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YBakaeMmble KOJIJ1eTH, 10porue Apy3bs!

10 mexabpst 2020 roga bemopycckoMy Haru-
OHAJILHOMY TEXHHUYECKOMY YHHUBEPCHTETY HCIIOI-
Hsaercs 100 ner.

Hckpenne mo3apaBisito Bac ¢ 3TOM 3HAMe-
HaTelIbHOW JaTrod M Olarofapio BCEX YUEHBIX
U CIELUAINCTOB 3a COTPYAHHYECTBO C HalleH
anbMa-marep.

3a roxsl craHoBiueHuss W paszButus BHTY
AOCTUI' 3HAYUTCJIBHBIX YCIICXOB B  HAYYHO-
00pazoBaTebHON " MIPOM3BOJICTBEHHO-
WHHOBAITMOHHON NIEATEIHHOCTH, CTal (hrarMaHoM
BBICITIETO TEXHUYECKOTO oOpa3zoBanus Pecrryomu-
ki bemapycek, mpu3HaH 0a30BOI opraHU3anueH
rocygapctBs — ywyactHukoB ConpyxectBa Hesa-
BHCHMBIX lOCymapcTB 1O BBICIIEMY TEXHHYE-
CKOMY OOpa30BaHHUIO M BXOAUT B YMCIIO JIyYIINX
MHXEHEPHO-TEXHUUECKUX YHHBEPCUTETOB MUDA.
BHTY Ha npoTskeHMM MHOTUX JE€T 3aHHMAET
JUAMPYIOLNE MO3UIMH B MUPOBBIX pEHTHHrax,
YKpeIUIsieT MEeXAyHapOIHOE COTPYITHUUECTRO.

VBepeH, UYTO Halle COTPYIHHUYECTBO Oy-
JET CIIOCOOCTBOBATh JajbHEHUIIEMY pPa3BUTHIO
Hay4YHO-HMCCJIEIOBATENLCKOTO W WHXEHEPHO-
TEXHUUYECKOT0 00pa3oBaHMs HE TOJbKO B Pecmy-
omuke benapych, HO 1 BO Bcem Mupe!

[IpumuTe MCKpEeHHHE HO3JpPABICHUS C I00U-
neeM benopycckoro HalMOHAIBHOIO TEXHUYECKO-
ro yHusepcurera! JKemaro BceM 370pOBbs, ycIie-
XOB U yJJa4Hl BO BCEX HAYMHAHUSAX!

C ysaoicenuem,

Pexmop Benopyccrkozo nayuonanvbio2o
MEXHUYECKO20 YHUSepcumemd,

C. Xapumonuux

Dear colleagues and friends!

On December 10, 2020 the Belarusian Na-
tional Technical University (BNTU) will cele-
brate its centenary.

On the occasion of this significant date [ wish
you happy anniversary and express my gratitude
to all scientists and specialists who cooperate with
our alma mater.

During the years of establishing and develop-
ment BNTU has achieved significant success in
scientific, educational, industrial and innovative
activities; it has become the flagship of higher
technical education of the Republic of Belarus.
Our University is recognized as the basic orga-
nization of the Commonwealth of Independent
States for higher technical education and it is one
of the best engineering and technical universities
in the world.

For many years BNTU has been a leader in
world rankings and it has also been strengthening
international cooperation.

I am confident that our collaboration will con-
tribute to the further development of research and
engineering education not only in the Republic of
Belarus, but throughout the world.

Please accept my sincere congratulations
on the occasion of the centenary of the Belaru-
sian National Technical University! I wish you
all health, success and good luck in all your
endeavors!

Yours faithfully,

S. Kharytonchyk

Rector of the Belarusian National
Technical University

4,2020
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V]IK 621.314

C. B. IAHTEJIEEB, A. H MAJIALLITH

PASPAEOTKA CUCTEMbl PEAEMHO-BEKTOPHOIO
YNPABAEHUA AN MHOTFO®A3HOIO
NMOAYNPOBOAHMUKOBOIO NMPEOBPA30BATEAA
9AEKTPUYECKOWU 3HEPIUU

Yupeorcoenue oopasosanus «Boennas akademus: Pecnyonuxu benapyco»

Paspabomana cucmema peneiHo-6eKmMopHO20 YNPAGIEHUs MOKOM 8 Yenu MHO20A3HOU deKkmpudeckoll mawunbl. [ns
9MO20 HA OCHOBE NPOBEOEHHOL0 AHANUZA DNEKMPOMASHUMHBLX NPOYECCO8 8 MHO2OPAZHOM NOIYNPOBOOHUKOBOM NPeodpa30-
sameJe 1eKMpPULECcKoll SHepeUull CO30aHa e20 OUCKPEMHAs MAMeMAMU4eckdas MoOeb, KOMopas y4umoleéaem nepepacnpe-
Oellenue 1eKMpOMASHUMHOU SHEPSUL NO OMOETbHBIM NPOCMPAHCIMBEHHbIM 2APMOHUYECKUM COCIMABIAIOWUM 8 3A8UCUMO-
cmu om yucaa ¢gas. C ucnoiv308anuem OAHHOU MAMEMAMUYECKOl MOOeau paspadomar cnocob penetiHozo ynpaeieHus
NPOCMPAHCMEEHHBIMU 2APMOHUYECKUMU COCMABTAIWUMU 6XOOH020 MOKA npeobpaszosames 8 «mpyokey. Popmuposanue
8 KaxcOoll U3 a3 NOIUSAPMOHULECKUX MOKOB, CONPSNCEHHBIX NO hopme u pase c numarowum npeobpazosamenb HaAnpsice-
HUEeM HA KadcOOM nepuooe YnpasieHus, 0Cyuecmeannencs nocpedcmeom OnMuUMAaibHo20 6eKmMopa HANPAXCeHUs Noaynpo-
B00HUK08020 KomMMmymamopa. [ns 6b100pa OnmuMaibHo20 YIpasianue2o 6030etiCmaus UCHONb3yemcs Yeaeds QyHKYus.
MUHUMYMA OMKIOHEHUS NPOeKYUll OA308bIX 8EKMOPO8 HANPAINCEHUSA NOTYNPOBOOHUKOB020 KOMMYMAMOPA npu j-il Komou-
Hayuu cCOCMOAHUS KII0Yell OM PACHenHo20 YNPABIAue20 6030etiCmaus, OnpeoeieHH020 NoCPedCm8oM MAmMeMamuieckotl
mooenu. Llenesas QyHKyus maxoeo 6uda NO380IAEM yY4ecmb pA3IuiHble SHAYEHUS AMNIUMYO 6A308blX BEKMOPOS HANPIHCe-
HUS NOTLYRPOBOOHUKOBO2O KOMMYMAMOPA 8 NPpeo6pa308aAHHbIX OPMOLOHANLHBIX cucmemax koopounam. Ipu smom omcym-
cmeyem HeoOXo0UMOCMb NPOSHOZUPOBAHUS USMEHEHUs MCHOBEHHBIX 3HAUEHUL 86XOOHO20 MOKA HA 0OUH UNU 08d NEPUood
enepeo, umo obecneyeHo yMeHbleHueM KOAUYecmeda umepayuil 0s onpeoeieHus ONMmumMalbHo20 YNpasianue2o 6030ell-
cmeus. J{na nposepku pa3padomanHulx noa0#CeHUll Co30anHa UMUMAYUOHHAS MOOeTb 0e8AMUPAZHO20 NOLYNPOBOOHUKOBO-
20 npeobpaszo8ames INEKMPUIeCKoll IHeP2UU ¢ CUCIEMOU PeNeliHO-8eKIMOPHO20 Ypasienus. Pe3yibmamol ucciedo8anus
Mooenu noomeepounu ad0ek8amHocms pa3pabomanHelx MexHU4ecKux peuleHull, npumeHeHue Komopblx no3goaum odecne-
Yums Haubonee NOIHYIO Pedaru3ayuio COOCMEEHHbIX NPEUMYUECTNE MHO2ODAZHOU INEKMPULECKOU MAWUHBL 8 Yelax 00ue2o
VAVHULEHUS MACCO2ADAPUMHBLX U IHEP2eMUYECKUX NoKA3amenell ABMOHOMHOU CUCMEMbL ITeKMPOCHADHCEHUS.

Kniouesvie cnosa: mnozogasnviii npeobpazoeamens, OUCKPEMHAs MAMEMAMUYECKas MOOeb, PelelHO-6eKIMopHoe Ypaesie-
Hue, MOKO8As «MPYOKA», UHIHCEKYUS 2APMOHUK.

BeeaeHue

OnHUM U3 IPEUMYLIECTB MHOTO()a3HBIX JJIEK-
TPOMEXaHHUECKUX MpeoOpazoBareneii sHepruu
nepea TPAAULUUOHHBIME Tpex(a3HbIMH SIBIISIETCS
BO3MO)KHOCTb Pa0OTBHI 3JIEKTPUUCCKOM MAalIUHbI
B IIOJIMTAPMOHUYECKOM DPEKUME, YTO IO3BOJIS-
€T THOBBICUTH YIEJIBbHYIO MOIIHOCTh, YMEHBIIUTD
aMIUIUTYAy W YBEJIMYUTh YacTOTy ITyJIbCaLMi
MIHOBEHHOW MOILIHOCTH (MM KPYTSIIEro MOMEH-
Ta), CHU3UTh HOTEPH OT BBICIINX FAPMOHUK I1OJIS
BO30YXKJIeHUS B dIleKTprueckoir mammHe [1-3].
[Ipn ¢yHKIMOHNpOBaHNUN MHOTO(a3HON (1m1>3)
NEKTPUUECKOW MAIIMHBI C MOJIMTapMOHHUYECKOI
anektpoaBkymei cunorr (DJC) m momympo-
BOJHHMKOBOTO Ipeo0pa3oBarelisi 3IeKTPHUECKOI
sueprun (I11133) B aBTOHOMHO# cucTeMe dIek-
TpOCHAOXXEHHUS OCOOYI0 CIIOKHOCTb BBI3BIBACT

pelIeHre 3aJadd COINIACOBaHMSA BO BPEMEHHOMH
obmactu DJIC u ToKa 11 OTYYeHUS MaKCUMaITb-
HOH aKTUBHOM MOILIHOCTH AJIEKTPUYECKON MaIiu-
HbI [4-6].

Ocobennoctr MHOTO(A3HO AIMEKTPUIECKON
MAIINHbI KaK 00bEKTa yNPaBJICHUS, B YACTHOCTH
yBeIMUYeHHE yuciia (a3HbIX IEKTPOMArHUTHBIX
MEPEMEHHBIX W IepepacupeneiieHue 3JIeKTPo-
MarHWTHOW 3HEPIUU MO OTAEIBHBIM MPOCTpaH-
CTBECHHBIM TapMOHMYECKHM COCTAaBIISIOLINM,
00yCIIOBIMBAIOT OCOOBIN TOAXOM K pa3paboTke
CHELHAIbHBIX CIOCOOOB HE3aBHCHMOIO YIIpaB-
JICHUs] TPOCTPAaHCTBEHHBIMH T'apMOHUYECKUMHU
COCTaBJISIIOIIMMH TOKa B ILeNMM MHOrogasHou
3JIEKTPUYECKOM MaIllMHBI, KOTOpPbIE IO3BOJIST
obecrieunTh (GOpPMUPOBAHHE B KaXIoi W3 (a3
MOJIMTaPMOHUYECKUX TOKOB, COBIAJAIOIINX IO

4,2020
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dbopme u dase ¢ MUTAIUM MPEOOPa30BATEIIH
HarpspKeHuem [6, 7].

Haubonee pacmpocTpaHeHHBIM —CIIOCOOOM
yIpaBIeHHsT TOJTYIPOBOTHUKOBBIMH IpeoOpa3o-
BaTEJISIMHU, K KOTOPBIM TPEIbIBIAIOTCS TpeboBa-
HUE MOBBIIIEHHON YCTOMYUBOCTH NPU JUHAMUYE-
CKOW Harpy3Ke M MEepeXOTHBIX pekrMax paboTHl,
ABJISIETCSI CTIOCO0 pesieifHO-BEKTOPHOTO yIpaBiie-
uus (PBY) [8, 9]. IIpu takom cmocoOe perymiu-
pOBaHHUA HCIIONB3yeTCd MareMaTndeckas MOJEIb
[II93 ans onpeneneHnss MTHOBEHHBIX 3HAYCHHIMA
BXOJIHOTO TOKa JIJIsl BCEX BO3MOYKHBIX YIPaBIISIO-
IIUX BO3ACHCTBUI B BHIe 0A30BBIX BEKTOPOB Ha-
MPSDKEHHUST  TTOJYTIPOBOIHUKOBOTO KOMMYTAaTopa
(ITK). lms BEIOOpa ONTUMANBHOTO YTIpaBIISIOLIe-
T'O BO3JICHCTBHS HCIIONB3yeTCs IiesieBast PyHKIUA
MHUHHMYMa OTKJIOHEHHUS BEKTOpa BXOJHOTO TOKa,
OTIPENIEJICHHOTO ITOCPEJCTBOM MaTeMaTH4eCKOi
MOJIeNH, OT 3a/IaHHOTO Ha MHTEPBAJIE YIIPABICHHS
BEKTOpPA BXOJHOTO TOKa (CM. pucC. 1).

[Ipo6Gnema ucnonb3oBanus criocoda PBY mst
MHOTO(a3HBIX (71>3) CUCTEM 3aKIII0YACTCS B TOM,
4TO TeneBas (GYHKIHS CTAHOBHUTCSI Ooyee CIIoK-
HOH, ueM B TpexdazHoM ciaydae. 1o 00ycioBe-
HO YBEJMYEHUEM CTETeHH CBOOOBI MOIYNPOBO-
JTHUKOBOTO Npeo0pa3oBaress U HEOOXOAUMOCTHIO
YYUTBHIBATh OTKJIOHEHHE BEKTOPOB BXOJHOTO TOKa
B h= (m — 1) / 2 npeoOpa3oBaHHBIX OPTOrOHAJb-
HBIX CHCTeMax KoopAuHaT. Takxke, B Tpex(a3zHbIX
MOJTYIPOBOTHUKOBBIX MpeoOpa3zoBarensix (m>3)
6azoBbie BekTophl HampspkeHus 1K nmeror onu-
HAKOBble 3HaueHus aMrumTya. llostomy omnru-
MaJbHOE YMPaBISIONIEEe BO3IACHCTBHE MOXKET
OBITH OTIPENIETICHHO TOJIEKO 10 MUHUMYMY OTKJIO-
HEHHsI apTyMEHTOB OOOOIIEHHBIX BEKTOPOB Ha-
npspkenust u Toka B [1I193, xak B [9]. B mHOTO-
(ha3HBIX MOTYPOBOAHUKOBBIX TPeoOpa3oBaTensix
(m>3) 6a3oBbie BexTOpHI HanpsbkeHus 11K nmeror
pa3nryHbIe 3HAUCHUS aMIUTUTY B /I mipeoOpaso-
BaHHBIX OPTOTOHAJIBHBIX CHUCTEMax KOOPIHMHAT.
ITosToMy 1ieneBast PyHKIHSI TOJDKHA yUUTHIBATH
MIPOEKIIMU BEKTOpa OTKJIIOHEHHS TOKAa Ha OCH CH-
CTeM KOOpJIMHAT.

[Ipu yBenmuyenuun uucna ¢az [I133 ysenn-
YUBaeTCA YUCI0 0a30BBIX BEKTOPOB HAIPSKEHUS
MIOJTYTIPOBOJTHUKOBOTO KOMMYTaropa, 4To o0y-
CJIaBIIMBAET 3HAUNTEJIbHOE YBEJIIMYSHNE YHCia He-
00XOAMMBIX UTEpaIfii Ui OIpe/IeNIeHus] pacyeT-
HBIX 3HaYeHWH BEKTOpPOB BXoaHOro Toka 11199
U MHHAMAQJBHOTO 3HA4YeHHs IeseBOi  (PyHK-
muu. [Ipu 3TOM MOBBINIAETCS BBIYUCIUTEIHHAS

Harpy3ka M yMEHbIIAeTCsl OBICTPOACHCTBUE CH-
CTeMBI YIPaBICHHS, YTO 00yCIaBIMBaET 3aJIepikK-
Ky peaju3aliy yIpaBisioMero BO3IEHCTBUS
[5, 8]. Hnsa ycrpaneHus: 3a7ep>KKH pean3ariiu
VIPABISIONIETO BO3ACUCTBHS I MHOTO(a3HBIX
[I19D pa3paboransl cuctembl PBY ¢ mporso-
3MpOBAaHNEM W3MEHEHHMsS MTHOBEHHBIX 3HaueHUI
BXOJIHOTO TOKa Ha OJIMH WJTU JIBa TIEpHOa BIIEpe],
MpaKTUYecKass peasu3alus KOTOPBIX 3aTpyriHe-
Ha [10, 11]. YMeHbIIeHHE BBIUMCIUTECILHON Ha-
TPy3KH 3a CUeT YMEHBIIEHHUS KOJINYeCcTBa y4H-
ThIBaeMbIX 0a30BBIX BEKTOpoB HampspkeHus 1K
HE/IOMYCTUMO, TIOCKOJIBKY MHHUMU3UPYIONIIUI
1eNeByro (PyHKITHIO 0a30BbIi BEKTOP HAIPSKEHUS
OyzeT KBa3HoNTUMAIBHEIM [12].

Ilens wHacTosmet paboTel — pa3paborarh
Croco0 pemeifHO-BeKTOPHOTO YIIpaBJIEHUS MPO-
CTPAHCTBEHHBIMH TapMOHUYECKUMH COCTaBJISIO-
HIMMU TOKA B LIS MHOTO(a3HOH! IeKTPHYECKOMI
MAaITUHBI, KOTOPBIA 00ecneuuT (GOpMUPOBAHUE
B KOXJ0H 13 (a3 MmoJurapMOHUUECKUX TOKOB, CO-
BIIQIAI0MINX 110 GopMme u (ase ¢ MUTAIOMINM TIpe-
00pa3oBaTelb HaPsKEHUEM.

Maremaruueckasi MOJIeJIb MHOTO(A3HOTO I0-
JIYTIPOBOJIHUKOBOTO ITpe00pa3oBaressl JIeKTpruie-
CKO dHEpruu

Ha pucynke 1 mpencraBiieHa QyHKIIMOHATb-
Has cxema m-asnoro I[133 ¢ Tunosoit cucre-
MOl peneiiHo-BekTopHoro yrnpasienus [11]. ITo-
JyTPOBOJHHUKOBBIN Mpeodpa3zoBaTresb COCTOUT U3
MOCTOBOTO TOJIYITPOBOJIHUKOBOTO KOMMYTAaTopa,
OydepHbIX peakTopoB Ha BXoae H OydepHOTo
CIUIQKMBAIOIIEr0 KOHJEHCAaTOpa Ha BBIXONE IO-
JYPOBOJHUKOBOTO TipeoOpazoBaresns. Harpyska
MMEET JIMHEHHBIN XapakTep, YTO SIBISAETCS BIIOJ-
HE KOPPEKTHBIM JIOMYIIEHUEM TIPH JT0CTATOYHOMN
eMKOCTH Oy(hepHOTO CIITaKHBAIONIETO KOHICH-
catopa. llodynpoBOAHUKOBBI KOMMYTATOp BBI-
MOJTHEH Ha TMOJHOCTBIO YIIPABISIEMBIX KITFOYaX.
Kitoun oOmajatoT JByXCTOpPOHHEH MPOBOAMMO-
CTBIO TOKA TpPH T0/1adye BKIIIOYAIOIIETO CUTHAJa
VIpaBJICHUS, KOTOpBIA (opMHUpyeTcsi OI0KOM
yIIpaBIEHUSI.

TumnoBas cxema PBY (puc. 1) ocHoBana Ha
CBOICTBE OTPAaHUYCHHOTO YK CJIa KOMOWHAIUN CO-
CTOSTHUW CUJIOBBIX KJFOYEH MOJYyIPOBOJHUKOBOTO
KoMMyTaropa. B omnudne oT crmoco6oB BEKTOp-
Horo peryaupoBanus ¢ IIIMM, rne Ha KaxxaoM
WHTEpBaje YMpPaBICHHUS pPeau3yeTcsi HECKOIbKO
6a30BbIX BekTOpoB Hampspkenus 11K, B manHOM
cllydae Ha WHTepBaje YIMpPaBJICHHS pean3yeTcs

CUCTEMHbIV AHAJIU3 U MPUKITALHAS MIHOOPMATUKA
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[MonynpoBOAHNKOBbI i
KOMMyTaTop d Jatuux
Vi \Z¥ L foxa |
BydepHbii —N ! —N  (2m1)
peakTop = & .
1] 1] i
T | C
I I
d Jatunk |
| | T — |[manpsxenns Harpyska
| |
| |
| |
| |
! VT, VT,
: 2 : 2m
I &) &
AP\ RN o
| |
| |
I I
S P e
,—_lSl B m l.* (k+1) vll vui .
MuHUMa3aums Leneson yHKL U <
(m-1)/2 u . H hyHKLl . Perynsarop ‘”d
2 (ijyh (k+1)+|i, (k+1)—i; (k+ 1)|) — min :lx/‘ (k+1) Hanps>KeHNst
i Ti, (e+1) Ti, (k+1)
i | AuckpeTHas maTemaTuyeckasi MOgenb
“»  N3MEHEHUS MIHOBEHHbIX 3HaYEH Wil
U...u, | BXOIHOTO TOKa
Bnok ynpasnexus

Puc. 1. (DyHKI_[I/IOHaJ'II)HaH cxema m—(ba3H0r0 NOJIYIIPOBOAHUKOBOT'O npeo6pa3OBaTen5{ 3J'IeKTpPI‘IeCKOﬁ OHEPIruun
C THIIOBOM CHCTEMOM peﬂeﬁHO-BeKTOpHOFO yhopaBJICHUS

TOJBKO OMWH 0a30BbI BekTOp HampspkeHus [1K
13 YHCIIA AOMYCTUMBIX, KOTOPbIM HAMIY4IINM 00-
pa3oM ynoBJIETBOPSET 3afaue ynpasienus [9—11].
[TosTOMYy OCHOBOM CUCTEMBI PENIEHHO-BEKTOPHOTO
ynpasienus IO sBasercs ero maremarude-
CKasi MOAEIb U3MEHEHHs] MTHOBEHHBIX TOKOB LIS
j-¥i KOMOWHAITH COCTOSTHUS KITFOYEH.

C wenplo yNpoLIEHWs] aHalIM3a MPOLECCOB
B DJEKTPOMEXaHWYECKHX  IpeoOpa3oBaTeisiax
9HEPTUU IEPEMEHHOIO TOKa LIMPOKO MPUMEHS-
eTcst MeToA rpeoOpaszoBanust koopauHar. [upo-
KO€ pacnpoCTpaHEeHHE NPH aHaIU3€ MPOLECCOB
B YHpaBIISIEMBIX IOJYIIPOBOAHUKOBBIX HpeoOpa-
30BareIsIX MEPEMEHHOTO TOKa IMOy4Hia Hemom-
BIDKHAsSL IEKapTOBa CHCTEMa KOOPAUHAT By, & =
1...(m — 1)/2. IlpeoOpa3oBanue m-ha3Hol cucte-
MBI KOOPAMHAT B CHCTEMY HETOIBM)KHBIX JIeKap-
TOBBIX KOOPAMHAT OCYIIECTBIISICTCS M3 YCIOBUS
WHBapUaHTHOCTH MOIIHOCTH B HCXOAHBIX M Mpe-
oOpa3oBaHHBIX cucTeMax koopawHat [13]. Ilpu
9TOM B3aHMOCBSI3b HOMEpPa TapPMOHUKHU V BXOTHO-
ro Hanpspkenus (toka) [1I193 ¢ nHomepom 4 mo-
CKOCTHM OPTOTOHAJIBHBIX KOOPAMHAT 03, omnpene-
JsieTcs BolpaxkeHusmMu [13]:

v=2mk+h,k=0,1,2,..11p1 A#HEUETHOM, 1)

v=2mk+(m-h),k=0,1,2,..1pn h4eTHOM.

Jnst onmcaHusl 3IEKTPOMAarHUTHBIX IPOIec-
coB B m-()a3HOM MOJTYHNPOBOIHUKOBOM Mpeodpa-
30Baresiec BBEICHBI alNreOpanvyeckue BEKTOPHI-
CTOJIOLIBI MTHOBCHHBIX 3HAYCHUI CETEBBIX HaNpsi-
xermit U , ¥ TOKOB Th, HanpspKEHUH Ha CHIIOBOM
Bxome [IK Um, JUCKPETHBIX KOMMYTaLMOHHBIX
NepEMEHHbIX S, I KaKJ0MH JByXMEpHOH opTo-
TOHAJBbHOH HENOABMKHON CHCTEMBI KOOpAMHAT
a;,B- C yueTom OTCYTCTBHS HYJIEBOH MOCIEI0Ba-
TEJIBHOCTH B CUMMETPUYHBIX M-(a3HbIX CHUCTe-
Max BEKTOpbI Ui h-ii cucTeMbl KOOpAMHAT TPH-
MYT B

— T — T
Uh - [uah uﬁh] ’]h - [iah iﬂh:| )
—_ T — T
Ussh = I:ussah ussﬁh j| 9Sh = I:Sah S/)’h :I :
Ha ocHOBe npoBeNEHHOIO aHajau3a 3JIEKTPO-
MarHuTHBIX Tporeccos 193 [14, 15] mempe-
PBIBHYIO MareMaTH4YeCKyH MOJIEIb MHOTO(a3HO-
T0O TaKoro mpeoOpazoBarelis Mpy j-i KOMOMHAITUH
COCTOSIHUA KITIOUEH JJIs1 KaXJ0M JBYXMEPHOU Op-
TOTOHAJIbHOW HEIOJABUAKHON CUCTEMBI KOOPJIMHAT
o, MOXKHO TIPEACTABUTH B BUJEC CHCTEMBI ypaB-
HEHUI CIIeTyrOIUM 00pa3oM:

2

_d,
+RI, +L, dj ;
g t

U, = (3)

S8 h
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0., =®u,; 4)
— 1.
D, :ET 1MTS].h; %)
m (m—l)/2_ _
id=_ q)jh]h»; (6)
2 h=1 d !
. u,
i, =C,—<, (7)
T gy
L =1, l']: ()

rneR=diag{r,r,...r}ulL,=diag{l;,l,,...[,} —
MaTpunbl (Pa3MepHOCTRI0O M X M) aKTHUBHBIX
COINPOTHUBJIICHUH W HWHIYKTUBHOCTH Oydep-
HBIX PEAaKTOPOB; U,; — BBIXOJIHOE HAIPSKCHUE
rmo; @y =[(/)./ah Py, ]T — JUCKpeTHast
KOMMYTalOHHAsI BEeKTOP-GyHKIus; 7 — Mart-
puna  npeoGpasosanus  Kmapka — [13];
(m—l) -1 -1 =1
-1 (m—l) -1 |
=1 -1 ) - 1 |-
m

e 1
-1 -1 -1 -1 (m—l)
MaTpU4Hass KOHCTaHTa Pa3MEPHOCTBIO m X
m; i; — BeixogHod Tok IIIID3; i, — Tok Ha-
rpy3ku [II133; ir — TOK B LenH €MKOCTHOTO
dunwTpa C,.

HenpepeiBHoe auddepeHnmanboe ypaBHe-
aue [1I193 (3) gomKkHO OBITH TUCKPETH3UPOBAHO
JUIsL MICTIONIb30BaHMsI B KQUECTBE JAUCKPETHOU MO-
nen. Jluckperusanys NPOU3BOAUTCS C Y4ETOM
YHMCIIEHHOTO OMNPENIETIECHHUsT POU3BOIHOM (pyHK-

UMM U3MECHEHHMS BXOAHOTO TOKa [, o
J
BBIPAXKEHUIO:
d

E@(;)zTL[;(/{H)_Th(k)], (10)

rae T; — JUIMTCJIBHOCTD IICPpUOJa YIIPABICHUSA.

