n;eTeKTopax TRD II MUCH Koop,n;HHaTHbie 

nJIOCKOCTII qepe,n;yIOTC.H co CJIO.HMH Bem;ecTBa, rrpe,n;Ha3Ha'IeHHoro .II;JHI nOJIY'1€HII.H nepexo,n;Ho

ro II3Jiy'IeHH.H OT npo.rreTarom;nx qepe3 HHX aJieKTpOHOB (pa,n;HaTOpbI B ,n;eTeKTope TRD), HJIII 

norJiom;eHII.H a,n;poHOB ( a6cop6epbI B ,n;eTeKTOpe MU CH). 

BoJibrua.H MHO)KeCTBeHHOCTb BTOpH"'IHbIX qacTIII:t; B Ka)K,IJ;OM coy,n;apeHHH (,n;o 1000), JieTH

m;nx B ysKOM nomipHOM yrJie (25°), HaJIII,._rne 6oJibmoro KOJIH'IeCTBa Bem;ecTBa B IICCJie,n;yeMbIX 

,n;eTeKTopax ll HeO,n;Hopo,n;HOCTb MarHHTHOrO nOJI.H OCJIO)KHflIOT sa,n;aqy II Tpe6yIOT cym;eCTBeH

HOro pa3BliTIIfl II3B€CTHbIX H paspa6oTKII HOBbIX M€TO,Il;OB ll cpe,n;cTB peKOHCTPYKI:t;llli TpeKOB, 

cnoco6HbIX 8q)(p€KTIIBHO li CTa6HJibHO pa6oTaTb B TaKHX ycJIOBII.HX. 

PeMII3art;II.H n;eJieii aKcnepHMeHTa CBM HeB03MO)KHa 6e3 c6opa II o6pa6oTKH orpoMHoro 

noToKa ,n;aHHbIX, noJiyqaeMbIX B coy,n;apeHII.HX qacTIIrt;, npoIIcxo,n;.Hm;IIx c -qacToToii ,n;o 10 Mru;. 

,ll;JI.H a¢cpeKTHBHoro qmsn,._rncKoro aHaJIII3a TaKoro o6'beMa ,n;aHHbIX Heo6xo,n;IIMbI 6h1cTpbrn M

ropIITMbI peKOHCTPYKI:t;lili TpeKOB c llCIIOJib30BaHHeM B03MO)KHOCTH IIX pacnapaJIJieJIHBaHHfl Ha 

COBpeMeHHbIX KOMnbIOTepax. 0,n;HaKo 60JibllllIHCTBO HCnOJib3yeMbIX B HaCTO.Hm;ee Bp€M.H aJirO

pHTMOB II nporpaMMHOro o6ecne'IeHH.H ,l1,JI5I peKOHCTPYKI:t;llll TpeKOB paCC'IHTaHbI Ha lIX BbIIIOJIHe

Hlle B CKaJI.HpHOM O,l1,HOnOT0'1HOM pe:tKIIMe, 'ITO npll npHM€HeHHli COBpeMeHHbIX MHOro£,n;epHbIX 

npou;eccopOB 5IBJI5I€TC.H MaJioacp¢eKTIIBHbIM. 

TaKHM o6pa30M, ,n;aJihHeii:IIIee pasBHT:n:e aJirop:n:TMOB TpeKHHra II :n:x pacnapMJieJI:n:BaH:n:e 

.HBJI.H8TC.H aKTyaJibHOH npo6JieMoii, HMeIOm;ei1 cym;ecTBeHHOe 3Ha'I€Hll€ )J;JI5I nOBbIIll€Hll5I a¢cpeK

TlIBHOCTII pa60TbI ycTaHOBOK B 8KcnepIIM€HTax no cpH3lIK€ BbICOKHX 8Heprn:H: (<I>B9). 
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ll;eJib ,n;11ccepTan;1rnHHOH pa6oTbI COCTOHT B pa3pa60TKe, TeCTHpOBaHHH H npaKTII'Ie

CKOM BHe,n;peHHH 6brcTphlX H a¢¢eKTHBHhlX aJiropHTMOB H rrporpaMMHOro o6ecneqeHHfl ,Zl;.Jlfl 

peKOHCTPYKIIHH TpaeKTOpnii: 3apx:1KeHHhrx qacTHII B ,n;eTeKTope nepexo,n;Horo H3.JiyqeHH.H TRD 

H MIOOHHOii: CHCTeMe MUCH aKcnepHMeHTa CBM. 

~Jlfl peaJIH3aIIHH nocTaBJI€HHOM II8.JIH pemeHbl CJie,n;yroru;ue OCHOBHbie 3a,n;a"Il'I: 

1. pa3pa60TKa a¢¢eKTllBHOro a.JiropHTMa peKOHCTPYKI1llH TpaeKTOpllii: 3ap.H)K€HHhlX qaCTllII 

,Zl;Jlfl ,n;eTeKTOpOB c 60.JihllillM KOJIHqeCTBOM MaTepua.Jia, rrpH HaJIHqllll Heo,n;Hopo,n;Horo Mar

HHTHOro nOJifl H 60JibIIIOii: MHO:IK8CTB€HHOCTH TpeKOB B co6bITHH; 

2. C03,ZJ;aHMe KOMn.JieKca rrporpaMM Ha OCHOBe pa3pa6oTaHHOro aJirOpHTMa peKOHCTPYKI1HH 

TpeKOB H ero npHMeHeHHe B llCCJie,n;yeMbIX ,n;eTeKTOpax; 

3. npoBe,n;eHHe nccJie,n;oBam1ii: no onTHMH3aIIHH CTPYKTyphr ,n;eTeKTOpOB TRD H MUCH c 

nocJie,n;yroru;eii: Bbipa60TKOii: Tpe6oBaHHM no HX KOOp,ZJ;HHaTHOMY pa3peIIIeHHIOj 

4. pa3pa60TKa aJirOpllTMa 6bICTporo OHJiaii:H (pe:IKHM pea.JibHOro BpeMeHH) TpeKHHra c rrpH

MeHeHHeM rrapaJIJI€JlhHhlX Bbl't!HC.JieHHii: H ero rrpHMeHeHHe B paccMaTpHBaeMbIX ,n;eTeKTO

pax; 

5. BKJIIOqeHHe pa3pa6oTaHHhIX anropHTMOB B nporpaMMHYIO o6oJioqKy 3KcrrepnMeHTa CBM -

CBMROOT H BhIITO.JIHeHHe MO,ZJ;eJIHpoBaHHH H TeCTHpoBaHHH anropHTMOB B CBMROOT. 

Hay<IHruI HOBH3Ha. OcHOBHhre pe3yJihTaTbI pa6oThI .HBJIHIOTCH HOBhIMH H 3aKJiroqaroTCH 

B c.Jie,n;yroru;eM: 

1. ~Jlfl KOOp,ZJ;HHaTHhIX ,n;eTeKTOpOB c 60JiblIIHM KOJIHqeCTBOM Beru;eCTBa ll CJIO:IKHOM reoMeT

pneii:, pa6oTaIOII~HX B yc.JIOBHHX 60JihIIIOM MHO:IK€CTBeHHOCTH TpeKOB H Bh!COKOM IIJIOTHOCTH 

OTcqeTOB, pa3pa6oTaH OpHrHHa.JibHbIH rro,n;xo,n, K peKOHCTPYKI1HH TpeKOB, OCHOBaHHbIM Ha 

MeTo,n,ax cJie:IKeHHH no TpeKy H cPHJibTpa KaJIMaHa. I1oKa3aHo, qTo ,11,.JIH ,n;eTeKTOpOB TRD 

H MUCH a.JiropHTMhI, peaJIH30BaHHhre B paMKax TaKoro rro,n;xo,n,a, o6ecrre•rnBaIOT Bhrco

Kyro a¢¢eKTHBHOCTb ll TO'IHOCTh peKOHCTPYKIJ;HH TpeKOB. 

2. Pa3pa6oTaHa 6hICTpa.H rrpou;e,n;ypa ,n;JIH TpaccnpoBKH 3apmKeHHhrx qacTHIJ; qepe3 ycTaHoB

KY CBM, KOTopaH B HeCKOJihKO pa3 rrpeBocxo,n,HT no 6brCTpo,n,eiicTBHIO xopomo H3BeCTHhii1 

aHaJior - no,n;rrporpaMMY GEANE H3 rraKeTa GEANT3 - H II03BOJI.HeT pacrrapaJIJie.JIHTh 

aJirOpllTM CJie:IKeHH.H no TpeKy. 
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3. Ilpe,rr.Jio)l{eHhI HOBbre pernemrn: rro onTIIMH3an;mr II pacnapaJIJieJIHBaHHIO npou;e,nyphr pe

KOHCTPYKD;IIII TpeKoB, KOTOpbre rro3BOJIII.JIH cynrecTBeHHO ycKopIITb aJiropHTMhI pacno3Ha

BaHH.H II on;eHKH napaMeTpOB TpeKOB. 8TII pemeHII.H OCHOBaHbI Ha HOBOM cnoco6e IlOIICKa 

OTcqeTOB, Ha 6oJiee npoCTOM OIIIICaHIIII reoMeTpIIII ,11,8T8KTOpOB II annpOKCHMaD;IIII Mar

HIITHOro IlOJI.H, a TaK>Ke OilTHMH3aD;IIII K0,11,a nporpaMM. 

4. B paMKax npe,11,JimKeHHbIX peIIIeHHil, c HCIIOJih30BaHIIeM BeKTOpII3aD;IIII II MHororrOTO'iHO

CTII Ha OCHOBe cPIIJibTpa KaJIMaHa II MeTo,rr.a CJI8)!{8HII.H TIO TpeKy pa3pa6oTaH 6brcTpbIH 

napaJIJI8JibHbiit aJirOpIITM, Il03BOJI.HIOID;HH npOB0,11,IITb peKOHCTpyKD;HIO TpeKOB B IICCJie,rr.y-

8MbIX ,l.I,8T8KTOpax B pe)l{HMe peaJihHOro BpeMeHII. 

5. Pa3pa6oTaH opHrIIHaJibHbIH aJiropHTM oT6opa TpeKOB H3 Bcero Ha6opa TpeKOB-KaH,l.J,H,11,a

TOB Ha BbIX0,11,e rrpou;e,rr.ypbl pacrr03HaBaHII5!, Il03BOJI.HI0Il1HH HCKJIIO'iHTb JIO)l{Hbie TpeKH Ha 

OCHOBe npe,11,JI0)!{8HHOro aBTOpOM KpIITepmr KaqecTBa Tp8KOB. 

6. IlpoBe,rr.eHa orrTIIMH3aD;II.H CTPYKTYPbI ,rr.eTeKTopoB TRD H MUCH, BKJiroqa.a pa3Hbre THIIbI 

,rr.eTeKTIIpyIOID;IIX 3JI8M8HTOB, Ha OCHOBe KPIITepHeB 3¢¢eKTIIBHOCTH II TOqHOCTH BOCCTa

HOBJI8HH.H TpeKOB. 

,IJ;ocTOBepHOCTh ll o6ocHOBaHHOCT:b pe3yJI:bTaTOB ' IIOJiyqeHHbIX B ,11,HCCepTaD;IIII, II0,11,

TB8p)l{,11,8Ha Mo,rr.eJIIIpoBaHIIeM MeTo,rr,aMII MoHTe-KapJio c npIIMeHeHHeM rnHpoKo H3BeCTHhrx MO

,rr,eJie:fi II rrporpaMM, TaKIIX KaK UrQMD [2], GEANT [3] rrpH HCIIOJib30BaHHII peaJIIICTIIqHbIX 

napaMeTpOB ,rr,eTeKTopoB, a TaK*e rrpH npIIMeHeHIIII pa3pa60TaHHoro nporpaMMHoro o6ecneqe

HII.H qJieHaMII KOJIJia6opan;IIII CBM ,11,JI.H <l:>IIsIIqecKoro aHaJIIIsa H MeTo,rr,rrqecKIIX rrccJie,rr,oBaHHfi. 

HayqHruJ: H npaKTnqecKa.SI 3HaqHMOCT:b. 

