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SYHuBepcuTeT BynnoHroHr, BynnoHroHr, HoBbii IOXHbIN Yanbe 2522, ABcTpanus

BBegeHue: runotesa Agamapa o cylLLecTBOBaHUM MaTpUL MaKCUMyMa feTepMUHaAHTa NOPsIIKOB, KPaTHbIX YeTbIPEM, TECHO
cBsi3aHa ¢ npobriemoli [aycca o yucse ToYek ¢ LenbiMu KoopamHaTamu (Todek Ha pelletke Z3) Ha ccheponfje, KOHyce, napa-
6onoune nm napabone. PacnonoxeHue To4ek [aycca AUKTYET KOJIMYECTBO U BUAbLI SKCTPEMasbHbIX MaTpuy. Llenb: BbisiBUTb
cBA3b TOYeK [aycca Ha ceyeHusix Tes BPaLLEeHUsi C KOJIMYECTBOM M BULAMMU MATpUL MakCcUMyma AeTepMUHaHTa ¢ (hUKCUpo-
BaHHOW CTPYKTYPOU [J151 HEYETHbIX NOPSAKOB. OnpefennTb TOYHYH BEPXHIOK rPaHULy 3HaYeHUii MakCMMYMOB AeTepMUHaHTa
47151 OULMKIINYECKUX MAaTpUL C KalMoW 1 Nopsiiku ux npeBanvMpoBaHus Haf 6osee MpoCcTbIMU LUKINYECKUMU CTPYKTYPaMM.
Pe3ynbTatbi: npuBefeHa hopMyna, yTOYHSIIOLLAsA U3JNLLHE ONTUMUCTUYECKYH rpaHuLy 3nmya — BoiiTaca Ha ciyyai MaTpuy
cbukcupoBaHHoOI CTpYKTypbl. [okazaHa ocobas posb yncen depma ans nopsakos 4t + 1. [okasaHo BausiHue yucen bapbbl Ha
chopmupoBaHMe KnaccoB MaTpuL MakCUMasbHOrO AeTEPMUHAHTA, 3aHUMAKOLLMX NOCe0BaTeIbHO CMeHsIoLMe Apyr Apyra
obnacTu nopsgkos 4t + 3. [1ns 6ULMKIMYECKON CTPYKTYPbI C KaliMoy npuBefieHa oueHKa 67 A/ MaKCUMaslbHOro Nopsifika, Ha
KOTOpOM HabnrogaeTcsi onTUManbHOe CUMMETPUYHOE PEeLLEHUE, U [OKa3aHO MPEeBOCXOACTBO AeTepMUHAHTa B6/I04HbIX MaTpuL
¢ KarMoWi Hafj eTEPMUHAHTaMM LMKITMYECKUX MATPUL, BE3/€, 3a UCKIIOYeHEM ocoboro 39-ro nopsgka. lpakTudyeckas 3Ha-
YUMOCTb: CBSI3aHHbIE C TOYKaAMU PeLLEeTKU MaTpuLibl MaKCUMasibHOro Assi (hUKCUPOBAHHOMN CTPYKTYPbl AeTepMUHAHTa UMET
HerocpefCTBEHHOE NMPaKTUYECKOE 3HAYEHNE AJ1s 3afjay MOMEXOYCTONYMBOro KOAMPOBAHUS, CXATUsI U MaCKMPOBaHUS BULEO-
MHhopMaLmun.

KnroueBbie cnoBa — To4ku laycca, npobnema laycca, napabosions Ha peLueTke, OpTOroHasbHble MaTpuLibl, MaTpuLbl Aga-
Mapa, MaTpuLibl MaKCUMasIbHOro AeTEPMUHAHTA, BULIMKINYECKMNE MATPULIbI C KaAMO.

Hasa uutuposanus: Bamonun H. A., Ceprees M. B., Cebeppu [[»k., Cuunuinpiaa O. 1. OKpyKHOCTH Ha pelieTKaxX U MaTPUIILI MaKCUMyMa
nerepMmuHanTa. UHpopmayuonno-ynpasasiouue cucmemot, 2020, Ne 6, c. 2-11. doi:10.31799/1684-8853-2020-6-2-11

For citation: Balonin N. A., Sergeev M. B., Seberry J., Sinitsyna O. I. Circles on lattices, and maximum determinant matrices.
Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2020, no. 6, pp. 2-11 (In Russian). doi:10.31799/1684-

8853-2020-6-2-11

Beemenmne

Hacroamasa crarea dABadeTca IPOAOIIKEHUEM
paborTsl [1], moCcBAIIEHHOM CBA3U KJIACCUUYECKUX 3a-
Iad o moucke Touek ['aycca (TOUEK C 11eJI0UNCIEeHHBI-
MH KOOpAMHATaAMM) Ha OKPY!KHOCTSAX, 0OpasoBaH-
HBIX CEUEeHUSMH TeJ BpAaIlleHUs, U MaTPUIl 00JIb-
IIT0T'0 MJIX HAMOOJbINIEro AeTepMuHanTa [2], B uact-
HOCTHU, MaTpul Axamapa [3, 4]. 9KcTpeMabHbIE 110
IEeTEPMUHAHTY OPTOrOHAJIbHBIE (M HEOPTOrOHAJIb-
HbIE) MATPUIBl IPEICTABIAIOT OOJBIION HAyUYHBIN
U IpaKkTUYeCKUil mHTepec [5, 6] BBUAY CIOKHOCTU
WX TOWCKA, OTPAKAIOIIEr0 HETPUBUAJIBHOCTL 00B-
eKTa, SIBJISIOIIEerocsa NCTOUHNKOM YHUKAJbHBIX KO-
OB B MPUKJAIHBIX 3aJauax oO6paboTKu IuGpoBOIi
uHGOPMAINYU U IIOMEXOYCTOMUYMBOTO KOAUPOBAHUSA
[7, 8].

Anamap [3], KoTOpHIii Oosiee cTONIeTUA Ha3az 3a-
HUMAJICS OIeHUBAHUEM [JeTePMUHAHTA MaTPUIILI
C OTPAaHMYEHHBIMU €JUHUIEH (II0 MOZYJIII0) 3JIeMeH-
TaMH, YCTAHOBUJI, UTO €r0 BEPXHAA I'PAHUIIA He IIpe-

BocxoguT n'/2, Cepueil IOCIeLYIOIMIMX OCHOBOIIO-
Jaramomux paboT sTa rpaHuIla Obljla YTOYHEHA AJIsd
MAaTPUIL IOPATKOB, He KPAaTHBIX ueThIpeM [2] (Ha Ko-
TOPBIX HEJOCTUKUMAa OINTUMUCTHUUECKAA OLleHKAa) U
HEYeTHBIX TOpAAKOB [9—-11].

IlepBrie KOMUIbIOTEPHBIE [12, 13] u Teoperuue-
cKue uccyaenoBanus [14—19] mpusesu K mpecraBJie-
HUIO O TOM, UTO IIIUPOKUH AMANa30H YeTHBIX ITOPAI-
KOB PasperiuM OTHOCUTETIbHO IPOCTHIMU OIITUMAJIb-
HBIMHU MAaTPUIAMU, COCTOAIIMMU U3 JBYyX U 0Oojee
IIUKJINYECKUX OJIOKOB, Uell pasmMep IIPOIOpIIMOHA-
JeH nmopAnky [20, 21]. MaTpuiibl HEYeTHOTO ITOPAJKA
O0Ka3aJINCh CTPYKTYPHO CJIOYKHBIMY Ja’Ke IIPU HEBHI-
COKO¥ pa3mepHOCTH 3axaun [22—24].