HuddepenmmanpHoe ypaBHeHne (3), 3amm-
CaHHOE OTHOCHUTEIILHO CETEBOTO TOKA C YYETOM
BoIpakeHus (10) B TUCKPETHOM BHIC TIPUMET BHUJT

1, (k+1)=1, (k) =
T - _ _ (11)
:fh (T, (k) T, (k) RE,(k)),

rae Th (k+l) — BEKTOp CETEBOrO TOKAa B Ha-
yanie CIIAYIOIEro Mepuoja YIpaBICHUs s
OIPENICIICHHOTO B TEKYILEM IEPHOJIC YIPaBIISIO-
IIeTo BO3JCHCTBHS B BUJEC BEKTOpa HAINPSHKCHUS
TIOJTYPOBOXHUKOBOTO KoMMyTaTopa U o (k)

C y4eToMm TOro, 4TOo IEJbI0 yIPaBICHUS SB-
JsieTcsi o0ecreueHrne COOTBETCTBHS 3HAYCHHUI
MTHOBEHHBIX TOKOB WX 3aJaHHBIM 3HAYCHUSM
B CIIeTyroIIeM nepuoze yIIpaBICHUS
7;(k+1):7h (k l)f, Beipakenue (11) mpu
MaJibIX 3HAYCHUSAX SKBHUBAJICHTHOTO aKTHBHOTO
conporuBiieHuss R~ (0 Bxomuo#t nenu [1133
MNpUMET BUJ

I (k+1)=T,(K)==(T, (k) T, (kY. 012
L,

s yMEeHbUICHUS! BBIYMCINUTENBHON Harpys-
KU Ha CUCTEMY yNPaBJICHUS IIPEIIaraeTcsi yMeHb-
HIMTh YUCIIO HEOOXOIUMBIX UTEpanui Ajsl omnpe-
JeJICHUS ONTHMAJIBHOTO YIPABJISIIOILETO BO3CH-
ctBUs. JIjisi 3TOro MoCpesicTBOM JIUCKPETHON Ma-
temarndeckor monenu I1I193 (12) HeoOxoaumo
ONpEAENIUTh pacyeTHbIN BekTop HampsbkeHus 11K
Ussh (k) , KOTOPBIN MO3BOJHUT CKOMIIEHCHPOBATh
OTKJIOHEHHE BEKTOpa Toka. B Takom cimyuae mpo-
U3BOJUTCS TOJIBKO OfHA WTepaius Bmecto 2"
uTepauni i ciydasi, KOraa JUisl BCeX BO3MOXK-
HBIX 0a30BBIX BEKTOPOB HAIPSLKEHUS OTpPEdess-
eTcsi BeKTOp BXoaHoro Toka [1I193.

st BeiOOpa ONTHUMAJIBHOTO YHPABIISIOLIETO
BO3JEICTBUS HCHONb3YeTCsl LeneBast (QyHKIM
MHUHMMYMa OTKJIOHEHHS IPOEKIUH 0a30BbIX BEK-
TopoB HampspkeHus 11K Uss,h pHu j-i kKoMOMHa-
MM COCTOSHUS KJIIOYEH OT PacyeTHOrO yIpasJls-
romero Boszeiicteus U,

(m-1)72

J. =

J z (‘ujssan _uml’h
h=1

LeneBast (yHKUUS Takoro BUAA IO3BOJISET
YUECTh Pa3MuHbIC 3HAYCHUS] aMIUTUTYZ 0a30BBIX
BekTopoB Hanpspkenus: [IK B 4 mpeoOpaszoBaH-
HBIX OPTOIrOHAJIBHBIX CUCTEMAX KOOPAUHAT.

+ ‘ujssﬂ,, —u, D — min. (13)

Pa3paboTtka cnocoba
peneliHO-BEKTOPHOro ynpaBAe€HUA

Ha ocHoBe mpoBeneHHOTO aHamM3a AIEKTPO-
MarHUTHBIX mpoieccoB m-pasnoro 11193 paspa-
OoTaHa cxema ero perynupoBanusi. Cxema pery-
JUPOBAHMS BBHIONIHEHA HA OCHOBE TNPHHIIMIIOB
MOJYMHEHHOTO PEIMPOBAHHMS, PEICHHOTO yIpaB-
JICHWS BEKTOpaMH BXOJHOTO TOKa I_h 1155
B «TpyOKe» [9]. DyHKIMOHAIbHAS cXeMa PeryIu-
poBanus 11125 npencrasinena Ha puCyHKe 2.

BHyTpeHHUII TOKOBBIN KOHTYp pPEryJaupoBa-
HUSl COCTOMT W3 JATYMKOB HANPSOKCHUS U TOKa,
Osoka mpeodpazoBaHUs KOOPAWHAT, OJIOKa OIpe-
JeNICHHsST BEKTOpa OTKJIOHEHHsI TOKa, OJoKa

CUCTEMHbIV AHAJIU3 U MPUKITALHAS MIHOOPMATUKA
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7777777777777 Jatank
TOKa
%VYI %V]EZm—l)
N N
{\51 = s
TOKa
C
d ATYNUK
- Haﬁpﬂx{eHm’ Harpyska
u, R L
Jatunx
—{
0 '_® TOKa VT VT
2 2m
— —
aTYNK N N
7Hall'l[p$[)l(el-ll/lﬂ 1 :j—
u...u, Iy i, S S, g Uy .
Bnok npeobpasoBaHun Tabnuua, BAOK PerynaTtop U,
KOOpAUHAT COCTOAHUN dbopmmnpoBaHua HanpAXeHna
CMNIOBbIX || MAacCMBa BEKTOPOB «
ENOK KAtoyen HanpsxeHus MK
Bblbopkun ¥ Jx x
XpaHeHus opt W Ussa, |yl Yssp, | i (K) 41y, (K) u
y 1 bnok onpegenexun %
i ONTMMaNbHOTO BEKTOPA Enorg e,
A Hanps»eHusa MK P “
—» Komnapartop . = — ~
o v (i, ()
Al, a, biok onpeaenenna | L, E/IOK JINHEiHO
u, (k)| YOPABAROWENo /. 3KCTpanonALum
PN BO34euncTeuA S .
. . .* .
. \ TAZ% TAlﬂh K k+1 VZXh (k + 1) Vlyh (k 1—; 1
i, (k)| Bnok onpegenenmsa Iy, (k+1) Bok @,
: (kj BEKTOPA OTK/IOHEHMUA [** (k+1) npeobpasosaHua Uz
Lg, TOKa Ls, KoopAMHaT

Puc 2. dynkunonanpHas cxema peeiHO-BEeKTOPHOTO PEryJINPOBAHUS
MOTYITPOBOAHUKOBOTO MTPe00pa30BaTes NEKTPUUECKON SHEPI UM

OTIpEIeNICHNs] YIIPABIISIIOIIETO BO3/ACHCTBHUS, O10-
Ka (OpPMUPOBAHUSI MACCHBAa BEKTOPOB HampshKe-
nust [1K, 61oka onpeaeneHnst ONTUMaIbHOTO BEK-
Topa Hanpsbkenust 11K, xommaparopa, Onoka BbI-
OOpPKM M XpaHEHUs, TAOIUIIBI COCTOSHUS CHIIOBBIX
kirouei. TOKOBBIM KOHTYDP OCYILIECTBISIET PEryIu-
poBaHHE /-TO BEKTOpa BXOAHOTO TOKa I_h noJjy-
IIPOBOAHUKOBOTO MpeoOpa3oBaTess.

BHemnuit KOHTYp perylupoBaHusl COCTOUT U3
JaTYMKOB HANPSDKCHUS W TOKa, PErynsTopa Ha-
MpsDKeHUs, OJNOKa WMHXKEKLUWU TapMOHUK, OJ0Ka
JMHEHHOHN 3KCTpanoysinuy, 0J0Ka mpeodpa3oBa-
HUSl KOOpAMHAT. BHEIIHMM KOHTYpOM ympasiie-
HUSI PErYIUpPYETCsl Ha 3aJaHHOM YPOBHE BBIXOJI-
HOC HaNpSKEHHE IIOCTOSHHOIO TOKA 1, IOINy-
MIPOBOAHUKOBOTO MpeoOpazoBaresisi dIeKTpUye-
CKOM SHEPTUH.

Cucrema perynupoBaHMs, MpeCTaBICHHAS
Ha pUCYHKE 2 (YHKIHOHUDPYET CICAYIOIIUM

oOpa3oM. CpaBHHBasI Ha BXOJIe BHEITHETO KOHTY-
pa ynpaBJieHHs 33 JaHHBII u; ¥ (aKTUYECKUH 1,
CUTHAJIBI HAIPSDKEHUsI TOCTOsIHHOTO ToKa [11139,
PETYASATOp HampsyKeHUsT QOpPMHUPYET CUTHAJ 3a-
JTAHHOTO 3HAYEHUS «aKTUBHOW» COCTAaBIISIONICH
BEKTOpa BXOAHOTO TOKA i: (k) TII19D, Heobxoau-
MOTO JUII KOMIIEHCAIIMHA OIIWOKH HAaIPsKEHUS
MOCTOSIHHOTO ToKa [14]. 3aganHoe 3HaueHue «pe-
AKTUBHOW» COCTAaBISIONICH BEKTOpPAa BXOIHOTO
TOKa i; (k) MIPUHUMAETCSI PaBHBIM HYIIO IS
obecrieueHus OJIIM3KOTO K eAUHUIE KO3 duImeH-
Ta MoIIHOCTH [14].

3a/laHHBIC 3HAYCHUS! «AKTHBHBIX» COCTABIIs-
IONUX /i BEKTOPOB BXOJHOTO TOKa i:h (k) ompe-
JIEJISTFOTCS TTIOCPEIICTBOM OJI0Ka WHYKEKIIUU TapMo-
HUK [7]. OyHKIHOHAIbHAS cXeMa OJIOKa MHIKEK-
[IUU TAPMOHHUK TIPE/ICTABICHA HA PUCYHKE 3.

Ha pucynxke 3 xosdppuuuentsl K u C, onpe-
JISJISTFOTCS CIETYIOIUMU BBIPKEHISIMHI:
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ARG ACRNAG i, (k)
i, (k) i, (k) O O i, (k)
b n 1 (k) (k) Vi
— K> o> —
[ekapToBbl MonspHble B
B MONsipHble OEeKapTOBbl

Puc. 3. dynkunonanpHas cxema 0J0Ka HHKEKIIHHA TapMOHUK

C,=U,(k)/U,(k); (14)
(m-1)/2
K=1/ ) C,. (15)
h=1

Ecnn ommOka HampspKeHHs] TOCTOSTHHOTO
TOKa CYUTACTCSl MOCTOSIHHOW B TEUEHHE ABYX
IIOCJIEIOBATEIbHBIX NEPHUOIOB AUCKPETHU3ALNH,
TO 3aJaHHOE€ MTHOBEHHOE 3HAYCHUE «AKTHB-
HOI» COCTaBJISIIOLIEH BEKTOpa BXOJHOTO TOKa
B CICAYIOUMI  Mepuol  AMCKPETHU3ALHH
i«:/, (k+1) MOXXHO OIICHUTH, MCIIOIB3YS JIMHEH-
HyI0 HSKcrpanojsanuioo [7]. DyHKUHOHAIbHAS
cxeMa OJoKa JIMHEHHOM SKCTPamosIUK Mpe-
CTaBJICHA Ha PUCYHKE 4.

i, (k) i (k+1)
—

i, (k=1)

[

Puc. 4. ®yHKIMOHANBHAA cxeMa GJloka
JIMHEHHOM SKCTPAIOJIALMH

B 6noxe mpeoOpa3oBaHuss KOOpAWHAT MO 3a-
JIQHHBIM  3HAUCHHAM ~ «AKTHBHBIX) i; (k+1)
M «PEaKTHBHEBIX» [ (k+1) COCTaBJSIIOLINX /1
-ro BeKkTopa BxomHoro toka [1193 onpenensior-
csl 3aJJaHHBIC 3HAYECHUS] OPTOTOHAIBHBIX MPOCK-
Ui /1 -r0 BekTOpa BXOAHOrO TOKa IIT12D
l'; (k + 1), i;h (k + 1) Ha HEIOJBUKHBIE OPTOrO-
HAJIbHBIC OCH CHCTEM KOOPAMHAT ¢, 3, MO u3-
BeCTHBIM (hopmynam [14].

OCHOBOH  CHCTEMBI  peJeiHO-BEKTOPHOTO
ynpasienus [I[19D sBnsercs ero auckperHas
MareMaTHyecKas: MOJeNlb HM3MEHEHHsI MTHOBEH-
HBIX 3HaYeHUI BXomHoro Toka (12). Ha ee ocHoBe
MOCPEJCTBOM OJIOKa OTpEeJeNIeHHsT BEKTopa OT-
KJIOHEHHUsI TOKa M OJIOKa OTpeNeNeHHsl yrpaBis-
IOLIETO BO3JICHCTBUSI PACCUUTHIBACTCSI BEKTOP Ha-
NpsDKEHUS]  TIOJTYTIPOBOJJHUKOBOTO KOMMYTATopa,
MO3BOJISIFONINN  CKOMIIGHCHPOBATh ~ OTKJIOHEHHE
BeKTOpa BXoAHOro Toka [11193.

B Onoke ¢opmupoBaHHs MaccuBa BEKTOPOB
HanpspkeHus 11K Ha OCHOBe COCTOSIHMS KITIOUEH,
UCTOJB3ys BhIpaxeHus (4) u (5), onpenenstoTcs
3HaYeHUs MPOEKINH /Il BCEX BO3MOXKHBIX 0a30-
BBIX BEKTOpOB HampspkeHus [IK B mByxmepHBIX
OPTOTOHAJIBHBIX HEIOJBMKHBIX CHCTEMaX KOoop-
nvHar a, f3, .

PucyHOK 5a COOTBETCTBYyeT MPOCTPAHCTBEH-
HBIM BeKTopam HarpspkeHus [ 1K Ussjl,Ussj 2,(7”/_ 4
B TIEPBO#i, BTOPOH M YETBEPTOI CUCTEMAaX KOOPIIHU-
HaT Q, [3, COOTBETCTBEHHO, HO C PA3IM4HOMH B3a-
MMOCBSI3bI0 MEXK]y TTOJIOKEHHEM BEKTOpa U CO-
crossaueM kimtoueid [1I1199. Pucynok 5b cooter-
CTBYET TPOCTPAHCTBEHHBIM BEKTOpaM HaIlpsiKe-
gus [1K USSJ3 B CUCTEME KOOPIMHAT (X, ,83.

ﬂl’ﬂ25ﬂ4
0.61401” .
O4ud’* e .
020 L ¢ooopedty
Od,,. . -.'.",..:f‘:.é TR TS 3 .
SRl
—0.2u LI

U XN
:

—0.4u(;
—0.6u‘; ‘

0.6u,t R e
O,4ud—— ) (S SRR (SN, SR 5
O‘2ud—— S Vs DS S
) NS N YO SO S . S
T
0.4 fhon it
061, Tt

| I I I I I a3
~04u, 0 0.4u,

0
Puc. 5. HopmupoBaHHbIe 6a30BbIe BeKTOpHI HanpspreHwst [TK:
a—8alPl, a2p2, 04B4 crucTeMax KOOPIMHAT;
0 — B 033 cucTeme KOOpIUHAT
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B 6rnoke ompesneneHns onTUMaIbHOTO BEKTOpa
Hanpspkenus 11K cpaBHUBaIOTCS 3HAYEHUS TIPOEK-
uuit pacueTHoro Bexropa Hanpsxenus I1IK U,
U BCEX BO3MOXKHBIX 0a30BBIX BEKTOPOB HaIIpsiKe-
uust [IK U ssjh OnpeneneHne oNTUMAIBHOTO BEK-
Topa HanpspkeHus 11K ocymiecTBisieTcs ¢ HCnonb-
3oBanueM TieneBoit ¢yukmum (13). Takum obpa-
30M OCYIIECTBISIETCS BBIOOPKA HAUMEHBIIIETO W3
paccYMTaHHBIX 3HAYCHUH J ;, M ONpPEIENCHHE CO-
OTBETCTBYIOIIETO €My ONTHMAJbHOTO 3HAueHUs
KoMOMHAmu crioBsIX Kirroueit [TK jopt .

Komrmaparop cpaBHUBaeT 3Ha4YEHUS MO
BEKTOpA OTKJIOHEHHs Toka A/ , C 3aJaHHBIMH
IPaHULAMH TOKOBBIX TPyOOok A, , dopmupys Ha
CBOEM BBIXOJIE CHUTHAJBI pa3peliaroline ¥iIn 3a-
MIpeIarofe N3MEHEHNEe 3HaYeHUsI ONTHMaTbHON
xomOuHaumu j, , Kkiogeii K.

[Ipu ycnoBuu, 4To 3HaYEHUE MOJYIIS XOTS OBl
OJTHOTO BEKTOpa OTKJIOHEHHS TOKa JOCTHIIIO
BEPXHEH I HIKHEH IPaHUIIbl TOKOBOH TPYOKH (
Al, > A, /2) B coorBercTBYIOIIEH Tabnuue Ha
OCHOBAaHUH 3HAYEHUS ONTUMAIbHON KOMOHWHAIUH
Jop OTIPEICTISIOTCS COCTOAHMS CHIIOBBIX KITHOUCH
JUTSL peain3aliii YIPaBIISIONIeTo BO3ACHCTBUSI.

B ciiyyae manbix 3HaYEHUN MONYJIA BEKTOpa
orknonenus Toka (Al, <A, /2) na Bexoze 0mo-
Ka BBIOOPKH W XpaHEHHs MPUHYIUTEIHFHO COXpa-
HSIETCS MpEXKHEe 3HaueHHe KOMOWHAIMU COCTOS-
nus kmoueit T1K.

Pe3yAbTatbl MOAEAMPOBAHUA

st ipoBepkH  pa3pabOTaHHBIX TTOJIOKEHUH
B cpene MatLab Simulink npoBeneHo uccienosa-
HUE MMUTALMOHHOW MOZAENH JIeBsATH(A3HOTO TIO-
JYTIPOBOTHUKOBOTO MTPe0OpazoBaTest IEKTprUIe-
CKOW »dHeprmu ¢ pa3padOTaHHOW CHCTEMOit
PpENeitHO-BEKTOPHOTO YIIpaBieHusl (CM. puc. 2).
[Ipn MonmenupoBaHWM TPUHATHI CIEAYIONIUE HC-
xomHble mapameTps! [11133: uctouynuk momurap-
MOHHYECKOTO HAMPSHKSHUS MUTAHUS C JIEHCTBYIO-
MM (a3HbIM HanpsbkeHueM i, = 220 B u gacto-
toii f= 50 I'1y; oTHOCHTE IbHBIC 3HAYCHUS AMILIH-
tyn (14) tpetseit C; =0.18, maroii C, =0.06
u cenpmoii C, = 0.02 rapmonuk asHoro Hamps-
KEHHUs (paccMOTpPEH Cilyyail cofepKaHusl HedeT-
HBIX FapMOHMYECKHX ¢ HomepoM n<m B JJC
MHOTO(a3HOH CHHXPOHHOW JJIEKTPHUYECKON Ma-
muHel [1]); 3agaHHOE BBIXOMHOE HAIPSIKCHHEC
TII195 u:, =810 B; miauTenbHOCTH TEpHOIA
yrpasnenust T, = 107 ¢; HHAYKTHBHOCTH PEAKTO-
poB a3 L 0,30 mMI'H; €eMKOCTh BBIXOJHOTO

[

koHaeHcaropa C; =20 M®; HOMUHAIBHAS BBIXOI-
Has MommHocTs [1I199 P, = 200 kBT ms unTep-
BaJla BPEMEHH [, = [0;0.03); HOMHUHAJIbHASI BbI-
xonHast MomHocTh 11199 P, = 400 kBt nns un-
TepBaa BPEMEHH ¢, = [0.03;0.06].
OcmiorpaMMbel - TOKa Harpys3ku  (ciieBa)
u BbIXOMHOTO Hampspkenus [1I19D (cmpama) Ha
pHUCYHKE 6 MIJUTIOCTPUPYIOT BKIIOYEHUE Mpeodpa-
30BaTelsl U paboTy ¢ AMHAMUYECKON HATpy3KOi.
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Puc. 6. OcuuniaorpaMMbl TOKa Harpy3KH U HANIPSIKEHU S
Ha BBIXO0JI€ MOTYITPOBOAHUKOBOTO ITpeoOpa3oBaTens
3JEKTPUYECKON SHEPTUN

Ha pucynke 7 npuBeieHbl OCHUIIIOTPAMMBbI
BXOIHOTO (hazHOTO HampspkeHUs u toka [11199
Opy 3aJaHHOM Harpyske (@), ocHuuIorpaMmma
(ha3zHOTO HANPSHKEHHUS TIOTYTPOBOTHUKOBOTO KOM-
MyTaropa (6), a TaKKe TAPMOHHUECKUE CIIEKTPHI
curHajoB BxoaHoro Toka [II193 (8) u Hampsixe-
Hus [1K (2).

W3 pucyHka 7 BHAHO, 4YTO pa3pabOTaHHBIN
Croco0 peneifHO-BEKTOPHOTO YIIPaBIeHUS MHOTO-
¢azubv [11133 no3Bomnsier o0ecneunTh B K101
n3 (a3 cucTeMbl NOIUTAPMOHHYECKHH TOK, KOTO-
peiii Mo Gopme U (haze compspKeH ¢ MUTAIOIINAM
HanpspkeHueM. da3Hble HANpPsHKEHUS MOJIYIPO-
BOJHMKOBOTO KOMMYTaTopa c(opMHpOBaHBI IO-
CPE/ICTBOM peaM3allii ONTUMAIILHBIX KOMOHWHA-
UM CUJIOBBIX KJIIOYEH C MepeMEeHHOM 4acToTOM
KOMMYTAallU{, YTO SIBJISIETCS. OCHOBHBIM HEIOCTAT-
KOM cII0c00a peelHO-BEKTOPHOTO YIPaBICHHS
TOKOM B «TpyOke». IIpm sToM muama3oH wacrto-
Thl KOMMYTAllUM CHUJIOBBIX KJIIOUEH IMOJIyIpPOBO-
JTHUKOBOTO KOMMYyTaropa cocTaBiseT oT 6 kIl
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Puc. 7. OcuuinorpaMMsl U CIIEKTPBI CUTHAJIOB OIYIIPOBOAHUKOBOIO
npeoOpa3oBaTes IEKTPHUSCKOH YHEPTHH B 3BEHE IEPEMEHHOT O TOKa:
a — OCIIMJUIOr PaMMBI BXOTHOTO (pa3HOro HanpspkeHus u Toka [11193;
0 — ocmuInorpaMMa (pa3HOro HaNpsHKEHHS 0Ty TPOBOJIHUKOBOTO KOMMYTaTOPA;
B — FAPMOHUYECKUI CIEKTpP CUTr'HaJIa BXOAHOT o Toka [11199;
I — FTaApDMOHUYECKUH CIIEKTp curHana Hanpsixenus [1K

1o 8,5 xI'u. OOecrnieyeHre MOCTOSHHOM YaCTOTHI
KOMMYTAIlMXA MOCPEACTBOM aJalTHBHOTO YIpPaB-
JICHHSI ITUPUHON TOKOBOW «TPYOKM» SBISETCS Ha-
MpaBJICHUEM JaTbHENUIITNX UCCIIETOBAHUMH.

Ha pucynke 8 mpuBeseHbl OCHUIIOTPAMMBbI
HPOEKINH TIPOCTPAHCTBEHHBIX BEKTOPOB BXOIHO-
ro toka IIII23 [/, Ha ocum COOTBETCTBYHOMIMX
ahfh cucremax KoopauHaT.

Pucynox 8 mosicHseT crmoco® MHOTOKaHAIb-
HOTO YNpPAaBJICHHS JBHXEHHEM /i BEKTOPOB TOKA
[I135 B pa3snnuHbBIX (, [3, TIOCKOCTAX, peasn-
30BaHHOTO Ha OCHOBE MAaTEeMaTHYECKON MOJIeNn
(4)-(8), (12). Wcnonp3oBaHue 1meneBoi (GpyHKIINH
(13) mo3BoIsIET 0OSCIIEYNTH COOTBETCTBHE MTHO-
BEHHBIX 3HAYEHUM MPOEKIIMI BEKTOPOB BXOJIHOTO
toka I3 mx 3amaHHBIM 3HaYEHHSIM BO BCEX
oy,P, cucremax koopauHart. [Ipu 5TOM OTCYTCTBY-
€T HeOOXOIMMOCTD MTPOTHO3MPOBAHNS N3MEHEHHS
MTHOBEHHBIX 3HAYeHWI BXOIHOTO TOKAa Ha ONWH
WJIH JIBa TIEPUOA BIIEPE, UTO 00ECTIEYeHO YMEHb-
[IIEHNEeM KOJTMYECTBA UTEePAIUil IJIs OTIpeIeIIeHHUS
OTITUMAJTBHOTO YIPABIISIONIETO BO3IEHCTBHSL.

Ha pucynke 9 npuBeaeHbl OCHWIIOTPAMMBbI
M3MEHEHUS] aKTUBHOM M PEaKTHMBHOW MOIIHOCTH

[ITIDD u uX COCTABIAIOIIMX UL KaXA0ro u3 /A
9HEPreTUYECKUX KaHAJIOB.

U3 pucynka 9 BumHO, 4TO B MHOTo(asHOM
[II193 cucrema ympapieHUsT 00€CTICUNBACT SH-
HUYHBIH KOA()(UIMEHT MOIIHOCTH B KaKIOM M3
h oHepreTHUECKHX KaHAJIOB, B TOM YHCIIE M TIPH
Habpoce Harpy3KH.

Wccnenosanne CHUCTEMBI peneiino-
BEKTOPHOTO YTPaBICHUS Ha UMHUTAIMOHHOW MO-
JIeA BBISIBIJIO BBICOKYIO ycToiumBocTh [II193
K JICHCTBUIO OCHOBHBIX JIeCTAOMIM3HPYIOLINX
(haKTOpoB M MapaMeTPUIECKUX BO3MYIICHUH.