1. Pa3pa6oTaHHbrli aBTOpoM opIIrHHaJihHhrit no,rr,xo,rr, no peKOHCTPYKD;HII TpeKOB sap.H*eHHbIX 

qacTIID; ,11,JI.H KOOp,11,IIHaTHbIX ,11,8T8KTOpOB c 60JibllIIIM KOJIIIqeCTBOM Bern;ecTBa II pa6oTaIO

ID;IIX B YCJIOBII.HX 60JibIIIOH MH0)!{8CTB8HHOCTII qacTHD; IIMeeT caMOCTO.HT8JibHYIO HayqHyro 

u;eHHOCTh rr MO)l{eT 6hITb rrcrroJib30BaH B APYrIIx 3KcneprrMeHTax B o6JiaCTII ¢rrsrrKH BbI

coKIIX 3HeprHH:. 

2. IloJiyqeHHbre aBTOpOM peIIIemur no pacnapaJIJieJIIIBaHIIIO rr ycKopeHIIIO aJiropIITMa peKOH

CTPYKD;HH TpeKoB MoryT HaliTII npIIMeHeHII.H B ,l.J,pyrnx 3a,11,aqax <l>II3IIKH BhICOKHX 3Heprrrit. 

3. Pa3pa6oTaHHhre aJiropHTMhr rr nporpaMMbI BKJiroqeHhI B nporpaMMHoe o6ecneqeHIIe 3Kc

nepIIMeHTa CBM rr aKTHBHO HCITOJib3YIOTCH KOJIJia6opau;rreii KaK ,11,JIH onTIIMII3aD;IIII co3,rr,a-
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BaeMOH 3KCrrepHMeHTaJihHOH ycTaHOBI<H, TaK II ,ri;mr onpe,ri;eJieHH5I Ha OCHOBe MO,ll.eJibHhIX 

,ri;aHHhIX a¢<PeKTHBHOCTI:I perHCTpa!IHH Ii peKOHCTPYKIIHli KOHKpeTHhIX cPII3H"CJ:eCKHX npo-

11,ecCOB. 

4. Ha ocHoBe HCCJie,n;oBaHHli, BhIIIOJIHeHHhIX aBTopoM no onTHMH3a!IHH ,ri;eTeKTopoB TRD H 

MUCH, c¢opMyJIHpoBaHhI Tpe6oBamrn K rrx Koop,n;rrHaTHOMY pa3peIIIeHHIO. 

Ha 3am;nTy BhIHOC.si:Tc.si: cJie,u;yrom;ne ocHOBHhie pe3yJihTaThI H noJIO)KeHu.si:: 

1. 9<P<PeKTHBHhIH MeTO,ll. H rraKeT rrporpaMM ,ll;JHI BOCCTaHOBJieHH5I TpaeKTOpHH 3apmKeHHhIX 

"CJ:aCTHII B ,n;eTeKTOpax c 60JihlIIHM KOJIH"CJ:eCTBOM MaTepHaJia B ycJIOBH5IX Heo,n.Hopo,n.Horo 

MarHHTHOro IIOJI5! Il 60JihIIIOH MHO)KeCTBeHHOCTI:I TpeKOB B co6bITHH. 

2. Pe3yJihTaThI rrpHMeHeHHR B paMKax ~mcJieHHhIX aKcnepHMeHTOB rrpe,II,JimKeHHoro rro,n;xo

,ri;a Ii COOTBeTCTBYIOIIJ,ero rraKeTa rrporpaMM ,z:i:mr peKOHCTPYKIIIlll TpeKOB B HCCJie,n;yeMhIX 

,ri;eTeKTopax. 

3. PesyJihTaThI cpaBHHTeJihHoro aHaJin3a amopIITMa 3KCTparromru;m1 TpeKoB, BXO,ll;ZIIIJ,ero B 

COCTaB rrpe,II,JIO)!<:eHHOH MeTO,[l,IlKH peKOHCTPYKI!l:IH TpeKOB, c Il3BeCTHhIM naKeTOM no 3KC

TpanomII!HH TpeKOB GEANE, HCIIOJibsyeMhIM B rrporpaMMe GEANT3. 

4. PesyJihTaThI nccJie,ll;OBaHnli no orrTHMH3au;nH CTPYKTYPhI ,ll;eTeKTOpoB TRD H MUCH c 

IIOCJie,ll;yIOIIJ,eH BDipa60TKOH Tpe6oBaHI:IH no KOOp,n;rrHaTHOMY pa3perneHHIO ,l:J;eTeKTOpOB. 

5. AJiropHTM TpeK1rnra B pe)KHMe peaJihHoro BpeMeHH c rrpHMeHeHHeM rrapaJIJieJihHhIX BhI

"CJ:HCJieH:rrti, a¢<PeKTI:IBHOCTb KOTOporo 6bIJia ycrreIIIHO IIO,ll.TBep)K,ll;eHa o6pa60TKOH 60JihIIIO

ro "CJ:HCJia CM0,[1,eJirrpoBaHHhIX ,rr,aHHbIX. 

6. BKJIIO"CJ:eH:rre pa3pa6oTaHHhIX amopIITMOB B rrporpaMMHyro o6oJio"CJ:KY aKcrrep:rrMeHTa CBM 

Il BhIIIOJIHeHrre MO,ll;eJIHpOBaHH5I H HX ·reCTHpOBaHH5I. 

Anpo6a:a;n.si: pa6oThI. Pe3yJihTaThI I:ICCJie,n.0Bam1li, H3JIO)KeHHhre B ,n;:rrccepTau;HH, 6hIJIH 

rrpe,l:J;CTaBJieHhI: 

• Ha Me2K,n;yHapo,n:HhIX KOHcpepeHI!IlfIX: 

- Advanced Computing and Analysis Techniques in Physics Research (ACAT) (li'.ITa

JIIIIl, 2008; I1H,l:J;HR, 2010); 

Computing in High Energy and Nuclear Physics (CHEP) (IIpara, 2009); 
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- Mathematical Modeling and Computational Physics (MMCP) (,Il;y6Ha, 2009); 

- Nuclear Electronics and Computing (NEC) (BapHa, 2009); 

• Ha 7 perym1pHbIX rroJiyro,n;OBbIX OT'IeTI-IbIX ceccm1x coTpy,n;HwrncTBa CBM B 2006-2010 

ro,n;ax; 

• Ha 4-x e)l<:ero,n;HhIX KompepeHIJ;HRX MOJIO,lJ;bIX yqeHbIX n: crreIJ;HaJIHCTOB Ol1.HI1 B 2005-2008 

ro,n;ax; 

• Ha e)Kero,n;Hhrx 3ace,n;aHHRX HeMeIJ;Koro <l>II3II'IecKoro 06IIJ;eCTBa (DPG) (,D;apMIIITa,n;T, 

2008; BoxyM, 2009; BoHH, 2010); 

• a TaK)Ke Ha Hay'IHbIX ceMHHapax B J1a6opaTopn:H 1rn¢opMaIJ;HOHHhIX TeXHOJiorn:it OH.HI1 

H coBeIIJ;aHHHX rpyrrmr CBM B GSI. 

Ily6m1Ka:a;nn. Tio MaTep1rnJiaM ,n;n:ccepTail;IIH orry6Jin:KoBaHo 18 pa6oT [Al, A2, A3, A4, 

A5, A6, A7, A8, A9, AlO, All, A12, A13, A14, A15, A16, A17, A18], B TOM '-rn:cJie 2 pa6oThI 

H3 TiepeqHH BAK [Al, A2]. 

JlH'IHbIH BKJia,n; aBTOpa. l13 Bcex pa6oT, BbIIIOJIHeHHbIX B coaBTOpCTBe, B ,n;n:ccepTaIJ;HIO 

BKJiroqeHhI IIOJIO)KeHII51 II pesyJihTaThI, IIOJiyqeHHhie rrpM orrpe,n;eJIRIOIIJ;eM yqacTHII COHCKaTeJIH 

B paspa6oTKe anropn:TMOB penreHn:a rrocTaBJieHHhIX 3a,n;aq. ITporpaMMHaa peaJIH3aIJ;H.H II rroJiy

'-IeHn:e pesyJibTaTOB BbIIIOJIH6HbI JIH'-IHO COHCKaTeJieM. 

CTpyKTypa H o6'beM ,n;nccepTa:a;nn. ,D;nccepTaIJ;IIOHHM pa6oTa cocTOHT n:s BBe,n;eHIIa, 

4 rJiaB, 3aKJiroqeHH.H, co,n;ep)KHT 97 CTpaHIIIJ;, 38 IIJIJIIOCTpaIJ;HH H CIIHCOK JIIITepaTyphI II3 61 

rryHKTa. 

Co,n;ep)KaHHe pa6oThI 

Bo BBe,n;eHHH o6ocHoBaHa aKTyaJihHOCTh ,n;n:ccepTaIJ;HOHHoit pa6oTbI, c¢opMyJin:poBaHa 

IJ;eJih H apryMeHTIIPOBaHa nayqnaH HOBH3Ha HCCJie,n;oBaHHH, IlOKa3aHa rrpaKTIIqecKaH 3HaqII

MOCTb IIOJIY'IeHHbIX pe3yJibTaTOB, rrpe,n;cTaBJieHhI BbIHOCIIMhie Ha 3aIIJ;IITY HayqHhie IlOJIO)KeHirn. 

B rrepBoii rJiaBe ,n;aeTca KpaTKoe orrIIcaHIIe rrpoeKTa CBM - aKcrrepn:MeHTa c ¢n:Kcn:po

BaHHOit MIIIIIeHbIO Ha cTpoaIIJ;eMCH ycKopIITeJihHOM KOMrrJieKce FAIR. 

B pas,n;eJie 1.1 o6cy*,n;aeTCR cPII3n:qecKaa rrporpaMMa aKcrrepn:MeHTa CBM. 0,n;Ha II3 oc

HOBHhIX IJ;eJieit 3KcrrepIIMeHTa CBM - 3TO II3y'IeHIIe C)l{aToit 6apHOHHOit MaTepnn:. B 3Kcrrepn:-
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Puc. 1. CxeMa ycTaHOBI<H CBM: ,n;m1 u,n;eHTHcPHKau;mr ::>JieKTpOHOB [cJieBa] H ,n;m1 u,n;eHTmpn:Kau;uu 

MIOOHOB [crrpaBa]. 

MeHTe 6y,n;eT npOBO,Il;IITbC.H IICCJie,n;oBaHHe ¢a30BO:ii ,n;HarpaMMbI CHJibHO B3aHMO,n;e:iiCTByroru;e:ii 

MaTepHH B o6JiaCTH yMepeHHbIX TeMrrepaTyp H BbICOKOM: 6apHOHHO:ii IIJIOTHOCTH. 

B pas,n;eJie 1.2 ,n;aeTc.H orrncaHne ycTaHOBKH CBM. B HacTO.aru;e:ii KoHn.enu;HH aKcrrepn

MeHTa paspa6aTbrnaroTC.H ,n;Ba aJibTepHanrnHhIX BapHaHTa ycTaHOBKH CBM: rrepBbI:ii - ,ZJ;JI.H 

n,n;eHTHcPHKall,HH 3JieKTPOHOB, BTopo:ii - ,ZJ;JI.H n,n;eHTHcPHKau;HH MIOOHOB. 9KcnepHMeHTaJibHa.H 

ycTaHOBKa CBM co,n;ep)lrnT cJie,n;yroru;ne ,n;eTeKTOpbI (cM. pnc. 1): STS (Silicon Tracking System) 

u MVD (Micro-Vertex Detector), KOTOpbre pacnoJiararoTca BHYTPH MarHHTa n 6y,n;yT ncrroJib-

30BaThCa ,n;mI peKOHCTPYKIJ;lIH TpaeKTOpHH sapmKeHHbIX qaCTHI!, BepIIIHH H HMITYJibCOB; .n;e

TeKTOp qepeHKOBCKoro nsJiy'!eHHa RICH (Ring Image CHerenkov) H ,n;eTeKTOp rrepexo,n;Horo 

nsJiyqeHna TRD (Transition Radiation Detector), cocTaBJI.mmn.ue cncTeMy H,n;eHTmpnKall,HH 

aJieKTpoHoB; BpeM.arrpoJieTHbI:ii: ,n;eTeKTOp TOF (Time-Of-Flight), rrpe,n;Ha3Ha'!eHHhI:ii ,n;m1 H3Me

peHH.H BpeMeHII npoJieTa qaCTIII.l,bI II n,n;eHTHcPIIKan;mr a,n;poHOB; 3JieKTpOMarHHTHbI:ii KaJIOpH

MeTp ECAL (Electromagnetic Calorimeter), HCITOJih3yeMhI:ii )JJrn n,n;eHTHcPHKau;nn aJieKTpOHOB 

H ¢oTOHOB. ,Il;JI.H n,n;eHTHcPHKau;nn MIOOHOB ,n;eTeKTOp RICH 3aMeHaeTC.H Ha MIOOHHYIO cncTeMy 

MUCH (MUon CHamber). B 3TOM cJiyqae rrepBaa cTaHI.l,H.H TRD HCIIOJih3yeTc.H TOJibKO ,n.Jia 

TpeKHHra qacTHII; (ocTaJibHbie cTaHII;HH TRD B 9TOM BapHaHTe He ncrroJib3JIOTc.a). 