ITH uCCIeIOBAHUSA CBEJIUCh IIOCTEIIEHHO K CO-
PEBHOBATEJBLHOMY IIPOIIECCY, B XOIe KOTOPOro Ha-
XOIMJINCH IPENMYIIeCTBEHHO ONITUMAJbHbIE MATPU-
IbI Bce 00Jiee BBICOKMX YETHBIX MOPAAKOB [25, 26].
OnbpIT MOKAa3aj, YTO PEKOPA MOYKHO HapalluBaTb
IIPUBJIEYEHNEM aJITOPUTMOB TEOPUU IOJIeH U TPyIT

[27, 28].
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TTocTenmeHHO 9TO IPUBEJIO K JUCIPOIOPIUY B pas-
MepaxX M3BECTHBIX MATPUIL YETHBIX U HEYETHBIX I10-
PAIOKOB, BCJIEJACTBUE UETO IIOCJIEJ0OBATEIbHOCTH 3HA~
yenuii gerepmuHauToB B OEIS [29] u pasmeps ma-
Tpur karasora [30] BecbMa orpanuueHsl. [asa Toro
4TOOBI N3MEHUTH IIOJIOKEHNE, HEOOXOAMMO IIpe/Jia-
raThb HOBBIE MOAXObI ¥ METOABI OIEHUBAHUS €Tep-
MUHAHTOB U MATPWUIL, HA KOTOPHIX OIMTUMYM JOCTH-
raercs.

OpHaMeHTHI 9KCTPEeMaJbHBIX MAaTPUIL

BriepBbie Bompoc 0 CyIIeCTBOBAHUM SKCTPEMAJb-
HBIX MATPHUI], OTJINYHLIX OT CHUJIbBECTPOBBLIX U CY-
IIECTBYIOINX HA MOPAJKAX, KPATHBIX YETHIPEM,
nmocraBua Apamap [3]. Comep:kaHue TaKk HasbIBa-
emoit zunomesv. Adamapa [31, 32] cocTout B TOM,
YTO OPTOTOHAJIbHBIE MATPUILLI C dJieMeHTaMu =1 cy-
IIECTBYIOT Ha BCeX MOPAAKax 4t, rae t — HaTypaJb-
HOE YKCJIO. 3aMeTHUM, UTO €CJIM 9KCTPeMaJbHASA II0
JIeTepMUHAHTY MaTpPUIla He OPTOTOHAJbHA, 3TO He
03HAUAET, UTO ee HeJIb3sd OPTOrOHAJIM30BaTh Bapua-
el 3HaUYeHUH 971eMeHToB [33], He MeHsA y30opa Ma-
TPUIGI (OPHAMEHTA) — MOPSAAKA PACIIONIOMKEHU S 9JIe-
MeHTOB B Helt. Takum oOpasoM, Ipu MOKCKe IIapame-
TPOB Y30POB pasjuumre MeXXKIy IBYMs HasBaHHBIMU
BUAAMU MaTPUI HECYII[ECTBEHHO U He IIPEIsITCTBYeT
TIOCTPOEHUIO 00IITeil TeOpUM, CXOMTHOI C M3TOKEHHOM
B pabore [1].

PaszninuaroT ogHOOJIOUHYIO, IBYXOJOUHYIO 1 Ue-
THIPEXOJIOUHYI0 KOHCTPYKIIMU OPTOTOHAJBLHBIX Ma-
TPUIL IIOPSAKA 78

A B
A BT _AT;

A BR CR DR
CR RD -A -RB
BR -A -RD RC | 1)
DR -RC RB -A

rae A, B, C u D — mono610xu pasmepa v. Bioku xa-
PaKTepusyIoTcd £y, By, k3, B, — KoIHMdecTBaMU dJIe-
MEHTOB CO 3HaueHreM —1 B KayKJ0# CTPOKe, U KOJIU-
YEeCTBOM IIap OTPUIATEIBLHBIX BJIEMEHTOB A AJI KasK-
IBIX IBYX CTPOK MaTPHUILHI B IleJIoM; R — peBepcHasA
eIVHUYHAA MaTpPUIla, cojep:katiada (B oruyue ot I)
HEHYJIeBbIE 3JIEMEHTHI HA IPYTOH ee AUarOHAJIU.
Tperbsa KoHCTPYKIIUA B (1) c cMMMeTPUYHBIM 0JI0-
KoM A ymobGHA s CHUMMETPUPOBAHUSA €e B IIeJIOM
myTeM npupaBHUBaHUA 6J10KOB B u C. 9T0 oToimuaeT
ee oT MaccuBa BuibamcoHa [4] ¢ cMMMeETPUYHBIMU
0J10KaMU, HO HECUMMETPUYHOTO B IiejioM. Eciu 6J10-
KU KOHCTPYKIuii (1) murJInyecKkme, TO ABYXO0JI0Y-
Had KOHCTPYKIMA HA3BIBAETCA OUIIMKJINYIECKOI,
a mocienHsasa npu B=C — TPUIUMKJINYECKOH, NI

IIponycom [1] c Tpema 6iokamu A, B u D u mapame-
TPaMM, KOTOPbIe HYMePYIOTCA Ky, ko1 kg,

W3BecTHO, UTO MUKJINUYECKAA CUMMeTPpUYHAA Ma-
Tpuna Agamapa nmopsigka, OTJIUYHOTo OT 1, coryiacHo
runotese Paiizepa [34] Bcero omma. Tpu mukanye-
CKIe BepCUU MaTPUI] HOPAIKOB 3, 5 u 13 mpuBeaeHbI
Ha puc. 1 [35]. 3gech cBeTIaa KJIETKA COOTBETCTBYET
2JIEMEHTY MaTPHUIILI CO 3HaUeHneM 1, a TeMHasa — CO
3HaueHneM —1. 3aMeTHUM, UTO IIOCJENHSS U3 TPex
MATPUIL IBJSETCA HECUMMETPUIHO].

HeTepMUHAHT OCTAeTCA BBHICOK U Y MaTPUIIHI 110~
panka 19, Ho He sABJIAEeTCS MAKCUMAJbHBIM. OTOT
HOPAJOK Y OMITMKJINYECKUX MATPUIL C KAWMON BBI-
IeJIsieTCs1 aHOMAJIbHO OOJIBIIIMM 3HAUEHUEM [IeTep-
MUHAHTA, IIPEBLIIITAIONIUM HEKOTOPYIO OOIYIO s
BCEX TaKUX MATPHUI[ 'PAHUILY.

W3BecTHBI U MYJLTUILINKATUBHBIE TOPAAKU 15
(B x5), 27 (3 x 3 x3) u 39 (3 x 13) MUKINUECKUX Ma-
TPUIL ¢ OOJBIUM AETEPMUHAHTOM, TOPTPETHI KOTO-
PBIX TpUBeNeHBI Ha puc. 2. [locmequuii U3 yKasaH-
HBIX ITOPSAKOB IIPIMeYaTeseH TeM, YTO Ha HeM OuIiu-
KJIMUecKas MaTpuila ¢ KaiiMoii yeTynaer 1o 1eTepMu-
HAHTY HECUMMETPUYHON ITUKJINYECKON MaTpHUIIe.

Ha sToM mpeuMyIecTBa MOHOITUKJINYECKUX Ma-
TpUIL 3aKaHUYnBaioTcA. IlepeiieM K KOHCTPYKIIUAM
u3 6oJIbItiero uuncia 6,10xkoB. HeueTHbIe IOPSAKY OT-
JUYAIOTCSA OT UYeTHBIX TeM, UTO Ha HUX CTPYKTypa
MAaTPHUI[ MAKCUMAaJbHOTO JeTepMUHAHTAa HEOI'DAHU-
YeHHO YCJI0KHIETCA — HeT YHUBEPCAJTbHON OCHOBBI.
3agaua obpacTaer GOJBIINM KOJUUYECTBOM CYOOITH-
MaJIbHBIX PEIIeHU#d B BUAE MAaTPHUIL OOJBIIOrO (He
HauboJbItiero) nerepmuuanTa (MB]I).

B Puc. 1. ITukauyecKkre MaTPUIBI MaKCUMyMa IeTep-
MUHaHTa MOPALKOB 3, 5, 13 [35]

B Fig. 1. Maximum determinant circulant matrices of
orders 3, 5, 13 [35]

B Puc. 2. [TukgndecKkue MaTPUIBI GOJIBIIIOTO JETEPMU-
HaHTa mopAxkoB 19, 15 u 39

B Fig. 2. Large determinant circulant matrices of or-
ders 19, 15 and 39
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I1s mpaKTUYeCKUX IIPUJIOKEHUI Bce paBHO, Ka-
KYI0 UMEHHO M3 HUX MbI UCIIOJb3yeM. IlooToMy BHI-
IeJINM B OTAEJIbHBIN KJIaCC MAaTPUIILI C 9KCTPEMYMOM
Ha 3aJaHHOU OUITUKJINUYECKON CTPYKType, MOHUMA ST
B pajspHeltem nox MBIl nMeHHO TaKue MaTpPUILBI.
Kax oOrree, o6beguHAIOINEE BCE PEINeHUsS IpaBU-
JIO, OTMETHUM, YTO AJIA CUMMETPUYHBIX MATPUIL ECTh
TIOPOTOBBIH TTOPAJOK, KOTOPBIH OTOABUTAETCS C YBe-
JMYEHNEM 4YMCJa MCIOJNb3yeMBIX OJIOKOB, OJHAKO
amaMapOBBl TPUITMKJIBI CYIIECTBYIOT IJIS BCEX IIO-
PAIKOB, KpaTHBIX UyeThIpeM [1].