3aknoueHume

Pesynbrarel MaTeMaTHYeCKOTO MOJIEINPOBA-
HUSl TOKA3bIBAIOT, YTO pa3pabOTaHHBIA CrOCO0
PENCHHO-BEKTOPHOTO  YIPABJICHUS  [TO3BOJISET
PeLINTh 3a7a4y HE3aBHUCUMOIO YIPABJICHUs MPO-
CTPAHCTBEHHBIMH TapMOHUYECKUMH COCTAaBJISIO-
IIMMH TOKa B pabodyell OOMOTKE 3JIEKTPHUYECKOM
MallMHbl U TEM CaMblM YCTPAaHUTb OCHOBHBIC
HEJIOCTaTKH HPUMEHEHHUS JJIEKTPUYECKUX Ma-
muH ¢ nonurapMmonuueckod IIC B cucrtemax
3NEKTPOCHAOKEHUSI.
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Puc. 9. OcuunnorpaMmMbl U3MEHEHHSI aKTUBHOW U peakTHBHOHN MorHocTH [1I193 u ux cocrapnstonux

JUIS KaXKJ10Io U3 h OHEPreéTUYCCKUX KaHaJloB

CrnenoBatenbHO, pa3paboTaHHas cUcCTeMa
yIpaBJIeHUs MHOTO()A3HBIM MOIYIPOBOTHHKO-
BBIM TIpeoOpa3oBaTesieM JJICKTPUYCCKON dHEp-
ruM (CM. pHC. 2) MO3BOJHUT Peajn30BaTh ylpas-
JICHHE TOKOM B LEMH JICKTPUYCCKON MaIIMHBI
TakuM 00pa3oM, 4YTOOBl 0bOecrnednTh (GOopMU-
poBaHHE B KaXIoW W3 (a3 MmoIurapMoHHUe-
CKHX TOKOB, COTJIAaCOBaHHBIX 1O (Gopme u daze

¢ OJIC xomocToro xoaa 3JIEKTPUYECKOW Ma-
mHUHBL (CM. pHC. 7), 9TO TIO3BOJIUT 00ECICUHTD
HauOoJiee MOJHYI0 pPeaau3allio COOCTBEHHBIX
MPEUMYLIECTB MHOTO(a3HOW AIEKTPUUYECKOM
MAalIMHBI B HEJSX 00IIero yaydlIeHHsI Maccora-
0apUTHBIX M PHEPreTUYECKHUX IMOKa3aTesNe CH-
CTEMBI JIEKTPOCHAOKEHUSI.
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PANTELEEV S. V., MALASHIN A. N.

DEVELOPMENT OF A RELAY-VECTOR CONTROL SYSTEM
FOR A MULTI-PHASE SEMICONDUCTOR CONVERTER
OF ELECTRIC ENERGY

A system of relay-vector control of current in the circuit of a polyphase electric machine has been developed. For this, on
the basis of the analysis of electromagnetic processes in a multiphase semiconductor converter of electrical energy, its discrete
mathematical model was created, which takes into account the redistribution of electromagnetic energy by individual spatial
harmonic components, depending on the number of phases. Using this mathematical model, a method for relay control of spa-
tial harmonic components of the input current of the converter in the “tube” has been developed. The formation of polyhar-
monic currents in each of the phases, conjugated in shape and phase with the voltage supplying the converter at each control
period, is carried out by means of the optimal voltage vector of the semiconductor switch. To select the optimal control action,
the objective function of the minimum deviation of the projections of the base voltage vectors of the semiconductor switch for
the j-th combination of the state of the keys from the calculated control action determined by the mathematical model is used.
An objective function of this type allows one to take into account different values of the amplitudes of the base voltage vectors
of the semiconductor switch in the transformed orthogonal coordinate systems. In this case, there is no need to predict changes
in the instantaneous values of the input current for one or two periods ahead, which is ensured by a decrease in the number of
iterations to determine the optimal control action. To check the developed provisions, a simulation model of a nine-phase
semiconductor converter of electrical energy with a relay vector control system was created. The results of the study of the
model confirmed the adequacy of the developed technical solutions, the use of which will ensure the most complete realization
of the own advantages of a multiphase electric machine in order to generally improve the weight, size and energy indicators of
the autonomous power supply system.
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UDK: 627.841; 628.15; 626.82

A.D. TAGHIYEVA

DEVELOPMENT OF MODEL OF OPTIMAL CONTROL
OF WATER SUPPLY SYSTEM

Abstracts: This paper considers the problem of optimal control of branched water supply systems. To control the sys-
tem, the problem of optimal distribution of products is developed whereas non-linear programming problems are applied.
We consider a system for providing products, consisting of magistral and distribution pipelines, taking products from the
magistral pipeline. Each distribution line has many warehouses. Products are taken into the system using the main intake
facility and transferred between the warehouses using intermediate distribution facilities. To eliminate the deficiencies in
management, tasks are set to determine the necessary intensities of product supply in the facilities, allowing timely provision
of consumers with the necessary volume of products, to minimize losses, product discharges of facilities in the system during
a certain control period.

Keywords: water supply system, water supply line, water supply point, optimal control, water consumption, optimization criteria.

Introduction

The introduction of modern management
systems in the water management provides en-
terprises with an unprecedented opportunity to
control and manage all aspects of water intake,
transportation, and distribution from a central-
ized management system. A new method for
optimizing this system in real time is proposed,
formulated as an integer quadratic programming
problem. The proposed method for solving this
problem is very successful in achieving an almost
optimal solution. Modern water management en-
terprises should be a single system, operating
with information-computing system [1]. Benefits
resulting from these actions can include improv-
ing the quality of water supply by reducing wa-
ter loss, minimizing energy costs, and increasing
system performance without compromising op-
erational reliability. The real-time demand man-
agement strategy is applied to water supply en-
terprises to reduce the target cost function as low
as possible [2].

Characteristics of the object

In this work, we consider a product supply
system, which consists of a madistral line (ML)
and K the number of distribution lines (DL)
taking products from the ML. In each DL there
are Ji number of warehouses (QW). Products
are taken into the system with the help of the
main fence (C-00) and transferred between the
warehouses with the help of intermediate distri-
bution structures (C-kj, k=0,K j=1,J,).

Excessive products can be removed from the
system using emergency facilities (C-kJk) at
the end of each line. On each j-t section of the q
line there are ij the number of consumers (T).
To control such systems, the necessary intensi-
ties of product supply at each structure are cal-
culated, which are supported by an automated
control system [3]. But the incorrect calculation
of these intensities causes large losses, product
discharges, excessive switching of equipment
and untimely provision of consumers. As a re-
sult of this, the system management efficiency
is reduced.

Statement of the problem

To eliminate the above disadvantages, the fol-
lowing statement of the problem of determining
the necessary intensities is given:

It is required to find such intensities of sup-
ply of products in structures that can provide con-
sumers with the necessary volume of products in
a certain manner, minimize losses, product dis-
charges and the number of changes in the operat-
ing modes of structures in the system during the
control period (ty, T] [4].

We divide the period (t,, T] into Z the number
of intervals (t,_;, t,], on each of whzich the intensi-

ties are almost constant, (¢, T]= U(Z‘H,tz]. We

use the following notation:zleij.’k =0,K
Jj=1,J, —reserves of products in warehouses
during the interval (¢, f]; O .k=0,K,
J =0,J, — intensities of supply of products in
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line facilities; q,fﬁ,k =0,K,j=LJ,.,i= l,ij -
intensities of consumption of products at points of
consumption; Ck, ,k=0,K—- penaltles for dum-
ping a unit volume of production; C — penalties
for losses of a unit volume (iﬁoductlon in sec-
tions; Cp, k=0,K, j=0,J,, (k)#(00)-
penalties for supplying products in intermediate
structures with a changed intensity. C k/ for sup-
plying products with an intensity different from,
qsz Product losses in the areas taken proportion-
al to_stock products in which Q" =LV,
k=0,K, Jj=0,J, ,where L, - proportionality
factor.

As the objective function, the sum of the costs
associated with the discharge of products from the
automation system (), , with consumption, loss-
es in the areas L]ij and with the squares of the
ﬂow rate change in C-kj(Qy; - Q] ) and

K

> .C, 00 AL+
k=0
Jy

Jp Iy
IYSYe o[ @5, —af)ar ] — min.
z=1 k=0 j=1 i=l
Denote

Coo = CooAL,,Cf, =C,, AL,
Cl* = CyLyAt,,Cp = CuAtL?,
Ci, =C,At..

ki — ki
Then, the objective function is transformed to

the form:

7 K 7 K
f:Z;kZ;C;/kQ/ﬁ]k_FZI:kZ(;ZCk] ”Z
Z K J-l
22 2GG-g") O
z=1 k=0 j=0
K Jp Iy
+ZZZZ Cii(q4 = qy)” —> min.

z=1 k=0 j=1 i=I
The following restrictions apply:
The relationship between the change in stock
of products and the balance of consumption in the
sections of lines:

For DL: I
Vi=Vi'=AL O™ zq"” A
—OSL,g(ijZ V,;l)
k=K1, j=J 1,z=12;
For TL: I,
O 9o O~
ViVt =ar| z‘” Z “l e
_QOj OSLO]( I/()Zj_l)
J 1, z=

Here K is the set of DL numbers taking prod-
ucts from ML.

Limitations on volumes and expenses of prod-
ucts on the sections of lines:

VSV SV k=0,K, j=1,J,,z=1Z; (4)
OSQ/;SQmaX k:O_K jZO:Jng:LZ; (5)
OSijz<qlgax k OK.]_LJ](,Z:LZa (6)

Problem (1) — (6) is a quadratic programming
problem [5]. The constraint (2) and (3) are given
in implicit form, and (4), (5) and (6) in explicit
form. To determine the possibility of solving this
problem, we estimate the number of parameters
and limitations. For this purpose, we use the
notation:

K
E=2)J,
k=0
K
E,=E+Z) (J,+1),
k=0
K Ji
E,=E=E,+Z) > 1,
k=0 j=1

or E= ZZJ +ZZ(J +1)+ZZZ

k=0 j=1
K
R=73,.p

k=1

K K
P+Z) J,.P,=P +ZZJk,
k=0

B+7J,,
P =

P, = P+Z§(J +1),P, = P+ZZ(J +1), (7)

Jy
P = P+Zi21,gp P= P+ZZZ[,q

kOjl k0/1
or P= SZZJ +2Z(K+1)+2ZZZI,U
k=0 j=1
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In view of (7), we denote b(3> ym = P,+1,P;
Y= (x(l) @ (3)) { LE}' . ) 135

Here: b,”=0,p=F+1,E; o
X =V e=1E ; by =05, p=P+1,P;

_— b("’) 0,p=P+1, P;
x? =0}, e=E+L E,; 8) P= 6

b =g, p=P+1, P;

x =q-e=E,+1, E N
The restrictions can be written as follows: bp =0,p=P +1, P.
b= (b(3) b(4) b(5) b(6) b(7) b(S)) )

p *%p 2% 2 Yp >

The restrictions can be written as follows:

Ly
D g v A (Q;‘,_l —Zq,;i ~Q; —0.5L, (V] + VI;I)J -0,

k=K, j=J,1, z=1,Z, p=(z-1) ZJ +ZJ +1-j,p=1 P ;

n=K

]0/
2) g(z) V()Zj_V()Z1 At QO/I ZQ(U! QO/ ZQI‘O LO/VOZ/]Z()’

keKj

j=JulLz=1,Z, p=P+(z=1)J,+J,+1—j, p=B+1, P;
3) gV =V;<bY, k=0,K, j=1J,z=12,

p=P +(z- 1)2.1 +Z J +j, (J,=0), p=P+1,P;

4)g(4) ._b(4) k—O K, j=LJ,z=1,72,

_ (10)
p=P+(z— 1)ZJ +Z J  +j,(J,=0), p=P+1,P;

n=0

5) g,) = Qk,<b<5> k=0,K, j=0,J,,z=12Z,

p=P+(z- 1)Z(J +1)+Z(J +)+1+j, (J,=0), p=P+1; P;

6) gV =-0; < b“) kOK] 0,J.,z=1,2,

k>

p:PS+(z—1)Z(Jk+1)+Z(Jn_l+l)+1+j, (J,=0), p=P,+1, P;
k=0 n=0
7) g;7)—q,gl<b(7) k=0,K, j=1,J,,i=11,z=1,2,

k=1 Jy J -
p=P+(z— 1)221@+221m DL i, p=P+1, P;
k=0 j=1 n=0 m=1 m=1
8) g(g) qkﬂ <b(8) k=0,K, j=1,J,z=1,Z,
p=P+(z— 1)ZZ1W+Z1M +i, (1,,=0), p=P +1, P,
n=0 j=1 =
Given the notation (7), the total number of
control parameters and restrictions will be as
follows:
E= ZZJ +ZZ(J +1)+ZZsz : SZZJ +2Z(K+1)+2221,g :
k=0 j=1 k=0 j=I
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Suppose that on each line there are J number
of sections and each section has I number of points
of consumption. Then the number of parameters
and restrictions will be as follows:

Based on the latest formulas, we obtain the
values indicated in table 1.

E=Z(K+1))J+Z(K+1)(J+1)+Z(K+1)JI] =
=Z(K+1)Q2J +1+JI),
=5Z(K+1)J+2Z(K+D)+Z(K+1)JI =
=Z(K+1)(5J +2+JI).

From the table 1 it is seen that when using
problem (1) — (6) to support systems, the number
of control parameters and restrictions is obtained
too much. With this in mind, it is necessary
to choose or develop as simple and effective
a solution to the problem as possible [6].

The solution of the problem

Problem (1) —(6) has been solved for a system
consisting of ML and two DL powered by ML.
Each line consists of two sections, one consumer
in each (Fig. 1).

The control period is divided into three
consecutive intervals and the mathematical
formulation of the problem is obtained in the
following form:

7-011 7-021
c- Q C-02
- VY- R
C-
T-211
C_
T-221
Cc-12

Fig 1.Distributed support system

2

Z szszt +

Mw

il g
M- L

ijL,g.ij +

M- L

(11)

0, +

C (O — 0

\.
oo
(=)

z=1 k=0

z Tz\2 .
C,g, (94 = 4i;)” —> min.

T Mw OM“

Table 1. Number of parameters and restrictions

Number of time intervals, Number of lines, Number of warehouses | Number of consumers Number of parameters, | Number of restrictions

VA K in one line J in one line, [ E P

1 1 1 1 8 16
1 2 2 2 27 48
1 3 3 1 40 80
1 3 3 2 52 92
2 1 1 1 16 32
2 2 2 2 54 96
2 2 3 1 60 120
2 2 3 2 78 138
2 3 3 2 104 184
3 1 1 1 24 48
3 2 2 2 81 144
3 2 3 2 117 207
3 3 3 2 156 276
4 1 1 1 32 64
4 2 2 2 108 192
4 2 3 2 156 276
4 3 3 2 208 368
5 1 1 1 40 80
5 2 2 2 135 240
5 2 3 2 195 345
5 3 3 2 260 460
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~0.5L, (Vi + Vi) (12)
k=21, j=21,z=1.3;

QO,j—l - qgjl - sz'o - ng -
—0.5L,,(Vy, +V5 ")

pelZ A [Q;,Jl _‘1/;1 _szj -
J

j=2,1,z=1.3 (13)
@iﬁﬁjﬂﬁt_ (14)

Hooke-Jeeves method [7], taking into account the
restrictions.

Conclusion

From the table 1. shows that when solving the
problem at large intervals, the values of some pa-
rameters go beyond the boundary values. There-
fore, when solving the problem, the intervals of
constancy of parameters should be chosen rel-
atively short. But in this case, when solving the
problem for all intervals at the same time, the
number of parameters and constraints increas-
es significantly. As a result, the solution to the
problem is complicated. In order to simplify, the
problem can be solved sequentially for each in-
terval and relate the results obtained in real time.

0<qy <qy > k=0,2, j=12,2=13. (16) 1, ;s case, it is necessary to study the deviation
of the obtained solutions from their optimal val-
ues. Based on the analysis of the results, you can
choose the best option for determining the length

of time intervals.

From table 1 it can be seen that in problem
(11) — (16) the number of variables is 21 (taking
into account time intervals the total number of
variables is 63), and the number of restrictions
is 144. The problem is solved using the direct
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Annomayusa: B pabome paccmampusaemcs 3a0aud ONMUMATbHO2O YNPAGIEHUs PA36emeleHHbIMU  CUCTEMAMU
800000ecneyenus. [{ns ynpagieHus cucmemoll paspadamvleaemcs 3a0aia onmuMaibHO20 pacnpeodeneHus npooyKkmos, 0.
peuleruss Komopou NpUMEeHsAemcs: Memoobl pewleHus 3a0ay HeluHelHo2o npoepammuposanus. Cucmema cocmoum us
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TIpooykyus nepedaemcs mexcoy CKAadamu ¢ NOMOUWbIO NPOMENCYMOUHBIX PACHPEOTUMENbHBIX COOpYICeHUll. [{iia ycmpaHeHus
He0OCmamKo8 pacnpeoeienus, cocmagiena 3a0aud OnpeoereHus HeoOXOOUMbIX UHMEHCUBHOCHel Nno0ayu NpoOVKyuu
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V]IK 004.932.72

JI. B. 34EPKO, B. A. JIMITHUL[UKUI

ANTOPUTM BECOBOro ONMPEAEAEHUA
PAHAUYHbIX NUKCEAEN

Benopycckuil cocyoapecmeennuiii ynugepcumem ungopmamuxu u paouod1eKmpoHuKU,
Mumnck, Pecnyonuxa benapyco

Tpu pabome ¢ memodamu nooasieHUs YUPPOBO2O WYMA, OCHOBAHHBIX HA ONEPAYUll OBYMEPHOL CEEPMKU, 803HUKAEM
HeobX00UMOCmb 06X00a AN2OPUMMAMU SPAHUYHBIX NUKCeNell 8 NUKCENbHOU Mampuye noaymorHoeo2o usobpascenus. Ilpo-
O1ema 603HUKAEN 8 C8A3U C OCODEHHOCHBIO CAMO20 AN2OPUMMA CBEPMKU, NO KOMOPOMY NPOUCXO0UM 8030eticmeue yeHmpd
A0pa MaAMPUYbl C6EPMKU K DNEMEHNY NUKCENbHOU Mampuybl. [JanHas 0co6eHHOCHb XapakmepHa OJis Yeno2o Kiacca Memo-
008, UCNONBL3YIOWUX Onepayuto 08ymepHoll ceepmku. Cywecmeyem psio NPUMUMUBHBIX CHOCOD08 ee peuleHUs, 0OHAKO, Hil
O0O0UH U3 HMUX CNOCOOOB He COON0Aaem KOHCEHCYC MeHcOY IKOHOMHBIM UCNONb30BAHUEM PECYPCO8 U 3ANOTHEHUEM PAHUY-
HBIX NUKCeaell KOOOM (Yucaom Oum Ha nukcen) noiymond, Hauboee OIUSKUM NO NOLYMOHAM ¢ coceOHuMu nukceaamu. Oov-
eKm UCCIe008AHUSL 8 CMANbE — NUKCENbHAS MAMPUya NOLYMoH08020 uzobpascenus. Ilpeomem usyyenus — aneopummbol
3ANONHEHUS 2DAHUYHBLX NUKCeNel ONUSKUM KOOOM NOLYIMOHA NPU 8030elCMEUU A0Pa HA NUKCETbHYI0 MAMPUYY NOLYIMOHO-
6020 usobpasicenus. OCHO8HAA Yelb — CO30aHUe IPPDEKMUBHO0 ANOPUMMA 3ANOTHEHUS SPAHUYHBIX NUKCENell MAmpuybl
OAUBKUMU NO KOOY NOTYMOHA € COCEOHUMU OIS NOCAEOYIOUE20 UCNONb308AHUS DMUX SPAHUUHBIX SHAUEHUL NPU 8bINOIHEHUU
08YMepHOU cepmKu. 3anoNHeHHble ePAHUYHbBIE NUKCEAU NO3BONAM Y4eCmb 6 ONepayul C8ePmKU 6ce NUKCENU UCXOOHO20
nOIYMOH08020 u3006paxdcenus. Ilpeonazaemes aneopumm 3anoaHeHuss NPOOIEMHO20 PAHUYHO20 NUKCEIS HA dmane nowa-
208020 BbIYUCTIEHUS BENUYUHBL BAUAHUSL YEHMPA A0PA C6EPMKU HA NUKCEL, NPU 0OPAUeHUY K KOMOPOMY AN20PUMM CEePMKU
BLIXOOUM 30 2PAHUYbL NUKCEbHOU MAMPUYbL OPUSUHATLHOLO NOYIMOHOB020 U300PANCEHUA. ANOPUMM YUUMbIBAENn «OCO-
Obley Cyuau 6b1X00a 3a SPAHUYbLL U NO360IAE NPU 0OPAWEHUU K HECYUeCMBYIOWeMY IleMEHny onpedenums Koo Nowymo-
Ha nuKcens. Aneopumm npocm Oisk RPOSPAMMUPOSAHUSL U IE2KO UHMeZPUPYemcsi ¢ 6a308bIM AN2OPUMMOM pabomul 08ymep-
HOU C8epMKU 8 MEMOOAX NOOABAEHUA YUPPOBO2O uiyMd.

Knruesvie cnosa: Iuxcenvnas mampuya, depexmuvl yupposoeo u300padicenus, nodasieHue yu@ppoeoeo uyma, onepayus
08YMEPHOU CEEPMKU, ULYMODUILMPAYUS, 2PAHUUHBIE NUKCENU, NOTYIMOHOGbIE U300PANCEHUSL.

Beeaetue IIpenBapurensHas 00pabOTKa H300paKECHUS

[MukcenbHas MaTpula, ¢ TOYKU 3PCHHS KOM-
MBIOTEPHON 00pabOTKH, SBIAETCS TIABHBIM O0b-
EKTOM HM3Y4YCHHUSI M COIEPXKHUT BCIO MOJHOTY WH-
(OpMaIMOHHBIX ~ XapaKTEPUCTHK  PacTPOBOTO
n3o6paxenus. Jloruano, 4To mpu 0OpaboOTKe Hc-
XOITHOH TMHUKCEIIBbHON MaTPHITHI MallliHA paboTaeT
JWMIIh C YHUCICHHBIMH 3HAYCHUSMH W HE HMEET
MOHATHA 00 3P deKTax, KPUTUISCKH BAXKHBIX JJIS
BOCTIPHSITHSL UENIOBEUCCKHM a3oM: 3ddeKTax
OTCYTCTBHS YETKOCTH, LBETOBBIX Je(eKTax, Ha-
nuuuy nupoBoro myma u T. 4. Bee atu nedexst
IUPPOBOro M300paKeHUs! TOJDKHBI OBITH YCTpa-
HEHbl Ha JTale IpeBAPUTEIBHON 00pabOTKH.
JaHHbBIA 3Tan mpeanojaraeT MOJIy4YeHHe Ha Oc-
HOBE OpUTMHAJIa MAaKCUMAJILHO TOYHOTO W ajarl-
TUPOBAHHOTO JUISI aBTOMAaTHYECKOTO aHallu3a M30-
Opaxenus. OT ero BBITIONHEHUS CYIIECTBCHHO
3aBUCUT COXPAHCHUE WM W3MCHEHHUE IOTHOTHI
WHPOPMAITMOHHBIX XapaKTEPUCTUK aHAIU3Upye-
MOTO M300paKeHHS.

[1-5] nns momaBmenust mmdpoBoro mryma, Kak
OCHOBHOTO TIOOOYHOTO 3(PeKTa, BOSHUKAIOIIETO
npu padote ¢ POTO-CEHCOpaMU U ICKTPOHHBIMU
YCTpOMCTBaMH, MpPEIojaraeT HCIOJIb30BAHUC
MaTeMaTHYECKUX METOJIOB Pa0OThI ¢ MaTpUIlaMU
JIMHEHHOTO YCPEIHEHMsI TOUEK 10 COCEISIM | T. 1.
CBsI3yIOILIUM 3BCHOM B 3THX METOJaX, KPOME HC-
MOJIL30BAHMS TTUKCEIILHOM MaTPHIIbl KaK 00bEKTa
peoOpa3oBaHus, SIBJISCTCS UCIIOIb30BAHUE aJIrO-
puTMa ABYMEpPHOU CBepTKU. OmHAKO, MCTIOIH30-
BaHHE TAHHOTO aJTOPHUTMa COMPSIKEHO ¢ Mmpoodiie-
MO BBIYHCIICHHUS 3HAYeHWH CBEPKH Ha TpaHHU-
HBIX IMUKCENSIX MAaTPHIIBI PacTPOBOTO M300paske-
Hus [6]. PaccMorpum mogpoOHee 3Ty mpodiemy
Y TIPE/IOKUM METOJ] €€ PEIICHHSI.

Onepauusa ABYMEPHOI CBEPTKH,
npo6AaemMa rpaHUYHbIX MUKCENEeN

B mpaxTuxe g poBoit 00paboTku n3o0paxe-
HUH  IOUPOKO  HCIIOJNB3YyeTCsl  HeKay3albHas
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macounas  urbmpayus. Macko  Ha3BIBAIOT
obyskumo a(i, j), Kotopas mpeacTaBisieT co0oit
BecoBble KOA((PUIIMEHTHI, 3a1aHHbIE BO BCEX TOU-
Kax OKPECTHOCTH, OOBIYHO CHUMMETPHYHO OKpY-
KAyl pabouyio TOUKy Kajpa. B Teopun ma-
COYHOW (PHUIIBTPALMK YACTO UCIIONB3YETCs TIOHS-
THE JBYMEPHOW CBEPTKH, C IMOMOIIBIO KOTOPOIi
MOYKHO CO3/1aBaTh rpadudeckue QUIbTPhl U BO3-
neiictBoBarh Ha u3o0pakeHus. Kak wu3BecTHO,
B paboTe ¢ M300pakeHUSMH, CBEPTKA — ATO OIIe-
pauus BBIYMCIICHHS HOBOTO 3HAYCHMS 33aJaHHOTO
MTUKCENS,, TP KOTOPOM YUHTHIBAIOTCA 3HAYCHUSI
OKpY’KaIOILINX €ro COCeNHNX nukKcenel [7, c. 47].
[maBHBIM >JE€MEHTOM CBEPTKU SIBISIETCS SIAPO
CBEPTKM, MPEJICTABIISIONIEE COOON MATPUILy MPO-
U3BOJILHOTO Pa3Mepa M OTHOUICHHUS CTOPOH (Yalie
Bcero marpuma pazmepom 3x3). OcHoBHasI umes
paboTsl cBepTkH npocta [8, 9]. IIpu Beruncnennn
HOBOTO 3HAYEHUS BRIOPAHHOTO THKCENS m300pa-
KEHUS, SIIPO CBEPTKHU BO3ACHCTBYET CBOMM IIEH-
TPOM sifpa Ha nuKcea nzoOpaxenus. CocenHue
ITUKCEIN TaK e B3aMMOJECHCTBYIOT ¢ sigpom. [la-
jee, BBIYMCIIACTCS CyMMa IPOU3BEACHUI 3Haue-
HUH NHKcelIeld n300paskeHnsl Ha 3HaYEHUsI, COTIO-
CTaBJSIEMOTO C JaHHBIM [HUKCEJeM JJeMEHTa
sapa. [lomydyeHnHast cymma u sIBIIsieTCS HOBBIM 3Ha-
YeHHEM BBIOpaHHOTO MHUKcems. Eciu mpuMeHnTb
JBYMEPHYIO CBEPTKY K KKJIOMY MHUKCETIO H30-
OpaskeHHsI, TO TIOIY4UTCSI HeKU 3P QeKT, 3aBuCs-
AN OT BRIOPAHHOTO SIIpa CBEPTKH. A Terepsh 3a-
JazuMcs BOIIPOCOM, KaK JIO0JDKEH oTpaldoTarh aj-
TOPUTM CBEPTKH Ha Kpasx u3o0paxenusa? Cyuie-
CTByeT MHOXECTBO OTBETOB Ha 3TOT BOIPOC,
OJIHAKO ONTHMAJILHOTO, C TOYKH 3PEHUsSI 00bEMOB
WCTIOJIb30BAHUS MTAMSITH U YMEHBIICHHS IIyMa Ha
peoOpa3oBaHHOM M300paKeHHUH, 0e3 MOTEepPH OC-
HOBHBIX JIECKPUIITOPOB, MOKa HE HaiaeHo. Hau-
Ooslee  4YacCTO  MCIIOJB3YIOTCS  CIELYIOLIHe
MIOAXO/IBI.