B pa3,n;eJie 1. 3 rrpnBe,n;eHo KpaTKoe orrncaHHe ,n;eTeKTopa rrepexo,n;Horo H3JiyqeHH.H TRD, 

KOTOpb!ll CJIY)IGIT ,11.JI.H peKOHCTPYKII;HH TpaeKTOpHii: sapmKeHHbIX 'IaCTIIII; H n,n;eHTHcPHKau;rrn BbI

COK09HeprenPrnbIX 3JieKTpOHOB H II03HTpOHOB ( 'Y > 2000). B HaCToaru;nii: MOMeHT CTaH,n;apTHbIM 

BapnaHT Mo,n;eJIH ,n;eTeKTopa TRD co,n;ep)l<:HT 3 cTaHI.l,HH, pacrroJio2KeHHhre, coOTBeTCTBeHHO, Ha 
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paCCTO.HHIHIX 5 M, 7 M H 9 M OT MHIII8HH. 0T,II;€JibHa.H CTaHI.J;H.H BKJIIO'!aeT 4 ,n;eTeKTHpyIO:rn;Hx 

CJIOZI, Ka)K,li;bIM H3 KOTOpbIX COCTOHT H3 pa3JIH'!HbIX MaTepHaJIOB c o6rn;eii: TOJIII.J;HHOM 6 CM. ,IJ;e

T8KTHPYIOII.J;He CJIOH HMeIOT MeJIKO.H'!eHcTyIO CTPYKTYPY c .H'!eii:KaMH rrp.HMoyrOJibHOii: ¢opMbI. 

OpHeHTaI!H.H .H'!eeK MeH.HeTczr Ha 90 rpa,n;ycoB oT cJioa K CJIOIO. TipocTpaHCTBeHHoe pa3peIIIeHHe 

,z.i;eTeKTOpa COCTaBJI.HeT 0.03-0.05 CM rrorrepeK aqeii:KH H 0.27-3.3 CM B,II;OJib .Hqeii:KH [ 1]. 

B pa3,n;eJie 1.4 paccMaTp1rnaeTca MIOOHHaa cncTeMa MUCH. 0,n;Ha H3 OCHOBHbIX 3a,n;a'l 

MIOOHHOM CHCT8MbI - rro,n;aBJI8HHe a,n;poHHOro cpoHa H perHCTpaIIHH qaCTHII, rrpoIIIe,IJ;IIIHX B8Cb 

,z.i;eTeKTOp. MIOOHHaa CilCTeMa COCTOHT H3: IIIeCTH a,n;pOHHbIX cPHJibTpOB (a6cop6epoB) pa3JIH'IHOM 

TOJI:rn;HHbI, c,n;eJiaHHbIX H3 )K8Jie3a, H Tpex KOOp,IJ;HHaTHbIX ,n;eTeKTOpOB IIOCJie Ka2K,n;oro a6cop6e

pa [4]. 06n.i;aa TOJIII.J;HHa a,n;poHHOro cPHJibTpa ,n;mI H3MepeHHM MIOOHOB OT pacrra,n;oB JierKHX 

BeKTOpHbIX M€30HOB (p, w, ¢) COCTaBJI.HeT 125 CM )K8Jie3a, ,IJ;JI.H MIOOHOB OT pacrra,n;a '!apMO

mrn - 225 CM )K8Jie3a. B CTaH,n;apTHOM Mo,n;eJIH MIOOHHOH CHCT8Mbl IICIIOJib30BaJIHCb ,n;eTeKTOpbI 

IIHKCeJihHoro THIIa - GEM (Gas Electron Multiplier). TipH Mo,n;eJinpoBaHHH ncrroJib3yeTc.H cer

MeHTaI!H.H ,n;eTeKTnpyrorn;nx cTaHIIHM c y'leTOM 5% 3arpy)K8HHOCTH ,n;eTeKTopoB. MnHHMaJibHbIM 

pa3Mep aqefiKH 4 x 4 MM2' qTO COOTBeTCTByeT pa3peIIIeHHIO no Ka2K,IJ;OH KOOp,II;HHaTe 1.1 MM, 

MaKCHMaJibHbIH pa3Mep - 32 x 16 MM2 (KoOp,II;HHaTHOe pa3perrreHHe 9.2 MM Ha 4.6 MM). ,l];JI.H rro

CJie,IJ;HHX CTaHI!IIM MIOOHHOM CliCTeMbI, r,n;e IIJIOTHOCTb qaCTHI! 3HaqHT8JibHO HFDKe, paccMaTpHBa

eTC.H B03M02KHOCTb rrpnMeHemrn ,n;eTeKTOpOB, IIOCTpOeHHbIX ITO TeXHOJIOrHII «CTpoy Tpy6oK» [ 5], 

rro,n;o6HbIX TeM, KOTOpbre ncrroJib3YIOTca B aKcrrepIIMeHTe ATLAS H KOTOpbre co3,n;a10Tca B JIB9 

OI1.HI1. 

B pa3,n;eJie 1. 5 orrnchrnaeTc.H rrpor.i;ecc Mo,n;eJIIIpoBaHHZI aKcrrepnMeHTa CBM. PaccMOTpeHhI 

CJie,n;y10rn;ne 3TaIIbI MO,IJ;eJIIIpOBamrn: MO,n;eJIHpOBaHIIe cpll31I':IeCKHX co6bITHM c IIOMOII.J;bIO reHe

paTOpOB '!aCTHII, TpaHCIIOpT '!aCTIII! 'Iepe3 ,n;eTeKTOp, peKOHCTPYKI!H.H co6bITHM, cPII3H'!eCKHM 

aHaJIH3. 

BTopa.s: r.rraBa rrocBan.i;eHa ofoopy H3BeCTHbIX MeTo,n;oB peKOHCTPYKIIHH TpeKoB B cPII-

3IIKe BbICOKIIX aHeprH:it. PaccMaTpIIBaIOTca cJie,n;yron.i;IIe MeTO,II;br: KOHcpopMHoe oTo6pa2KeHHe, 

rrpeo6pa30BaHne Xac]?a, HetipoHHbre ceTn, aJiaCTIIqHhre HetipOHHhre ceTn, KJieToqHbie aBTOMaTbI, 

cJie2KeHIIe no TpeKy, cpHJibTp Ka.rrMaHa. CpaBHHTeJibHbrii: aHaJIH3 ,n;ocTOHHCTB H He,n;ocTaTKOB Me

To,n;oB II03BOJiaeT OIIeHHTb B03MOLKHOCTb HX rrpaKTHqecKoro rrpHMeHeHHJI ,II;JI.H peKOHCTPYKI!HH 

TpeKOB B aKcrrepHMeHTe CBM. 

Ha.rrHqHe 6oJibIIIoro KOJIH'leCTBa Ben.i;ecTBa B ,n;eTeKTope MOLKeT rrpHBO,II.IITb K rroaBJieHHIO 

3Ha'IHMOro CMen.i;eHHfl H3MepeHHM TpeKOB OT TpaeKTOpHH ,II.BH)K€HHJI 'IaCTHIIbI 3a cqeT IIPOI!€CCOB 
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MHOroKpaTHoro KYJIOHOBCKoro pacceamur M rroTepb :meprMM. B 9TMX cJiyqaax rrpHMeHemre MeTo

)J;a CJie:>KeHM.H TIO TpeKy OKa3bIBaeTC.H HaH6oJiee n;eJiecoo6pa3HhIM, T.K. TOJibKO IIOCJie)J;OBaTeJihHO 

OT CTaHD;llll K CTaHD;llll MO)KHO yi:reCTb BJill.HHHe TaKHX CMem;eHMH TpeKa Me:>KAY KOOp)J;HHaTHhI

Mll IIJIOCKOCT.HMll Ha ll3MeHeHM.H ero rrapaMeTpOB. Ilo9TOMY B rrpon;ecc CJie:>KeHM.H Heo6XO)J;MMO 

BKJIIO"IMTh MaTeMaTHqecKHii anrrapaT, yqMThrnarorn;M:H 9TM cMern;eHM.H. B CMJIY HX cJiyqaiiHOCTH 

Heo6xO)J;llMO CJie,II;HTh TaKa<:e 3a ll3MeHeHMeM onnr6oK rrapaMeTpOB TpeKa, KOTOpbie MaTeMaTH

qeCKll rrpe)J;cTaBJieHhI MaTpmJ;eii KOBapMaIJ;Mii rrapaMeTpOB TpeKa. TaKoii: arrrrapaT peaJIM30BaH 

B ifm/l,'bmpe Ka.11.Ma'/-l,a [6, 7]. KpoMe yi:reTa cJiyqa:il:HhIX OTKJIOHeHMii OT TpaeKTOpMH i:racTMD;hI 

c rroMorn;hro MaTpHD;hI KOBapMaIJ;Hii:, BaLirnoe rrpeHMyrn;ecTBO cPHJihTpa KaJIMaHa no cpaBHeHHIO 

co CJie:>KeHMeM B rrpOCTpaHCTBe H3MepeHHM o6ecrrei:reHO TeM, qTo OH ocym;ecTBJI.HeT rrepeXO)J; ll3 

MHOroMepHoro rrpOCTpaHCTBa M3MepeHMH B rrpocTpaHCTBO rrapaMeTpOB TpeKa c ropa3,II;O MeHb

rneii pa3MepHOCThIO, 6Jiaro)J;ap.a i:reMy 3HaqMTeJibHO COKpam;aIOTC.H BhlqMCJIMTeJibHhie 3aTpaTbl 

Ha MHOrOKpaTHOe o6pam;eHMe MaTpMn; rrpll Ka:>K)J;OM o6HOBJieHMM rrapaMeTpOB. 

TpeTMI rJiaBa )J;aeT orrMcaHne pa3pa6oTaHHhIX aJiropMTMOB peKOHCTpyKD;MM TpeKOB B 

)J;eTeKTopax TRD H MUCH aKcrrepnMeHTa CBM. 

PeKOHCTPYKD;H.H TpeKOB B TRD M MUCH OCHOBaHa Ha rrpHMeHeHHH MeTo,n:oB cJie:>Kemrn 

no TpeKy M cPHJihTpa KaJIMaHa M MCIIOJih3yeT Haii,n:eHHhre B )J;eTeKTope STS TpeKH B KaqecTBe 

HaqaJihHbIX rrpM6Jin:>KeHHii )J;JI.H opramrsaIJ;Hll rrpon;e,n:ypbr cJie:>KeHH.H. OcHOBHhIMH JIOrnqecKHMM 

KOMIIOHeHTaMM aJirOpllTMa peKOHCTPYKIJ;llll .HBJI.HIOTC.H rrpon;e)J;Ypbl OIJ;eHKM rrapaMeTpOB, 9KC

TparroJI.HD;llll H IIOHCKa TpeKOB. ,lJ;Jia peKOHCTPYKD;MM TpeKoB B STS ,n:eTeKTope HCIIOJib3yeTc.a 

rrpoIJ;e)J;Ypa, OCHOBaHHa.H Ha rrpnMeHeHHH KJieToqHhIX aBTOMaTOB [8]. 