YpaBHeHHUsA OPHAMEHTOB

YpaBHEHUA, CBA3BIBAIOIINE CTPYKTYPHBIE (OpHA-
MeHTaJIbHble) UHBAPUAHTEHI U, Ky, By, k3 1 A, BO3HU-
KaloT BCJIEJCTBUE TOTO, YTO KBajApaTHas OMHaApHASA
MaTpuIila OrpaHMYeHa B BO3MOYKHOCTH COZEPIKATH
OIMCHIBAEMBIN IapamerpamMu y3op. HawmbGosee us-
BecTHO ypaBHeHme k(k — 1)=A( — 1). Ecau 6o0-
KOB B MaTpHUIle HECKOJILKO, TO CJeBa OyJeT cyMma
ki(ky — 1) + ky(ky — 1) mim B3BelleHHAs CyMMa
ki(ky — 1) + 2ky(ky — 1) + kg(kg — 1). 9To aBnsaeTca
epexosoM K KaHOHUYECKOI (hopme, OnuChIBaIOIIein
cepoun x2 + 2y2 + z2 = n [1] uau napabosons, Tpes-
cTaBJIeHHBIE Ha puc. 3.

IIpaBas uacTh KAHOHNUYECKOI'0 YPAaBHEHUS Y Ma-
Tpul, AjaMapa paBHA IMOPAIKY 71, IPU 0000IMeHUN
oHa ycioKHsAeTed a0 f(v)=n+ (v — 1), roe & — He-
BS3KA MaTpuIilbl HamMeHbIIux KBaapartoB (MHK)
sujga HTH, pasmelenHas 3a IpefeaMu ee JUaro-
HaJ1 U BHE HYyJIell BHeAMATOHAJbHBIX 0J0K0B. OHA
paBHaA HYJIO AJsA OPTOTOHAJBLHBIX MATPUIL IOPSM-
KOB, KPATHBIM YEeThIPEM, U PA3JIUUYAETCS 3HAKOM
0=2 unu 6 =—2 Ajad ciydaeB CUJILHOTO W CJIa00TO
9KCTPEMYMOB MaTPHUIL UETHBIX MMOPSAAKOB 1 = 4t + 2.

Teopema 1. OpHaMeHTaIbHBIE HHBAPUAHTHL K,
ky, k3 OPTOrOHANBHBEIX U 9KCTPEMAaJIbHBIX IO JeTep-
mMuHaHTy MaTtpur (1) ompenensioTcss JTUHEHHBIMU
GyHKIIUAMU

ky=@ - x)/2, k3= —1)/2, k3= —2)/2 (2)

OT IepeMeHHBIX KAaHOHMYECKOTO ypaBHEHHUA X2+
+ 2y2 + 22 = f(v) unn, IpPU yMeHLIIEeHUH Yucjaa 6JIo-

KOB, ero yceueHumit x2+ y2=f({v), x2=f(v). 3Bzmecs
A=k+ (@ —v)/4 u k — mapamMeTpbl MaTPUIIBI B IIe-
JIOM, T. €. k = ky + 2k, + kg unu cymma k = k| + ky an1a
OUIIUKJINUYECKON MAaTPUILI.

JoxasaTeIbCTBO BOCXOOUT K KBaJAPaTUUHOMY
YPaBHEHUIO COBMECTHOCTH, M3BECTHOMY CO BpPeMeH
paspaboTKu Teopuu rpad)oB. ITO HAIIJIO CBOE OT-
pakeHne B HAaUMEHOBAHUAX C YIOMUHaHWEM ab-
CTPaKTHOrO GJIouHOrO0 Au3aiina [4].

J 151 opTOroHaIBbHOTO MOHOIMKJIA ITPpu O = 0 uMe-
em A=k —v/4. Torga k(k — 1)=(k —v/4)(v — 1) uau
4(k2 — kv) +v2=v. C yuerom k= (v — x)/2 aTO gHa-
eT (V—x)2— 2@V — x)v+v2=0, KOTOpPOE HeMeJJeH-
HO TIPHBOAUT K HY’KHOMY HaM DPe3yJbTaTy: X2 = 7.
JKcTpeMaJIbHbIE 3aJauu AJsA MOPAAKOB n =4t + 2
CBSI3aHBI C [JeJleHMeM MAaTPUIl Ha HapHble OJIOKH.
Marpur, Agamapa BBUAY HEHYJIEBOTO CMeEIeHUS
0 = =2 cpenu HuX HeT. MI3MeHeHMe KoJmuecTBa 06J10-
KOB HUUEro He MEHAET B IPUBEAEHHON cXeMe IOKa-
3aTeJIbCTBA, PETYAUPYs JUIIhL KOJIUYECTBO CBA3BI-
BAaeMbIX KAHOHMYECKUM ypaBHEeHreM 0a30BbIX IIepe-
MEHHBIX, BXOJAILINUX B ONpeJesieHne £y, ky, k.

Kaaccudurkanusa Trouek mapadoaonma

B pacuerax opHaMeHTaJbHBIX WHBAPUAHTOB
k1= —-x)/2 u ky=(@ —y)/2 momxer GuUrypupo-
BaTh Jr0b6asg TouKa l'aycca KBaJpaTUUHOI ITOBEpPX-
HOCTHU, OXBATHIBAsI BCIO COBOKYITHOCTH IJIO0AJIBHBIX
U JIOKAJbHBIX 39KcTpeMyMmoB (puc. 4). Hampumep,
B OTJIMYME OT MaTpuIl AzaMapa ¢ UX HauOOJIbIITUM
3HAUEHWEM JeTepMUHAHTA, AJA JUXOTOMUUYHBIX TIO
CBOEIl CTPYKType SKCTPEeMAaJIbHBIX MATPUIL ITOPSAI-
KoB 1 = 2v ¢ 01okamMu A u B paBasa yacTh KaHOHU-
yecKoro ypaBHeHHUA X2+ y2 =n+ 8@ — 1) mpu & = -2
CBOAUTCA K KOHCTaHTe x2+ y2=2. DTo maeT pasHO-
oOpasue 3HaUeHNU k, u ky IPU cMeHe pasMepa U IpU
OHOM Ha Bce pelneHuda Touke ['aycca (x=1, y=1),

B Puc. 3. Cpessl chepoua u nmapabosiona Ha pelreTKe
B Fig. 3. Sections of a spheroid and paraboloid on a lattice

B Puc. 4. Ilapa6osaoun x2 + y2 = f(v) ¢ roukamu 'aycca
B Fig. 4. Paraboloid x2+ y2 = f(v) with Gauss points
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PACIIOJIOKEHHON Ha IMMOCTOSHHOM MUHUMAJILHOU BbI-
core 2.

ATOT cy1abblii SKCTPEeMyM ObIJI 3aMeUeH P IIONC-
Kax marpull Azamapa OUITMKJINYECKONl KOHCTPYK-
MUY ¢ ABOWHOI KaiiMoOM, T. €. Tpu J0OABJIEHUHU TIap-
HOU KaWMbl PeIlleHre MePEXOJUT B CTPOTU MaKCH-
myM. Kpome Toro, sra OUIIMKJIMUYECKAs MAaTPUILA
OPTOTOHAJU3YETCA TOHWKEHUEeM 3HAUeHUs OJHOTO
U3 IBYX BO3MOKHBIX 9JI€MEHTOB MAaTPUIILI, II€PEeX0-
Isa B marpuily ditnepa [31, 32]. 9To memaeT ee amHa-
JoroM MaTrpul] AgaMapa Ha YeTHBIX IIOPSAAKAax, He
KPaTHBIX YeTHIPEM.