1. Coznanue u3o0pa)keHUs! OONbILETro pas-
Mepa, 4YeM HUCXOIHOE, Y KOTOPOro Ha Kpasx OyayT
3aJaHbl JIOTIOJHUTEJIbHBIC 3HAYCHUSI IHKCEICH.
JlononHuTenbHbIE 3HAYEHUSI MOTYT OBITh: PaBHbI-
MU 0, MOTY4YEHHBIMH C JIPYTOol CTOPOHBI U300pa-
JKEHUSI, IPOLYOIIMPOBAHHBIM KpPalHUM MUKCENIEM
n300paXeHUs!, OTPAKEHHBIMU OTHOCUTEJIBHO Ipa-
HUII, TIOJTYYECHHBIMH DKCTPATIOJISIIAEH U T. 1.

2. Coszmanme TPOMEKYTOIHOTO H300pake-
Husl. B neHTp n300paxeHus: KONUPyeTcs BXOIHAs
KapTUHKA, a Kpas 3arojHsI0TCA KpallHUMHU IHUK-
censiMi M300pakeHus. PasmbiTue mpumensiercs

K ITPOMEXYTOUHOMY Oydepy, a MOTOM U3 Hero u3-
BJIEKAETCS PE3YINIbTaT.

OTO NUIIHF HEMHOTHE METOMABI PElIeHHs BO3-
HUKIIEH MpoOiieMbl. YUHUTHIBas BCE BO3pacTaro-
Wi MHTEPEC K BU3YaJbHOMY DPACIIO3HABAHHIO
M KOPPEKIMH PacCTPOBBIX H300pakeHWH, OIHO-
3HaYHO MOXKHO YTBEP)KAATh TO, YTO YHCIO pas-
HOOOpa3HBIX (UIBTPOB HA OCHOBE OIEPaIUH
JIBYMEPHOI CBEpTKH OyJeT JTUIIb YBEITUIUBATHCS.
B cBoro ovepenp, 3TO MPUBOANT K MOHUCKY Oosiee
(G PEKTUBHBIX CIOCOOOB pEIIeHHUsT TPOOIEMBI
TPAaHMYHBIX IUKCEIEH B aJropuTMe ABYMEPHOU
cBepTku. [IpumMeHeHne pa3auyHBIX METOAOB IS
00pabOTKH OTHOTO U TOTO K€ M300paXKSHHUS TPe-
rojlaraeT HEeOJMHAKOBOE HMCIIOJIb30BaHUE BHIUKC-
JUTENBHBIX pecypcoB. OCHOBHOM K€ IENbI0 SB-
JSeTCs yAaydlleHne KadecTBa 00OpabaThIBaeMOro
M300pakeHuUs. ITO yKa3hIBAET HA HEOOXOMMMOCTh
cOOITIONEHNST KOHCEHCYCa MEXKIY IKOHOMHUEH BBI-
YUCIIUTENIbHBIX PECYPCOB M YIIydIIEHHEM 00pa-
OarpIBaeMOTo M300pakeHUsl. AJNTOPUTM CBEPTKH,
JIOTIOTHEHHBI  MOAM(UKAIMeH s  KOPPEKT-
HOW 0Opa0OTKM TPaHWYHBIX THKCeIed, He JI0J-
JKEH PpacTOYMTENBHO HCIIONB30BaTh PECypCHI,
HO OTIpeneNsaTh Haubosee ONM3KO KOJ TMONyTOHA
TPaHUYHBIX MHUKCEJIEH OTHOCHUTENBHO HCXOTHOTO
M300pakeHusl.

BecoBo# aAroputv
onpeAeneHUs KoAa MOAYTOHA
AAAl TPAHUYHBIX MUKCEAen
NOAYTOHOBOI0 U306paXkeHus

Ha nmam B3msin, Hambosnee »PQPEKTUBHBIM
30€Ch SIBISICTCS CIEOYIOIINH, albTepPHATHBHBIN,
BECOBOM MeTon padoThl C KOAAMH IIOJIyTOHA Ipa-
HUYHBIX MHKCENEeH Uisl aaropurMa ABYMEpPHOU
CBEPTKH, OCHOBHBIE YePThl KOTOPOTO OBIIH BIEp-
Bble mpenctaBieHsl B [10]. Momuduxanus wHe
NPEAIoaraeT CO3JaHHsl HPOMEXKYTOYHOIO H30-
OpakeHMs, a JIUILIb HCIIOJIb30BAHUS KBaIpaTHOM
HOAMATPUIbl MUKcened A" ={a;: bnxn  TIOpSIIKA
n, cocrosmeil U3 1’ MUKCenell OPUrHHATBHOMN
marpul A ={a; ;}.,; n<min(h+2w+2).
Howmepa ctpok u cronbuoB marpunsl A 0003Ha-
unm uepes [ =0,h+1,J =0,w+1.

OueHb BaKHBI JHANA30HBI W3MEHECHUS WH-
JICKCOB CTPOK M CTOJOLIOB i, (dajiee Tak ke
k, p ) DIIeMEHTOB MUKCENbHON moaMarpuubl. u-
ana3oHbl W3MEHEHHUH OynyT CYLIECTBEHHO pas-
HUTBCS, B 3aBUCUMOCTH OT PACIIOJIOKEHUS CTO-
pOHBI  (JIeBasi, HIDKHSSL, TIpaBasi, BEPXHSIA)
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TPAaHUYHBIX THUKCEJICH OTHOCHUTEIBHO OPHUTH-
HaJIbHOW TMHUKCEJIIbHON MaTpullbl MOJYyTOHOBOTO
nzo0paxkennsi A . PacmonmokeHne ¥ COOTBET-
CTBYIOIIMUE €My JMana3oHbl HHJCKCOB OymyT

OTIPENIENATHCSA, WCXOAS W3 3aJaHHBIX HOMEPOB
ctpok u cronbuoB [ =0,A+1,J =0,w+1 Tpa-
HUYHOTO 3JIEMCHTA MaTpUIlbl TpeGonmero BbI-
YMCTICHHS 10 TTPABHITY:

i=1+n(I-1),In;j=1,n

i=(hr D) —mhj=1+n(J —1),Jn

(i, ))=

i=1+n(I-1),In;j =(w+1)—n,w;
i=1n)=1+n(J -1),Jn;

Hanee yka3zaHMe W3MEHEHHs [Uara3oOHOB
CTPOK U CTOJOLOB B omucaHuu (opmyn Oyxer
OIlyCKaThCs, IMpeAroyiaras BBHIOOp ero 3apasee,
B 3aBucuMoctu ot [ =0,A+1,J =0,w+1.

Kox momyrona npoGneMHOTO MHKCENs orpe-
JensieTcs, UCXosl u3 Haubosee 4yacTo BCTpedaro-
IMXCS KOJIa TIOMyTOHOB CPEIH JAPYTHX 1° MHKCe-
el @, noamarpulpl A* M pacrionaraeTcs B He-
MOCPEIICTBEHHOH ~ OJM30CTH  OT TIPAaHUYHOIO
ITUKCETIs.

[on GIU3KMMH, UMeeTCs B BHAY f° HHKCE-
Jel, SBISIIOIIMXCS CMEKHBIMH K TPaHUYHOMY
ITUKCEII0 Ha IIyOuHy 10 ¢ mukcesell. Bennunna
¢ onpenensercsi NPOU3BOILHO, HCXO/S TOJIBKO U3
TpeX YCJIOBHMI: YETHOTO 3HAYCHUS, OrPaHUYCHUI
BBIYUCIUTEIBHBIX BO3MOKHOCTEH CUCTEMBI U pa3-
Mepa H300pa)XKeHUsl, OrPaHUYECHHBIX MEHBIIEH

3,5,..,h=1; h<w;
3,5,..,w=1 w<h.

Mopudukanust npeanojgaracT HCIoIb30Ba-
HUE CIEUMAIBHBIX BECOBBIX KO3()(OUIMEHTOB
IHKCENCH o ; ISl KaKIOro MUKCENIs, OTBeYaro-
LIEro 3a OLIGHKY «BCTPEUAEeMOCTH» 3TOr0 KOJa
MOJIyTOHA CPEIH JPYTHX KOJOB MOTyTOHOB #°
MHKCeNei.

Wrak, onuiieM OCHOBHBIEC 3TAIlbl AJITOPUTMA,
YUUTBIBasL M3BECTHBIE CTPOKY M  cTOJOeI
1=0,A+1,J =0,w+1 TpaHMYHOTO MMHUKCEIS, IS

rpaHuleil T.e t =

KOTOpOTO HeO6X0,I[I/IMO IMPOBCCTU BBIYUCIICHHUC.

1. Bovltuucnenue yznoswvix mouex. OcoObM
ciryyaeM OyneT pacué€T 4 «yIIOBBIX» IPaHHUYHBIX
IUKCEJIe OTHOCUTEIbHO OPUTMHAJIBHOTO IOJY-
TOHOBOTO H300pa)KEHHsI, KOTOPBIE MOTYT OBITh
BBIUUCIICHBI Cpa3y e, U M3-3a UX HEOOJBLIOro
yrciaa He OydyT UrpaTh CyIIECTBEHHYIO POJIb.

_ 4t R R I
Qo0 = A,1541,0 = 1590, w1 = D Dyt wrl = Gy
2. Iloozomoeka eecoevix KoIghghuuuenmos

nukceneii. Bce BecoBbie KOOQOULUMEHTBL o, ; UL
DIEMEHTOB  @; ; IPUHMMAIOT DABHBIE 3HAYCHHS

; ecau, J=0,0<I<h+];
ecau, 0<J<w+l;I=h+];
ecau, J=w+1;0<I<h+];
ecau, O0<J<w+1;1=0.
a; :iz. 3HaueHue ¢ BBIOWPACTCS, UCXOMST HX

t
JABYX IIPUBCACHHBIX BBIIIC OFpaHH‘IeHHfI.

3. Bwiuucnenue pesynomupyloumux eeco-
6vIX KoIhhuyuenmoes. J17is1 BEIMUCICHUS PE3YIIb-
TUPYIOLLETO Bec+0B0ro kodpduumenta res(o; ;)
JUISL TTHKCEIs a; ; HCOOXOAUMO CyMMHPOBATh Be-

, : L
COBBIC KOX(QQHUHUCHTBI o ,; sl MHKCEIeH ay
+ +
npu a; ; =ay ,. VlHade, 0CTaBUTH Pe3yIbTHPYIO-
muii  Bec res(o, ;) HCH3MCHHBIM, TO €CTbh

res(oy ;) =22 4oy, |6l =ag ).
k

OnpeﬂeneH!;/Ie 3HAYCHUs KOJa IMOJYyTOHA Tpa-
HUYHOTO MHUKCEs. 3HaYEHHs TPAaHUYHBIX MTUKCENeH
OIIpE/IeNISIeTCS TI0 OLCHKE PE3YJABTHPYIOLIUX BECO-
BBIX KO3()(DUIIMEHTOB, MONTYyYEHHBIX Ha mare 2.

Cpeny pe3yasTHPYIONIMX BECOBBIX K0d(du-
LMEHTOB res(o; ;) ML IIMKCENeH a; ; HAXOAUTCS
KOO(GUIHMEHT ¢ MaKCHMaJbHBIM 3HAYCHHEM.
Ecnu ero 3HayeHue He paBHO 33JaHHOMY 3Haue-

HUIO Ha IIEPBOM mare:max{res(oci,j)};tlz, TO
OYEBHIHO, UYTO KOIPPUIMEHT XapaKTepusyeT
MUKCENb @ ; C Hanbonee 4acTo NOBTOPSEMBIM
TIOyTOHOM CPEIM JPYTHX t THKCENEH, U rpa-
HUYHBII NHKCETb MPHUMET ero 3HaueHue. Ecmu
MaKCUMaJbHOE 3HA4eHHE HE  HM3MCHHIOCH:

1 2
max{res(a; ;)} =—, TO BCE {° MHKCEIH HMEIOT

pa3iuyHBIe KONIbI TMOJYTOHA WM CHOPMHPOBA-
JIUCH TPYTIITHI TUKCENeH, paBHBIE TI0 YHCITY ITHKCEe-
Jied, HO pa3IM4yHbIe [0 KOAy MOJyToHa. B sTom
cly4ae TpPaHWYHBIM TIMKCelleM OyneT TepBbIit
ONMOKAUIIKMI CMEKHBIN ITUKCENb, TO €CTh: a;: Pt
JIEBBIX TPAHWYHBIX THKCENeH Ha H300paKeHHH,
a,-f ,» UL IPaBBIX, af ; U BEDXHHX, a;,l. JUIS HYDK-
Hux. [IpencraBum BhIIecka3zaHHOE B Buie Gop-
My, mozactapusisi Bmecto / =0,h+1,J =0,w+1
HOMEp CTPOKH H CTOJNOIA /ISt TUKCEs, ISl KOTO-
POTO HEOOXOIMMO MTPOBECTH BBIUYUCIICHUE.

JIJ1s yTIIOBBIX TPAaHUYHBIX THKCEIEH CrpaBe/-
JIMBBI CIIEAYIOIINE BhIpaskeHus 1—4:

4,2020

SYSTEM ANALYSIS AND APPLIED INFORMATION SCIENCE



26 OBPABOTKA MH®OPMALIMM U MPUHSTUE PELUEHUN

[Ipu J:0;1£1<L%J+l; wi J =0;h— r

J < I <h nns neBBIX TPAaHUYIHBIX TTUKCEIICH

a,j,eCﬂu max{res(a; ;)} # 12;1':1, éJH;i:h—L%J,h;J‘:L{éJ;
aro = ! ' (1)

T R I A
a,l,eC/zu max{res(a,-,j)}:t—z,z:1,_EJ+1,1—h—LEJ,h,j—l,{EJ.

Ipu I =h+1; 1<J<L2J+1 wi [ =h+1h— L2J<J<h JUISL HDKHUX TPAaHUYHBIX THKCEIICH:

alj,€C/lLl max{res(a; ;)} # g,l—h—[ J hj=1, [2J+1 j=w- BJ,W;
t
Api1g = )

+ _ 1 - t
a;,ecau max{res(oc[,j)}—t—z,z—h hij=1, 5 +1] w— 5 W,

[pu J=w+1;1<1< {%J +1;, wm J=w+1lw-— L%J < I <w; 07t HI)KHUX TPAHUYHBIX MUKCEJIEH:

al],eCﬂu max{res(a; ;)} # 1 ji=1 {2J+1 i=h- BJJUEW—{%J,M
?
al,w+1 = (3)

1 1 t
a’i,ecau  max{res(o; ; =1 +li=h—|—\|,t;j=w—|—|,w.
o trest l’j)} t* LJ LJ / LJ

Ilpu I =0;1<J < L%J +1 wm [ =0;w— {% <J <Ww I HUKHUX TPAHUYHBIX TUKCEICH:

1 t
alj,emu max{res(oc,j)};ttz,l—l{2J+1,J—1{2J+1] w— {2J,w,
Qg = | 4
t
a’,ecau max{res(o == ;=1 +1;j=1 +1,j=w— ,W.
& reslon N =2 M i M = M

puJ =0; L J <I<h- LZJ JUISI IEBBIX TPAHUYHBIX ITHKCEIIEH:

a,j,ecvzu max{res(au)};t L. :I—LéJ,]+BJ j=1_
12
+ b 1 _—
a;y,ecau max{res(oc[,j)}—t—z,z—I—LEJ,I+LJ Jj=1t.

Ipu I =h+1; LzJ <J<w- {;J JUISl HUDKHUX TPAHUYHBIX ITMKCENEH:

alj,eC/lu max{res(oc”)}i;,l—h t,hyj=J—- BJ,J+[§J;

Apy1,g = 1 (©)
ayy,ecau max{res(ay ;) =—i=h+1-t,hj =1+1(J 1), Jt.
’ t
[puJ =w+1; LzJ <I<h- LJ JUTS IPABBIX TPAHUYHBIX TTHKCEIICH:
1 t r.
a,j,ecvzu max{res(a; )} #—3i=1—|= 1+ - |j=w—1,w,
4 = r 2 2 %
I.w+l —

1
a’ . ecau max{res(a; ;)} = 2,1—1+t(1 D, It;j=w+1-t,w.
1t

LW
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ITpu {éJ <J<w- L%J ;1 =0 U1 BepXHUX TPAaHUYHBIX MUKCEIEH:

Loo— el ]
+ e . .
a; j,ecau  max{res(o; ;)}# 3 i=Ltj = I_bJ’IJFbJ’

oy =

t

Ipumep. [Tycts HEOOXOTUMO BBITOIHUTH OTIC-
panuio JByMEpHOH CBepTknm Marpun A*K rre,
A= {al.,j};i =1,h;j=1,w;h=5w=35; ueHrp saapa
K paBeH 1 u 151 OTICHKY TPaHUIHBIX TTHKCENEH Oy-
JlyT MCTIOJB30BATHCA 1> =32 CMEKHBIX IHKCENEH.

8 93 236 226 66

55 13 30 30 194| (0 1 O
A*K =185 94 144 46 92 |*|0 0 0.

73 121 207 252 121 {0 O O

54 219 252 250 9

R . R .
dy = ay =85; g = as; =54

—,t _ . _,t _ .
a9 =ay; =85 agy =as; =54
_ 4t . _ A, _ .
ay =0y, =55; g, =0s, =219;

_ . S R .
ayo=ay; =185 ag3=a,,=0as5=252;

. 1. - t t
ay ;,ecau max{res(oci,j)}:—z,lzl,t,j:1— 5 A+ St

_ .t _ 7t _ .
4y =03 =0, 4 =30;

@®)

Jns TpaHUYHBIX 2JIEMEHTOB Marpulbl A aj-
TOPHUTM CBEPTKH TPeOyeTCs TOIyIHTh HEJOCTal0-
IITUE DJIEMEHTHI. DI 3TOTO BOCHONB3yeMcst (hop-
MynamMu BecoBoro anroputma (1)-(8). Anroputm
He TpeOyeT OIHOBPEMEHHOE OIpeIeIeHHEe BCEX
«TPaHUYHBIX» DIEMEHTOB, a TOJBKO IO Mepe 00-
palmeHusl K HUM alTopuTMa JBYMEPHOW CBEPTKH.
Jlns HarsaIHOCTH ONpeAesiuM UX Bce cpazy. He
JIMHEHHOE NEHCTBUE AJITOPUTMA 3aMETHO HA MOJ-
YEPKHYTHIX 2JIEMEHTaX.

gt =66 — " —Qs-
Gy 5 = a5 = 66; dy =y =85

—t . _ T _ .
a5 = a5 = 60; Gy =ay; =85;

— + — .
Ay, =0y, = 93;

R R .
Uy 6 =03 =04 =30;

R R .
Ay3 =03 =04 =30;

—gt =73
g0 =05y =73;

I R . _ ., _ t _ . I R .
Ggq =044 =053 =252, Q=044 =053=252; Qy4=0y3=04=30;

_ T . _ ot _0-
s =as; =54; dgs =055 =9;

_ 4t _ . _ ot _O0-
Qg =0s; =54 Qg6 =0s5 =9,

Anroput™ cBepTku Matpuly A * K Oyner pa-
0oTaTh C TPaHUYHBIMH SJICMEHTAMH J0OMpeJie-
JICHHOU MaTpPHIIbI AL Marpuna
A" ={a] 11 =0,h+1,J =0,w+L;h=5w=5;
COCTOHMT TOJIBKO M3 3JIEMEHTOB OPUTUHAIBHON Ma-
TPUIBI A W Y€ BBIYUCICHHBIX JOOMpPEICIICH-
HBIX 51eMeHToB. Marpuna A’ ykasama B npume-

85 85 93 30 30 66 66
85 85 93 236 226 66 66
55 55 13 30 30 194 30
AF*K=|185 185 94 144 46 92 30 |*
7373 121 207 252 121 252
54 54 219 252 250 9 9
54 54 219 252 252 9 9

[anee, ¢ y4eToM pa3MEpHOCTH OPUTHMHAJIb-
HOUM MaTpulbl A, MOIYYHUM CBEPTKY MaTpHIl Clie-
JYIOLIEro BUJA:

o o O

T _0- _ ot .
as6=0s55=9; dy s =a; 5 = 66;

A =055=9; ay ¢ =ay's = 60.

pe JTUIIh 711 HATIIHOCTH. Ha mpakThke XpaHuTh
MIPOMEKYTOUHYIO MATPUILY AF me TpebdyeTcs,
B CBSI3U C TE€M YTO, HE TPEOYETCS BBIYMCIISATH OJI-
HOBPEMEHHO BCE HEIOCTAIOIINE DIIEMEHTHI U IS
BBIYHUCIICHUNA MOXHO OOOWTHCH oOOpalieHueM
K DJIIEMEHTaM OpPUTMHAJIBHOW MaTpuilbl A , a HE
K DJIEMEHTaM €€ KOIIHU.

8 8 93 30 30 66 66
85 85 93 30 30 66 66
1 0) |55 85 93 236 226 66 30
0 0|=[185 55 13 30 30 194 30 |.
0 0) |73 185 94 144 46 92 252
54 73 121 207 252 121 9
54 54 219 252 252 9 9
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85 8 93 30 30 66 66
85 85 93 30 30 66 66 85 93 30 30 66
55 85 93 236 226 66 30 85 93 236 226 66
AT*K=A*K=|185 55 13 30 30 194 30 |=|55 13 30 30 194|.
73 185 94 144 46 92 252 |185 94 144 46 92
54 73 121 207 252 121 9 73 121 207 252 121
54 54 219 252 252 9 9

B pesynbrare moiiydeHa Marpuiia, B KOTO-
poli TpaHWYHBIC TTUKCETN OBUTH yYTCHBI B OIIC-
pauuu JIByMEpPHOW CBEpPTKH, a SIAPO CBEPTKH,
B cnyqae C FpaHI/ILIHBIMI/I IINUKCCIISIMU, BOSHeﬁ-
CTBOBAJIO C y‘IeTOM HI/IKCCHCﬁ BBIYUCJICHHBIX I10
BECOBOMY TPUHITUITY. ITO 3HAYUT, YTO KAJKIBIHA
I‘paHH‘IHBH’I TINKCECJI ManI/II_H)I Honyqu C yqe-
TOM OJIM30CTH KOJa IIOJIYTOHA OIH3JICIKAIINX
TIHUKCEJIEH.

3aknoueHue

[IpobmemMa HeoOpaOOTAaHHBIX TPaHUIHBIX
MUKCeJIeH, BO3HUKAIONIAs mpu pabore ¢ omepa-
IUSMH  IBYMEPHOW CBEPTKH JIJISl [TOJABJICHUS

MpeIBapUTENHHON 00paboTKe MUKCETHLHOTO M30-
OpakeHHs, M PEIINTH MPOOIEMy IIEJIOTo Kiiacca
METOJIOB, a HE TOJIBKO OTAEIBHBIX ciiydaeB. Oco-
OCHHOCTH TPEACTABICHHOTO AJTOPUTMa B TOM,
YTO OH HE MpeJIoaraeT XxpaHeHne MPOMEKyTOU-
HOTO M300paXeHHs, a JUIIb OOpaIIeHnus K die-
MCHTaM OpHTHHaHBHOﬁ MaTpulbl. 9TO DKOHOMUT
pecypchl CUCTEMBI U OJHOBPEMEHHO 3aIlOJIHAET
HEJIOCTAOIINE MMUKCETN OJIM3KUMH IO MOTYTOHY
3HAYEHHUSIM 10 BECOBOMY KPHUTEPUIO. AJTOPUTM
[03BOJISIET BAPHUPOBATH BEJIMUUHY ! , OTBEYAIO-
Y0 33 PacCMOTpeHHe f° OJM3JIEeKAlIUX dJie-
MEHTOB IHKCEIbHONH MaTpPHUIbI Ul TPAaHHIHOTO
IHUKCENIS ¥ TEM CaMBIM IOACTPANBATHCS MO BBI-

nu(poBOro IIymMa, MIIHPOKO paclpocTpaHeHa
B CBSI3U C MOBCEMECTHBIM HCIIOJL30BAHUEM Me-
TOJIOB HA OCHOBE CBEPTKH B 00JIACTH MAITUHHOTO

YUCIUTEIHHBIE BO3MOXHOCTH HCIIONB3yeMON CH-
crembl. OTCYTCTBHE JKECTKUX OTPAaHUYECHUH II0-
3BOJISIET MCTIONIB30BATH AITOPUTM ISl IIIMPOKOTO

3penusa. ONHMCAaHHBIM  aNrOPUTM  MHO3BOJAET  CIIEKTPA METOMOB, I 3aA€HCTBOBAHA OIEPALHs
yd4€CTh ~ BCE  TPAHWYHBIC  NHMKCEIH NPU  JIBYMEPHON CBEPTKH.
JUTEPATYPA

1. TamnukoB M. B. MeToibl KOMITBIOTEPHOH 00pa0bOTKK N300pakeHni., MeTobl KOMITBIOTEPHOI 00pa-
6otku uzobpaxenuii / [lox pen. B. A. Colidepa.—2-e uza., ucnp.— M.: DUSMATIINUT, 2003.— 784 c.

2. Sue B. [ludpposas o6paboTka nzobdpaxkenuii. Mocksa: Texnocdepa, 2007.— 584c.

3. ®ucenko B.T., ®ucenko T.F0. KomnbiorepHas 00paboTka W pacrio3HaBaHHE HW300PaKCHHUIA:
yueb. mocobue.— CI16: CITI6I'Y UTMO, 2008.—-192 c.

4. ®opcaiit /., [lonc 7K. KomnsiorepHoe 3penne. CoBpeMeHHbIN noaxoa.— Bunbame, 2004.—928 c.

5. HManupo JI. Komnsroreproe 3penne / JI lamupo, . Ctokman; [1ep. ¢ anr.— M.: BUHOM. Jla6o-
paropus 3Hanuil, 2006.— 752 c.

6. Bailey D.G. Image border management for FPGA based filters. In: 6th IEEE international
symposium on electronic design, test and applications, Queenstown, 17—19 Jan 2011, pp 144—149.

7. Bbpeiicyana P. H. [Ipeo6pazosanue Xaptmu: [lep ¢ anrn.—M.: Mup, 1990.— 175 c.

8. Xwupmman U. U., Yunaep . B. [Ipeo6pazoBanus tuna ceepTku. M.: M31aTenbsCcTBO MHOCTPAHHOM
nuteparypsl, 1958.—312 c.

Onnenreiim A., Illagep P. L{udpposas o6padoTka curnanos, Mocksa, Csizb, 1979.

10. 3aepxko /. B. BecoBoii MmeTos penienus mpoOaeMbl TPaHUYHBIX TUKCENEH B aITOPUTME CBEPTOUHON
¢unprpanuun mudposoro myma / J1. B. 3aepko, B. A. Jlunnunxkwuii / KoqupoBanue u undposas 00-
paboTka CUTHAJIOB B MH(POKOMMYHHUKAIMSAX: MaTepUalbl MEXIyHAPOIHONH HayYHO-TIPAKTHYECKOH
koH(epeHmn, MuHCK, 24 anpenst 2020 1. /; peaxon.: B. K. Kononensko, B. 1O. Ligetkos, JI. A. [1Iny-
Ko.— Musck, 2020.— C. 59-63.

CUCTEMHbIV AHAJIU3 U MPUKITALHAS MIHOOPMATUKA 4,2020



DATA PROCESSING AND DECISION-MAKING 29

REFERENCES

1. M.V. Gashnikov, N.I. Glumov, N. Yu. [I’yasova, V.V. Myasnikov, et al., Computer Image Pro-
cessing Methods, Ed. by V. A. Soifer, Fizmatlit, Moscow, 2003.— 784 p.

2. Yane B. Cifrovaya obrabotka izobrazhenij. Moskva: Tekhnosfera, 2007.— 584p.

3. Fisenko V.T., Fisenko T.U. Komp’yuternaya obrabotka i raspoznavanie izobrazhenij: ucheb. poso-
bie.— SPb: SPbGU ITMO, 2008.—192 p.