B pas)J;eJie 3.1 paccMoTpeHhI npo6JieMbI, CBmaHHhre c rrpnMeHeHneM q:rnJihTpa KaJIMaHa 

)J;JI.H OIJ;eHKH rrapaMeTpOB TpaeKTOpnii qacTnn; B ,n:eTeKTopax TRD H MUCH. I1crrOJib30BaTb 

cPMJibTp KaJIMaHa ,II;JI.H on;eHKll rrapaMeTpOB TpeKa 6bIJIO rrpe,lI,JIO:>KeHO B pa6oTe [ 7], B KOTOpoii 

TpeK rrpe,n:cTaBJI.HeTC5I B BM,n;e ,II;MHaMMqecKOH CllCTeMbI. 9To B03MO)KH0 c,n:eJiaTb, orrpe,n:eJillB BeK

TOp COCTO.HHH5I ,Il;HHaMMqecKOM CllCTeMbI HeKOTOpbIM BeKTOpOM x. B 9KCrrepnMeHTax c cPllKCllpO

BaHHOH MllllleHbIO (CM. HarrpnMep [9, 10]) BeKTOp x orrpe,n;eJI.HeTC.H B Bll,ll;e ¢yHirn,HM KOOp,[J;HHaTbl 

z: x = x ( z) H COCTOHT ll3 5 napaMeTpOB, 0,II;H03Ha"!HO orrpe)J;eJI.HIOID;llX TpeK B Ka:tI<)J;OM TOT.J:Ke: 

X ( Z) = ( X, y, tx, ty, q / p ) T , 

r,n;e x ll y - KOOp,[J;MHaTbl IIOJIO:>KeHll.H TpeKa, tx = ~~' ty = ~' q - sapa,n;, paBHhIM ± 1 M p 

- HMIIYJihC i:racTHD;bI. BeKTopy x cooTBeTCTByeT KOBapnaIJ;HOHHa.H MaTpHn;a pa3MepoM 5 x 5 

C = COV { x}. ,lJ;m:I OD;eHKH rrapaMeTpOB TpeKa HCIIOJih3yeTC.H BeKTOp COCTO.HHM.H Ha )J;llCKpeTHOM 
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MHO:tKeCTBe TO"'IeK Xk, B KOTOpbIX TpeK rrepeceKaeT )J,eTeKTHpy10m;y10 IIJIOCKOCTb: Xk = x(zk)· B 

9TOM CJiy':Iae, Mbl IIOJiy"'IaeM ,l1,HCKpeTHYIO ,11,HHaMH"'IeCKYIO CHCTeMy, pa3BHTHe KOTOpoli MO:>KeT 

6bITb OIIHCaHO ypaBHeHHeM 

On;eHKH rrpe,l1,CKa3aHHOro BeKTOpa COCTORHHR, Xk, H ero KOBapHaTI;HOHHOH MaTpHTI;hI, ck, Bbl

':IHCJIRIOTC5I B a.n:ropHTMe aKcTparrom1a;HH TpeKOB (CM. cJie)J.YIOm;Hli pa3,l1,eJI). B cJiyqae aKcTpa

rroJrnn;HH TpeKa B MarHHTHOM IIOJie CHCTeMa 6y,IJ,eT HeJIHHeHHOM, CJie)J,OBaTeJibHO, Heo6xo,n;HMO 

HCIIOJih30BaTb pacnrnpeHHhIH cPHJibTp KaJIMaHa [7], B KOTopoM rr0Tpe6y10TC.H JIHHeapH3aTI;H5I F 

H BhPIHCJieHH.H .HK06HaHa. 

B MOMeHT BpeMeHH k rrpoII3BO,IJ,HTC5I H3MepeHHe mk cocT05IHH.H CHCTeMhI Xk B cooTBeTCTBHH 

c MO)J,eJibIO H3MepeHH5I: 

(1) 

r)J.e Hk - MaTpnn;a, orrIIChrnaroiu;a.a Mo,n;eJib H3Mepemrn, KOTopa.H OTo6pa:>KaeT rrpocTpaHCTBO 

BeKTOpOB COCT05IHH5I CHCTeMbl B rrpOCTpaHCTBO BeKTOpOB pe3yJibTaTOB H3MepeHnli; ~ - BeK

TOp OmH60K H3MepeHHH, 9JI€M€HTbI KOTOporo pacrrpe,n,eJieHbI no HOpMaJibHOMY 3aKOHY c Ma

TeMaTH':IeCKHM O:>KH,l1,aHH€M paBHbIM 0. BeKTOpy ek COOTBeTCTByeT MaTpHn;a KOBapnan;Hii Vi: 

Vi= cov{ek}· 

11Tepaa;H£ B cpHJibTpe KaJIMaHa BbIIIOJIH.HeTC.H B ,n;Ba aTarra: IIpeiJcr;;asattue H Y'l/,em ua

Mepettuu. 9Tarr rrpe,n;cKa3aHHR HCIIOJih3yeT Bbl':IHCJI€HHOe Ha rrpe,n;hI,l1,YII~eM mare COCTO.HHHe CH

CT€Mbl ,11,JI.H IIOJiy':IeHH.H ou;eHKH COCTORHH.H CHCTeMhl Ha TeKyiu;eM mare. 8Tarr yqeTa H3MepeHH.H 

HCIIOJih3yeTC.H ,ll;JI.H KOppeKTHpOBI<H OTI;8HKH COCTO.HHH.H CHCTeMbI, qTO ,n;eJiaeT ee B pe3yJinTaTe 

6oJiee TOqHoli. Orrepan;nn rrpe,n;cKa3aHH.H H yqeTa H3MepeHH.H rroBTop.HIOTC.H ,n;o Tex rrop, rroKa 

B TpeK He 6y,n;yT ,l1,06aBJieHbl BCe ero OTcqeTbl. IlocJie,n;HHH BeKTOp COCTO.HHH.H ,n;aeT HaIIJiyq

IIIYIO on;eHKY rrapaMeTpOB TpeKa, KOTOpa.H co6paJia B ce6e HHcpopMaIJ;HIO 0 Bcex H3MepeHH.HX. 

t.:Jepe,IJ,OBaHne orrepau;nli rrpe,n;cKa3aHH.H II yqeTa H3MepeHHii rpacpnqecKH rroKa3aHo Ha pIIc. 2. 

I1oKa3aHo OTKJIOHeHne qacTHTI;hI B cJioe MaTepnaJia Me::tK)J.Y ,n;eTeKTopoM k - 1 H k. <l>HJihTp KaJI

MaHa Y':IHThrnaeT STOT ::i¢¢eKT, yBeJIH'rnBa.H rrpe,n;cKa3aHHYIO omH6Ky ,ll;JI.H BeKTopa cocTO.HHH.H 

X~-l Ha Qk-1· 3aTeM B€KTOp COCTORHH.H «IIpHT.HrHBaeTC.H» K HCTHHHOH TpaeKTOpHH, Y':IHTbIBa.H 

HHcpOpMaTI;HIO k-ro H3MepeHH.H, ':ITO YM€HbrnaeT OIIIH6KH rrapaMeTpOB TpeKa. 

B pa3,n;eJie 3.2 orrncaH aJiropIITM ::>KcTparroJI.HTI;HII TpeKOB. AJiropIITM ::>KCTparroJI.HTI;IIH Tpe

KOB on;eHHBaeT TpaeKTOpHIO qaCTIITI;bl II COOTBeTCTBYIOIIJ;He OIIIII6KII B MaTpnu;e KOBapu:an;IIli, 

Y':IHThIBa.H Tpn: cPII3II"'IecKnx a¢cpeKTa, BJIII.HIOIIJ;HX Ha TpaeKTOpHro qacTHTI;hI: rroTepn aHepru:II, 
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PHc. 2. CxeMa pa6oThI qmJibTpa Ka.rrMaHa. CnJIOIIIHOil: JIHHHeil: noKasaHa HCTHHHaa TpaeKTOpHa qacTH-

IJ;bl. IlyHKTHpHOH - 9KCTpanomIIJ;H5I rrapaMeTpOB TpeKa H OIIIH60K rrapaMeTpOB TpeKa. 

MHOrOKpaTHOe pacceHHHe H Heo,n;Hopo,n;HOCTb MarHHTHOro ITO.Tm. IloITpaBKH ,n;Jrn HMITYJibCa, rrn-

TbIBaIOm;Me ITpOX02K,ll;8HIIe i:iacTHIJ;bI qepe3 MaTepimJI ,n;eTeKTOpa, Bbl'!HCJIHIOTCH ITO 0)l<:H,ll;aeMhIM 

cpe,n;HHM IIOTepHM 3HeprMH 3a C'leT HOHH3an;1rn (¢opMyJia BeTe-BJioxa), TOpM03HOro H3JiyqeHH5I 

(¢opMyJia BeTe-ranTJiepa) H po)l<,ll;8HH5I sJieKTpOHHo-rro3MTpOHHhIX nap. BJIM5IHMe MHoroKpaT

Horo pacceHHHH Ha MaTpmi;y KOBap:HaIJ;HH yqMTbIBaeTCH rryTeM ,n;o6aBJI8HHH onrn6oK, CBH3aHHbIX 

c Heorrpe,n;eJieHHOCTbIO OTKJIOH8HH5I qacTIUJ;bI B MaTepMaJie B KaKyIO-JIM6o CTOpOHY BO BpeMH 3KC

TpaIIOJ15IIi;HM TpeKa. ,ll,JIH 3TOro MCIIOJib3Y8TCH ¢opMyJia XaiiJiaH,n;a ( rayccoBO rrpM6mnK8HHe)' no 

KOTOpOii BhI'!MCmieTCH yroJI paCC8.HHM.H. I'eOM8TpHq8CKaH 3KCTpaITOJIHu;IUI ,n;eJia8TCH B COOTB8T

CTBMM c ypaBH8HH8M ,ll;BH2Kemrn qacTMIJ;bI. ,ll,JIH qacTMIJ;hI, Haxo,n;Hm;e:fiCH B o6JiaCTM MarHHTHO

ro IIOJI5I, pemaeTCH ypaBHeHM8 ,ll;BH2K8HHH 3apH2KeHHOH i:iaCTMD;bI B MarHIITHOM ITOJI8 M8TO,ll;OM 

PyHre-KyTTa qeTBepToro rropH,n;Ka. TpaHcITOpTHaH MaTpIIri;a BhI'IIICJrneTcH IIHTerpIIpoBamreM 

rrpOM3BO,ll;HbIX B,ll;OJib TaK Ha3bIBaeMoii «HyJieBoii TpaeKTopmI» TaK)l<e c MCIIOJib30BaHII8M MeTo,n;a 

PyHre-KyTTa 'leTBepToro ITOpH,n;Ka. Ilprr OTCYTCTBMM MarHIITHoro ITOmI ,n;JIH 3KCTpaITOJIHIJ;IIH II 

BbiqIICJI8HIIH TpaHCITOpTHOH MaTpHIJ;bI IiCIIOJ1h3Y8TCH rrp51MaH JIHHHH. IlpII 3KCTpaIIOJIHIJ;IIM TpeKa 

oTpe3oK TpaeKTOpIIH ,n;eJIIITCH Ha 3a,n;aHHoe KOJIH'leCTBO maroB. Pa3,n;eJieHrre Ha marII Heo6xo

,ll;HMO ,ll;J15I pa60Tbl aJirOpliTMa nOHCKa rrepeceqeHIIH c 3JI8M8HTaMH ,ll;8T8KTopa rrpH HaJIHqliH 

MarHHTHOrO ITOJIH H aJirOpliTMa yqeTa s¢¢eKTOB OT ITpOXO)K,ll;8Hirn qaCTIIIJ;bI qepe3 Bem;eCTBO 

,ll;8T8KTOpa. I'pa¢IIq8CKii pa6oTa aJirOpIITMa 3KCTpaITOJIHIJ;IIIi Tp8KOB ITOKa3aHa Ha pIIC. 3. 

Pa3,n;eJI 3. 3 ITOCBHm;eH aJiropHTMaM pacrro3HaBaHIIH TpeKOB. B 3TOM aJiropIITMe oTc'!eTbI 

ITpMcoe,n;MHHIOTCH K 3KCTpaITomrpoBaHHOMy TpeKy Ha KOOp,n;MHaTHbIX IIJIOCKOCTHX, HCIIOJib3YH 

TPM pa3;rnqHbIX no,n;xo,n;a: aJiropMTM 6JIM2Kaiirnero coce,n;a, aJiropIITM BeTBJI8HIIii II BecoBo:fi an-

ropIITM. 