Takas OWUIUKJINYECKAs MaTPHUIla CYIIeCTBYeT
BCEr/a, IOCKOJIbKY IIJIATON 3a YCJOMKHEHUE CTPYK-
TYPHI ABJISIETCA MaKCUMAaJbHBIN JeTEePMUHAHT.

Jra xapaKTepHas yepTa MOSCHSET, II0UeMy TP’
TOUCKe OMIUKINYECKUX MaTPUIL ¢ OAUHAPHOU Kaii-
MO HET CMBICJIA UCKATh CTPOTHE ONTUMYMBI UX OC-
HOB — OMIIMKJINUYECKUX MaTpuil. IIoCKOIbKY KaiiMa
oxHa, To Touka 'aycca cXoIUT ¢ OTMEUEHHOTO Ha puc. 4
JKeJITBIM IIBETOM KOJIbIIa MaTpuIl Jitjaepa, IOSHUMA-
fAchb BbImie. Ho, B OTJIMYME OT CTPOT'O ONTHUMAJJIbHBIX
MaTpPUIl, BeAyllas TOYKa IJiI PAcUeTOB OpHaMEH-
TaJbHBIX WHBAPUAHTOB He CJIeAyeT 3a pasMepoM
ounuKanYecKoit marpuilbl. OHa, B OTJIMUMNE TAKIKe
OT TIPOCTEHIIero caydas CTabMJIM3aliid HA OLHOM
HUKHEeM 3HaueHUM, OTBeYaeT He BCeM BO3MOKHBIM
YeTHBIM MOpAIKaM, a ux auamnasony. Teopusa MB]]
TI03BOJISIET BLIUUCIUTD 3TU [UATIA30HbI, YKa3aB, UeM
OHU Pas3JINYaroTCA MEKIY COOOIi.

[ HayaJsia mepeuymncanM BUJUMbIE Ha pUC. 4 KO-
OpPAWHATHI CTAPTOBBLIX HE3aBHCUMBIX TOUeK laycca
it mopsagkos: 2 (x =1, y=1), 6 (1, 3), 10 (3, 3), 14
(1, 5), 18 (3, 5), 22 (mepasperrum), 26 (1, 7) u (5, 5),
30 (3, 7), 34 (uepasperium) u T. a. [IopaaKT MaTPHUIL
MaKCHUMyMa JeTepMUHAHTa IPUHATO pa3duBaTh Ha
IBa ceMeicTBa, KOrfa OlleHKa MaKCUMyMa aeTep-
MUHAHTA IIPOXOAUT UYepes IeJIOUNCIeHHYIO TOUKY U,
CJIeTOBATEJIbHO, CTAHOBUTCS JOCTUKMMOT.

IlepBoe cemelicTBO TOPAAKOB N =20, OJS KO-
TopeIXx V=L +1, rne L=q(g+1) u ¢ — mesoe 4uc-
JIO, CONEP:KUT MopAxKu martpul; Bapowr [2] 2, 6,
14, 26, 42, 62, 86, 114, ..., oTMmeueHHBIe Ha puc. 4 cu-
HUMHU KoJibIlaMu. Ha HuUX Bcerga nMeroTcsa KpaiHue
TOUYKHU ¢ KooparHaTaMu X = 1 u (uiau) y = 1, HysIeBbIX
3HaueHUli He ObIBaeT. VIMEHHO K HUM OTHOCUTCS
TOUYKa ¢ KoJiblta ditjepa ¢ koopauHaramu (1, 1). Us
KaHOHUYECKOTO YPaBHEHUS [JsI OPHAMEHTA OIITH-
MaJbHOU MaTpuisl X2 + y2 = 2n — 2 ciaegyer, 4To ec-
max=1,Toy?=4L+1.

Bropoe cemeiicTBO MOpPAAKOB 1 = 20, OJA KOTO-
peix v =2L + 1, roe L = q(q + 1) u ¢ — mesoe uucJio,
comepskuT mopAaku 2, 10, 26, 50, 82, 122, 170, ... .
OHO omuchIBaeT KOJIbIIA, COAEep:Kalllie CcpeaHue
rouku Tlaycca ¢ x=y, x2=y2=n—-1=2v—-1=
=4L + 1. 9Tu MHOKeCcTBa TOUYEK Ha mapaboJjousie,
KaK BUIHO U3 puc. 4, lepeceKaioTcs, XOTsI YNCIeH-
Hble 3HAUEHUS ITOKasaress L IJid HUX He Te JKe ca-

B Puc. 5. ITopTpeTbl CUMMETPUYHBIX OUIUKJIAYECKUX
MaTpPUI] IOPAIKOB 58 1 66

B Fig.5.Symmetric two circulant matrices of orders 58
and 66

MblIe, IIOCKOJBKY L 3iech mHaYe CBA3aH C PA3MepOM
60K A.

HauGosiee mHTEpECHO TIEPBOE CEMEMCTBO KOJIEIT
Bap6pI, mOCKOJBKY Beaymias Touka laycca mJs
pacueTa MATPUIBI ¢ KaiMoil MOKeT OBITh CBA3aHA
TOJBKO C OAHUM KOJIBIIOM, HO HE ¢ 000MMU Cpa3y —
KOMIIBIOTEPHBIN aHaIu3 ITOKa3bIBaeT IPeBaJInupOBa-
HUe CTPYKTYP [JId IIEPBOTO ceMeicTBa. YCJI0BUMCH,
YTO ¢ — HOMED KoJbIla BapObl — HaYMHAET OTCUET
c mysnda. Kpome Toro, ormerum, uro L = g(q + 1) mmeer
CMBICJI YHMCJIa aJbTePHAHCOB: YMCJIA TIEePEeKJTIOUeHU
3HAKOB B [UaroHaJbHBIX 010Kax maTtpullt MHK Buma
H™H uau N = ATA + BTB. Marpumny N 6yzem Hasbl-
BaTb OPHAMEHMAJbHOI MaTPUIIEH.

Haiinennbie cuMMeTpUYHBIE OUITUKJINYECKIE Ma-
TPUILI IIOPSAAKOB 58 1 66, IIOPTPETHI KOTOPBIX IIPE-
CTaBJIEHBI HA PHC. 5, TPOJOIIKAIOT CET CUMMETPHY-
HBIX MaTpuIil mopAakos 6, 10, 14, 18, 22, 26, 34, e
42 (42/2 =21 — wme upoctoe), 50 dKCTpeMaJIbLHBIX
MaTpPHUIL IIOPSAKOB 1 = 41 + 2, OXBaUeHHBIX KallMOI.

Ha caenyrormiem o:xxugaemMom mopsanke 74 (66 + 8)
CUMMeTpUYHAA OUIUMKJINYECKas MaTpulla He Haii-
nmena (74/2 =37 — mpocToe YMCJI0), YTO IIO3BOJISAET
TIPEIIOJIOKUTE, YTO CUMMeTpUYHbIe perteHus MBI
orpaHuueHbl mopAakoM 66. Hamomuum, uTo y Ma-
TpuIl AJamMapa sTa rpaHHUIlA IOUTH BABOE MEHBIITe —
32 [34, 35].

®opmyJIsl IJI8 pacuyera JeTePMHHAHTOB

Herepmunant det(D)=(1 + o)det(H) maTpuisl

N°6,2020 N\
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c=c(H1) — cymMMBI BI€MEHTOB MaTPUIBI, 06pAaT-
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OrcTynas mpu pacueTe OpHAMEHTAJbHBIX MHBA-
puaHTOB K TouKam I'aycca He CBOero KoJibIla, MBI,
0e3yCJIOBHO, TepAEM B 3HAUEHUU JeTePMUHAHTA O1-
HMUKJInYecKoi maTpuilbl ocHOBbI det(H), HO BRIUTDBI-
BaeM B 3HAUEHUU BTOPOT'O COMHOXKUTEJS C G, UTO U
00'bACHAET CTAIMOHAPHOCTh TOUuKM 'aycca. OmeHKy
JeTePMUHAHTA MATPUIILI YETHOT'O NOPALKA, He Je-
JumMoro Ha 4, JaeT TeopeMa, foKa3aHHaA He3aBUCU-
MO B JBYX MCTOUYHMKAX, YTO OTPA3UJIOCH B €e Ha3Ba-
"y [9-11].