4. Forsyth. D, Ponce. J. Computer vision: a modern approach. Upper Saddle River, N.J., Prentice
Hall, 2003.

5. Shapiro L. Kompyuternoezrenie / L Shapiro, Dzh. Stokman; Per. s ang.— M.: BINOM. Laboratoriy
aznanij, 2006.— 752 p.

6. Bailey D. G. Image border management for FPGA based filters. In: 6th IEEE international sympo-
sium on electronic design, test and applications, Queenstown, 17—-19 Jan 2011, pp 144-149.

7. Ronald N.B. The Hartley Transform. //Oxford University Press, Inc. 1986 Madison Ave. New
York, NY United States.

8. Hirshman L 1., Uidder D. V. Convolution / Hirshman I. I, Uidder D.V. Conversion type svertki,
1958.—-312 p.

. Oppenheim A., Schafer R. Digital signal processing, 1979.—283 p.

10. Zaerko, D.V. Weighted method solving of boundary pixels problem in digital noise convolution
filtering algorithm / D. V. Zaerko, V. A. Lipnitski // Kodirovanie i cifrovaya obrabotka signalov info-
kommunikaciyah: materials of the international scientific conference, BSUIR, Minsk, Rep. Belarus,
24 April 2020 r.—P. 59-63.

Ilocmynuna Iocne dopabomxu Ipunsama xk neuamu
01.08.2020 01.12.2020 01.12.2020

ZAERKO D.V, LIPNITSKI V. A.
WEIGHTED DETERMINATION ALGORITM OF BOUNDARY PIXELS

Belarusian State University of Informatics and Radioelectronics, Minks, Republic Belarus

While working with digital noise reduction techniques, which are based on theory of convolution matrix and used convo-
lution operation, it necessary to use algorithms to bypass boundary pixels in the image pixel matrix. The problem exists be-
cause convolution itself algorithm have peculiarity, it mean that peculiarity convolution kernel used to each element of pixel
matrix. That feature characterize a lot of classes of methods which used idea of convolution matrix. There are a lot of primitive
ways to solve it, but none of these ways made a consensus between economical use of resources and filling border pixels with
colour coding, which is not so far from colours of corresponding pixels. The object of research is pixel matrix of image. The
subject of study is algorithms for filling boundary pixels when superimposing a convolution matrix on a pixel matrix of an im-
age. The main target is creating of effective filled algorithm for border pixels which are close to code colour to relation pixels
Jfor used in convolution matrix. Filled border pixels will use to operation convolution for each pixels original image. Algorithm
of filled border pixels by step of applied convolution kernel anchors to the pixel, when pixel accessing in convolution algo-
rithm goes beyond the pixel matrix of the original image. Algorithm takes into account the «specialy cases of overstepping and
allows to do fast calculation to determine the colour code of the missing pixel. The algorithm is simple to program and easily
integrates with the basic convolution matrix algorithm in digital image defects.

Keywords: pixel matrix, digital image defects, digital noise suppression, 2D convolution, noise filtering, boundary pixels,
halftone image.
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GENETIC ALGORITHM OF OPTIMIZING
THE QUALIFICATION OF PROGRAMMER TEAMS

Belarus national technical university

Abstract. The partitioning a set of professional programmers into a set of teams when a programming project specifies
requirements to the competency in various programming technologies and tools is a hard combinatorial problem. The paper
proposes a genetic algorithm, which is capable of finding competitive and high-quality partitioning solutions in acceptable
runtime. The algorithm introduces chromosomes in such a way as to assign each programmer to a team, define the team staff
and easily reconstruct the teams during optimization process. A fitness function characterizes each chromosome with re-
spect to the quality of the programmers partitioning. It accounts for the average qualification of teams and the qualification
of team best representatives on each of the technologies. The function recognizes the teams that meet all constraints on the
project and are workable from this point of view. It is also capable of recognizing the teams that do not meet the constraints
and are unworkable. The algorithm defines the genetic operations of selection, crossing and mutation in such a way as to
move programmers from unworkable to workable teams, to increase the number of workable teams, to ex-change program-
mers among workable teams, to increase the competency of every workable team, and thus to maximize the teams overall
qualification. Experimental results obtained on a set of programmers graduated from Belarus universities show the capabil-
ity of the genetic algorithm to find good partitioning solutions, maximize the teams’ competency and minimize the number of

unemployed programmers.

Keywords: optimization, genetic algorithm, programmer, team, technology, qualification

Introduction

A genetic algorithm is a meta-heuristic that
simulates the process of natural selection [1, 2].
Genetic algorithms are capable of generating
high-quality solutions to optimization problems
by means of operations such as selection, cross-
ing, and mutation. In a genetic algorithm, chro-
mosomes represent candidate solutions to an
optimization problem. Initial population of chro-
mosomes is generated randomly. The main loop
describes the evolution process, each iteration
of which produces a new generation of chromo-
somes. The fitness of every chromosome is evalu-
ated. The more fit chromosomes are randomly se-
lected as parents from the current population, and
new chromosomes are a result of recombination
or mutation of the parent chromosome gens. The
algorithm terminates when either a given number
of generations has been produced, or a stagnation
of population occurs.

Genetic algorithms successfully solve prob-
lems in many application fields. Work [3] ap-
plies a genetic algorithm to finding a valid and
feasible path between two positions of the mo-
bile robot, while avoiding obstacles and optimiz-
ing the distance, safety...etc. Work [4] proposes

a new prototype of the smart vehicle parking sys-
tem; a genetic algorithm addresses the issue of
scheduling the vehicle to the parking bay. Paper
[5] analyzes the genetic algorithm approach for
graph coloring corresponding to the university
timetable problem; the improvement of the initial
solution is exhibited by experimental results. In
[6], the authors propose a genetic algorithm for
the dynamic airspace configuration; the obtained
solutions outperform the existing airspace config-
urations. Work [7] solves the problem of dataflow
pipeline optimization by introducing a genetic al-
gorithm, which performs tuning of optimization
heuristics.

Agile technology [8] aims at the flexible soft-
ware development and finds solutions due to the
joint efforts of development teams and custom-
ers. Many technological environments use Agile,
but it requires further development for distrib-
uted programming teams. Agent-based [9] evo-
lutionary optimization methods are capable of
performing the management of teams. Work [10]
formulated the problem of optimal partitioning of
a given set of programmers into teams, and work
[11] proposed an approach for the problem solv-
ing based on genetic algorithms.
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This paper formulates the problem of pro-
grammer teams optimization, proposes a genetic
algorithm of optimal partitioning a set of pro-
grammers into teams, introduces a fitness func-
tion for evaluating the quality of solutions found,
proposes mechanisms of teams reconstruction
based on genetic operations, shows the capability
of generating competitive solutions.

Optimizing the size and staff
of programming teams on qualification

Let P = {py,..., p,} be a set of programmers,
and 7T ={t,..., t,,} be a set of programming tech-
nologies. Let Qualifip) € [0, 1] be a qualification
level of programmer pe P with respect to the lev-
el of knowledge / competences in technologies of
set 7' in comparison with the maximally feasible
level. Qualification Qualif(p) is a weighted sum
of qualifications Qualif(p, t) of programmer p on
each technology 7re7. We use a questionnaire to
obtain a value of Qualif(p, t) of each programmer
on each technology.

Let the set P of programmers be divided
into k teams, which produce a partitioning set
G = {g1,---» &} such that g; N g;= O, i #j and
g1 U...ug, = P.Programmers of team geG
constitute a set P,. The number of programmers
in g is ny, The overall qualification of team g is
Qualif(g). It depends on both n, and Qualifip)
of each p € g in sophisticated nonlinear man-
ner. Team qualification Qualif(g) is an integral
metric.

Given a partition G, we evaluate the over-
all qualification of teams of G with a sum of all
teams’ qualifications:

Qualification(G) = . Qualif (g) (1
eG

Let Q be a set of all feaiible partitions of pro-

grammer set P into a set G of teams. The partition
G has qualification Qualification(G). It is easy to
see, that the cardinality of set 2 grows exponen-
tially of the size of set P. The goal of this paper is
to develop a method of finding in Q a partition,
which maximizes the overall qualification:

12;1ax Qualification(G) 2)
eQ

Usually we have to solve this task when sev-
eral constraints on technologies, programmers
and teams are given. The constraints as follows
are usually associated with a particular program-
ming project.

Constraint 1. It describes a lower level of
qualification of programmer p € P regarding
technology ¢ € T for all programmers and all
technologies.

Constraint 2. It describes a lower level of
qualification of the best representative of team g
€ G regarding technology ¢ € T for all teams and
all technologies.

Constraint 3. It describes a threshold overall
qualification of each team g € G over all demand-
ed technologies.

Genetic algorithm of optimal partitioning
a set of programmers into teams

The genetic algorithm (GA) implements a ran-
dom process of evolution of a population of chro-
mosomes (decomposition solutions) in order to
find the best partitioning of the set of program-
mers into teams. We build a chromosome as a vec-
tor of genes that correspond to the programmers:

¢ =(Rseeeshiyeeshty) 3)

ceeslly

where 4; is a gen, which represent a team num-
ber of G the programmer i belongs to. It is obvi-
ously that {#,;} U...U {h,} = Gand h; L...U h,
= P. The set P'(c) of programmers chromosome c
assigns to team i is

Ple)y={ jlh;=i,j=1..n} (4)

Therefore, chromosome ¢ completely deter-
mines the staff of each team of G.

Since chromosome ¢ describes a partition G,
the partition can be characterized by parameter
Qualification(G). We consider the parameter as
a value of the chromosome fitness function. The
goal of GA is to find a chromosome with the max-
imal value of this function.

Figure 1 depicts a GA flow. Firstly, GA ran-
domly initializes the population of chromosomes
(programmer partitions) in such a way as to assign
each programmer to an available team. The num-
ber of teams varies randomly for each initial chro-
mosome in a certain range. Secondly, GA runs
a loop each iteration of which produces a new
generation of programmers partitioning by means
of such genetic operations as selection, crossover
and mutation. It uses the chromosomes of new
generation to update the current population.

The selection operation chooses parents ac-
cording to the rule of roulette wheel for perform-
ing crossing and mutation operations. GA uses
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additional types of selecting chromosomes to pro-
duce the next generation of partitions and to up-
date the population.

The crossover operation performs the recom-
bination of two chromosomes, thus moving ran-
domly selected programmers from one team to
other team. The crossover yields two offsprings.
As a result, a team can appear which includes no
programmer. Such a situation may require the
re-enumeration of teams. Additionally it requires
facilities that are capable of extending the set of
teams.

Random initialization of population.
Initial number of teams and population size depend
on the number of programmers

Selection of pairs of parent chromosomes
(partitions) from population

Crossing each pair of parent chromosomes and
generating offsprings (new partitions)

|

Mutation of gens in offsprings (exchanging
programmers among teams) with given probability

|

Selection of best parents and best offsprings (old
and new partitions) for next generation

|

Updating and sorting chromosomes in population on
descending qualification of teams partitions

no

Exit condition?

Resultis the teams partitioning (best chromosome)
with highest overall qualification found

Figure 1 — Genetic algorithm of optimizing
the partitioning of programmers into teams

The genetic mutation operation randomly
chooses one or more programmers in a chromo-
some and moves them from one team to anoth-
er. Each chromosome divides all teams into two
classes. The first class includes teams that meet
all three constraints described in the previous sec-
tion. The second class includes teams that fail to

meet at least one of the three constraints. We con-
sider programmers of such a team as temporarily
unemployed. The evolution process modeled by
GA can potentially find a team for each program-
mer who has obtained a demanded qualification.
We represent the loop exit condition via a con-
straint on the number of loop iterations or a con-
straint on the GA runtime. The chromosome with
the highest value of fitness function is the solution
of the optimization problem.

Chromosome fitness function that evaluates
the quality of programmers partitioning

A hierarchy of formulas shown in Figure 2
defines a procedure of calculating the value of fit-
ness function that characterizes the overall qual-
ification of partitioning G of programmers into
teams. According to (1), the overall Qualifica-
tion(G) is a sum of the qualifications Qualif(g),
2eG.

The qualification Qualif(g) of team g is
a weighted team qualification Qualif*(g) if the
latter is equal or larger than a threshold quali-
fication RQ®, otherwise we consider team g as
unworkable and exclude it from partitioning by
zeroing Qualif(g). It is reasonable to take the
value of RQ® from the range [0.5, 1.0], depend-
ing on the requirements of the programming
project.

We estimate the weighted qualification Qual-
if"(g) as the sum of a qualification Qualif®*(g) of
the best representatives on all technologies with
a weight A, and an average qualification Qualif*
V8(g) of the team’s programmers on all technolo-
gies with a weight 1-A. The weighted qualification
can take any value of the range [0, 1]. The larger
the value of A, the higher the importance of the
best representatives qualification is. The lower the
value of A, the larger the importance of the av-
erage qualification of the team programmers is.
The qualification of best representatives describes
opportunities for the growth of the average team
competency.

We estimate the average qualification Quali-
S*8(g) of team g, that includes n, programmers,
as an average value of programmers qualification
Qualif(p) over all programmers peP,. The qual-
ification Qualif(p) with respect to the level of
competency in technologies of set 7 in relation to
the maximum level of competency takes into ac-
count a rank of the technology, the competency
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Figure 2 — Calculation of fitness function that evaluates the overall programmer teams qualification

of programmer in the technology, and a threshold
value of the competency.

The best representative qualification Qua-
lif**'(g) is the most important parameter that
characterizes team g, It equals zero if there is at
least one mandatory technology for team g, for
which the level of qualification of the best repre-
sentative is less than a threshold value RLg,. The
justification is that the team is not capable of car-
rying out projects without highly qualified pro-
grammers in key technologies.

Reconstruction of teams
by genetic operations

Let us consider the process of crossing and
mutation of chromosomes, which represents
a repartitioning a set of programmers into teams.
To do this, we use two example chromosomes, c1
and ¢2 chosen as parents at an iteration of the GA
main loop. These chromosomes have the fitness
function value of 2.548 and 2.551 respective-
ly. Figure 3 depicts the process of chromosome
reconstruction.

Parent chromosomes

Fitness

—

c |3‘6|2|4|1‘2|4|3‘5|1|6|3|2

|4|1|1‘3|2|2‘1|2|1|1‘1| 2548

[ )

o lefes]afafsfs]r]e]s]a]s

|1|2|6‘3|2|1‘2|1|2|3‘3| 2551

Crossover

L¥S]

C

H - BONBNE

3|2|2‘1|2|1|1[1| 2.535

ea [3]3]as]2]2]3]3 slafof2]i]2]3]3] 14:
Mutation
cs 2|4|1|2|4|3|1‘4'3'2‘3'1|2‘6‘3|2|2‘1|2|1|1|1| 2,566
6 [3|3(afs|afafs]s]s]a]|e]s]afa]asfafs]afa]a]1]2]s]3] 143
Selaction chromosomes foe next generation
R [ e e s e e s o s o]s]s]2] a2 ]2]3]z] 25
R s eaa]ala]o a2 fe]a]2]a]u]2a]1]1]1] 2566
Figure 3 — Application of genetic operations to two parent chromosomes
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Crossing consists in breaking two selected pa-
rental chromosomes and recombining the result-
ing chromosomal segments, which give a pair of
offspring chromosomes. In the current version of
GA, we use a two-point crossover. It divides each
of the parental chromosomes into 3 parts (in Fig-
ure 3, parts 1 and 3 are in white, and part 2 is in
black) and generates on their basis two offsprings
¢3 and ¢4 according to the rules 1-2—1 and 2—1-2
(numbers indicate parents of the parts). The fit-
ness function value of chromosomes ¢3 and ¢4 is
2.535 and 1.451 respectively.

Mutations, i.e. random changes in chromosome
gene values are intended to expand the search space
when solving the optimization problem. If in a gene
of the chromosomes of the initial population only
a part of the possible values was generated, then the
execution of the operators of crossing and selection
cannot produce the values that have dropped out of
consideration. The mutation operation is capable of
creating new teams of programmers or combining
existing ones. It modifies one of the crossover’s

offsprings with a certain probability. In Figure 3, the
first offspring ¢3 underwent a mutation, as a result
the value of second gene was changed from 6 to 4,
which means that the programmer, p2 was moved
from one group to another in chromosome c¢5. The
fitness function of c5 has a value of 2.566. Chro-
mo-some c6 is identical to chromosome c4 as no
mu-tation has been performed.

GA selects a best parent chromosome and a best
offspring in the next generation. Thus, the chro-
mosome c2 with the overall teams’ qualification of
2.551 becomes the first chromosome ¢7 that goes
to the next generation. The best offspring ¢5 with
the overall teams’ qualification of 2.566 becomes
the second chromosome ¢8§ that replaces the worst
parent chromosome c1 in the next generation.

Figure 4 illustrates the step by step reparti-
tioning of the programmer teams induced by the
genetic operations. Team 1 contains programmers
not included in the workable teams enumerated
starting from two; therefore, we call such a team
as unemployed team. This team includes the

Parental chromosome c1

/" Unemployed team 1 hY / Team 2 Y

Parental chromosome c2

/" Unemployed team 1 ™ Vs Team 2 Y

\_ 5.10.15.16,20, 222324 / \_ 3.6,13.18,19.21 /

Team 3 Team 4 Team 5 Team 6

jt 9.14,19. 21 / \_ 5.6.12 15.18.20 22 /
T R T T ST

w\w/\ AN
Offspring ¢3 after crossing

ﬂlnemployed team N /_ Team 2 \
K5.9.14.20.22.23.24J K3.6.12.15.18.19.2‘Q

\1‘2‘4‘7‘ 8‘11.13‘1?‘23,24j\ 3,10 )\ 16 )

Offspring c4 after crossing

7 Unemployed team 1 ™ / Team 2 A
\ 10,15, 16, 19, 21 / \_ 5.6.13.18,20.22

/" Team3 T\ //Teamzl\ ﬁ&m -

Team 3

N\ (TR TR T

&.B.T‘I.‘I}.Wy 4.7.10 u

Offspring ¢5 after mutation

/U_nemployed leamm /_ Team 2 \
kﬁ, 9,14, 20,22,23‘24_/ Es,u, 15,18, 19,2—1/

[ Team3 ™\ Team4 N Teame™\

N\, 1.2.4,7.8.12.17, 23,24 /Uuw

TS YN, TR T [ Teame

Offspring ¢6 after mutation

4 Unemployed team 1 N, 7 Team 2 ™
N\ 10,15, 16, 19, 21 / \_ 5.6,13,18,20.22 /

S\o1.8 111317/ w W
Output chromosome ¢7 (c2)

/ Unemployed team 1 ™, / Team 2 A
AN 9, 14,19, 21 / N, 5.6.12,15,18,20, 22 /

/ Team 3 \ﬁeam 4\@5\
Q‘z.a.r.s.ﬁ 13,17, 23, zajka m_/U

\N1.2,4,7,8,12,17,23,24  / W w w

Output chromosome ¢8 (c5)

ﬂlnemployed team 1\ f Team 2
kssmzu 222324)&51215 18,19, zy

/S Team3  / Team 4
\1.8.11,13.17 “, 2.4,.7.10 /

Team 6

[ Team 6™\
N

Figure 4 — Reconstruction of programmer teams by genetic operations
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representatives of all teams defined by a chromo-
some the qualification of which do not meet the
specified constraints. During functioning, GA may
distribute programmers of the unemployed team
among workable teams, if this will maximize the
overall teams’ qualification, and the qualification
will be larger than the threshold level.

Experimental results

We have developed a computer program that
implements the proposed GA, and have carried
out computational experiments on the optimiza-
tion of partitioning 24 professional programmers
into teams. As many as 16 programming tech-
nologies used for estimating the qualification of
programmers and teams. Questionnaires allowed
for obtaining the level of each programmer com-
petency in each of the technologies.

Table 1 reports experimental results obtained
on eight runs of GA done at various values of
threshold qualification of one team: 0.4, 0.45,
0.5, 0.55, 0.6, 0.65, 0.7, and 0.75. For each run,

the key measured parameters are the number of
work-able teams and the actual value of the over-
all teams’ qualification. An additional important
parameter is the number of programmers involved
in the workable teams. The rest programmers are
in reserve. The two key parameters allow for the
calculation of the average team qualification. This
qualification is always larger than the threshold
team qualification. The increase of threshold qual-
ification from 0.4 to 0.75 with the step of 0.05 has
given the number of workable teams of 9, &, 8§, 8,
6, 5, 3, and 2. It has also given the overall qualifi-
cations of 5.42, 5.05, 5.04, 5.01, 4.10, 3.48, 2.27,
and 1.57 respectively. The number of teams and
their overall qualification falls because of more
severe requirements to the team qualification. As
for the team actual average qualification, it re-
mains al-most the same at the values of threshold
qualification from 0.4 to 0.55, and then it grows
rapidly reducing the number of teams essentially
and increasing the number of unemployed pro-
grammers. Table 1 provides detailed information

Table 1. Partitioning of a set of 24 professional programmers into teams by GA on 16 technologies

Run Team qualiﬁcation Number of teams Oyeral! Team average Teams Staff of teams
constraint (programmers) qualification qualification count
1-9 |g,=1{6,7,15,17,24}, g,={11,20,23}, g;={1,3,5,14},
g4:{8’19721}a g5:{18}7 g6:{16}a g7:{22}9
1 0.40 9(22) 542 0.602
g8:{2,12}, g9:{10’13}5
reserve |{4,9}
1-8 |g,=1{8,13,15,21,24}, ,={2,5,6,9,14}, g;={3,4,7},
g4={12322}a g5={10511}9 g6={16519}5
2 0.45 8(23) 5.05 0.631
g7:{1517’23}7 g8:{18}
reserve |{20}
1-8  |g;=1{4,11,17,20}, g,={3,5,14,19}, 2;,={7,9,13,22},
3 0.50 ] (23) 5.04 0.630 g4:{1’12715124}5 g5:{296921}9 g6:{18}a
g=18,23}, gg={16}
reserve |{10}
1-8 gl:{3’45659511317}3 g2:{5’19,21524}5 g3:{ 10’14}3
2={8,12,15}, gs={1,7}, gs={18},
4 0.55 8(21) 5.01 0.626
g7:{16}s g8:{13522}
reserve |{2,20,23}
1-6 |g,={2,4,7,9,14,16}, g,={3,6,10,13,17,21,24},
5 0.60 6 (22) 4.10 0.683 2;={12,22}, 2,={1,5,8,23}, gs={11,15}, g={18}
reserve |{19,20}
1-5 |g,=1{1,2,4,5,8,14,15}, g,={12,16,20}, g;={10,11},
6 0.65 5(16) 3.48 0.696 2,={19,22,23}, gs={18}
reserve |{3,6,7,9,13,17,21,24}
13 |g,={2,9,10,11,13,14,22,23}, g,={7,12,15,16},
7 0.70 3(13) 227 0.757 g,={18}
reserve |{1,3,4,5,6,8,17,19, 20,21,24}
12 |g,={7,10,11,12,15}, g,— {18}
8 0.75 26 1.57 0.785 reserve |{1,2,3,4,5,6,8,9,13,14,16,17,19,20, 21,22,23,24}
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on the number of programmers and on the staff of
each workable team. The programmers included
in a small team are usually more qualified on av-
erage over all technologies. The programmers in-
cluded in a large team are usually less qualified on
aver-age or are highly qualified in restricted set of
technologies.

GA has increased the overall teams’ qual-
ification within a single run of the algorithm by
about 30 % against the best partitioning in the ini-
tial random population of chromosomes. It means
the genetic operation are an effective facility of
searching for an optimal solution.

In order to find an optimal partitioning of
a large set of programmers, we develop a parallel
version of GA. We use methods of work [12] to
create an efficient parallel genetic algorithm for
performing on parallel architectures.

Conclusion

Partitioning a set of professional programmers
into workable teams is a hard combinatorial prob-
lem when the goal is to achieve the maximal over-
all technological competency while working on an
IT project. The genetic algorithm we propose in
the paper is capable of finding good solutions of
the problem. Depending on the project constraints
and on the set of participant candidates, the al-
gorithm finds a preferable number of teams, the
optimal size and staff of each team, which maxi-
mize the overall teams’ qualification and minimize
the number of skilled programmers not involved
in the project. Experimental results obtained for
programmers graduated from Belarus universi-
ties show that the proposed genetic operations
efficiently recombine promising solutions and ex-
haustively scan the search space.
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TTPUXOKUU A. A., KIJAHOBCKHH A. A.

FEHETUMECKUIA AATOPUTM
ONTUMU3ALUU KBAAUOUKALUU TPYNN NPOrPAMUCTOB

Annomayus. Pazouenue MHOXMCeCM8a NPOPECCUOHATLHBIX —NPOSPAMMUCIIOS HA  MHOMCECMBO KOMAHO, K020d
NPOSPAMMUCIICKULL NPOEKm onpedensem mpebo8aHus K KOMNEMEHYUAM 6 PA3IUYHbIX MEXHONOSUAX U UHCIPYMEHMAax
NPOSPAMMUPOBAHUS, NPEOCNABAAen COOOU CLONCHYIO KOMOUHAMOPHYI0 npodnemy. B cmamve npednacaemcs eenemuueckuil
aAn2opumMm, KOMopbwiil CnOCOOEH HAXO0Umb KOHKYPEHMOCNOCOOHbIE U BbICOKOKAYECTBEHHbIE pPeuleHUss no pasOueHulo 3a
npuemieMoe npoyeccoproe epems. Aneopumm 6800um XpoMOCOMbl MAKUM 0Opazom, umobObl pacnpeoenums Kanircoo2o
NPOSPAMMUCINGA 8 KOMAHOY, ONpedenumsb COCMA8 KOMAHO U 1e2KO PEKOHCIMPYUpo8ams KOMAHObL 6 npoyecce ONMUMU3aAyuU.
DyuKYUs NPUCNOCOOIEHHOCTNU XAPAKMEPU3Yem KaHCOYI0 XPOMOCOMY C MOUKU 3PEHUs Ka1ecmea pasoueHus npoepammucmos.
B neil yuumoieaemces cpeousis kearugurayusi KOMAHO U KEANUDUKAYUsL TYHUUX NPedcmasumeneti. KOMAHo no Kajicool u3
mexuonoeuti. PYHKYUs pacnosHaem KOMAHObL, KOmopbvle YOO8IEeMBOPAIOM 6CeM OPAHUYEHUAM NPOEKMA U ABIAIOMCH
pabomocnocobuvimu ¢ smoii mouku spenus. Ona maxsce CHOCOOHA PACNOZHABAMb KOMAHObL, KOMOPble He COOMBEMCMEYIom
mMmpeboeaHuAM U He ABNAIOMCA PAbOMOCNOCOOHBIMU. AN2opumm onpedensiem ceHemudeckue onepayuy 0moopa, CKpeuwusanus
U Mymayuu maxum o6pasom, umoosl nepemewujams npoSPaAMMUCNOS U3 HepadomocnocoOHbIX KOMAHO 6 padomocnocooHvle,
yeenuuusams Koauuecmeo pabomocnocoOHbIX KOMAHO, OOMEHUBAMbCA NPOSPAMMUCINAMU MeHCOY pPabOmoCcnocoOHbIMU
KOMAHOaMu, NOGblUAMb KOMNEMEHMHOCb KaXCOOU pabomocnocoOHou KOMAHObL, U, MAKUM 00pasom, MAKCUMATbHO
yeenuuusams 000 KATUGUKAYUIO KOMAHO. DKCHePpUMEHMATbHbLE PE3YIbIMAMbl, NOTYUEHHbLE Ha 8bIOOPKE NPOSPAMMUCTIOS,
OKOHuuBWIUX 8Y3bl Benapycu, nokasviearom cnocoOGHOCMb 2eHEMUYECKo20 aNOPUMMA HAXOOUMb XOpowue peuweHus O
pasduenus, MakCUMU3UPOBAns KOMNEMEHYUIO KOMAHO U MUHUMUSUPOBAMb KOTUYECTNBO HE PADOMAIOUUX NPOSPAMMUCTIOG.