,ll,JI5I IIOBbillleHIIH .II;OCTOBepHOCTH rrpMC08.II;IIHeHMH OTcqeTOB K TpeKy BbiqHCJ15I8TCH ,n;o-
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PHc. 3. CxeMa a.rrropMTMa 3KCTpanomu::i;mr TpeKOB. IlyHKTHpHbIMH JIHHH5.!MH noKa3aH IIOHCK TO'!eK 

nepece'leHH5.l TpaeKTOpHH '!aCTHIJ;bl c 3JieMeHTaMH ,i:i;eTeKTOpa (HaBHrau;H5I B reoMeTpHH); CIIJIOIIIHbIMH 

JIHHH5.!MH IIOKa3aHa 3KCTpaIIOJI5.!IJ;H5.l TpeKa. 

nycTrrMa.H o6JiaCTh norrcKa. B cJ1y'!ae aJiropHTMOB, ocHoBaHHhIX Ha cprrJihTpe KaJIMaHa, ,n;o

nycnrnaR o6JiaCTb IIOHCKa Ha k-oli KOOp,IJ;HHaTHOH IIJIOCKOCTII MO)l<:eT 6bITb BbI'!IICJleHa KaK 

Vk = rkR;;,1rf < d, r,n;e rk lI Rk - BeKTOp HeB5I30K lI ero MaTpm:i;a KOBapHar:i;Hii: II d - BbI6paH

HaH Bep05.!THOCTb OT6pOCIITb xoponrnli OTC'!eT. 

IT pM nona,n;aHMH B ,n;onycTMMYIO o6JiaCTh noHcKa HeCKOJihKMx OTC'-IeTOB aJiropMTMbI Be,n;yT 

ce65.l no pa3HOMy. B MeTo,n;e BeTBJlemu.r co3,z:i;aeTCR OT,IJ;eJlhHoe BeTBJleHHe TpeKa ,IJ;JI5.l Ka)K,n;oro 

OTC'!eTa. B MeTo,n;e 6mrnrnlirrrero coce,n;a K TpeKy npMcoe,n;MHReTCR OTC'leT c HaMMeHbIIIIIM 3Ha'!e

HMeM vk, eCJIH TaKOBOH eCTb B ,n;onyCTHMOit o6JiaCTH IIOHCKa. B BeCOBOM aJirOpHTMe BCe OTC'leThl 

II3 ,n;onyCTHMbIX 06J1acTeii: IIOHCKa Ha BCex KOOp,II;HHaTHbIX IIJIOCKOCT.HX IIpHCOe,IJ;IIH.HIOTC.H K Tpe

Ky. I1ocJ1e aToro BhIIIOJIH.HeTC.H nTepar:i;HOHHaR rrpor:i;e,n;ypa or:i;eHKH napaMeTpOB TpeKa c Bhr6opoM 

OTC'IeTOB, OTHOC.HIIJ;IIXCH K ,n;aHHOMY TpeKy. 

Paspa6oTaHHhrli B ,n;HccepTar:i;m1 amopMTM noHcKa TpeKOB ,n;orrycKaeT rrponycK OTC'leTOB 

Ha KOOp,II,MHaTHbIX IIJIOCKOCT.HX, KOTOpbre MOryT IIOHBHTbCR BCJie,TI;CTBHe He3cp¢eKTIIBHOCTII ,n;e-

TeKTOpOB, «MepTBhIX 30H» ,n;eTeKTOpa lI .n;pyrHX IIpII'IIIH. 

Pacrr03HaHHhre TaKIIM o6pa3oM TpeKII o6pa3yIOT MaccHB TpeKOB-KaH,z:i;II.n;aToB, cpe,n;H Ko

TOpI>rx npn:cyTCTBYIOT II JIO)KHbie TpeKif, COCTORIIJ;IIe II3 CXO)Kero Ha6opa OTC'leTOB, lI H3 Ha6opa 

OTC"<IeTOB OT pa3HhIX "<IaCTIIIJ;. I103TOMY IIOCJle npor:i;e,n;ypbl paCII03HaBaHII.H n:,n;eT 3TaII rJI06aJih

HOrO OT6opa TpeKOB, Ha KOTOpOM OT6pacbIBaIOTC.H HeBepHO Haii:,n;eHHbie TpeKII-KaH,n;H,n;aTbI, a 

xoponme TpeKM coxpaHHIOTCH c BhICOKOH a¢¢eKTHBHOCThIO. AJiropHTM oT6opa pa6oTaeT B ,n;Ba 

3Tana. CHa'!aJia TpeKII copTMpyroTczr rro rrpH3HaKy Ka"<IeCTBa, KOTOpbrii: orrpe,n;eJIReTczr Ha ocHo

Be IIX ,ll;JIHHbI lI Bbl'lHCJleHHOMY B rrpor:i;e.n;ype or:i;emrn rrapaMeTpOB TpeKa c IIOMOIIJ;bIO cpIIJlbTpa 

KaJIMaHa 3Ha'IeHHIO x2 = L.::~=1 Vk, r,rr,e n - KOJIH'!eCTBO OTC'leTOB B TpeKe. 3aTeM, Ha'!HHa.H c 
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Tp8KOB c HaHJIY'IIIIIIM Ka•recTBOM, rrpoBep.HIOTC.H Bee ero OTcqeTbI II IIO,l:i;C'IIITbIBaeTC.H KOJIIIqecTBO 

o6:rn;IIx OTcqeToB, rrpIIHa,n;Jie)I<a:rn;IIx TaioKe ,n;pyrHM TpeKaM. EcJIII aTo KOJIIIqecTBO rrpeBbIIIIaeT 

15% OT o6:rn;ero qIIcJia OTcqeTOB TpeKa, TO Tp8K OT6paCbIBa8TCR. 

B pa3,n;eJie 3.4 rrpHBO,D;IITCR aHaJIII3 pe3yJibTaToB pa6oTbI aJiropIITMOB on;eHKII rrapaMeTpoB 

II rroIIcKa TpeKoB, a TaK)Ke pe3yJibTaTbI IICCJie,n:oBaHIIii: rro OIITIIMII3aD;IIII ,n;eTeKTopoB TRD II 

MUCH. 

Peayj/,'bmam'bt pa6om'bt aJ1,zopumMoe a?CcmpanoJLJ1,'4UU u O'l.WH?CU napaMempoe mpe?Coe orrpe

,n:emmIICb c IICIIOJib30BaHIIeM CTaTIICTIIqeCKIIX pacrrpe,n;eJieHIIM, Bbl'IIICJI8HHbIX no o6ru;errpIIH.H-

TbIM B 8KCrrepIIM8HTaJibHOll cPII3IIKe IIOKa3aTeJI.HM: 

1. H eeJ1,3%u, rroKa3bIBaroru;IIe pa3HOCTb Me)KAY cMo,n;eJIIIpOBaHHbIM II BbiqHcJieHHbIM B aJiro-

residualx = XMC - Xrec, 

2. HopMupoea?-t'J-1,'bte 'J-l,e6J1,3'X:U IIJIII nyM'bt (OT aHrJI. pull), rroKa3bIBaroru;IIe rrpaBIIJibHOCTb 

on;eHKII OIIIH60K rrapaMeTpOB TpeKa: 

ll XMc - Xrec 
pu x = . 

O'x 

O'x - BbJqIIcJieHHOe 3HaqeHHe H3 KoBapHaD;IIOHHOii: MaTpH~br. CJie,n:oBaTeJibHO, rrpe,n;rroJia-

raR rrpaBIIJibHYIO o~eHKY KOBap1rn~IIOHHOiI MaTpHD;bI, pacrrpe,n;eJieHII.H rryJIJIOB ,D;OJI)KHbI 

rro,n;qHH.HTbCR HOpMaJibHOMY 3aKOHY co cpe,n:HIIM 3Ha•rnHHeM paBHbIM 0 H ,n:rrcrrepcIIeiI paB-

HOM 1. 

IlpII TeCTHpoBaHHII aJiropHTMa 3KCTparroJI.H~IIII Haii:,n;eHHbIH B ,n;eTeKTOpe STS TpeK rrpoTR

rHBaJIC.H K rrocJie,n;HeiI CTaHD;HII MUCH H TRD. ~JI.H rrpoBepKH aJiropIITMa on;eHKII rrapaMeTpoB 

TpeKa rrpoH3BO,l:i;HJiacb rro,n;roHKa TpeKa c rroMOlll;bIO cPHJibTpa KaJIMaHa c yqeTOM Bcex OTcqeTOB 

TpeKa B TRD II MUCH ,n;eTeKTopax. Ha'-IaJibHbie 3Ha'!eHH.H rrapaMeTpOB TpeKa orrpe,n;eJI.HJIHCb 

o~eHKaMII rrapaMeTpOB TpeKa B ,i:i;eTeKTope STS. 

TecTOBa.H BbI6opKa COCTO.HJia II3 CMO,D;eJIHpOBaHHbIX co6bITIIH, Ka)K,n:Oe Il3 KOTOpbIX co,n;ep

)KaJIO no 10 «CIIrHaJibHbIX» qacTII~ (T.e. aJieKTpoHoB H rro3IITpOHOB B cJiyqae TRD IIJIH MIOOHOB B 

cJiyqae MUCH), pmK,i:i;eHHbIX B o6JiaCTH MHIII€HH, co cJie,n;yro:rn;HMII HaqaJibHbIMH rrapaMeTpaMII. 
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,11,mr MIOOHOB: MMIIYJihC p = (2.5- 25) r3B/c, rromrpHbIH yroJI 0 = (2.5- 25) 0 M a3MMYTaJihHhIH 

yroJI </> = (0 - 360) 0 • ,11,JI.H 3JieKTpOHOB: rrorrepeqHbIH MMIIYJihC PT= (0 - 3) r3B/c, IIOJI.HpHbIH 

yroJI 0 = (2.5 - 25) 0 H a3HMyTaJibHhIH yroJI </> = (0 - 360) 0 • 

Pe3yJihTaThI pa6oTbI aJiropHTMOB 3KCTparromru;MM M o:u;eHKH rrapaMeTpOB TpeKOB rrpe,n;cTaB

JieHhI B Ta6JIMIJ;e 1 ,r:i;JI.a MIOOHHoro ,n;eTeKTopa rr B Ta6Jirr:u;e 2 ,IJ;JI.H ,r:i;eTeKTopa rrepexo,r:i;Horo H3JIY

qeHM.H. Bee pacrrpe,r:i;eJieHH.H HeB.H30K M HOpMMpoBaHHhIX HeB.H30K nMeIOT cpe,r:i;Hee paBHOe 0, qTo 

yKa3brnaeT Ha OTCYTCTBMe CMCTeMaTMqecKoro c,r:i;BI1ra B o:u;eHKe rrapaMeTpOB TpeKOB. Pacrrpe,z::i;e

JieHM.H IIYJIJIOB XOpOIIIO arrrrpOKCMMMpyIOTC.H pacrrpe,n;eJieHMeM raycca C He60JihIIIHMM XBOCTaMM, 

Bbl3BaHHbIMM BKJia,IJ;OM OT pa3JIMqHbIX HerayccOBbIX rrpo:u;eccoB, KaK pe3yJihTaT yrrpOIIJ;eHMH B 

ITpo:u;e,nype yqeTa 3¢¢eKTOB OT ITpoxo:rK.n;eHMH qaCTMIJ;hI '!epe3 Be:m;ecTBO ,n;eTeKTOpa. 

BhIJIO ITpoBe.n;eHo :rrccJie,r:i;oBaHrre ITO cpaBHeHrrIO pa3pa6oTaHHoro aJiropMTMa 3KCTpaITOJIH

:u;rrrr TpeKOB c H3BeCTHbIM ITaKeTOM ITO 3KCTparroJIH:a;rrrr TpeKOB GEANE (11]. 8TOT ITaKeT MC

IIOJib3yeTc.a B rrporpaMMe GEANT3 [3] rr BKJIIO'IaeT ,n;eTaJihHbiii: rreT reoMeTprrrr .n;eTeKTopoB, 

Be:m;ecTBa, MarHrrTHoro ITOJI.H rr T . .n;. CpaBaearre ITOKa3aJio xopornee cooTBeTCTBrre pe3yJibTaToB 

pa3pa6oTaHHoro aJiroprrTMa :rr ITo.n;xo,z::i;a, rrcITOJih30BaHHoro B GEANE. Ilp:rr 3TOM cKopoCTh pa-

6oThI ITpe,r:i;JimKeHHoro aJiropnTMa OKa3aJiach B 5 pa3 Bhrrne. KpoMe Toro, CJIOfKHOCTb M CTPYKTY

pa a;rropMTMOB GEANE He rro3BOJI.mra Mx ,r:i;aJibHeii:rnyro orrTMMrr3aIJ;MIO rr pacITapaJIJieJI:rrBaHMe, 

aeo6xo.n;MMhre )J;JIH u;eJieii: 3KcITepMMeHTa CBM. 