Teopema 2 (9nuua — Boiitaca). OnTumaabHadg
mo merepMuHaHTy Marpuna H mopsaaka n =4t + 2
OIUXOTOMUYHA, OTBEUAET OUIIUKJIUUIECKON CTPYKTY-
pe, u ee nerepmunuanT det(H) < E(v), roe

E@) = 2°2v — 1)(v — 1)®D,

Teopema IOKa3LIBAETCSA PACCMOTPEHUEM AeTepMU-
HaHTa opHamernmanvhoil mampuyst N = ATA + BTB,
KOTODBIiT IT0 abCOJIFOTHOMY 3HAUEHUIO PaBeH JeTep-
muHaHTY H U JIerKO OIleHMBAETCSI IPU MOHOTOHHOM
XapakTepe 3alloJIHeHUsS BHEeAMaTOHAJbHBIX 2JI€MeH-
TOB, IIOBBLICUTH 3HAUYEHUS KOTOPBIX HEJIb3S B CUJY
orpaHnueHu Ha 6J0Ku A u B.

I'panuna 9muua — BoliTaca aBiadeTca OCTPOI
B TOM CMBICJIE, UTO OHA MOCTHU;KMMAa Ha IMOPAIKAX
n = 2v, Ha KoTopbixX HeBA3ka MHK nisa nuaromaib-
HBIX 610K0B Marpunsl HTH crporo pasma §=2 (3a
mpefesaMu auaroHasu). KoOMIILIOTEpHOe HccCJie-
IOBaHUE II0KA3bIBAeT, UTO IIPY HAPYIIEHUU MOHO-
TOHHOCTY B 3HAaKaX OpPHAMEHTAJbHOU MaTpUIlbl N
C COXpaHeHUWeM TOJIbKO L 9JeMEeHTOB CO 3HAUeHU-
MH 0 =2 B KayKJ0Hi CTPOKe OIleHKA JeTepMHUHAHTA
majgaeT HAa BEJINYUHY, OIMEHNBAEMYIO MHOMKHUTEJIEM
hv)=1- (/(L+1) - 1/K.

IIpu L =v — 1 MHOKUTEJb CTAHOBUTCSA €IUHUY-
"HbIM. B tuanasone nopsaakoB 6s10koB L < v < (L + 1) x
x (K + 1) koapdunuent K, perysrupyromniuii HakJI0OH
9TOM JIMHEHOU OTHOCUTEJIBHO Pa3Mepa U 3aBUCUMO-
CTH, CTAIlMOHAPEH 1 paBeH ImpuMepHo 15.

ITopsanku ronery Bap6er n* = 2v*, v¥ =q(g + 1) + 1,
rme ¢ — HOMED KOJIbIla, 3aJal0T TOYKHU HAaAJIoMa
XapaKTepPUCTUK, OMUCHLIBAIOIIIUX Iiepexon ¢ 1 mpu
L=v*% — 1 Ha JuHeliHOe YMEHbIIIEHNe MHOKUTEJI
merepmuHanTa. Orcioga L=¢g(g+1)=0, 2, 6, 12,

20, ....
V4L +1

Besnunna sKcrecca ¢ = O'(H_l) —v——, rae
2L+1

V4L +1=2¢g+1, tme ¢ — HOMep KoJblla BapOsr, jtu-
HEeWHO 3aBUCHUT OT pasMepa 6joka v mpu L aabTep-
HaHCcaX opHaMeHTaJbHOI MaTpuiibl N. Hamomuum,
YTO M3 KAHOHMYECKOI'0 YPABHEHU AJIA OPHAMEHTA
ONTHMAJBHON MaTpumbl x2+y2=4v — 2 ciegyer,
uro eciu x=1nv=L+1, 0o y2=4L+1, T. e. 6=
=yv/(v* + L), toe v¥ = L + 1 — pasmep ONTUMAaJJIbHO-
TO AJSA KoJblla Bap6bl 6JIOKAa, AOTMOJHEHHBIN, KakK
BUHO, YKMCJIOM aJbTEePHAHCOB.

Teopema 3. MakcuMaJIbHOE yBeJIUUEHNE IeTePMU-
nanta matpuisl H ¢ L anbprepaancamu det(D) = d(v) x
x E(v) mpu oxBare MaTpUIlbl KaliMOH OIMCHIBAETCS
KBaJpaTUYHO! (hYHKIUEH (OTHOCUTEJIBHBIM II0 OTHO-
meHMIo K rpanutie E(v) rerepMrHaHTOM)

d(v)= (1+G(v))h(v) =

1+v—\'24LL:11 (1-(v/(L+1)-1)/K)

¢ MaKCUMyMOM Ha mopanke n** = 2v =LK + 1) + K.
9TOo maeT npeacTaBeHNe O TECHOII CBSI3U TOUKHU 9KC-
TpeMyMa XapaKTepUCTHUKU ¢ HAKJOHOM K ammpox-
cumupyioreit det(H) mpsamoii.

HoxasaTelbCTBO SJIEMEHTAPHO BBITEKAET U3
AHAJIUTUYECKUX BBIPAKEHUN AJIA COMHOMKUTEJeN
det(D) = (1 + o)det(H), nuHeiiHO 3aBUCAIIUX OT U,
YTO MO3BOJISIET HANTU MaKCUMyM aHAJIUTUUECKU II0
TOYKE PaBeHCTBa HYJIIO ITPOM3BOMHOI 3TO (DYyHK-
IUH.

dopmysa Id dKcIlecca BbIBeeHA HAMU U TIOJ-
TBEPJKAeHA B OOJIBIIIOM KOJUYECTBE KOMIIBIOTEPHBIX
SKCIIEPUMEHTOB C aJbTEePHUPYIOIIUMU MaTPUIaAMU,
OHa TOYHO OMUCHIBAeT KOIMMUIIMEHT YCUJEHUSI
det(H), 3aBucAIIuil OT COOTHOIIIEHUS Pa3MEPOB Te-
KYIIIero U BeAyIero GJIOKOB C yUETOM OTMEUEeHHOH
IIOITPaBKU.

T'padoananuTuueckoe mucciaefoBaHVE AHAJIUTU-
YeCKUX 3HAUEHUI OIEHOK JMHeWHoro h(v) m KBa-
IpaTuuHOTO d(V) OTHOCUTEJBHBIX [eTePMUHAH-
TOB MpPU U3MEHEHHU KOJUUECTBA aJIbTePHAHCOB
L=q@+1)=0, 2, 6, 12, 20, BbI3BAHHBIX CMEHOI
HOMepa BefmyIlero KoJsbiia Bap6er ¢ =0, 1, 2, 3, 4, 5,
mpeacTaBJeHO Ha puc. 6. 3mech OATH JUHEHHBIX
rpadukoB A(v), pasMeNIeHHbIX HUKe 1, U IATH KBa-

B Puc. 6. PesynbraTsl rpad)0aHAIUTUIECKOTO MCCJIEO0-
BaHUA JeTepMUHAHTOB (MaciiTad rpadguxoB 1:3 Bwime 1
JIJI COTIOCTaBUMOCTH Pe3yJIbTaTOB)

B Fig. 6. The results of the graphic-analytical study of
determinants (scale of graphs 1:3 is higher than 1 for
comparability of results)
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IpaTUUHBIX TPaduKoB d(V), OMUCHIBAIOIIUX IIOCJIEN-
CTBUS YCUJIEHUS OUITMKJINYECKOH OCHOBBI KAMMOIA.
HerepmuuanT H orteHUBaeTCA M0 OTHOIIEHUO K E(V)
U He MOXKeT IIPEBOCXOIUTh TEOPEeTUUYECKYIO BepX-
HIOIO TPAHUILY.

Ha rpadpuxku HameceHBI KeJIThble TOUKH, COOT-
BETCTBYIOIIIVE€ AHAJUTUUYECKUM OIIEHKAM IeTePMU-
HAHTOB, U 3€JIeHble — 3HAUEHUSIM OTHOCUTEIBHBIX
JeTePMUHAHTOB peaJbHBIX MAaTPHUIl, HAWIEeHHBIX
B IIpOIlecce ONTMMUBAINM AeTepMHHAHTa IIPU 3a-
paHee He 3aJaHHBIX KOJUUYECTBAX aJbTEPHAHCOB L
U MapaMeTpPOB OpHaMeHTa kq, ky u A. IIpoBepka BbI-
TOoJIHeHA Ha MaTpuIlax a0 nopaaka 118.