Knioueswvie cnosa: ONnMuUMU3aAyusl, 2eHemu4ecKull ajeopumm, npoepammucm, KOMaHOa, mexHosocusl, K@aﬂuqbulcauzm.

Anatoly Prihozhy received his Diploma of Electrical Engineering from the
State Polytechnic, Minsk, Belarus in 1975, his PhD degree in computer-aided
design from the National Academy of Sciences Minsk, Belarus in 1984, and his
Doctor Habilitation degree in computer sciences from Ukraine, Kyiv and Bela-
rus, Minsk in 1999. His research interests include programming, hardware and
system description languages, compilers and tools, system-, high- and logic-
level computer aided design and optimization of parallel and incompletely speci-
fied digital systems

Zhdanouski Arseni is a postgraduate of the Computer and system software de-
partment of Belarusian national technical university, and a software engineer
at EPAM Systems. His research interests include programming languages and
techlogies, and methods of optimization.

CUCTEMHbIV AHAJIU3 U MPUKITALHAS MIHOOPMATUKA 4,2020



DATA PROCESSING AND DECISION-MAKING 39

YK 517.5

B.M. POMAHYAK, M. A. I'VH/[HHA

CTAHAAPTHbIU U CUHTYAAAPHbIU BEUBAET-AHAAU3

benopycckuii nayuonanvuwiii mexnuyeckuii yHugepcumem

Annomayus. B pabome chopmynuposano npeononosicenue, 4mo npu anaiuze nepuoouUtecko20 CUsHaIa npumeHeHue
KAACCUYECKUX BelI61eIO8 MOXHCem HOCUNb 6CHOMO2AMENbHbL Xapakmep. Dmo 00bACHAemca mem, Ymo UHMYUmueHAas UH-
mepnpemayus 8etieaem-npeoopasosanius He A6aaemcs ouesuonou. Iipeonazaemes 0CHOBHLIM UHCIPYMEHMOM 8 NPUKLAO-
HbIX UCCIE008AHUAX NEPUOOUYECKUX CUSHAN08 cuumamb npeobpasosanue Dypove. [Ipusodumces npumep, noOmeepicoaio-
wul 0anHYI0 MOUYKY 3peHus. J{na evioenenus nepuoouyecKkoll cocmasiaowel CUsHaIa Hapaoy ¢ eeligiem-anaiu3om npeo-
Jlazaemcs npo8oOUNs CHeKMPAIbHbLL ananu3s. /s 5moeo 6binoaHAemcs npedsapumenbHas Guabmpayus ¢ UChoab308aHuem

CUHSYNAPHBLX getligniembl. Takoll no0Xo0 Modcem CyujecmgenHo 0ONOIHUMb KAACCUYeCKULl 8elilem-aHanus.

Knrouesvie cnoea: Betignem-ananu3s, cuneyiaphblil gelignen, Konuwecmeo conneunvix namen, Wolfram Mathematica.

BBeaeHue

AHanu3 CUTHaja TPOM3BOIAT ITyTEM pasiio-
JKCHHST HMCXOIHOTO CHTHaja Ha Ooliee TpPOCThIE
cocrapisitonrie. CUTHAI MOXET OBITh BBIPAKEH
B BUAe cyMmMmbl cunycoun. Kaxknas cunycomaa
XapaKTepU3yeTcs 4acTOTOW, HadaibHOU (a3oH,
amrmuTynoit [1]. JIOCTOMHCTBOM TakKOro pasio-
JKCHHSL SIBJIICTCS BO3MOYKHOCTH MNPHUAaTh (HU3H-
YECKHUWA U TeOMETPUUYECKUN CMBICH MOJTYYEHHBIM
pesynsrataMm. Hampumep, HOTa B My3bIKE SBIIS-
€TCsl CHUHYCOMJIOM € ONpeneséHHOW 4YacTOTOH
n amruaTynoi. CHHYCOMIYy MOXHO H300pa3uTh
rpadudecky.

B mnacrosimiee Bpems MOMyJaspHOM TeMOMH
MHOTHX HayYHBIX U UHKCHEPHBIX HCCIICIOBAHUIM
CTalld BEMBJETHI. M3BECTHO, UTO BEUBIET — 3TO
KJIACC 0COOBIX (DYHKIIMIA, ONPENCICHHBIX C TOY-
HOCTBIO 110 MacmiTtaba u casura. OgHO W3 Tep-
BbIX YIIOMMHAHUN O BeWBIIETaX MOSBWIOCH B JIU-
Teparype 1o nuppoBod 00pabOTKe W aHaIH3y
celiCMUYeCKUX CHUTHaIOB B paborax A. I'pocc-
mana u K. Mopne [2—4]. Takue BeHBICTH Ha-
MIOMHUHAIOT 110 (hopMe 3aTyXarollyl0 CHHYCOUIY
Y B JIaHHOW pa0oTe Ha3bIBAIOTCS CTAHIAPTHBIMH.
BeiipneT-mipeoOpazoBanme pa3OUBacT MHOKECTBO
JAHHBIX HA COCTABIISIONINE C Pa3HBIMU MaclITa-
Oamu u casuramu. [Ipu 3ToM TepsieTcss BO3MOXK-
HOCTh TPOCTOM MHTEPIPETAINH TOTyUYECHHBIX
pe3yabTaToB.

Cunrynsipasle BEHBJIETHI BIEPBBIC paccMa-
TpPHUBAJINCH B paboTax [5—7]. CuHrynapHsie BelB-
JeTHI TI0 (hopMe HAIMOMHHAIOT NEIBTa-00pa3HyIo
(ysakmuto. C MOMOIIBIO CHHTYIISIPHBIX BEHBICTOB

MOKET OBITh pelIeHa 3a/1aua CIIaKUBaHUs dKCIIe-
PUMEHTAJIbHBIX JaHHBIX. HCJ'II)IO pa6OTI>I SABJISICT-
CA U3Yy4YCHUC BO3MOKHOCTHU (l)I/IJ'IBTpaHI/II/I CuUrHalsa
C IMOMOIIBIO CUHTYJISIPHBIX BEUBIIETOB.

C ¢usnveckoil TOUKH 3peHHS IUPpoBas
¢GuneTpanns — 5TO BBIACICHUE B OINPEICICHHOM
YaCTOTHOM JWAlla30He C IOMOINBI0 HUPPOBBIX
METOJIOB TOJIE3HOTO CUrHalla Ha (OHE Mellaro-
mux noMmex. B pabore chopmymnpoBaHo mpen-
HOJIOKCHHE, YTO IPU aHAIN3E NEPUOIUUECKOTO
CUTHaJIa MIPUMEHEHUE KJIACCHYECKUX BEUBJIETOB
MOXET HOCHUTb BCIIOMOTaTeNbHbIi Xxapakrep. Oc-
HOBHBIM HHCTPYMEHTOM B IpPUKJIAIHBIX HCCIIE-
JOBAaHMSX TaKOTO XapakTepa oOcTaeTcs Mpeo0-
pasoBanue @ypre. B sTOM ciyuae coxpansercs
BO3MOJKHOCTh ~ €CTECTBEHHOH HWHTEpIpETaLUH
pe3ynbraToB HccieaoBanus. UtoOwsl yOparh u3
CHUTHaJIa BLICOKOYACTOTHBIN IyM U HCIICPpUOANYC-
CKYI0 COCTABIISIIONIYIO TIPEJIaracTcs MPUMEHSTh
CUHTYJISIPHBIEC BEHBIICTHI.

Mpeo6pa3zosaHue Pypbe

[Iporiecc mpeoOpa3oBaHWsT CHUTHAIOB Ha3bl-
Baercs ¢uiprpanreil. GUIbTpaLn0 MOKHO OCY-
HIECTBUTH C HoMollpio psia Oypbe n BelBieT-
npeoOpazoBanus. MareMaTHUeCKOW  OCHOBOM
CHeKTpasbHOTrO aHanu3a Pypbe sBiseTcs npeoo-
pazoBanue @ypre u psubl Dypse.

IIpeobpazoBanne Dypbe SBIAETCS CKAISIP-
HBIM TIpOHM3BeieHne PyHKITUH f{X) ¥ KOMITJIEKCHOM
OKCTIOHEHTHI exXp(ilx), TAe A —4acToTa KoJIeOaHUH.
[TpeobpazoBanne Dypbe sBisiercs: GyHKLIUEH ya-
CTOTBI A W 33/1a€TCs CIEAYIONIEH OpMYIIOii:
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1 % .
FO)=—— [ e a.
T -0

Armmapar ®Dypbe-nipeoOpazoBaHUil JaeT H0-
CTaTOYHO MTPOCTHIE IS PAcueTOB (POPMYIIBI U TIPO-
3payHyl0 HMHTEPIIPETAINIO PEe3yNbTaToB, HO HE
JIMIIEH U HEKOTOPBIX HEOCTaTKOB. YTOOBI mprmMe-
HSTh CHEKTpalbHbI aHanu3 Dypbe KeaaresibHO
CUTHAJI TIPEJICTABUTH B BUJE CYMMBI ITEPHOIIYE-
CKOM, CITy9alilHOHM M TPCHIOBOW KOMITOHECHTHI [§].

BeiBneT-npeobpasoBaHue

[TogoOHO TOMy, KaKk B OCHOBE ammapara Impe-
o0pazoBanuii Dypbe JSKUT AMHCTBEHHAS (PyHK-
LU, TAaK U BEWBJIET-IpeoOpa3oBaHUe CTPOUTCS Ha
OCHOBE €JMHCTBEHHOW Oa3zucHOW (PyHKIUH Y(x).
Hampumep, BeiiBner Mopiie umeet BUI:

(x)—Le‘xz/2 cos| mx 2
AT~ In(2)
Ha puc. 1 mnpencraBineH rpaduk BeiiBieTa
Mopae.

0.8¢ ]
0.6 ]

0.4 :
T T
0.0 = A~ t
~0.2. \ v f
~0.4 :
-06 ]

4 -2 0 2 4

Puc. 1. 'paduxk BeitBnera Mopne Y(Z,a,0)

BeiliBner-nnpeobpa3oBanue CTPOUTCS C MOMO-
IO BeWBIETa Y(f) C TPOU3BOIBLHBIMH 3HAUYCHMUS-
MH MacIITaOHOTro Kod(pPHUIMEHTa a 1 apamerpa
caBura b:

W)= [ o 2 Jar

TpaguuuoHHO  cuMTaeTcs, 4YTO  BEUBIET-
npeoOpa3oBaHue SIBISICTCS XOpOLIeH allbTepHa-
THBOH TpeoOpazoBanuio PDypre. C MOMOIIBIO
BeHBIET-NPeOOPa30BaHMsT MOXKHO HAWTH HHU3KOYa-
CTOTHBIE ¥ BBICOKOYACTOTHBIC XapaKTEPUCTUKU CUT-
Hana. MHorna BelBeT-aHANNU3 CPABHUBAIOT C «Ma-
TEMAaTUYECKUM MHUKPOCKOIIOM», KOTOPBIA MO3BO-
JSET MPOAHATIU3UPOBATh CIOXKHBIA CUTHajl. BeiB-
JIeTHI IIMPOKO UCMONB3YIOTCSA B CAMBIX Pa3IMYHBIX
obnmactsx 3HaHud [2—4]. Ho Hekortopeie crenu-
QJIUCTHI CYUTAIOT, YTO MyOIMKAIMU TIO BeHBIETAM

B TIPUKJIQIHBIX UCCIIEIOBAHUAX UMEIOT HU3KYIO HH-
(opManMoHHYIO TIEHHOCTh, B pab0OTax OTCYTCTBYET
CTaTUCTUUECKOE 00OCHOBAHUE PE3YIILTATOB U BHIBO-
noB [8-9]. U ans ompeneneHHOTo Kiacca 3aa1ad Ta-
KO€ MHEHHE MOXXHO CUMTaTh BEpHBIM. BozmorkHOE
00BSICHEHHE COCTOUT B TOM, YTO (DyHJaMEHTaIbHAS
Teopusi BeHBIeT-aHANM3a CTOJIKHYJIAach C TPYHAHO-
CTAMH, KOTOPbIE, HACKOJIbKO HaM U3BECTHO, HE HaIll-
T OTpaXXEHHUsI B TEOPETHYECKHUX padoTax IOCBs-
IICHHBIX BetBieTam. TpyaHocTH 00yCIOBICHBI TEM,
YTO B MPUKIIQJHBIX UCCIEAOBAHUIX HHTEPIIPETALINSA
pe3yaBTaToB BElBIET-aHANN3a, B OTIMYHE OT aHa-
nm3a Dypbe, ABISIETCS CIOKHOU mpobmemoit [10].
ITosToMy B TaHHO# paboTe MpeaaraeTcs alrOpuT™M
00pabOTKM IKCTIEPUMEHTAIBHBIX TaHHBIX, PE3yilb-
TaThl KOTOPOTO CBOJATCA K aHanuzy Pypwe. Ajro-
PUTM COCTOMT U3 JIBYX 4acTeil. BHauane ocymiect-
BIISICTCSl Mpe/iBapHUTENbHAs (DUIIBTpAIUsS CUTHAJA.
Hanee oTUIBTPOBAHHBIN CUTHAT aHATH3UPYETCS
C TPUMEHEHHEM CHeKTpaibHoro aHammza dypbe.
Jlns pereHus nepBoii 3a1a41 IPUMEHSIOTCS CHHTY-
JISIpHBIE BEHBIIETHI, KOTOPBIE MO3BOJISIOT U30€XaTh
AMIUIMTYHBIX MCKaXeHUM curHana. Teneps nosc-
HHUM TI0YeMY CJIO)KHO TTOHATH U MOYeMYy OIIHO0YHA
MHTEPIPETalUs BEeHBIET-IIPeoOpa3oBaHus Kak aHa-
JIoTa W aJbTepPHATUBHI JUIS CHEKTPAJIbHOTO aHaIHN3a
MeToZIoM TpeobpazoBanust Oypse.

HepocTaTku KAaccUYeCKUX BEMBAETOB

[IpeoOpazoBanne @Dypbe sBIsSETCS MPOEK-
el GyHKIuU f{x) HA KOMIUICKCHBIC SKCIIOHCH-
Thl exp(iAx), rae A —yactoTa kKonebanuid. CriekTp
Oypbe gomyckaeT MPOCTyI0 (HUIMUYECKYIO HUHTEp-
nperaiuio. Yem monynb kodddunuenta Dypwe
Oonbllie, TEM aMIUINTY/1a KojteOaHuii OonbIie. AHa-
JIOTUYHO KO3()(PHULMEHT BEHBIET-NPe0oOpa3oBaHuUs
W(a, b) sBisieTcss TpoOeKLWeld curHaia Ha Oa-
3UCHBIA BeiiBieT. Yem kod¢pduireHT Oonblie,
TeM ONKe CUTHAll HallOMHHAeT 1o (opme BeiiB-
ner. Takum oOpa3oMm BeliBieT-npeoOpazoBaHue
u npeoOpasoBaHre Dypbe HUMEHOT OOIIYyH Ma-
TEeMaTH4ecKylo ocHoBy. OJHako Helb3s pac-
CMaTpuBaTh BEWBIET TpeoOpa3oBaHHE KaK aHa-
JIOT CHEKTPaJbHOTO aHalu3a. JTO O3HAYaeT, uTo
HeNb3sl  OOBSCHATH  BEHBIET-MpeoOpa3oBaHUE
B TepMuHax aHanu3a @Dypbe. Hanpumep, BbI-
NOJIHUM BEHBIET-MpeoOpa3oBaHue I CUTHAIa
S(x) = sin(x) + sin(5x), ucnons3ys BeiiBaetT Moprre.
W3 puc. 2 cnemyer, 4to BeiBIeT-peoOpa3oBaHue
MO3BOJISIET TNPAaBHJIBHO OLEHUTh HAJMYUE TEPH-
OIMYECKUX COCTABISIIONIMX B aHAJTH3UPYyEMOM
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curraie. Ho Hecrenuanucty TpyaHO MOHSTb, TIO-
4YeMy aMIUTUTY/bI CHTHAJIIOB Ha PUC. 2 3HAYUTEIb-
HO ominyatoTcs. [loaToMy ommboyHO cyuTarh, 4TO
«BEHBIIET-CIIEKTPOrpaMMbl HAMHOTO Oosee uHdop-
MAaTHBHBI, YeM OOBIUHBIE (DYPbe-CHEKTPOTrpaMMBbD»
[4]. OTOT pUMep MOATBEPHKAAET, UTO CYIIECTBEH-
HBIM HEJIOCTaTKOM BEHBIET-IPeoOpa3oBaHus sB-
JSI€TCS  CIOXKHAS HMHTEPIPETalusl TONy4aeMbIX
YHUCJIECHHBIX 3Ha4eHUH. Kpome Toro, pesyibrarsl
WCTIOJIb30BAHUSI BEWBJIETOB PA3IMYHOIO MacIiTa-
0a W YacTOThI IJIOXO COTMOCTABMMBI MEXKIY COOOM
13-32 HEKOHTPOJIUPYEMOTO M3MEHEHHS YaCTOTHBIX
W aMIUTHTYJHBIX XapaKTepUCTHK curHana. YTtoObt
YTOYHUTH PE3YJBTAThl BEHBIET-aHAN3a B HEKOTO-
PBIX CIydasX MOXKHO JIOTIONHUTEIBHO MPOBECTH
CTEeKTPaJIbHbIN aHanu3 curHana. [y storo mpen-
JaraeTcs BBIONHUTH TPEIBAPUTENBbHYIO QUIIBTpa-
MO CHT'HAJA, UCTIONB3Ysl CUHTYIISIPHBIC BEHBIICTHI.
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Puc. 2. I'paduueckoe nmpeacTaBieHne CUTHAIA

a — MCXOAHBIH U 00pabOTaHHBIH CUTHAII,
6 - W1, b), W(5, b)

CUHryAfipHble BEUBAETDI

[TycTp cymecTByeT cpenHee 3HAUCHUE BEHB-
JIeTa Ha YHUCJIOBOU OCH:

C, = _{O y(®)dt,|C, [<o

JIJ1s1 KJTacCUYecKoro BEHBIIETAa CUMTACTCS, UTO
g 0a3UCHOrO BEWMBIIETA JOJDKHO BBIMOJIHATHCS
YCIIOBHE JIOITyCTUMOCTH: Cpe/IHee 3HAUYCHUE BEHB-
jiera JIOJKHO paBHAThCsE Hymo: C,, = 0. Jlyst cuH-
TYISIPHOTO BeHBIIeTa yIOOHO CUHMTATh, YTO CPEI-
Hee 3HaueHue paHo equnuue: C, = 1. Hanpumep,
B KauecTBe 0a3MCHOTrO BeiBieTa \y(f) MOXKHO HC-
MOJIb30BaTh JIeNbTa-00pa3Hyo (PyHKIHIO HOp-
MaJbHOTO pacnpenaenenus. I'paduk Takoro Beis-
JIeTa MpeJICTaBlIeH Ha pHC. 3.

0.6
0.5
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0.3
0.2
0.1
0.0

Puc. 3. I'pa¢ux BeliBnera ['aycca
v(£0,7;0) , w(#:1,0), w(#:1,5;0)

Ilycts y(f) — cunrynspueii BeiiBrer. s
GyHKIMH f(X) CpaBeIMBO CleNyolee BeHBIeT-
pasnoxenue [5]:

e

e a; = 027, o — nocrosHHas: MHMCKpeTHOE
. k
BeliBneT-npeodpasosanue WF" (x,a,) Bbruucis-
ercs 1o opmyie:

K
F(x) =D WF, (x,a,)+ Fy (%),
k=0

X

ZFk,i\l’

WF, (x,a,)=—
Dy

npudyeM kod(h(UIMEHTH BelBIET-peodpa-
30BaHAN HAXOIATCS 110 CXEME:

By = Fey —VWE(x;,a,)

F,;=f(x;);j =L ..., n; k — nopsiaxoBblii
HOMep BeiiBneT-mpeodpazoBanms, k=0, 1,2, ..., K,
K > 1; K — mopsnok mpubnmxeHus; Fy (x) —
OCTaTOYHBIA 4ieH (TIOTPeIIHOCTh AarpOKCHMa-
mun); f(x;) — 3agaHHBIC AUCKPETHBIC 3HAYCHUS.
B cymme (1) ygacTByroT craraeMsie ¢ TIOCIIe10Ba-
TEITbHO YMEHBIIAIOIUMHUCS 3HAYSHUSIMU MaCIIITa-
0a a;. . na cnexmpanvroeo ananusa uz cymmoi (1)
MOXKHO OTOPOCHUTBH CllaraeMble C OYEHb MaJIBIMH
1 OONbIIMMU 3HaYeHHsAMH MacmTaba. C 3Toi 1e-
Tp10 Oy/ieM paccMaTpuBarh (DyHKITHIO:

-x
A

X, —Xx

a
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n
S(x,m,n)= > WF*(x,a,), (2)
k=m

20e a; = 02, o — mocTosHHAs; M, n — Helble
4ucia, Ui KOTOPBIX BBIMOJHSETCS HEPABEHCTBO
K>n>m>0. Oyakuus (2) dpakTHuecku ciy-
KHUT QUIBTPOM, KOTOPBIN MTO3BOJISIET B HEKOTOPBIX
CIIy4asiX BBIIIOJIHUTH MOJIOCOBYIO (PHIIBTPALIUIO.

Ipumep. [loxaxem, Kak mnpeasiaraeMblit
QITOPUTM  MOXET  CIYXHUThb  JIOTIOJIHEHHEM
K BelBieT-aHa M3y cUrHaja. B kadectBe mpu-
Mepa MpoBeIeM aHaJIN3 COJTHEYHOH aKTUBHOCTH,
MoKa3arejaeM KOTOPOW CIIY)KUT CpEIHEroJoBOe
yucno nareH Ha Comuaue. [paduk u3meneHus
yycna msATeH 3a nocieanue 50 JeT uMmeer Ie-
pHOA, KOTOPBI OXBaTBIBACT MPUOIU3UTEIHHO
11 ner. CranmapTHOe BeHBIIET-TIpeoOpa3oOBaHUE
MIPOEKTUPYET OJHOMEPHBI CUTHAlT (KOTOPBI
ObuT QyHKIMEH TOJBKO BPEMEHH) Ha IJIOCKOCTD
Bpemsi-MaciuTad. Ha BelBIeT-IIIOCKOCTH OAMH-
HAALUATHICTHEMY LUKy COOTBETCTBYIOT TEMHbBIE
U CBETIbIC MSITHA, PacIpeeiICHHbIC BEPTUKAIBHO
B JIEBO 4acTu puc. 4.

Puc. 4 nemMoHCTpHpPYET IPEUMYILECTBO BEWB-
neT-aHanu3a nepen anaiaum3oM Dypbe B ciaydae
HECTallMOHAPHOrO curHana. Ha pucyHke BUAHO
HW3MEHEHHe CUTHaia 1o BpeMeHH. Takoit uHOp-
MalMd HE COIepX HUT mpeobOpasoBanue Dypsbe.
YacToTHBIM aHaNM3 CHrHaja TIPOBEAEM, BBI-
MOJIHUB TPeIBapUTEIbHYI0 (DUIBTPALUIO CHI-
Hana ucnonbdys Qopmyiny (2) ¢ mapamerpamu
m=2,n=4,a=I.
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Puc. 4. Ckanorpamma costHewHbIX TisiTeH W(a, b)

CrnekrpanpHas JAuarpaMmMa amIuIUTyJ CO-
JIEPKUT aMIUIATYbl BCEX TapMOHHUK, M3 KOTO-
PBIX CKIIQJbIBaeTCsl CHrHalN. Takum o0pa3som,
npeobpazoBanne Dypbe MOMONHAET PE3yNBTAThI
BEHBIIET-aHAIIN3A.

Ha puc. 5 BugHBI aMIIUTYIBl TapMOHUK,
KOTOpbIE COOTBETCTBYIOT NpuUMepHO 11-merHe-
My Tepuoay KoyieOaHUI CONHEYHONH aKTHBHOCTH
B TEUCHHME ITOCIeAHUX 128 JIeT, Takke MOXKHO 00-
Hapy>KUTh HEOOJbIINE TEpUOAMUYECKUE KoieOa-
HUSl COJIHEYHON aKTMBHOCTU C TIEPHUOJIOM OKOJIO
CTa JIET.
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Hcxoonwit cuenan, omguibmposanusiil cueHal
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Puc. 5. Cnektp @ypbe
OT(UIBTPOBAHHOT'O U OCTATOYHOTO CUTHAJIA

BbiBoAbI

B HekoTopbIX ciydadx JUis aHajiu3a CUTHala
MOYKHO TMPUMEHHTD MPEIBAPUTEIBHYIO0 (PUIbTpA-
LUI0 CUTHaja, UCHOJb3ysl CUHTYJSPHBIE BEHBIIE-
Thl. [lociie mpeaBapuTeIbHON (PUIBTPAIIUN MOXK-
HO BBINOJHUTh CHEKTPAJIbHBIA aHajlu3 CUTHaJa.
Takoi#t moxxoq ym1o0OHO MPUMEHSATh B COYETAaHUU
C KJIACCUYCCKHUM BEHUBJICT-aHATHU30M.
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Annotation. The paper suggests that the use of classical wavelets may be auxiliary in the analysis of a periodic signal.
This is because the intuitive interpretation of the wavelet transform is not obvious. It is proposed to consider the Fourier trans-
form as the main tool in applied research of periodic signals. An example is provided to support this point of view. To isolate
the periodic component of the signal, along with wavelet analysis, it is proposed to perform spectral analysis. To do this,
pre-filtering is performed using singular wavelets. This approach can significantly complement classical wavelet analysis.
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VIIK 577.3.043

A.B. CHJJOPEHKO, H. A. COJIOAYXO

OUEHKA COCTOAIHUA OMEPATOPA B YCAOBUAX
OAEKTPOMATHUTHOroO WymMmoBOro U3AYYEHUA

benopycckuii cocyoapcmeennviii ynusepcumem

Lenv pabomut, pesynbmanmsl KOMOpoU NpeoCmasienbl 8 pamkax Cmamvi, 3aKa04AIACH 8 UCCIeO08AHUU 3AKOHOMED-
Hocmell uzmenenull Heaunelnvix napamempos 31, npedcmasieHHblx 6blOOPOUHOL IHMPONUEl, KOPPENAYUOHHOIU pasmep-
HOCMbIO, PPAKManbHol pasmepHocmvio, CroxcHocmoio Jlemnens-3usa npu obnyueHuy onepamopa dAeKmpoMaZHumHbLM
WYMOBbIM U3TyUeHUeM. Buecme ¢ evblueykazannvimu HeIUHEHbIMU NAPAMEMPAMU UCCIE006AN0CH USMEHEHUEe CNEeKMPATb-
HOU NIOMHOCIMU MOWHOCIU ebma-, mema-, anb@a- u bema-pummos. Hzmenenue cnekmpanibHoll niomHoCmu MOWHOCHU
bema- u mema-pummos, paxmanvbHol pazmMepHoOCmu U 6b100POUHOL SHMPONUY NPU 00IYYeHUlU ObLIO CEA3AHO C USMEHEHU-
eM 8blUUEeYKA3AHHBIX napamempos npu oenpeccuu. Mszmenenue cneKmpanoHol NIOMHOCHU MOWHOCMU Oelbma-, mema-,
anva- u Gema-pummos, KOpPeAYUOHHOU paZMepHOCIU U cloxcHocmu Jlemnens-3usa npu obyuenun 6610 C6A3AHO C U3-
MeHeHUeM 8blUEeYKAZAHHBIX Napamempos npu cmpecce. Hzmenenue cnekmpaibHoll RA0OMHOCIU MOWHOCIU Mema-pummd,
6b100POUHOU dHMpONUU U CroXHCHOCIMU Jlemnenn-3uea npu 06yuenu OblI0 C6A3AHO C USMEHEHUEM BLIUEYKA3AHHBIX Napa-
Mempos npu ymcmeennou ycmanocmu. Mownocms eenepamopa d1ekmpomacHumuo2o wiyma cocmaeaina 30mBm, cnek-
mpanshblil ouanason cocmasnan SI'Ty, a cam eenepamop npedcmagnin coooil 2eHepamop INEeKMpPOMASHUMHOZ0 ULYMOBO2O
usnyueHus Ha mpaunzucmopax. beino uzyueno mamemamuueckoe onucane pacuema HeauHeuHbix napamempos, npeocmas-
JIeHHbIX  BbLIOOPOUHOT SHMPONUEU, KOPPETAYUOHHOU PASMEPHOCMbIO, (PPAKMANLHOU PASMEPHOCIbIO U  CLOHCHOCIBIO
Jemnens-3usa. Pecucmpayus snexmposuyepanoepamm ocyuecmeinsiace no cxeme “10/20” ¢ ucnonvzosanuem s1ekmpo-
snyegpanoepagha “Heippoxapmoepagh” ¢hupmor MBEH. Pe3ynomamor pabomel nOKA3aiu HAIUYUE OeNnpecCcusHo2o U Cmpecco-
6020 COCMOAHUSA, A MAKHCE OMCYMCMEUE YMCIMBEHHOU YCMALOCIU NPU B030€UCMBUL DNEKMPOMASHUMHBIM WYMOBbIM U3-
JyHeHUeM, eciu pyKogoOCmE08aAmb s USMEHEHUeM 8bl00POYHOU IHMPONUU, KOPPETAYUOHHOU PASMEPHOCTU, PPAKMATLHO
pasmeprocmu, croxchocmu Jlemnena-3usa u cnekmpaibHoui NAOMHOCIU MOUWHOCMU.