AJiroprrTM HeB.H3KM 

X [cMj y [cMj ix iy q/p ((r3B/c)-1] 

9KCTpaITOJIHIJ;Irn 3.1 3.1 0.0179 0.0178 0.0035 

Ou;eHKa rrapaMeTpoB 0.53 0.33 0.0091 0.0084 0.0035 

AJiroprrTM IlyJIJibI 

x y ix iy q/p 

9KCTpaITomru;M.a 1.14 1.13 1.14 1.13 1.0 

Ou;eHKa rrapaMeTpOB 0.99 1.09 1.1 1.15 1.0 

Ta6mr:u;a 1. 3aaqemrn: ,[\HcrrepcnH: .ri;mr pacnpe,[\eJieHHfi HeB.H30K H nyJIJIOB no.ri;orHaHHhrx cpyHK:a;neH: 

HOpMaJibHOro pacrrpe,[\eJieHirn raycca ,LJ;Jl.H MIOOHHOH CIICTeMbI MUCH. 

Peay.11,'bmam'bt pa6om'bt a.11,zopum.Moe mpe'!Cuma VA.fl TRD u MUCH. 8¢¢eKTMBHOCTh pa-

60ThI aJirOpHTMa peKOHCTPYKTI;HM TpeKOB orrpe.n;eJIHeTC.H KaK OTHOIIIeHHe rrpaBHJihHO BOCCTaHOB

JieHHhIX TpeKoB K 'IMCJIY TpeKoB, 3aperMCTpn:poBaHHhrx B rrccJie,r:i;yeMbIX .n;eTeKTopax. KpoMe 
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AJiropnTM HeB.H3KH 

X [cM) y [cM) ix ty q/p [(raB/c)-1] 

9KcTpaITOJI.HIJ;H.H 0.93 0.88 0.0024 0.0023 0.0816 

Ou;eHKa ITapaMeTpOB 0.05 0.05 0.0013 0.0013 0.084 

AJiroplITM IlyJIJibl 

x y ix iy q/p 

9KCTpaITOJI.HIJ;H.H 1.05 1.23 1.22 1.28 0.81 

On;eHKa ITapaMeTpoB 1.08 1.11 1.17 1.18 0.79 

Ta6mrn;a 2. 3Ha'Iemur ,n;HcrrepcHft ,n;Jrn: pacnpe.n;eneHHft HeB.a30K H rrynnoB rro.n;orHaHHbIX cpyHKIJ;Heft 

HOpMaJibHOrO pacrrpe,n;eJieHH.H raycca .n;mr .n;eTeKTopa rrepexo.n;Horo li3JIY'-IeHli.H TRD. 

Toro, OT.rJ;eJihHO ITO,il;C'illTbIBaIOTC.H a<P<PeKTllBHOCTH pa60TbI aJiropHTMa ,ll;JI.H pa3JIH'IHbIX TMITOB 

TpeKoB: 3JieKTpOHOB, MIOOHOB, <rn<eCTKMX» - c 6oJibIIIHM HMITYJihCOM. IIpn: BbI'IHCJiemrn a¢¢eK

THBHOCTH Y'IHTbIBaJiaCb CTeITeHb COOTBeTCTBH.H Haii.n;eHHOro TpeKa CMO,ll;eJin:poBaHHblM TpeKaM. 

0Ha ou;eHMBaJiaCb ITO "<IHCJIY OTcqeTOB H3 CMO,ll;eJIHpOBaHHbIX TpeKOB, BHecurnx BKJia,n; B BOCCTa

HOBJieHHblH TpeK. Ilpn 3TOM ITOJiaraJIOCh, 'ITO CMO.rJ;eJIHpOBaHHblM TpeK, ,n;aBIIIMM MaKCHMaJibHOe 

KOJinqecTBO OTcqeTOB, OTBeqaeT Haii,n;eHHOMY TpeKy. TpeK cqHTaJIC.H ITpaBMJibHO BOCCTaHOBJieH

HbIM, eCJIH 6oJiee 70% ero OTcqeTOB COBITa,ll;aJIH c OTC'ieTaMH accon;n:npoBaHHOro c HHM CMO,n;e

JIHpOBaHHOro TpeKa. 

Mo,n;em1poBaHHe co6bITHM ,n;mr TecTnpoBaHn.H aJiropHTMOB TpeKHHra ITpOH3BO,Il;HJIOCh c HC

ITOJih30BaHn:eM reHepaTopa qacTHD; UrQMD [2]. Mo,n;eJIHpoBaJIHCh n;eHTpaJibHhie Au+ Au CTOJIK

HOBeHII.H ITPH Ha•rnJihHOfi 3Heprnn: 25 AraB. 9TII co6brTII.H ncnoJib30BaJIHCh ,n;Jia on;eHKII <PoHa, 

B KOTOpblM ,n;o6aBJI.HJIHCb IIO 10 «CHrHaJihHbIX» 'IaCTHI:J;hI, aHaJIOrHqHblX TeM, qTo orrncaHbl B 

npe,n;hr,n;yru;eM pa3,n;eJie. 

fpa¢nKH 3aBMCHMOCTH a¢¢eKTHBHOCTH pa60Tbl aJirOpHTMOB TpeKn:Hra OT HMilYJibCa qa

CTHIJ;bl upe,n;cTaBJieHbl Ha pn:c. 4 ,IJ;JI.H MIOOHHOM CMCT8Mbl AJI.H Tpex pa3pa6oTaHHblX aJirOpHTMOB 

TpeKHHra: 6JIH:>KafiIIIHfi coce,n; ( nn), BeTBJieHHe (branching) H BecoBofi (weight). CJieBa rroKa3a

HhI rpa¢HKH a¢¢eKTHBHOCTII IIOIICKa BC8X TpeKOB. CrrpaBa - rpa¢HKM a¢¢eKTHBHOCTII ITO

IICKa MIOOHOB. KaK M Q)KM,II;aJIOCb, aJiropHTM BeTBJieHH.H IIOKa3aJI HanJiyqIIIyIO a<P<PeKTHBHOCTb 

(91.4% .II;Jl.H BCex TpeKOB H 94% ,Zl;JI.H MIOOHOB). AJiropMTM 6JIM)KafiIIIero coce,n;a JIMIIlb He3Haqn

TeJibHO ycTyITaeT ITO 3cPcP8KTHBHOCTH aJiropHTMY BeTBJieHH.H (91.2% II 93.8% COOTBeTCTBeHHO). 

BecOBOM aJirOpHTM OKa3aJIC.H HaMMeHee a<P<PeKTHBHblM (85.9% H 89.9% COOTBeTCTBeHHO). 
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PHc. 4. rpaqmKH 3aBHCHMOCTM 9cPcP8KTMBHOCTH paCII03HaBaHM5I TpeKOB B MIOOHHOH CMCTeMe OT HM

IIYJibCa ,n;mr Tpex aJiropnTMOB TpeKHHra: 6Jin:>Kail:rrrn:il: coce,n; (nn), BeTBJiemre (branching) n BecoBoil: 

(weight). CJieBa: ::i¢¢eKTHBHOCTb pacrrosHaBamr.H Bcex TpeKOB. CrrpaBa: 9¢¢eKTMBHOCTb pacrrosHaBa-

Hll5I MIOOHOB. 

fpa¢nKrr saBHCHMOCTR aqxpeKTRBHOCTlI pa6oTbI amopRTMOB TpeKnHra OT HMIIYJibca 11a

CTHIJ;bI rrpe,zi;cTaBJieHbI Ha pnc. 5 ,zi;mr ,n;eTeKTopa TRD. PesyJibTaTbI rrpe,zi;cTaBJI8HbI ,zi;mr ,n;Byx 

aJiropRTMOB TpeKrrHra: 6JimKaii:rrrnii: coce,zi; (nn) n BeTBJieHne (branch). CJieBa rroKasaHbI rpa

cPRKR a¢¢eKTlIBHOCTH IIOHCKa BCex TpeKOB. CrrpaBa - rpa¢HKII 9cPcP8KTHBHOCTH IIOHCKa 9JieK-

TpOHOB. KaK H B CJiy<rae MIOOHHOro ,zi;eTeKTOpa, aJiropHTM B€TBJieHH.H IIOKa3aJI HaHJiy11my10 

a¢¢eKTHBHOCTb (91.3% ,IJ;JI5I Bcex TpeKoB R 90.9% ,zi;mr 9JieKTpottoB). AJiropMTM 6JIR)Kaii:mero 

coce,zi;a H€3Ha'IHT8JibHO ycTyrraeT ITO a¢¢eKTHBHOCTH aJirOpHTMY B€TBJieHH.H (87.8% ,ll;JI.H BC8X 

TpeKOB H 89.8% ,IJ;JI.H 9JI8KTpOHOB). 8¢tj:>eKTHBHOCTb IIORCKa 3JI€KTpOHOB H83Ha'IRT€JibHO ycTyrra

eT a¢¢eKTHBHOCTH IIOIICKa, HanpRMep, IIHOHOB HJIM MIOOHOB. 8To CB.H3aHO rrpe)K,IJ;8 BCero c TeM, 

'ITO OCHOBHa.H IIOTep.H 9HeprRR y 9JI€KTpOHOB Il,IJ;8T sa C'I8T TOpM03HOro II3JIY'I€HM.H, IIMeroni;ero 

,IJ;JIIIHHblii: «XBOCT» pacrrpe,zi;eJieHII.H. 

PeayJ/,'bmam'bt UCCJ/,eaoeattuu no onmuMU3aViUU aemeromopo8 MUCH. BbIJIO rrpe,IJ;JIO)Ke

HO M rrpoBe,n;eHO CMCTeMaTM'I8CKOe MCCJie,n:oBaHMe CJie,n:ymrri;Mx reoMeTpMii: MIOOHHOii: CMCTeMbI: 

l)MUCH1 - CTaH,n:apTHa.H MIOOHHa.H CIICTeMa c 18 GEM CTaHIJ;M.HMR; 2)MUCH2 - MIOOHHa.H ClICTe

Ma c 13 GEM CTami;mrMn; 3)MUCH3 - MIOOHHa.H CMCTeMa c 6 GEM CTami;mIMH H 9 CTaHIJ;II.HMM, 

rrocTpoeHHbIMH rro TexHoJiornII «CTpoy Tpy6oK»; 4)MUCH4 TO )Ke caMoe, 'ITO rr MUCH2, HO GEM 

cTaHIJ;HH rrocJie rrocJie,n;Hero a6cop6epa saMeHeHbI Ha rrepByro CTaHIJ;HIO TRD; 5) MUCH5 - TO )Ke 

caMoe, 'ITO n MUCH3, HO «CTpoy» cTaHri;1ur rrocJie rrocJie,n;Hero a6cop6epa saMeHeHbI Ha rrepBym 
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Pnc. 5. rpa¢nKH 3aBHCHMOCTll ::i<P<PeKTHBHOCTH paCII03HaBaHmI TpeKOB B TRD OT llMIIYJihCa ,n;mr 

,n;Byx aJiropMTMOB TpeKMHra: 6mnKaiirrrMii coce,n; (nn) n: BeTBJieHMe (branching). CJieBa: ::i¢¢eKTHBHOCTh 

pacrrosHaBaHMH Bcex TpeKOB. CrrpaBa: ::i¢¢eKTMBHOCTh pacrrosHaBaHMH ::JJieKTpOHOB. 