Hna ymporneHus o0Iell KauyeCTBEHHON KapTu-
HBI HaJ KBaAPAaTUYHBIMU 3aBUCUMOCTAMU MOKHO
pPasMecTUuTh OrudaroIyI0, OMUCHIBAIOIIYI0 TPAHUILY
IETEPMUHAHTOB CTPYKTYPUPOBAHHBIX MATPUIL OM-
MUKJINYECKON KOHCTPYKIIUYU C KaliMOil, KaK

det(D) < (2v)*"/2E(®v).

OHa cmopaBeaJauBa Bes3le, KPoMe OTMEUEHHOI'O
v =9, CBI3aHHOI'0 C PE30HAHCOM, KOI'la ABe II0JIOCKHU
PaBHOMEPHO PACHPENEeNAI0TCS MEXKAY dJIeMEeHTAMU
OpHAMEHTAJILHON MaTPHUIlbl. BhIllle 9TOl 3aBUCUMO-
cTU, 0003HAUEHHOUW Ha rpaduke MAaJIMHOBBLIM IIBe-
TOM, HAXOAWTCSA JIETKO pasjimuuMasi OIleHKa MaK-
cuMyMa JeTepMUHaHTa BapObl, He YUUTHIBAIOIIAS
CTPYKTYPY MaTPHUILEI.

Hna mopsagkoB matpull, n = 4¢ + 3 ©3SBECTHO IIPU-
onmkxenuve dnauua. OHo Ha puc. 6 He oTOOpaKeHo,
TIOCKOJIBKY pasMeIllaeTcs MeXKIy IBYMs KPUBBI-
MH — OOIell M aJanTUPOBAHHON TOXA CTPYKTYPY
MB/. ITo xpasgM o6pa3oBaBIINXCA TP CPABHEHUN
KBAAPATUYHBIX (PYHKIUN JUAITa30HOB MIOPAIKOB
BO3HUKAIOT OTKJIOHEHUSA OT JIMHENHOTO 3aKOHa, HO
3HAUEHUS dTUX KpaeBbIX 3G (GEeKTOB HUBEJIUPYIOTCA
MaJIBIM 3HAUYeHMeM BTOPOTo ITapaMeTpa G.

OTKJIOHEHUA 00BACHAIOTCA, KaK 1 Ha mopAnke 18,
MOBBIIIIEHNEM JeTepMuHaHTa MaTpullbl H mpu paBHO-
mepHOM gaesenunu N ajbTepHAHCAMH. ITU OTKJIOHEe-
HUS HE B COCTOSHUU U3MEHUTh AMAIa30HbI CTAI[MO-
HapHOCTU L — MeTof yCTOWYMB IJIs TAKON MAEHTU-
buKanuu CTPYKTYP OINTUMAJBHBIX MATPUIL, KOTga
caM¥ MaTPUIILI He HaX0AATcA. [[JId SKCIIepuMEeHTA I b-
HOU IIPOBEPKU PE3YJIBTATOB IIPUBJIEKAJINCH TAOIUITHI
MaTpPHUIL, 0OJIBIIIOr0 JeTePMUHAHTA ¢ (DUKCHUPOBAHHOI
cTpykTrypoit [30, 37] HapAny ¢ HaWgeHHBIMU C HC-
TOJIb30BAHUEM AaJITOPUTMOB TEOPUHU TPYIII U TIOJIeH
obpasmamMu MaTpuiy 00Jiee BHICOKUX MOPSITKOB.

OTMeTuM, YTO JJis aJIbTePHATHUBHBIX HEUETHBIX
mopAAKOB n =4t + 1 uHTEepec MpeAcTABJISIOT OUILU-
KJIMUecKUe MaTPUILHI ¢ Kaiimoii (puc. 7) [35] pasme-
POB, BBIJIEJIEHHBIX IIPOCThIMU unciaamu Pepma: 3, 5,
17, 257, 65 537, ... [38].

3mech MOKHO IIPOBECTH IIapaJljiesib C JOCTUIKEH -
em I'aycca, KOTOPBIH, IIOCTPOUB C IIOMOIIBIO IIUPKY-
JIS ¥ TUHEH KU IPaBUJIbHBLIN ceMHAaAIIaTUyTOJbHUK,

B Puc. 7. MaTpuilbl MaKCUMyMa JeTePMUHAHTA ITOPSI/I-
KoB 3, 5, 17[35]

B Fig. 7. Maximum determinant matrices of orders 3,
5,17[35]

B Puc. 8. ITocnemoBaTeabHOE YCI0KHEHNE CTPYKTYD Ma-
TpuI nopsaaxkos 9, 11, 15
B Fig. 8. Sequential complication of structures of ma-
trices of orders 9, 11, 15

BBIIIIEJI HA MMOHMMAHNE YHUKAJbHOCTH 9TUX UHCEJ
[LJIsI IPOCTHIX reoMeTpudecKux ¢uryp. PoBHO TakKe
¥ MATPHUIILIl MAKCHMYMAa JeTePMUHAHTA YIIPOIIAeMbl
0 IIPOCTOM CTPYKTYPHI HA YKA3aHHBIX IIOPAIKAX,
He JOCTUras WBJIUIINHE ONTUMUCTUYHON TI'DAHUIIBI
Bap6rbl. ITO Ieprkatio JOJIroe BpeMsi B TeHU PeIeHU s
Ha uucaax Pepma. Pamee oTrmeuasioch, UTO YyIIPO-
IIleHHbIe CTPYKTYPHI B hOopMe IUKJINUYECKUX OJIOKOB
HaOJIOAAIOTCS TOJBKO [JIS CTAPTOBBIX IOPAIKOB 3,
5u 13.

OTcyTcTBHE WCCIEIOBAHUIM, OMMCHIBAIOIUX Ma-
TPUIBI MAKCHMAJBbHOI'O NeTEPMUHAHTA HEUETHBIX
MOPASKOB, OOBACHAETCSI OOJBIION CJIOMKHOCTBHIO
aToi 3amaun. MOKHO YIIOMAHYTh TaKUe N3BECTHBIE
aHTAarOHMCTHI unces PepMma, Kak uucga MepcenHa
n=2k—-1=1, 8, 7, 15 u 31 gua moATBepKIEHUSI
BBICKA3aHHOTO IIPEAIIOIOMKEHUsA 00 0co0oil posu
epBbIX. Benb sKcTpeMaibHASA MaTPUIlA HA YHCIAX
MepcenHna HaOJOZAaeTCA IJIA HOPANKA, HE IIPEBHI-
maroriero 7. Ha Bcex ocTajJbHBIX ITOPSAAKAX MaTPU-
I[bI MAKCUMYyMa JIeTePMUHAHTA He IPOCTO CJIOKHEI,
OHU CYIIIECTBEHHO YCJIOKHAIOTCSA Ha KaKI0OM CJIeay-
IOII[eM ITOPSiIKe, YTO AEeMOHCTPUPYEeTCs, HAallpuMep,
mopTpeTamMu MaTpuil nopAakos 9, 11, 15 (puc. 8).

Kaaccudurkanusa okpy:xHOCTEH
u Touek ['aycca s matpun Aqamapa

Chepy u chepous MOKHO pacCMaTPUBATH Kak
COBOKYITHOCTH OKDPYIKHOCTEH (MM 3JJIMIICOB) C Ba-
pbrupyemMbIM paamycoMm. Illamc mosyuuTh Ha HUX
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TouKy I'aycca BBICOK: coryiacHO 6a30BOIi TeopeMe OH
He HYJIEBOH IJIs JII0OOT0 XapaKTePHOro AJIS MaTPHIL
Anamvapa niopaaka. Iasa GUITUKINUYECKON MaTPUIThI
XapaKTepHO KOJUYECTBO OCHOBHBIX OPHAMEHTAJIb-
HBIX WHBAPUAHTOB, MEHbBIIIee TpeX. JTO moApasyMe-
BaeT OTCYTCTBUE PANA PEIIeHU N MOPAAKOB, IJIA
KOTOPBIX pas3joiKeHne n Ha CYMMY ABYX KBaJApaTOB
HEBO3MOJKHO.