Knrouesvie cnoea: snekmpomazHummublii utym, oenpeccus, cmpecc, ymcmeennas yemanocmo, 91

BBeaeHue
A Ha SMOLHMOHAJIBHOE COCTOsIHUE orepartopa [1].

[Ipu paGote ¢ 060pyAOBaHUEM U B MTOBCEI-
HEBHOI JKM3HU Mbl BCTPEYaeMCs C YCTpPOWU-
CTBaMH, SIBISIFOIIUMUCS TE€HEPATOPAMH DJICK-
TPOMAarHUTHOIO H3JIy4deHHs. B moBcegHeBHOU
JKU3HU 3TO MOTYT OBITh CMapT(HOHBI, KOMITbO-
tepsl, CBU-nieun, KoMMyTaTOphI, MapIIpyTH3a-
Topbl. B MenuuuHe 3TO MeaMUMHCKOE (hU3MO-
TepaneBTUYECKOe 000pya0BaHUE, IIEKTPOCTH-
MYJISITOPBI JUIsI BO3ACUCTBUSL HA OMOJIOTHYECKHU
aKTHBHBIE TOYKH M 30HBI, ammaparbl (U3HO-
pedrekcorepaneBTiueckoil cepun. B mpo-
MBIIUIEHHOCTH 3TO 3JEKTPOMATHUTHBIE HU3MeE-
pUTeNN U NPUEMHHUKH, MPOMBIIUIEHHBIE KOM-
MyYTaTopbl, I'eHeparopbl. Pa3HOBUIAHOCTH MO-
CIE€HUX, & UIMEHHO T'€HEpaTophl IIymMa, MOTYT
HCIIOJIb30BATHCS AJIs 3alUThl HHGOPMALUH.

Panee nHamu ObLIM NPOBENECHBI HCCIIENOBA-
HUS O BIIMSHUU U3JTY4YEHHs TeHepaTopa dIEKTPo-
marautHoro myma Ha IHHC omeparopa c¢ wuc-
M0JIb30BAHUEM HEJIMHEHHBIX XapaKTepUCTHUKU
D3I, B TOM YHCIIE€ aHAIU3UPOBAJIOCH U BIUSHHUE

OnHako OLICHKA BIUSHUS U3Iy4YEHUS] T€HEepaTo-
pa mymMa Ha JCTPECCUBHOE COCTOSHUE, CTpecc
U YMCTBEHHYIO YCTalOCTh KOMIUIEKCHO HE
MIPOBOUIACK.

B cBsi3u ¢ 3TUM 1eTbI0 HaIIe paboThl CTaNIo
OIICHUTH CTPECCOBOE U JICMIPECCUBHOE COCTOSTHHE
omeparopa Mo BO3JACHCTBHEM TEHEpaTropa dJeK-
TPOMAarHUTHOTO IIyMa, a TAaK)KE OLICHUTb, UCIIBI-
TBIBACT JIX OTIEPATOP YMCTBEHHYIO YCTAIOCTh TIPH
0o0myueHUH TeHepaTopoM ImyMma. [eHepaTtopom
JJIEKTPOMArHUTHOTO IIIyMa CTaj TeHeparop Ha
TPaH3UCTOPaxX MOIMIHOCTHIO 30 MBT 1 9acTOTHBIM
nuanazoHoMm SITu. KonudecTBeHHBIMM Iapame-
TpaMU CTajJH CIEKTpaJibHAs MJIOTHOCTH MOIIIHO-
CTH, BBIOOpPOYHAS JHTPOMUS, KOPPEISIIIHOHHAS
pa3MepHOCTbh, (ppakTanbHas Pa3MEPHOCTb, CIIOXK-
HOCTh Jlemmens-3uBa.

MeToA BbIGOPOUHOM IHTPONUU

OnekrposHuedantorpaMMa  MpeACTaBISIETCS
B BHJE IOCJICIOBATEILHOCTH YUCENl BPEMEHHOTO
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psna x u3 N touek {x;, I<j<N}. Torna BeiOpouHas
SHTPOIHSI 3TOTO PSNIa BEIYUCISICTCS CIICTYIOIINM
obpazom. ®opmupyercst N-m BEKTOPOB

v, () 1 {1<i<N-mj, (nH

rme v, () = {Xj, 0<k<m-1} sBngerca
BEKTOPOM U3 M TOYEK OT X; A0 X4y

Onpenenum B;™(r) kak nemenHoe Ha (N-m-1)
YHCIIO BEKTOPOB V,,(j) Ha PaCCTOSHUU T OT V,, (1),
rae j meHsercs B auanasone [1, N-m], mpuuem
j#i. lanee onpenensiem

N-m
B"(r) = (N-m)"' ¥ B"(r). )
i=1

AHanornuHeIM oOpazom ompezenseM A;™(r)
kak jienieHHoe Ha (N-m-1) 9rcio BeKTopoB v, (j)
Ha PACCTOSIHUU T OT V,,,1(1), i€ j MEHsIETCS B Tna-
nasoHe [ 1, N-m], npuuem j#i. [lanee

N-m
A™(r) = (N-m)"' ¥ A" (r). 3)
i=l1

Takum o6pazom, B™(r) 310 BeposTHOCTH TOTO,
YTO JBE IOCIEN0BATEIBLHOCTH OyIyT COBIAAAThH
Ha m Touek, a A™(r) 3TO BEPOSATHOCTH TOTO, YTO
JBE MOCJIENOBAaTEIbHOCTH OyayT cOBHNAjaTh Ha
m+1 Touyek. 3HaueHHE BBIOOPOYHOH SHTPONUHU
paBHO:

SampEn(m,r,N) = -In(A™(r)/ B"(r)) (4)

[TorpemHocTh pacdyera BHIOOPOYHOW 3HTPO-
miu coctasiseT He 6omee 0,19 % [2].

MeToa 3aaep>XaHHON KOOPAUHATDI

Hns pacuera KoppensiiMOHHOW Pa3MEepHOCTH
IMPUMEHSACTCA MCETO/ 3a,uep>1<aHH0171 KOOPAMWHATLI
[3]. DnekrposHiiedasorpamMma IMPeICTaBISICTCS
B BUJIE [TOCJIEJIOBATENIEHOCTH YHCEI

X1, X500 X (5
rne xNy=x(Nt), T-Bpemst BbIOOpkH, N-Iemoe
YHCIIO.
Ota MOCIIEI0BATEIBHOCTh HOPOXKIaeT
Mm-MEpHBIE BEKTOPBI, JeXkKalue B m-MepHOM (a-
30BOM IPOCTPAHCTBE

xl.Tz(Xi,...,me_l)’ (6)

rae T-3Hak TpaHCIIOHUPOBAHUSI.

N-m
ol

i=1

(x(m+ik)=x(m+(i- Dk)(

CocTosiHHE CUCTEMBI B PEKOHCTPYUPOBAHHOM
m-MepHOM (ha30BOM MPOCTPAHCTBE OMPEIEIISETCS
m-pasMCpPHBIMU TOYKaMHU JJId Ka)I(Z[Oﬁ BpEMCH-
HO¥ peanu3anun X(t)

X=X X ) - ()

Koppemsaumonnsiii  unrerpan  C,(I) — sto
(GyHKUUS, paBHAs BEPOSATHOCTU TOTO, YTO PACCTO-
SIHHE MEXKIY JIByMsI PEKOHCTPYHUPOBAaHHBIMU BEK-
TOpaMu MEHbIIeE 1.

Koppensiunonnas pPa3MepHOCTb d
orpesensieTcs

d=1limleC, (r)/lg(r), 8

HOgm()/g() (®)

rie C,(r) — KOppeTSLMOHHBIA HWHTErpa,

I — pa3Mep siueiiku pa3OueHus, uin Kodppuuu-
eHt nopodus. [lorpemHocTs pacuera — He Oonee
16,8 % [3].

Mertoa Xuryuu

OnekrposHuedantorpaMMa  MpeACcTaBIIeTCs
BPEMEHHBIM PsIIOM X U3 N 3JIEMEHTOB:

X;X1, X500y Xy )

ANTOpPUTM METOJa BBIUYMCIICHHS (paKTalb-
HOM pa3MepHOCTH BPEMEHHOTO psifa X, Colep-
kamiero N 3JIEMEHTOB, BKJIIOYAET CIIEIYIOUINe
STalbI:

1. Co3nanue HOBBIX BpeMEHHBIX psnoB. U3
3aJJaHHOTO BPEMEHHOTO PsiJia X CO3JAI0TCS HOBBIC
BpPEMEHHBIE PsiJibl, X;™, ONpeelsieMble CIIeayo-
UM 00pa3oM:

xl’cn;xm’xm+k’xm+2k9""’x N—m
m+|: k :|k , (10)

(m=12,...k)

rae [] o3Ha4yaeT IeNyro 4acTh YHucnia, kK 1 m —
HeJble YHcIia, MpudeM m 0003HaYaeT HayallbHOe
BpeMsl, a k — Bpemst HHTepBajia M.y COCETHUMH
3HAYCHUSIMU psiza. [y BpeMeHn uHTepBaia, pas-
Horo k, momyvaercs k HaOOpoB HOBBIX BpEeMEH-
HBIX PSIOB.

2. BplumcieHne UTMHBI KaXJIO0TO IOApsA
x,™ onpeniensieTcs CASAYIOIIM 00pa3oM:

N -1

[k, (11)
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rae x(m+ik) —3To uncio B pAnae X Ha MO3U-
mnn m+ik; aganormaao x(m+(i-1) k) — ato gmc-
70 B psane X Ha mo3uimn m+(i-1) k. Yepennenune
Ly(k) mo Bcem m maer L, (k).

3. Tocrpoenne rpaduka L, (k) ot k.

4. Brrluncnenue Moayas TaHTE€HCAa yIiia Ha-
KJIOHA TpaduKa aeT 3HaueHne (PpakTaIbHOM pas-
MEpPHOCTH BpeMeHHOTO psina X [4]. [TorpentHocTh
MeTona coctasisieT He 0oiee 0,02 %.

Metoa Aemnensi-3uBa

st pacueta crmokHoctu Jlemmens-3uBa unc-
JIOBasi TOCJICOBATEILHOCTE (2JIEKTpodHIIedato-
rpaMMa) X J0JKHA OBITh IpeoOpa3oBaHa B ITOCIe-
JIOBaTeIbHOCTh HyJeld M equHul. Yacto nenaror
TaK: €CcJIM YHCJIO B TOCIEI0BATEIFHOCTH OOIb-
e MeJMaHHOIO 3HAYeHHs, OHO MpeodpazyeTcs
B 0, maaue B 1. [Tocie mpeobpa3oBaHms CUTHAIIA
B €r0 CHMBOJIBHYIO TIOCJIEIOBATEIBHOCTh U3 HY-
JIe U eIUHML, TOCIIEI0BATEIFHOCTD JICIUTCS Ha
“ciioBa” TaKMM 00pa30M, YTOOBI KaXKJI0€ CIISIyO-
1ree “cI0B0” He MMOBTOPSUIO HHA OJTHO TIPEIBIAYIICE
1 OBLITO MUHUMAITEHO BO3MOXHBIM 110 JyihHE. Pac-
CcMOTpHM TipuMep. [laHa rmocienoBaTenbHOCTb:

10011110110000100

Torga cioBa 1151 3TOW MOCIEAOBATEILHOCTH:

1,0,01,11,10,110,00,010

Hanee cnoxHocth Jlemmens-3uBa BBIYHMCIIS-
ercs o gopmyine C=k(log,k+1)/n, tne k uucno
CJIOB B TIOCJIEOBATEILHOCTH (8 IS TIpuMeEpa),
a N — KOJIMYECTBO DJIEMEHTOB TOCIEN0OBaTEIhHO-
cti (17 nna mpumepa). IlorpemHocTts pacuera
cocraisieT 2,68 % [5].

MeTtoaMKa npoBeAeHUA MUccAeAOBaHUM

Perucrpanust snmekTposHIedaniorpaMmm  0ocy-
mecTBIsIach mo cxeme «10/20» ¢ ucnonp3oBaHU-
em anektposHuedanorpada «Heipokaprorpad»
¢bupmer MBH. O6paboTka n aHaIM3 3JIEKTPOIH-
nedanorpaMM TPOBOAMINCH B pPa3padOTaHHON
aBTOpaMu WH(POPMAIMOHHO-U3MEPUTEIILHOU CH-
CTeMe, aJanTUPOBAHHOW Ui pabOTHI C AJIEKTPO-
sHuedanorpammamu [3]. OObeKkTOM HCCIEen0Ba-
HUH SIBJISUTHCH 3JICKTPO3HIIe(aTorpaMMbl CIIETY-
romux orsenenuit Fpz, Fpl, Fp2, F3, F4, C3, C4,
P3, P4, O1, 02, F7, F8, T3, T4, T5, T6. Curnan
orBeficHus Fpz ObUT MONYy4YeH yCpEJIHEHUEM CO-
OTBETCTBYIOIIMX 3HAYEHUW CUTHAJIOB OTBEICHUI
Fpl u Fp2. Dnekrposnnedanorpammer oO6pada-
THIBAJIUCh B CIEAYIONUX pEeXHUMax: (OH, HaIH-
Yhe TeHeparopa AJIEKTPOMArHUTHOTO ITYMOBOTO

n3ny4deHus. B ¢oHe ncmoap30Banuch AIEKTPOIH-
1easorpaMMBbl 3J0POBOTO YEIOBEKA.

CrexTpasibHasi ~ TUIOTHOCTh ~ MOIHOCTH
PUTMOB TOJIOBHOTO MO3Ta PacCYUTHIBAIIACH
Cc momompbio OwsIcTporo mpeoOpazoBanusi Dy-
ppe. AHanusupyemble Iuana3oHbl BKJIIOYAIIH:
nensra-put™ (0-4 T'm), Tera-purm (4-8 ['m),
anppa-putm (8—12 I'm), 6era-putm (12-20 I'm).
Bri6opounast SHTpPONHSI pacCUUTHIBACTCS OIHO-
MMEHHBIM METOZIOM [2] C pa3MepHOCTHIO BJIO-
JKeHUsl paBHOH 2, a r paBHsuics 0,2. Koppensauu-
OHHAsi Pa3MEPHOCTh PACCUYHMTHIBATIACH METOJIOM
3a7ep>KaHHON KoOopAuHAThl [3] CO 3HAYECHUEM
rmapaMeTpa pa3MEpHOCTH BIIOKCHHS, paBHOU 2.
Cnoxnocts Jlemnens-3uBa paccuuThIBajiach
MeroaoM Jlemmnens-3uBa [5]. @pakranbpHas pas-
MEpPHOCTh PACCUHMTHIBAJIACh METOAOM XUTY4YH
[4]. TeneparopoM O3JIEKTPOMArHUTHOTO MTyMa
CTajJ TeHepaTop Ha TPaH3UCTOPAaX MOIIHOCTHIO
30 MBT ¢ vactorHbIM guana3zonom SIT.

Pe3yAbTaThbl U MX 06Cy)XXAEHUE

Henpeccus. PaccMoTpuM u3MeHeHHe napame-
TPOB, CBSI3aHHBIX C Jenpeccuei. Mccienyem cun-
XPOHU3AIMIO U JICCHHXPOHU3AIMIO OeTa- U TeTa-
PUTMOB MEXIy JICBHIM M MPaBbIM MOIyLIAPHEM
(puc. 1). B tera-putme HaOmoAaeTCA JECHHXPO-
HU3alKsA MEXIY JIEBBIM U IIPaBbIM IOJIyLIApUEM
y 6 map orBenenuii (C3 u C4; P3 u P4; O1 u O2;
F7 u F8; T3 u T4; TS5 u T6) — T.e. B 1IeBOM OT-
BE/ICHMH Ha0JI0JaIOCh BO3pacTaHUE TeTa-pUTMa,
a B MpaBOM — yMEHbIIIeHHEe. B 6eTa-purMe HadII0-
JTaeTcsl JECHHXPOHU3AIMs B 3 Tmapax OTBEACHUN
(P3 u P4; O1 u O2; TS u T6) — 1.e. B 1€BOM OT-
BE/ICHMH HAOII0AaoCh BO3pacTanue Oera-purMma,
a B mmpaBoM — yMeHblueHue. T.e. cymmapHo, B 16
napax OTBEAEHUM, Iy Oera- W TeTa-puTMa Ha-
OmromaeTcst OONbIle Map C PaCCUHXPOHU3AIMEH
put™MoB (9 map), yem ¢ cuHxpoHuzanuei (7 map),
YTO MOXET SIBJISITBCS CIEIACTBUEM CKPBITOH Je-
npeccuu y oneparopa (puc. 1) [6].

IIpoananmm3upyemM u3MeHEHHE (PpaKTATBHON
pa3mepHocTH (puc. 2) B 8 orBenenusx Fpl, Fp2,
T3, T4, P3, P4, Ol, O2. U3smeHenue ¢paxraib-
HOH pa3MEpHOCTH ciedykomee: HaOmonaeTcs
BO3pacTaHue (PpaxkTagbHOH pPasMEPHOCTH IOA
JIefiCTBHEM reHeparopa Iyma B 6 u3 8 aHaJIu3upy
eMbIx orBeneHusax (orBeaenus Fpl, Fp2, T3, T4,
P3, Ol). Bozpacranue ¢pakraipHON pazMepHO-
ctu B otBenenusax Fpl, Fp2, T3, T4, P3, P4, Ol,
02 sBisteTca npu3HaKoM nemnpeccud, (puc. 2) [7]
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Cn. nn. MoWHoOCTH 6eTa-pUTMa

Fpl Fp2 F3 F4 C3 C4 P3 P4 01

B dox @ ren

02 F7 FB8 T3 T4 T3 Té

a

Cn. nn. MOWHOCTKH TeTa-puTMa

015

003

o
Fp1 Fp2 F3 F4 C3 C4 P3

P4 01

W don @B ren

02 F7 FB8 T3 T4 Ts Té

0

Puc. 1. 'mcrorpamMmel pacrpeneneHuii CieKTpaabHOM
MJIOTHOCTH MOIIHOCTH 3JIEKTpo3HIedantorpamm (I3I7)
oA A€HCTBHEM TeHepaTopa IryMa:

a —0eTa-puT™; 6 — TeTa-pUTM

(paKTanbHaa pasmMepHOCTb
2,0000
1,5000
1,0000
0,5000

0,0000
Fp1 Fp2 T3 T4

W red B oon

P3 P4 01 0z

DpaKTanbHasA pasMepHoCTh

a

FPlL  FP2 T3 T4

MpakTankHasa pasMepHocTh

m Jenpeccua

P3 P4 0l oz
Kadansl 330

N don

7

Puc. 2. 'uctorpaMMsl pacrpeseneHus
(bpakTaIbHON Pa3MEPHOCTH AIIEKTPO3HIIE(aIorpaMM:

CJIEJIOBATENIbHO, YEJIOBEK IO/ JIEHCTBHEM IreHepa-
TOpa IIyMa HaXOJAUTCS B JICTIPECCHH.

IIpoananuzupyeM H3MEHEHHE BBIOOPOTHOMN
sHTponuu B otBeneHusx Fpl u T3 —npu nanuuun
reHeparopa IIymMa OHa Bo3pacTaeT B 2,8 pa3a B OT-
Benennu Fpl u B 4 pasza misa orsenenust T3. Ilox
JCWCTBHEM JICTIPECCHH BBIOOpPOYHAST JHTPOIHUS
Takke Bo3pacTaet B orBeneHusix Fpl, T3, uto mo-
3BOJISIET C/IENIaTh MPEIBAPUTENbHBINA BHIBOI O TOM,
YTO MPHU HAJIMYUH TeHepaTopa 1rymMa oreparop Hc-
MIBITBIBAET JienpeccHio (Hanusie u3 [8], puc. 3).

Hcxons w3 aHanm3a CHEKTpPajbHON IJIOTHO-
CTH MOIIHOCTH OeTa-puTMma, TeTa-purma, (pax-
TaJbHON Pa3MEPHOCTH, BBIOOPOYHOI SHTPONHH,
MOYKHO CJeJNaTh BBIBOJ, YTO OIEpaTop IOJ BO3-
JICHICTBHEM 3JIEKTPOMAarHUTHOTO IITyMa HCIBITHI-
BaeT JIEMPECCHIO.

BbI6OpoYHas 3HTponus
08

W gon B ren

06

04

02

00
Fp1 T3
BbiGOpPOUHAaRA 3HTRONNA

a

0.6 -

OBocTpenue
Aenpeaccuan

Pemuccin

ObocTpeHue
Aenpeccun ]

0

Puc. 3. 'ucrorpaMMmsl pacnpeneneHus BEIOOPOYHOI 9H-
TpoIuH AeKTpo3HIedanorpamm B oTBenenusx Fpl, T3:

a — TIOZL IeHCTBUEM IreHepaTopa IyMa;
6 — oy eficTBUeM nenipeccu [7].

a — 1oj1 ieficTBeM TeHeparopa 1ryma;
6 —mop eiicTBreM aenpeccun [§]

CUCTEMHbIV AHAJIU3 U MPUKITALHAS MIHOOPMATUKA

4,2020



DATA PROCESSING AND DECISION-MAKING

49

Crpecc. Hccnenyem n3aMeHeHne napameTpos,
CBSI3aHHBIX co cTpeccoM (puc 4). [lpu Hanuumu
reHepaTopa Iryma HaOIlolaeTcs BO3pacTaHHe CII.
IUL. MOIHOCTH Oera-puTMa B OTBeleHHsX Fpl,
Fp2, Fpz B 5 pa3 or ¢ona, Ha 56,1% oT ¢oHa,
1 B 2,5 pa3a oT (hoHa COOTBETCTBEHHO. JTO MOXKET
OBITh MPU3HAKOM CTpecca, T.K. Ha OCHOBE pHC. 4B
u [9], mpu cTpecce BO3pacTaeT CIEKTpalbHAs
IUIOTHOCTh MOIIHOCTH OeTa-puTMa B OTBEIICHHSIX
Fpl, Fpz.

[Tpu Hanuuuu reHeparopa nryma HaOIlromaeT-
Csl BO3pacTaHWe CI. IUI. MOIIHOCTU TEeTa-pUTMa
B otBenenusix Fpl, Fp2, Fpz B 2,2 pa3a ot ¢oHa,
Ha 20,8 % ot ¢ona, u Ha 47,4 % ot ¢hoHA COOTBET-
CTBEHHO. DTO MOXKET OBbITh IPHU3HAKOM CTpecca,
T.K. U3 pUC. 4 CJIeyeT, U4TO MPH CTpecce Bo3pac-
TaeT CIEKTpalibHasl IUIOTHOCTh MOIIHOCTH TeTa-
putma B otBenenusx Fpl, Fp2, Fpz [9].

B orBemenusx Fpl, Fp2, Fpz npu namm-
YUK W3ITyYeHHs] TeHepaTopa IyMa HaOIromaeTcst

Cn. NN. MOWHOCTH BeTa-puTMa
W oren @ ooH

01500

o100

nosin

00000
Fpl Fa2 Epz

TR, BETapUTIME

a

Cn. Nn. MOLWHOCTH TETA-PUTMA
W @ dow
0,500

o000

oosin

nacoa
Fpl Faz Fpz

C, 1N, TETA-PHTMS

7

0.24 0.65
0.6

0.55

=Fpl-Crpecc
=Fpl-®oH
= Fp2-Ctpecc
=Fp2-®oH
=Fpz-Ctpecc
= Fpz-®oOH

0.22
0.2
0.18 [— 05

1 0.45

0.16
Teta_OTH

Beta_OTH

8

Puc. 4. 'uctorpaMMsbl pacrpeieleHns CIeKTPaJIbHON
MJIOTHOCTH MOIIHOCTH 3J€KTPO3HIEDANOrpaMM:
a, 6 — 1oJ] IeHCTBHEM I'eHepaTopa IyMa;
6 — TIOJ1 IeficTBUEM cTpecca [9]

YBEIMYEHHE KOPPEISIMOHHONW Pa3MEpPHOCTH Ha
30,7 % ot dona, Ha 0,9 % ot doHna, u Ha 27,6 % OT
(hoHA COOTBETCTBEHHO, MIOATOMY MOYKHO CJIENaTh
Npe/IBAPUTENILHBINA BBIBOJ (T.€. BBIBOJ, OCHOBAaH-
HBII TOJBKO HA JAHHBIX U3 puc. 5 [9]), uTo Hemo-
BEK UCIIBITHIBAET CTPECE, T.K. IPU CTpecce Koppe-
JSAIMOHHAS pa3MepHOCTh B oTBeneHusx Fpl, Fp2
BO3pAacTaerT.