AJiropIITM feoMeTpHH MIOOHHOH CHCTeMhl 

MUCH1 MUCH2 MUCH3 MUCH4 MUCH5 

BmnKaiinmii coce,n; 93.8 94.4 93.8 92.8 92.8 

BeTBJieHne 94.0 94.7 94.l 94.9 94.9 

Ta6Jimi;a 3. 9¢¢eKTHBHOCTh pacrrosHaBaHMH MIOOHHhrx TpeKOB ,ZJ;JIH pasJIM'IHhrx reoMeTpn:ii MIOOHHO:ii 

CMCTeMbl B %. 

cTami;IIIO TRD. B Ta6Jimi;e .3 rrpnBe,n;eHbI aqxpeKTHBHOCTH pacrro3HaBaHHH TpeKOB B nccJie,zzye

MhIX MU CH reoMeTpI15IX ,ll;JI5I ,n;Byx aJiropHTMOB TpeKIIHra ( 6Jrn:>Kaiirnn:H coce,IJ; H BeTBJiemre). 

AJiropHTM rroKa3aJI npHMepHo o,n;nHaKOBYIO a¢¢eKTIIBHOCTh pacno3HaBamur TpeKOB BO Bcex nc

cJie,zzyeMhrx BapnaHTax reoMeTpn::fi MUCH ,IJ;eTeKTopoB. He6oJihIIIaR pasmni;a B a¢¢eKTIIBHOCTH 

BhI3BaHa TaK:>Ke pa3JIM'IHhIM aKcerrTaHCOM ,n;eTeKTOpa B pa3HbIX BaprraHTax. 

TaKHM o6pa3oM, rroKa3aHa B03MO:>KHOCTb HCTIOJih30BaHHH ,n;eTeKTOpoB Tnna «CTpoyi.> ,ll;JIH 

IIOCJI8,ll;HHX CTaHIJ;HH MIOOHHOH CHCTeMbl. «CTpoy Tpy6KH» 5IBJIHIOTC5I 6oJiee ,n;erneBOH aJibTepHa

THBOH no cpaBHeHHIO c GEM ,n;eTeKTopaMH. BoJiee Toro, rrcnoJih30BaHn:e rrepBoli TRD CTami;mr 

TIOCJie IIOCJie,II;Hero a6cop6epa Il03BOJI5I6T yMeHbillllTh 3aTpaTbI Ha CTpOllTeJibCTBO MIOOHHOH en:-

CT8Mhl. 

Peay//,'bmam'bt UCCJl,eao8a'HUU no onmu.MU3a'!.{,UU aemervmopa TRD. B TRD HCCJI8,ll;OBa.JIOCb 

BJIHHHHe KOOp,IJ;HHaTHOrO pa3perneHH5I ,n;eTeKTOpa Ha a¢¢eKTHBHOCTb paCTI03HaBaHH5I TpeKOB, 

'ITO nosBOJIHJIO no,IJ;o6paTb onTHMaJibHbIH pa3Mep R'IeeK. Pa3perneHne ,n;eTeKTopa no Koop,IJ;IIHa-

16 



~ c 
Cl) 

·u 
!E w 

>i 
I.) 
c 
Cl) 

·c:; 
!E w 

104 105 
Resolution Lmum] 

0.9: 

0.7 
0.6: 
0.5: 
0.4: 
0.3: 
0.2: 
0.1: 

0 
103 104 105 

Resolution Lmum] 

PMC. 6. rpa<PMKM 3aBMCHMOCTH a<P<PeKTHBHOCTII paCII03HaBaHH5I TpeKOB OT KOOp,ll;IIHaTHOI'O pasperne

HI!5I .n;eTeKTopa. CrrpaBa: ::i<P<PeKTHBHOCTh rroIIcKa Bcex TpeKOB (all) II <oKeCTKIIX» TpeKOB (reference). 

CJieBa: 9<P<PeKTMBHOCTh rroIIcKa «)KeCTKIIX» TpeKOB ,D;JI5I pa3JIII'IHhIX rroJrnpHbIX yrJioB. 

Te x 6bIJIO cPIIKCHpOBaHO ll COCTaBJI5IJIO 300 µM. Ilo KOop.n;1rnaTe y OHO M8H5IJI0Cb OT 100 µM ,n;o 

30 CM. I1crrOJib30BaJIC.H Tp8KIIHI', OCHOBaHHbIH Ha aJII'OpllTM8 6Jm:1Kaiirnero coce,n;a. 8<P¢eKTlIB

HOCTb paCII03HaBaHil5I TpeKOB rrpe.n;cTaBJieHa Ha pIIC. 6. 8¢¢eKTIIBHOCTb OCTaeTC5I rrpII8MJI8MOH 

BIIJIOTb ,n;o KOOp,n;nHaTHOI'O pa3perneHII5I B H8CKOJibKO caHTIIMeTpOB. ~JI5I 60JibllUIX IIOJI5IpHbIX 

yrJIOB, r,n;e IIJIOTHOCTb TpeKOB M€HbIII8, pa3p8III8Hll8 ,n;eTeKTOpa MQ)K8T COCTaBJI5ITb ,n;o 6-7 CM. 

't.feTBepTruI rJiaBa IIOCBmr:i;eHa rrpIIMeHemno rrapaJIJI8JibHbIX BbPIHCJI8HilH B peKOHCTpyK-

!J;IllI Tp8KOB. 

Pa3.n;eJI 4.1 rrocB11m;eH BpeMeHHOii orrTHMII3aIJ;IIII II a.n;arrTar:i;nII aJiropIITMOB K IIX BeKTopn

sar:i;nII II pacrrapaJIJI8JIHBaHIIIO c IJ;8JibIO pa,n;IIKaJibHOI'O ycKOp8Hil5I Bbl"'IIICJI€Hllii, Heo6xo.n;IIMOI'O 

,n;mr peaJIIIsar:i;1m OHJiaiiH pe)KHMa o6pa6oTKH ,n;aHHhIX. B pa6oTe [ 12] rrpe,n;JIO:IKeH aJiropHTM 

BeKTOpII30BaHHoro cPHJihTpa Ka.JIMaHa, KOTOpbrii 6b1JI pacrrmpeH II rrpIIMeHeH ,n;Jnr ,n;eTeKTopoB 

TRD II MUCH. 

MccJie,n;oBaHne CKami:pHoii BepcIIII rrpor:i;e.n;yphr 9KCTparroJI5IIJ;IIH TpeKOB IIOKa3aJIO, qTo ca

MhIM Bp8M5!3aTpaTHbIM M8CTOM rrpor:i;e,n;ypbI 5IBJI5!8TC5I ,ll;OCTYII K KapTe MarHHTHOI'O IIOJI5I. Ilpn

"'!IlHa B TOM, "'ITO ,IJ;JI5I peaJinsawrn B CBM aJiropHTM IICIIOJih3yeT 70 M6 KapTy MarHIITHoro 

IIOJI5I, CJI8,Ll;OBaTeJihHO, Hy:1K,n;aeTC5I B IIOCT05IHHOM ,lJ;OCTyrre K OCHOBHOH orrepaTIIBHOH rraM5ITil. 

Q-qeBII,D;HO, "'ITO rrplI BbIIIOJIH8HillI rrporpaMMbI Ha 06brqHOM KOMIIbIOTepe rrpOil3BO,D;lIT8JibHOCTb 

aJirOpIITMa c ,n;aHHblMil, HaXO,lJ;.HIIJ;lIMIIC5I B orrepaTHBHOH rraM5ITil cyn:i;eCTB8HHO M8,lJ;Jl8HHee, '-I8M 

rrpII pa6oTe c ,n;aHHhIMII, Haxo,z:i;5IIIJ;IIMHC5I B K9III rraM5ITIL MarHHTHOe rroJie B CBM ,n;ocTaTO"'!HO 
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rJia,n;Koe II MQ)KeT 6hITb JIOKaJibHO ITpH6JIIILKeHO IIOJIIIHOMaMII. l1ccJie,n;oBaHII.H IIOKa3aJIII, qTO 

,n;ByMepHbIH IIOJIIIHOM II.HTOH CTeITeHH xopomo aITIIpOKCIIMIIpyeT MarHHTHOe ITOJie B IIJIOCKOCTH 

CTaHIJ;HH. TioJie Me::iK,n;y CTaHIJ;II.HMH ITO,ll;rOH.HeTC.H c IIOMOIIJ;bIO ITpZIMOH JIIIHHH HJIII rrapa60JibI c 

Koacpqmri;IIeHTaMH, BhrqncJieHHbIMH ITO ,ZJ;BYM IIJIII TpeM 6JIII)KaHIIIIIM CTaHIJ;IIZIM. IlpoBe,n;eHHbie 

BbiqIICJI8HII.H IIOirn3aJIH, qTO rrapaMeTpbI Tpe1rn, IIOJiyqeHHbie rrpn ori;eHKe c IICIIOJib30BaHIIeM 

ITO,ll;OrHaHHOrO MarHIITHOrO IIOJI.H II ITOJIHOH KapTbI IIOJI.H COBITa,n;aIOT B rrpe,n;eJiax ,n;orryCTHMbIX 

omII6oK (1 - 3%). KpoMe 6oJiee BhICOKOH CKopocTH Bhrqn:cJieHn:il:, IIOJIIIHOMIIaJibHa.H rro,n;roHKa 

MarHIITHOro ITOJI.H Heo6xo,n;nMa TaK)Ke ,ll;Jl.H ,n;aJibHeil:IIIeil: acpcpeKTHBHOM BeKTOpII3aIJ;HII aJiropIIT-

Ma. 

TiepBOHa'IaJibHaZI CKaJI.HpHa.H BepCII.H aJirOpHTMa 3KCTpaITOJI.HIJ;HII TpeKOB IICIIOJih3yeT aJI

ropIITM HaBn:rari;mI B reoMeTpIIII ,n;eTeKTopa, OCHOBaHHhIM Ha rraKeTe TGeo II3 ROOT [13]. 9To 

TOqHbIH MeTO,ll; ,l];JIZI HaBnrawnr B reoMeTpIIII ,n;eTeKTOpa, o,n;HaKO, He oqeHb a¢¢eKTIIBHbIH c 

TO'IKII 3peHIIH CKOpOCTII. Bo-ITepBbIX, OH HCITOJih3yeT ,zi;eTaJibHYIO MO,li;eJihHYIO reoMeTpHIO ,n;eTeK

TOpa, cocToZirri;yro II3 800000 aJieMeHTOB. Bo-BTOphix, aJiropIITM HaBnrari;HII ,zi;ocTaTO<rHO o6rri;nii, 

paccqIITaH Ha JII06oii B03MO:tKHhIH ,zi;eTeKTOp II He orrTH:MII3IIpoBaH ,zi;JIH ycTaHOBKII CBM. Tio

MIIMO 3TOro, ero HeB03MO)KH0 IICITOJib30BaTb B BeKTOpHbIX BbI'IIICJieHII.HX. TioaTOMY rrpIIIIIJIOCb 

pa3pa6oTaTb yrrporri;eHHYIO reoMeTpllIO ,n;eTeKTOpa II OIITHMII3IIpOBaTb aJiropHTM HaBHraIJ;HH. 

Yrrporri;eHHa.H reoMeTpnZI ,n;eTeKTopa co3,zi;aeTcH ITyTeM rrpeo6pa3oBaHII.H ,n;eTaJihHOii Mo,zi;eJihHOH 

reoMeTpIIII B 6oJiee ITpocTyro, COCTO.HIIJ;YIO TOJibKO II3 IIJIOCKOCTeii, ITeprreH,lJ;HKYJI.HpHbIX K Ha

rrpaBJI8HIIIO rry<rKa. HaBnraIJ;II51 B TaKoii reoMeTpnn BhIIIOJIH.HeTCZI cyrri;ecTBeHHO 6bICTpee. 

TaK)Ke 6bIJIII peaJIH30BaHhI II ,n;pyrIIe rnarII BpeMeHHoii orrTIIMII3aIJ;IIII BhI'IHCJIHTeJibHhIX 

anropHTMOB, Tarrne KaK 3aMeHa MaTpII'IHhIX orrepaIJ;IIH B cpIIJihTpe KaJIMaHa Ha .HBHhie BhI

qIIcJieHII.H TOJibKO Ha,zi; HeHyJieBbIMII 3JI8M8HTaMII MaTp:rrri;. ,Ll;JI.H Jiyqrneii ITpOII3BO,l];IIT8JibHOCTII 

60JibIIIIIHCTBO IJ;IIKJIOB 6bIJIO pa3BepHyTO II y,n;aJieHbI BeTBJI8HII51 (if' continue, break). 