IlepBoe kKoJBIO Ha puc. 9, oTMeUeHHOe IKeJ-
TBIM IIBETOM, BCTpEUaeTCs Ha CTApTOBOM [OJA Ma-
Tpuii Agamapa nopsaake 2. OHO UMeeT OTHY TOUKY
Taycca ¢ koopauuaramu (1, 1). Ciemyioiiee KOJIbIIO
UL TIOPsAAKAa 4 UMeeT Imapy TOUYeK ¢ KOOpAMHATaMU
(0, 2) u (2, 0), COOTBETCTBYIONIUMHU JBYM MaTPUILAM
C B3aMMHO nepecTaBjeHHbIMU OsiokaMu A u B. Kak
BUIHO, 9TO IIepBasA TOUKA, KOTOPAs CUAUT TaKsKe Ha
mepecevueHnn KOJIel] ceueHu T napaboaonja 1 BepTU-
KaJIbHOU IIJIOCKOCTH ¢ oOpasoBaHMEM Touek [aycca
Ha OTMEUYeHHOU CUHUM I[BETOM mapaboJie.

COOTBETCTBEHHO, Ha 3TOM IIOPANKE CYIIECTBY-
eT peryjaspHas marpuiia Amamapa B BUAe MOHO-
6imoka c¢ mapamerpamum n=4, k=n -—x)/2=1,
A=k —n/4=0. 9TUM yCJIIOBUSAM yAOBJIETBOPSET I[U-
KJIMYecKas MaTPUIla C eIUHCTBEHHBIM OTPUIATEIb-
HBIM 9JIEMEHTOM B KasKI0H CTPOKe Ha ee [UaroHaJIu.
Hamee ciemyeT KOJBIIO C TOYKOM C KOOPAWMHATAMU
(2, 2) nna nopanka 8. Beiiie uayT KOJIbIla ajaMapo-
BBIX opsAakoB 16 (0, 4), 20 (2, 4), 32 (4, 4), 36 (0, 6),
40 (2, 6), 52 (4, 6), 64 (6, 6).

s mopsanka 12 rouek 'aycca HeT, u 3TO ITepPBbIi
TOPSAIOK MaTPUILBI, HEPA3PEITUMBIH ¢ IIOMOIITLI0 Ou-
IMUKJINYECKON CTPYKTYphI. [lajlee MAYT IPOMYyCKU
24, 28, 44, 48, 56, 60 u T. 1. [Ipr3HaAK HEPa3I0KIMO-
CTH XOPOIIT0 U3BecTeH Garomapsa paboram Pepma u
ditnepa. Bo Bcex TaKUX ciiydasx B COCTaBe JeJIUTeei
nopsaaxka Habmogaercsa yucao 3 mod 4=3, 7, 11, ...
uan Jobas ero HeueTHasd CTeleHb. [[JIsd YeTHBIX
cTelleHel aTUX JeJinTe el Toukam ['aycca maske Tor-
Ia, KOoTma OHU eCThb, MOT'YT OTBEUYaTh MOHOOJOUHEIE

B Puc. 9. Ilapa6oaous x2 + y2 = n c Touxamu I'aycca
B Fig.9. Paraboloid x2 + y2 = n with Gauss points

CTPYKTYPBI MATPWUI, OTJUYHBIE OT IUKJINYECKUX.
ITepBbIii TaKOM TOPAJOK MATPUIEI 36 (4 x 9).

3aKJIouYeHne

BunukianuecKkmue MaTPUIILI OOJIBIIIOTO IETEePMU-
HAHTAa, ABJIASICH MATPUIAMHU YETHOTO IIOPAIKA, Pery-
JUPYIOT OeTEPMUHAHTHI MATPUIL ¢ KAWNMOII HEUETHO-
T0, Ha eQUHUITY OOJBIIIEro, MOPSAaAKa. JTO 03HAUAEeT,
uTO Ha IMOPAAKaX, paBHBIX unciaam Pepma, UX aHa-
JIU3 TIO3BOJIUT IIPOBEPUTH OUEHb BasKHOE IIPEAII0JIo-
skeHue [38] o ToM, UTO UMEHHO OHU U TOJIBKO Ha 3TUX
MOPASKAX SIBJISIOTCA MATPUIIAME a0COJIOTHOIO MaK-
cUMyMa JeTepMUHaHTa. ITOT KJIacC MATPHUIL, II0 BCell
BUAUMOCTH, OUYEHL BAYX€H UM KMMEeT OTHOCHUTEJILHO
CTaOMJIbHYI0O OPHAMEHTAJBLHYIO MATPUILY, ITO3BOJIA-
IOIIYIO TIPOBEPSATDH CYOOIITUMAIbHOCTH MATPUIL OUITH-
KJIMYECKON KOHCTPYKIINHI, 1 UX TEOPUI0 HEOOXOLITMO
pasBuBatrh. Teopusa maTuil AjamMmapa orepupyeT KoJIib-
LAMH, JICKAIUME MEXIY KOJIbIIaMU MATPHUIL 00JIb-
III0TO JeTepMUHAHTA, UTO O0BbegUHAET 00e Teopuu
B OJJHY, KAcaloII[YIOCA COOTBETCTBUA SKCTPEMAIbHBIX
MaTpHUIL, ToukaMm 'aycca A5 KBaApPaTUUYHBIX IOBEPX-
HocTell Ha pemeTkax [1]. Hamu mpoBemen 0630p u
BBIUMCJINTEIbLHBIA S9KCIIEPIMEHT, JOIIOJTHEeHHbIN HAl-
JIeHHBIMU MATPUIAMU OUITMKJINYECKON KOHCTPYK-
MUY ¢ KaiMoi, 00J1aJal0I[MMU SKCTPEMAaJIbHO 00JIb-
MM JEeTePMUHAHTOM. OTHA MATPUIILI 3HAUUTEIBHO
PaCIINPAIOT Pe3yJILTaThl YNCJIEHHBIX KMCCJIeIOBAHUMA
[30, 37] HOBBIMU peIIEHUAMU.

duHaHCOBAA MOAAEPIKKA
CraTbs TOATOTOBJEHA IIpu (DUHAHCOBOI IIOJ-

Iep:KKe MuHMCTEpCTBa HAYKHU U BBICIIIETO 00pas3oBa-
Hud P®, rpart FSRF-2020-0004.
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Introduction: The Hadamard conjecture about the existence of maximum determinant matrices in all orders multiple of 4 is closely
related to Gauss’s problem about the number of points with integer coordinates (Z3 lattice points) on a spheroid, cone, paraboloid or
parabola. The location of these points dictates the number and types of extreme matrices. Purpose: Finding out how Gaussian points on
sections of solids of revolution are related to the number and types of maximum determinant matrices with a fixed structure for odd
orders. Specifying a precise upper bound of maximum determinant values for edged two-circulant matrices and the orders on which they
prevail over simpler cyclic structures. Results: A newly proposed formula refines the overly optimistic Elich — Wojtas’ upper bound
for the case of matrices with a fixed structure. Fermat numbers have a special role for orders of 4¢ + 1, and Barba numbers affect the
formation of classes of maximum determinant matrices which occupy the areas of orders 4¢ + 3, successively replacing each other. For
a two-circulant structure with an edge, the maximum order of an optimal symmetric solution is estimated as 67. It is proved that the
determinant of edged block matrices is superior to the determinants of circulant matrices everywhere except for a special order 39.
Practical relevance: Maximum (for a fixed structure) determinant matrices related to lattice points have a direct practical significance
for noise-resistant coding, compression and masking of video data.

Keywords — Gaussian points, Gaussian problem, paraboloid on a lattice, orthogonal matrices, Hadamard matrices, maximum
determinant matrices, two-circulant edged matrices.

For citation: Balonin N. A., Sergeev M. B., Seberry J., Sinitsyna O. I. Circles on lattices, and maximum determinant matrices.
Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2020, no. 6, pp. 2-11 (In Russian). doi:10.31799/1684-
8853-2020-6-2-11

References

1. BaloninN. A., Sergeev M. B., Seberry dJ., Sinitsyna O. I. Cir- 15. Yang C. H. Maximal binary matrices and sum of two
cles on lattices and Hadamard matrices. Informatsionno-up- squares. Math. Comp., 1976, vol. 30, pp. 148-153.
ravliaiushchie sistemy [Information and Control Systems], 16. Chadjipantelis Th., Kounias S. Supplementary difference
2019, no. 3, pp. 2-9 (In Russian). doi:10.31799/1684-8853- sets and D-optimal designs for n=2 mod 4. Discrete Math.,
2019-3-2-9 1985, vol. 57, pp. 211-216.