TTon JIeCcTBHEM reLeparopa yma
(puc. 5) wnabGmromaeTcs BO3pacTaHUE CIIOKHO-
ctu Jlemnens-3uBa B otBeaeHusix Fpl, Fp2, Fpz
B 5,3 pasa ot ¢oHa, B 4,7 paza ot (oHa, u B 6 pa3

KoppenauMoHHas pasMepHocTs D2
W e W ogon

Fp1 2" Fpz

KEppenauAo--5s fa s HOCT 02

a

56
54 - 4@
52

5
4.8
4.6

D2

0

TEonn -

TL0a0

02000 -

nLoon -

ChnomHocTe NMesnens-3uea

Wren B By
02390

05000
0400
0T
opa Fpt FR2 Fnr

CnomHocTh Mawneass-3una

8
0.58
056 =Fpl-Ctpecc
i
= Fp2-Ctpecc
0.52 = Fp2-®oH
a5 = Fpz-CTpecc
0.48 = Fpz-®oH
LzZc

2

Puc. 5. 'uctorpammel pacnpeneneHus:

a — KOppeNsITUOHHON pa3MepHocTH DI o nelicTBueM
TeHepaTopa MyMa; 6 — KOPPEIAIHOHHON Pa3MEPHOCTH
OO0l nox aelictBuem ctpecca [9]; 6 — cnoxHocTH Jlemnens-
3uBa DOl oz aelicTBUEM IeHepaTopa IMIyMa; & — CJI0KHO-
ctu Jlemnens-3uBa D3I mox neiicTBuem crpecca [9]
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COOTBETCTBEHHO. T.K. pH cTpecce HalmonaeTcs
Cn. nA. MOWHOCTHK

BO3pacTaHue cilokHoctu Jlemmnens-3uBa B OTBe- o000 W don @ res
nenusix Fpl, Fp2, Fpz, npu Hanuuuu usnydeHus
reHeparopa IIyma 4ejoBeK 10T CTPECCOM. 07500

Hcxonsd U3 u3MEHEHUN B CHEKTPaJIbHOM IUIOT-
HOCTH MOUIHOCTH (puc. 6) B orBeneHnn C3 (crek-
TpajbHas IUIOTHOCTh MOIIHOCTH JEJbTa-pUTM
yMeHbIIWIach B 2,1 pasza; TeTa puT™Ma — BO3pocia

0,5000

0,2500

B 2,2 pa3a, anbda puT™Ma — Bo3pocia B 3,3 pasa; Oe- 08000 pr— — anspa sera

Ta-puTMa — BO3pocia B 4,5 pa3a) IMpu HAJTHIUH Te- €n. nn. MowoeT

Heparopa Iryma (a IMEHHO U3 YMEHBIISHUS CII. TUL. a

MOILHOCTH JENbTa-pUTMa U BO3PACTAHUS CII. I Cn. NA1. MOLHOCTY NpK CTpecce

MOIIHOCTH TeTa-, alb(pa- u OeTa-pUTMOB) U JIaH- o W Hopua W Gunerofi cpece [ Gragu crpece

HbIX U3 [10], MOXXHO 3aKJTIOYUTh, YTO ONEPATOP UC-

MIBITHIBACT CHIBHBIA cTpecC (T.K. IPU HEM TaK K€, 05

KaK ¥ TIpU HaJHMYUU TeHeparopa IIymMa yMEHbIIA-

€TCsl CI. IJI. MOIIHOCTU JIeJIbTa-puT™Ma M BO3pac- o

TaeT CII. TUT. MOIITHOCTH TeTa-pPUTMa, a alb(ha-puT™ 02

n 0eTa-puT™M MOKHO HMCKIIIOYHTH W3 aHAlu3a, T.K.

IIPY CHIIBHOM CTPECCE OHU HE MEHSIOTCS). E—— ..Te'ra . anvoa - Gera
YMcTBEeHHas ycTanocTb. Paccmorpum musme- €. in. mouoca

HEHUE MapaMeTpOB, CBSA3AHHBIX C YMCTBCHHOM 6

yCTaHOCTBIO. CHCKTpaHLHaﬂ IUIOTHOCTh MOIIIHO- Puc. 6. rI/ICTOl“paMMLI pacnpeaciacHus CHeKTpaHBHOﬁ

IIJIOTHOCTH MOIIHOCTH B oTBeneHuu C3:
a — Toj1 IeficTBHEeM TeHeparopa nryma;
6 —nox neiictBueM ctpecca [10]

CTH TEeTa-puUTMa, YCPEAHECHHAsI 1O BCEM OTBEJIE-
HusM, Bospocia Ha 40,2% ot ¢oHoBOro cocto-
aHusl. Bo3pacTaHue CHEKTpalbHOW IUIOTHOCTH
MOIITHOCTH TETa-pPUTMa, YCPEAHEHHOH IO BCEM
OTBEJICHUSAM, MOXET SIBJISITHCA CIIEJICTBUEM YM- BbI6OpOUHas 3HTPONMSA
CTBEHHOH YCTalOCTH (€CIM pPYyKOBOACTBOBATHCS
JaHHeIMH 13 [11]).

VBenunueHne BEIOOPOUYHOM SHTPONUHU 06 -
(puc. 7) B orBenmenusx F7, F3, Ol, O2, F4, F8
MIpU HAJIUYUU TEHEPaTopa IIyMa MOKET TOBOPUTD
00 OTCYTCTBUU YMCTBEHHOH YCTaJIOCTH, T.K. IIPH
yCTaJIOCTH BEIOOPOYHAS SHTPOIHS B TUX OTBEJIC- 0
HUSX, HA000POT, yMeHbIaercs [12].

ITon nelicTBreM reHeparopa ryMa CiI0)KHOCTh
Jlemmens-3uBa (puc. 8) Bo3pacTaeT Bo Bcex 16 BbI6OPOUHaRA SHTPONWS
AHAJIMSUPYCEMBIX OTBEACHUAX (Fpl’ sz’ F3’ F4’ B Gaurenshocts M Jlerkas yetanocto YcTanocth
C3, C4, P3, P4, O1, 02, F7, F8, T3, T4, T5, T6). B Bo30GHOENEHNE NOCTE OTAbIXE
ITon neiicTBUEM yCTalOCTH CHOXKHOCTH Jlemmens- 125
3uBa[13] Bo3pacraer B 4 orBenenusx (F3, F4, C3, 100
C4) n ymensbiraercs B 6 otBenenusix (01, 02, TS, 2:2
T6, F7, F8). IloaTOMy MOXKHO clienaTh npeaBapu- 0:25
TEJBHBII BBIBOJI (T.€. BBIBOJI, OCHOBAHHBIH TOJIHKO 000
Ha ga"HbIX [ 13]), 4TO YenoBeK Mo ACUCTBUEM Te-
Heparopa IIyMa yCTaJI0CTh HE UCIIBLITHIBACT.

Hcxons v3 m3MeHEeHU BbIllIEyKa3aHHBIX Ma-
paMeTpoB, MOXKHO CHEJIaTh 3aK/IOUYEHUE, YTO OIle- Pc. 7; TictorpamMBl pactipeAeeHs .

v BBIOOPOUYHOM SHTPOITUH AEKTPOIHIEDamorpamMmm:
partop MOJ BO3AEUCTBUEM BIIEKTPOMATHUTHOTO @ — 101 AeHCTBHEM reHepaTopa myMa;
ymMa YMCTBCHHYIO YyCTAJIOCTh HC UCIBITHIBACT. 0 — moz1 IecTBUEM yMCTBEHHOMH ycTanoctu [12]

W dov I reH
08 -

02 -

F3 F4 01 02 F7 Fg

BbIGOPOYHARA 3HTPONUA

a

F7 F3 o1 02 F4 F&

BbiSOpOMHaA 3HTRONKWA

0
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0,6000

0,2000

CnoxHocTb Jlemnens-3usa 3akKaoueHue
W ooon W e Hcxonst U3 M3MEHEHUH CHEKTpajIbHOU IJIOT-
o HOCTH MOIIIHOCTH O€Ta-puT™Ma, TETa-pPUTMA, hpak-

TaJIbHON pa3MEpHOCTH M BEIOOPOYHOM DHTPOITHH,
oreparop Ioj JIEeHCTBHEM TeHeparopa JJIeKTpo-

04000 MAarHUTHOTO IIyMa HCHBITHIBAET JAenpeccuro. Pe-

3yJIBTaThl COMIACYIOTCSl C pesyasraramu B [14].
Hcxons u3 u3aMeHeHu# CreKTpaibHON IJIOTHOCTH

10.

11.

12.

13.

O Faz F3 F4 C3 c4 F3 P4 OV 02 F7 F8 T3 T4 T5 To MOIITHOCTH 66Ta—pI/ITMa, TE€Ta-pruUTMa, KOppeJIsau-
Cnoioct flewnenn S1ea OHHOU pa3MEPHOCTH, CIOKHOCTH Jlemmnens-3uBa;
a CHCKTpaJ'ILHOf/'I INIOTHOCTH MOIOHOCTHU AcCJbTa-,
CnoMHocTb Jlemnens-3vsa Tera-, amb(a-, Oceta-puTMOB B oTBemeHun C3
B epenyucroenof warpyocori I Mocne ywrsenof Karpyous oreparop Mo BO3ACHCTBHEM DJICKTPOMArHUTHO-
0T ro IIyMa WCIBITBIBaET cTpecc. Mcxoms u3 usme-
0350 HEHMS CHEKTPaJbHOW IJIOTHOCTH MOIIHOCTHU Te-
0325 Ta-puTMa, BEIOOPOIHON DHTPONUU M CIOKHOCTH
0300 Jlemnens-3uBa, oneparop mox ACHCTBUEM 3JIEK-
- ‘ ‘ ‘l | TPOMAarHWTHOTO IIyMa YMCTBEHHYIO YCTaJOCTh
s LLTEETR LY e
AN LN AN S S A IR R L I I e
CnoxHocts Jlemnena-3usa
o
Puc. 8. 'mcTorpaMMsl pactpeneIcHUs CI0KHOCTH
Jlemnens-3uBa >IeKTpIHLEDATOTPAMM:
a — 1oj, IeNCTBUEM T'eHepaTopa IyMa;
6 — o[ IeMCTBUEM YCTAJIOCTH, BBI3BAaHHBIX
YMCTBEHHOH Harpy3koii [13]
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SIDORENKO A. V., SALADUKHA M. A.

EVALUATION OF OPERATOR’S STATE UNDER THE INFLUENCE
OF ELECTROMAGNETIC NOISE GENERATOR

Belarusian State University

Abstract. The purpose of the work, the results of which are presented within the the article, was to study changes in the
nonlinear EEG parameters represented by sample entropy, correlation dimension, fractal dimension, Lempel-Ziv complexity
while the operator is irradiated with electromagnetic noise. Apart from the above nonlinear parameters, we studied the change
in the power spectral density of delta-, theta-, alpha-, and beta-rhythms. A change in the spectral power density of beta- and
theta- rhythms, fractal dimension, and sample entropy during irradiation was associated with a change in the above parame-
ters during depression. A change in the spectral power density of delta, theta, alpha, and beta rhythms, the correlation dimen-
sion, and Lempel-Ziv complexity during irradiation was associated with a change in the above parameters in stress. A change
in the spectral power density of the theta rhythm, sample entropy and Lempel-Ziv complexity during irradiation was associat-
ed with a change in the above parameters during mental fatigue. The power of the electromagnetic noise generator was 30
mW, the spectral range was 5 GHz, and the generator itself was a generator of electromagnetic noise radiation on transistors.
The mathematical description of the calculation of nonlinear parameters represented by sample entropy, correlation dimen-
sion, fractal dimension and Lempel-Ziv complexity was studied. The registration of electroencephalograms was carried out
according to the “10/20” scheme using the MBN electroencephalograph. The results of the work showed the presence of a de-
pressive and stressful state, as well as the absence of mental fatigue when exposed to electromagnetic noise radiation, if we
are guided by the change in sample entropy, correlation dimension, fractal dimension, Lempel-Ziv complexity and power
spectral density.

Keywords: electromagnetic noise, depression, stress, mental fatigue, electroencephalogram.
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OT PEAAKLIUHA

YBa)xaemblie aBTOpbI!

OOIIMMHI KPUTEPUSIMHU JUTS ITyONUKALUK CTaTell B )KypHaJe SBIISIOTCS aKTyaJbHOCTb, HOBH3HA Marepuaia
U €0 LIEHHOCTh B TEOPETHYECKOM W/WIIH ITPUKJIAJHOM acHeKTax.

C uesbro NPUBEACHUS JJIEMEHTOB JaHHBIX, COIEPIKALIMXCS B )KypHAJIE, B COOTBETCTBHE MEXIYHAPOIHBIM
TpeOOBaHUAM 3apYOCIKHBIX aHATUTHYCCKUX HMH(POPMAIIMOHHBIX CHCTEM (MHIEKCOB ITUTHPOBAHMA), UCIOIB3Ye-
MBIX JUISl OLICHKH JIeATeIbHOCTH YUpeXKIeHHH 00pa3oBaHUs IPH pacyeTe IoKasareineld B MEeXIYHApOIHBIX peii-
THHIaX YHUBEPCHTETOB, PEIKOJUIETHs JKypHAJa IpeaiaraeT pyKOBOACTBOBaThCs [IpaBMiamMu B IpHBEACHHOMN
HIDKE PEeHAaKINY TPUOMIKeHNS K YHU(UITMPOBAHHON CHCTEMe IUTHPOBAaHUS HaydHbIX myonukanuii SCOPUS,

C 2016 r. Pemromnerns KypHaJia TIpejIaraeT pykoBOACTBOBAThCS [IpaBriiamu B IPHUBEACHHON HIDKE PETAKIIUML

MpaBuAa ANA aBTOPOB

1. O6wue TpeboBaHUsA

Marepuanbl ctareld IpencTaBisoTes Ha OyMakHOM HocuTese (B IBYX 9K3.) 1o aapecy: 220013, MuHck,
yi. @. Cxopunsl, 25/3, xopm. 20, kabd. 508 (CatukoB Urops AGy3apoBud) U B DIEKTPOHHOM BHJE e-mail:
ca_pi@bntu.by. Tenedon mist cripaBok: (017) 266 26 58.

CTaTI)H, npeacrasjsieMas Ha 6yMa)KHOM HOCHUTCJIC, NOJIKHA 6bIT]) noarnvucaHa BCEMU aBTOpaMu. K crarbe
NPWJIATAIOTCsl CBeJIeHHs1 00 aBTopax: (haMuIus, UMsl, OTYECTBO TOJHOCTHIO, MOYTOBBIN ajpec, TenedoHsl, aapec
3J'leKTpOHHOI>1 II04YThI, MECTO pa6OTI)I, yucHas CTCCHb U 3BAaHUEC, NOJKHOCTD. le/l HaJIMYMU HCCKOJIbBKUX aBTOPOB
JIOJDKEH OBITh yKa3aH aBTOp, OTBETCTBEHHBIN 32 MEPEIHCKY.

Crarby, IOCTYNUBILIUE B PEAKIMIO )KypHAJa, PETUCTPUPYIOTCS B YCTAaHOBJICHHOM mopsiike. CtaTbu, opopm-
JICHHBIC C HAPYIICHUEM ITPUBCACHHBIX ITPpaBUJl, K paCCMOTPEHUIO peuaKuMeﬂ HC MMPUHUMAIOTCA. HpI/IH}ITbIe cTa-
TBH PELEH3UPYIOTCSI.

[Tpu MoNOXNTENBHON PELICH3UH CTaThsl IIPEAIaraeTcs K OrmyOIMKOBAHHIO.

Penakiysg He MPUHUMAET CTaThU, OMyOIMKOBaHHbIC paHee B APYTHX JKypHAIaX WM HAyYHbBIX U3IAHUSX.

ToHopap aBropy 3a MyOJNMKAIUIO CTAThU HE BhIIIAYMBAcTCs. Marepuabl, IPUCIAHHBIC B PEIAKIIUIO, aBTO-
paM He BO3BPALIAOTCSL.

2. MpaBunaa opopMAEHUA cTaTen

2.1. O6bem crareit (¢ WILTIOCTPAITUAME) HE JOJDKEH TPEBHIIIATh:

* IS ODUTHHAIILHOM CcTaTh¥l — 7 cTpanwmil (He Oosiee 8 nintocTpauii);

* IS KPaTKoOTO cOOONIeHNs — 3 cTpaHull (He 0oJiee 2 WILTIOCTPAIIHiA).

Crarbst 0JDKHA OBITH HAOpaHa ¢ MOMOIIIBIO TEKCTOBOTO pemaktopa Microsoft Word 2007.

ITapametpsr cTpanunbl: Gopmar A4 (Beicota 29,7 cM., mmpuHa — 21 CM.); OTCTYIT st JIGBOTO IIOJISI M TOJISt
CBEepXy — 25 MM, IpaBoro U HUWKHero — 20 MM; HyMepalusi CTPaHHUI] CBEPXY B KOJIOHTHUTYJIE, CO BTOPOU CTpaHHU-
1Ibl, C BBIPABHMBAHKHEM 110 [IPABOMY Kpalo.

Texct mabupaercs mpudTtom TimesNewRoman, 12 nT. MeXCTpOYHBIN HHTEPBAT — MOTyTOPHBIN. AO3aITHBIH
orctyn — 12 Mm.

2.2. Unneke YJIK nHabupaercs mpudrom TimesNewRoman, 12 nit, Bce nporicHble, BoIpaBHUBaHKE — MO PaBO-
My Kparo.

2.3. ®amMunust 1 MHUIMAJIBI aBTOpa (aBTOPOB) B NMEHUTEIBHOM I1aJIeXkKe, JI0JDKHOCTD, YUCHas! CTENeHb U y4e-
Hoe 3BaHue nevaratorcs mpugprTom TimesNewRoman, 12 nt, Kypcus, BeIpaBHUBAHHE — T10 JIEBOMY Kpalo.

2.4. Ha3Banue crarbi Habupaercs mpudtom Arial, 12 1T, )KupHSIi, Bce MPOITHCHBIC, BRIPAaBHUBAHKE — 110 LICHTPY.

2.5. TlomHOE Ha3BaHWE OpraHU3aINU (OpraHU3aIHii), B KOTOpOil paboTaeT (ydaurcs) aBTop (aBTOpHI) HaOMpa-
etcst mpudrom TimesNewRoman, 12 nT, BEIpaBHUBaeTCs 10 HEHTPY, [lociie Ha3BaHWs OpTaHU3AIMH IPOITyCKa-
eTcs JIBe CTPOKH, Jajee cIeayeT ajgpec (aapeca) JIeKTPOHHOM MOYTHI, IIPOITYCKAETCsI IBE CTPOKH.

2.6. ArHOTaus M Kiro4deBsie cioBa (00beM 200-250 cnoB Ha pycckoM (aHII.) sSI3BIKE CTaThU HaOMpaeTcs
mpugpTom TimesNewRoman, 10 nt, MexxcTpounsIii HHTEpBal 1,15 1T, KypcHB, BEIpAaBHUBAETCS 110 LIEHTPY. AHHO-
TalMs IOJDKHA COZIepXkKaTh (PEKOMEH/IOBaHHAsI CTPYKTYpa): LeNb M 3a7auu paboThl, METObI UCCICJOBAaHUH, pe-
3yJIBTaThl, BHIBO/IBI. AHHOTAIMS JIOJKHA OBITh MPUTO/IHA /ISl OMYOJIMKOBAHUSI OTJEIBHO OT CTaThu. AHIIUICKUI
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BapUaHT HE JIOJDKEH OBITh MEXaHWYECKUM IEPEBOJIOM PYCCKOTO TEKCTa, a oOecreunBaTh MIOHUMaHNe CyTH pabo-
THI IUIs1 ”HOCTPAHHBIX ynTaresneil. [Tociie aHHOTaIy MpoITyCKaeTcst O/lHa CTPOKa.

2.7. Texct crarsu (Habupaercs mpudrom TimesNewRoman, 12 o, ¢ ab3ameM, BhIpaBHUBAHUAE — 10 IUPHU-
HE) JIOJDKEH COJIepIKaTh CIISYIOINE DIEMEHThI:

1) 86edenue (MOXKET COMEPIKATh: KPATKUH 0030p JIUTEPATYpPhI IO MPOOIeMe HUCCIICAOBAHMS, IEPCUUCICHUE
HEpEeIICHHBIX paHee BONPOCOB, TOCTAHOBKY MpoOJieMsl, Lelb uccienoBanuii). CroBo «BBenenne» meyaraercs
wpudrom TimesNewRoman, 12 1T, )xupHBIil, BRIpaBHUBAHKE — 110 JIEBOMY Kpalo.

2) ocnosHas yacme ucciedosanusi (BO3MOXKHO JICIICHHE Ha TIOJpa3/eibl), BKIOYaromas rpauku u Ipyroi
WUTIOCTPATUBHBIN Marepual (PU MX HAIWYWH), IPU 3TOM TaOJIMIBl ¥ PUCYHKH HE JIOJDKHBI yOIHMpoBarh Jpyr
npyra. Hazsanue kaxmoro nojpaszena crarby redaraercs mpudrom TimesNewRoman, 12 0T, >KUpHBbIH, BeIpaBHU-
BaHUE — I10 JIEBOMY Kpalo.

3) Baxmouenue (HOpMyITUPYIOTCSI OCHOBHBIC MOJTYYCHHBIC PE3YJIbTAThl ¢ YKA3aHUEM MX HOBU3HBI, IIPCUMY-
HIECTB MO cpaBHeHHIO C¢ aHajoramu). CioBo «3akiroueHue» nedaraercs mpudrom TimesNewRoman, 12 m,
JKHPHBI, BHIPABHUBAHKE — 10 JIEBOMY KPalo.

2.8. Jlumepamypa. Crucok nuteparypsl oopmitsercs mpuptom TimesNewRoman, 12 0t B cOOTBETCTBUU
¢ UHcTpykimei mo opopMIICHHUIO JAUCCEpTAINK, aBTopedepara U MyOIHKAIUil M0 TeMe TUCCEPTAIUH, YTBEPK-
JICHHOM MOCTAaHOBJICHHEM Tpe3uryMa [0CynapcTBEHHOTO BBICIICTO aTTECTAIIMOHHOTO KOMHUTeTa PecmyOnuku
Benapycph 24.12.1997 Ne 178 (B penakuuu nocranosienust BAK benapycn or 22.02.2006 Ne 2). www.edu.grsu.
by/files/liter.doc.

CnoBo «Jlurepatypay meuaraercs mpudpTtom TimesNewRoman, 12 0T, Bce mpoOnuCHbIC, BRIPABHUBAHUE — IO
JICBOMY Kpalo.

WcTOYHUKHM JOKHBI PACIIONaraThCs B MOPSAKE IUTHPOBAHUS B TeKcTe. [lopsiikoBbIC HOMEpa CCBUIOK B TCK-
CT€ JIOJDKHBI OBITh HAIMCAHBI BHYTPH KBaJPATHBIX CKOOOK (Hampumep: [1], [2]).

B cTarhsx Ha PyCCKOM SI3BIKE TOJKHO OBITH 710 10 MCTOUHUKOB, BKIIFOUAsI CTAThH U3 MEKIYHAPOTHBIX XKYpHA-
JIOB, a TaK)KE CCBUIKA Ha COOCTBCHHBIC MCCIICOBAHUS. B aHIIIOS3BIYHBIX CTAThsAX JOKHO OBITh 10 30 MCTOUHU-
KOB, BKJIFOYAsl CTaThH U3 MEXKIYHAPOHBIX KYPHAJIOB, a TAK)KE CCHUIKM Ha COOCTBEHHbIC MccienoBanus. O030p-
HBIC CTaThU JIOJKHBI BKJIFOYATh 10 50 CCHUIOK, BKJIFOUYAsl CTaThH U3 MEKYHAPOIHBIX JKYPHAIIOB, & TAKKE CCHUIKH
Ha COOCTBCHHBIC HCCIICIOBAHMS.

CIIHCOK MCTOYHUKOB JIOJDKEH 0(hOPMIIATHCS HAa PYCCKOM M aHTIIMHCKOM SI3BIKaX.

C 1eJIbI0 MOBBIIICHUS ITUTUPOBAHKS AaBTOPOB B YKYPHAJIC MIPOBOAUTCS TPAHCIUTEPAIUS PYCCKOSI3BIYHBIX HC-
TOYHHUKOB C HCIOJIB30BaHHEM O(HUITMATBLHBIX KOAUPOBOK B CIICAYIOIIEM MOPSIKS: UMCHA aBTOPOB TPAHCIUTCPH-
pYIOTCS TaTUHMIICH, HAa3BaHUE CTaTbU — CMBICIIOBOM TpaHcIuTepanuen (epeBosl Ha aHIIMHCKUN S3bIK), Ha3Ba-
HHUE MCTOYHUKA, [J¢ OmyOnnkoBaHa padoTa, TPAHCIUTECPUPYCTCS JTATHHUIICH, €CIIM Y UCTOYHHMKA (3KypHasia) HET
o(pHIIHATBHOTO HA3BaHUS HA aHTIUHCKOM SI3BIKE).

Jist ynoOcTBa TpaHCIUTEpaii BO3MOYXKHO HUCIIONIb30BaHKE OHJIAMH-cepBUCOB: http://www.translit.ru.

Bce pycckosi3biuHbIC HCTOYHUKH JIMTEPATYPhI JTOJDKHBI OBITh MPEICTABICHBI B TPAHCIUTCPUPOBAHHOM Bapu-
aHTe. 3a MPaBUIILHOCTh MPHUBEJCHHBIX B CITUCKE JIMTCPATYPhI TAHHBIX OTBETCTBEHHOCTHh HECYT aBTOp(bI). B crm-
CKE JIOJDKHBI MMETh MECTO CCBUIKM HAa W3[aHHs, BKJIIOUCHHBIC B MEKIYHAPOIHBIC 0a3bl IIUTUPOBAHUS Scopus
u Web of Science).

2.9. locne cnucka numepamypel Ha PyCCKOM M aHITIMHCKOM SI3bIKAX B CTaThe HAa PYCCKOM (QHIL.) SI3bIKE JIOJDK-
HO CJIeZI0BaTh Ha3BaHKE CTaThH, CIIMCOK aBTOPOB, CBEJICHUS O HUX M aHHOTAIHS HA aHIJIMHCKOM (PYCCKOM) SI3BIKE.

Janee yka3pIBaeTcsi: TpaHT, roc. porpamMma, tema rocoromkerHoit HUP (Ne Toc. perncrpannu) uiv nHOH
JIOKYMEHT, B paMKaxX KOTOPOI BHIITOJIHEHA padoTa (MM MHUIMATHBHAS).

2.10. Pestome asmopos (mpudrom TimesNewRoman, 10 1t.,) conpoBokmaercs ororpadueii (3x4 cm.), JPG.

2.11. Ogopmnenue popmyn. TonpKO CIOKHBIE (HOPMYIBI TOKHBI OBITH HAOpaHBI C IIOMOIIBIO BCTPOCH-
Horo B MS Word penakxropa ¢popmyn Equation. IIpocTto OykBEI ¢ HHAEKCAMU MOTYT OBITH HaOpaHBI 0€3 MCTIONB30-
BaHUS (DOPMYIBHOTO pelakTopa ¢ MOMOIIBI0 cpencTB opopmiernss MS Word. JlaTHHCKHE CHMBOJBI TOTKHBI
OBITh HAOpaHBI KyYpPCHBOM, Kak B (hOpMyInax, Tak U Ha PUCYHKAaX, U B TEKCTE, a PyCCKHUE U TPEUECKUE — OOBITHBIM
TEKCTOM.

B penakrope hopmyn omKeH OBITh YCTAHOBIICH CIIEAYIOMINN pa3Mep CHMBOJIOB: OOBIYHBIN cuMBON — 11 1T,
KPYTHBIA HHIEKC — 7 TT., MEIKHHA HHAEKC — 5 MT., KPYIHBIA CUMBOJ — 17 TIT., MEKHIA CUMBOI — 12 niT. DopMyItsl
BBIPABHUBAIOTCS 0 LEHTPY CTPaHUIbL. [Ipr HEOOXOOMMOCTH A€NaTh CChIIKH Ha (DOPMYIIBI UX CIEAYET HyMepo-
BaTh apaOCKUMHU nu(pamu, IIOMEIIEHHBIMU B KPYTJIble CKOOKH, B opsifike ynmoMuHanus. Homepa dopmys BeIpas-
HHUBAIOTCSI [0 TIPABOMY KParO CTPaHUIBI.
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