B pa3,n;eJie 4.2 ,zi;eJiaeTC.H ofoop IICITOJih3yeMhIX MeTo,n;oB II TeXHOJIOrIIii ,ll;JI51 rrapaJIJieJih

HhIX BhrqHcJieHnii. 9To SIMD (Single Instruction Multiple Data), peaJIH30BaHHhiii, HaITpn:Mep, 

rrocpe,n;cTBOM SSE (Streaming SIMD Extensions) [14], II MHoroITOToqHocTh, peaJIII30BaHHa.H c 

IICITOJih30BaHneM 6II6JIIIOTeKH TBB (Threading Building Blocks) [15]. 

Pa3,n;eJI 4. 3 rrocB.HIIJ;eH rrpIIMeHeHIIIO ITapaJIJieJihHhIX BhI'IHCJieHIIii B peKOHCTPYKIJ;IIII Tpe

KOB. ,Ll;JIZI pacITapaJIJieJI:rrBaHH:.H 6bIJI Bhr6paH MeTo,n; 6JIII)Kaitrnero coce,n;a, TaK KaK OH 6oJiee 

6hICTpbIH, Jier•rn peaJIII3yeM ll rrpaKTII'IeCKH He ycTyrraeT ITO acpcpeKTIIBHOCTH MeTo,zi;y B8TBJie

HIIH. B ITepBOHa<raJihHOH rrocJie,zi;oBaTeJihHOH CKaJI.HpHoii Bepcn::rr anropIITMa TpeKIIHra, TpeKII 
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npOT51TMBaIOTCH IlOCJie,n;oBaTeJibHO OT CTam:.i;1rn: K CTaHI.i;Irn: qepes BeCh ,n;eTeKTOp, npMcoe,n;HHZHI 

6mnKalinrne OTCT.JeTbl Ha KOOp,rr,1rnaTHhlX IIJIOCKOCTHX. 0,rr,HaKo, HCilOJibSOBaHIIe TaKoro no,n;xo,n;a 

He IIOSBOJIHeT Hanp.SIMYIO rrpHMeHHTb BeKTOpHSOBaHHbre rrpor.i;e,rr,ypbI 3KCTparrOJI.SII.J;HM H or.i;eHKH 

rrapaMeTpoB TpeKoB. TaKHM o6pasoM, 6bIJIO Heo6xo,n;HMO cyII.J;eCTBeHHO rrepepa6oTaTb aJiropHTM 

TpeKirnra ,n;JI.a ero BeKTOp113ar.i;HH H pacrrapaJIJieJIHBaHH.a. TaK KaK Bee TpeKH HesaBHCHMhI H 

aKCTpanOJIHPYIOTC.H O,IT,HHM M TeM )Ke aJirOpHTMOM, MO)KHO 3KCTparrOJIHpOBaTb napaJIJieJihHO 

qeTbipe TpeKa IIOCJie yrraKOBKM COOTBeTCTBYIOII.J;HX qeTbipex CKaJI.SipHbIX rrapaMeTpOB Tpe1rn B 

BeKTOp. 8To rrpHBO,D;HT K coKpaII.J;eHHIO I.J;HKJIOB B qeTbrpe pasa. TaK KaK BeKTOpH30BaHHa.a 3KC

TparroJI.HI.J;H.H H or.i;eHKa rrapaMeTpOB ,II/HI Ka:>K,D;OH qeTBeprm TpeKOB BhIIIOJIH.HeTCH He3aBHCHMO, 

TO Ka)l<,n;a.a TaKa.a 3KCTparromrr.i;n.s:r H or.i;eHKa rrapaMeTpOB MO:>KeT BbIIIOJIHHTbC.H rrapaJIJieJibHO B 

pa3HbIX IIOTOKax. KoJinqeCTBO IIOTOKOB 3aBHCHT OT KOJIHT.IeCTBa .H,n;ep H qncJia TpeKOB. 

B pas,rr,eJie 4.4 rrpnBe,n;eHbl OCHOBHbie pesyJihTaThI ITO BpeMeHHOii OIITHMH3aI.J;HH H rrpHMe

HeHHIO rrapaJIJieJIHSMa B peKOHCTPYKI.J;HH TpeKOB. B Ta6JIHI.J;e 4 IIOKa3aHbI BpeMeHa BhlqHCJieHHii 

M K03cPcPHI.J;HeHThI ycKopeHH.H ,[f,JI.SI aJirOpIITMOB or.i;eHKH rrapaMeTpOB TpeKOB H IIOHCKa TpeKOB B 

MIOOHHOM ,n;eTeKTope ,rr,JI.s:r KOMIIbIOTepa c ,n;ByMzr rrpor.i;eccopaMH Intel Core i7, nMeIOII.J;HX no 4 

.H,IT,pa Ka)K,D;hlM C TaKTOBOM qaCTOTOH 2.66 rrr.i;. 

YcKopeHne B 92 pa3a ,n;JI.s:r a.n:ropIITMa or.i;eHKH rrapaMeTpOB TpeKOB 6bIJIO ,n;ocTHrHyTo sa 

cqeT cyII.J;eCTBeHHOii orrTHMnsar.i;HH aJiropHTMa (CM. pas,n;eJI 4.1). BeKTopnsar.i;rr.s:r aJiropHTMOB n 

,rr,aHHhIX rrpHBeJia K 3-x KpaTHOMY ycKopeHHIO. 3arrycK BeKTOpHSOBaHHOii rrpor.i;e,n;ypbI or.i;eHKII 

rrapaMeTpOB TpeKOB rrapaJIJieJibHO B HeCKOJihKHX IIOTOKax ,D;aJIO BhIHrphIIII B 8.8 pas ,D;JI.SI Ma

IIIHHhI c 8-IO .s:r,n;paMH. B HTOre 6hmo ,D;OCTHrHYTO ycKopeHHe B 2400 pas ( c 1200 MKC/TpeK ,n;o 

0.5 MKC/TpeK). 

Mo,n;eJinpoBaHne co6bITHM ,n;Jizr TeCTIIpoBaHn.a rrapaJIJieJibHoro aJiropHTMa TpeKHHra rrpoBo

,IT,HJIOCh c TeMH )Ke rrapaMeTpaMH, 'ITO H ,D;JIZI TeCTHpOBaHH.SI rrepBOHaqaJibHOii CKaJI.SipHOM BepCHH 

TpeKHHra. CpaBHeHHe rrepBoHa'IaJibHOM CKaJizrpHoli BepcHH anropnTMa TpeKnHra H rrapanJieJib

HOM BepCHH IIOKaSaJIO, qTO rrpH 0,1.J;IIHaKOBOM a¢¢eKTHBHOCTH IIOHCKa TpeKOB, rrapaJIJieJibHbIM 

a.JiropHTM ropa3,n;o 6bICTpee (cM. Ta6JIHIJ;Y 4). YcKopeHHe B 101 pa3 ,Ll.OCTHrHyTo 3a cqeT orrTH

Mnsar.i;nH aJiropHTMa H ucrrOJih30BaHHZI ycKopeHHhIX rrpor.i;e,lJ.Yp cPHJibTpa KanMaHa. BeKTOpHsa

r.i;rrzr H MHOrOIIOTOqHOCTb ,n;aIOT MeHbIIIee ycKopeHHe, qeM ,LI.JI.SI aJirOpHTMa or.i;eHKH rrapaMeTpOB. 

8To CB.SI3aHO c TeM, qTo HeKOTOpbre qacTH aJirOpHTMa TpeKHHra He IIOJIHOCTbIO BeKTOpH30Ba

Hhl n rrapaJIJieJibHhI. B HTore, rrapaJIJieJihHhiii aJiropHTM TpeKHHra pa6oTaeT B 487 pas 6hICT

pee, "CJ:eM rrepBoHaqaJibHbIM cKaJizrpHhIM rrocJie,n;oBaTeJibHhIM aJiropHTM ( c 730 MC/ co6brTne ,n;o 
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On;eHKa rrapaMeTpoB IIoHCK 

BpeM51 [MKC/TpeK] YcKopeHHe BpeMa [Mc/co6n1THe] YcKopeHHe 

Ha'!aJibHaa 1200 - 730 -

0IITMMH3aIJ;H5I 13 92 7.2 101 

BeKTOpH3a:u;Ha 4.4 3 4.9 1.5 

l\IIHororroTO'IHOCTb 0.5 8.8 1.5 3.3 

<PIIHaJibHa5I 0.5 2400 1.5 487 

Ta6JrnIIa 4. BpeMeHa BhI'IIICJieHMfi H Ko3¢¢n:n;IIeHThI ycKopeHmr ,n;Jia aJiropn:TMOB OIIeHKH napaMeTpOB 

II IIOIICKa TpeKOB B MIOOHHOM ,n;eTeKTOpe. 

1.5 Mc/co6n1THe). 

B 3aKJUOTieHHH c¢opMyJinpoBaHbI ocHOBHbie BbIBO,n;bI ,n;HccepTa:u;noHHOii pa6oTbI: 

1. Pa3pa6oTaH a¢¢eKTHBHbiii aJiropHTM II rrporpaMMHOe o6ecrre'!eHIIe ,n;Jia BOCCTaHOBJieHH5I 

TpaeKTOpHii 3ap5IfKeHHbIX 'laCTII!I Ha OCHOBe MeTO,ZJ;OB CJiefKeHH5I no TpeKy H cPMJibTpa 

KaJIMaHa ,n;Jia ,n;eTeKTopoB c 6oJibIIIIIM KOJIH'IeCTBOM MaTepHana rrpII Heo6xo,n;HMOCTH y-qe

Ta Heo,n;Hopo,n;Horo MarHHTHOrO IIOJI51 H 60JibIIIOii MHOfKeCTBeHHOCTH TpeKOB B co6bITI:IH, 

KOTOpbie 6hIJIH ycrremno rrpHMeHeHbI ,n;na peKOHCTpy1m;MH TpeKOB B ,n;eTeKTOpe rrepexo,n;

HOro H3Jiy'IeHH5I TRD n MIOOHHO:ii cncTeMe MUCH aKcrrepnMeHTa CBM. 

2. Pa3BHT a¢¢eKTHBHbiii 6bICTpbI:ii anropHTM H rraKeT rrporpaMM ,n;na peanH3a:a;HH TpeKHHra 

B pefKHMe peaJibHOro BpeMeHH c IIpHMeHeHHeM rrapanneJibHbIX Bbl'IHCJieHHii, KOTOpbIH 

6h1JI ycrreIIIHO rrpHMeHeH B ,n;eTeKTopax TRD H MUCH, 'ITO no3BOJIHJIO rro'ITH B 500 pa3 

ycKOpHTb BpeM51 BbI'IHCJieHHii. 

3. IIpoBe,n;eHbI HCCJie,n;OBaHH5I no OIITHMH3aIJ;HH CTPYKTYPbI ,n;eTeKTopoB TRD H MUCH. B pe-

3YJibTaTe HCCJie,n;oBaHHM IIOKa3aHa B03MO)KHOCTh HCIIOJib30BaHH5I ,ZJ;JI5I MIOOHHOH CHCTeMbI 

6onee ,n;emeBbIX ,n;eTeKTOpOB Ha OCHOBe TeXHOJIOrHH «CTpoy Tpy60K» H rrepBOH CTaHIJ;HH 

TRD. C¢opMyJmpOBaHbI Tpe6oBaHH.H no Koop,n;nHaTHOMY pa3pemenn10 TRD ,n;eTeKTOpa. 

4. Pa3pa60TaHHbie anropnTMbI H rrporpaMMbI BKJIIO'IeHbI B rrporpaMMHOe o6ecrre'IeHHe 3KC

rrepnMeHTa CBM H aI<THBHO HCIIOJib3YIOTC5I Konna6opa:u;Heii KaK ,n;na OIITHMH3aIJ;HH co3,n;a

BaeMoii 3KCIIepnMeHTaJibHO:ii ycTaHOBKH, TaK H ,ZJ;JI5I orrpe.n;eneHH5I Ha OCHOBe MO,ZJ;eJibHbIX 

,n;aHHbIX a<P<PeKTHBHOCTH perHCTpa:u;IIH H peKOHCTpyKD;HH KOHKpeTHbIX cPH3H'!eCKHX rrpo

:u;eccoB. 
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