2. Barba G. Intorno al teorema di Hadamard sui determinanti 17. Cohn J. H. E. On determinants with elements +1. II. Bull.
a valore massimo. Giorn. Mat. Battaglini, 1933, vol. 71, London Math. Soc., 1989, vol. 21, pp. 36—42. doi.org/10.
pp- 70—86 (In Italian). 1112/blms/21.1.36

3. Hadamard J. Resolution d’une question relative aux deter- 18. Djokovic D. Z. On maximal (1, —1)-matrices of order 2n,
minants. Bulletin des Sciences Mathematiques, 1893, n odd. Radovi Matematicki, 1991, vol. 7, pp. 371-378.
no. 17, pp. 240—-246 (In French). 19. Brent R. P., Osborn J. H. On minors of maximal determi-

4. Seberryd., Yamada M. Hadamard matrices, sequences, and nant matrices. arXiv preprint arXiv:1208.3819 [math.CO],
block designs. In: Contemporary Design Theory: A Collection 2012. Available at: http://arxiv.org/abs/1208.3819 (ac-
of Surveys. J. H. Dinitz and D. R. Stinson, eds. John Wiley cessed 9 April 2020).
and Sons, Inc., 1992. Pp. 431-560. 20. Chadjipantelis Th., Kounias S., Moyssiadis C. Construction

5. Seberryd., Yamada M. Hadamard matrices constructed us- of D-optimal designs for n=2 mod 4 using block-circulant
ing number theory and algebra. John Wiley (to appear). matrices. J. Combin. Theory Ser. A, 1985, vol. 40, pp. 125—

6. Horadam K. J. Hadamard matrices and their applications: 135.

Progress 2007-2010. Cryptography and Communications, 21. Kharaghani H. A construction of D-optimal designs for
2010, no. 2, iss. 2, pp. 129-154. N=2 mod 4. J. Combin. Theory Ser. A, 1987, vol. 46,

7. Wang R. Introduction to orthogonal transforms with appli- pp. 156-158.
cations in data processing and analysis. Cambridge Univer- 22. Chadjipantelis Th., Kounias S., Moyssiadis C. The maxi-
sity Press, 2010. 504 p. mum determinant of 21 x 21 (+1, —1)-matrices and D-opti-

8. Ahmed N., Rao R. Orthogonal transforms for digital signal mal designs. J. Statist. Plann. Inference, 1987, vol. 16,
processing. Springer-Verlag, Berlin-Heidelberg-New York, pp. 167-178.

1975. 263 p. 23. Brent R. P., Orrick W. P., Osborn J., Zimmermann P. Maxi-

9. Ehlich H. Determinantenabschitzungen fiir binére mal determinants and saturated D-optimal designs of or-
Matrizen. Mathematische Zeitschrift, 1964, vol. 83, pp. 123— ders 19 and 37. arXiv preprint arXiv: 1112.4160 [math.CO],
132 (In German). 2011. Available at: http://arxiv.org/abs/1112.4160 (ac-

10. Ehlich H. Determinantenabschitzungen fir binire cessed 9 April 2020).

Matrizen mit N=3 mod 4. Mathematische Zeitschrift, 1964, 24. Orrick W. The maximal {-1, 1}-determinant of order 15.
vol. 84, pp. 438—447 (In German). Metrika, 2005, vol. 62, pp. 195-219.

11. Wojtas M. On Hadamard’s inequality for the determinants 25. Cohn J. H. E. A D-optimal design of order 102. Discrete
of order non-divisible by 4. Colloquium Mathematicum, Math., 1992, vol. 102, pp. 61-65.

1964, vol. 12, pp. 73-83. d0i:10.4064 /cm-12-1-73-83 26. Fletcher R. J., Seberry J. New D-optimal designs of order

12. Yang C. H. On designs of maximal (+1, —1)-matrices of order 110. Australas. J. Combin., 2001, vol. 23, pp. 214-225.
n=2 (mod 4). Math. Comp., 1968, vol. 22, pp. 174-180. 27. Djokovic D. Z. Some new D-optimal designs. Australas.

13. Yang C. H. On designs of maximal (+1, —1)-matrices of order J. Combin., 1997, vol. 15, pp. 221-231.
n=2 (mod 4). II. Math. Comp., 1969, vol. 23, pp. 201-205. 28. Djokovic D. Z., Kotsireas I. S. New results on D-optimal de-

14. Brenner J. The Hadamard maximum determinant problem. signs. J. Combin. Designs, 2012, vol. 20, pp. 278-289.

The American Mathematical Monthly, 1972, vol. 79, no. 6, 29. Sloane N. J. A. The on-line encyclopedia of integer sequenc-
pp. 626—630. es. Published electronically: Sequences A003432/M0720,

10 7/ VHOOPMALIVIOHHO-YNPABASIOLLIVIE CUCTEMBI VAR 6, 2020



30.

31.

32.

33.

34.

\ TEOPETUYECKASI VI NIPUKAAAHASI MATEMATUKA \

A003433/M1291, A051752, A051753, and A188895. Availa-
ble at: http://oeis.org/ (accessed 19 March 2020).

Orrick Will, and Solomon Bruce. The Hadamard maximal
determinant problem. Available at: http://www.indiana.
edu/~maxdet/ (accessed 10 March 2020).

Balonin N. A., Sergeev M. B. Helping Hadamard conjecture
to become a theorem. Part 1. Informatsionno-upravliaiush-
chie sistemy [Information and Control Systems], 2018,
no. 6, pp. 2-13 (In Russian). doi:10.31799/1684-8853-2018-
6-2-13

Balonin N. A., Sergeev M. B. Helping Hadamard conjecture
to become a theorem. Part 2. Informatsionno-upravliaiush-
chie sistemy [Information and Control Systems], 2019, no. 1,
pp. 2-10 (In Russian). doi:10.31799/1684-8853-2019-1-2-10
Balonin N., Sergeev M. Quasi-orthogonal local maximum
determinant matrices. Applied Mathematical Sciences,
2015, vol. 9, no. 8, pp. 285—293. d0i:10.12988/ams.2015.
4111000

Balonin N. A., Djokovic D. Z. Symmetry of two-circulant
Hadamard matrices and periodic Golay pairs. Informatsion-

no-upravliaiushchie sistemy [Information and Control Sys-
tems], 2015, no. 3, pp. 2-17 (In Russian). doi:10.15217/
issn1684-8853.2015.3.2

35. Balonin N. A., Sergeev M. B. Ryser’s conjecture expansion

for bicirculant structures and Hadamard matrix resolvabil-
ity by double-border bicycle ornament. Informatsionno-up-
ravliaiushchie sistemy [Information and Control Systems],
2017, no. 1, pp. 2-10 (In Russian). doi:10.15217/issn1684-
8853.2017.1.2

36. Farmakis N., Kounias S. The excess of Hadamard matrices

and optimal designs. Discrete Math., 1987, vol. 67, pp. 165—
176.

37. Rokicki T. New records for maximal determinants, based on

pairs of circulant matrices. Available at: http://tomas.rok-
icki.com/newrec.html (accessed 10 March 2020).

38. Balonin N. A., Sergeev M. B., Vostricov A. A. Prime Fermat

numbers and maximum determinant matrix conjecture. In-
formatsionno-upravliaiushchie sistemy [Information and
Control Systems], 2020, no. 2, pp. 2-9 (In Russian).
d0i:10.31799/1684-8853-2020-2-2-9

YBAXXAEMBbIE ABTOPbI!

Hayunsie 6asel manubix, BKIouass SCOPUS u Web of Science, o6pabaTsiBaroT JaHHBIE aBTO-
maTtuuecku. C OMHOM CTOPOHBI, 3TO YCKOPSIET Ipoliecc 00pabOTKU JaHHBIX, C IPYTOM — Pas3audunsa
B TpaHcautepanuu PO, HeTOUHbIE TaHHBIE 0 MecTe PaboThl, 06JIaCTH HAYUYHOTO 3HAHUA U T. I.
IIPUBOIAT K TOMY, UTO B 0a3aX OKa3bIBAETCSA HECKOJbKO aBTOPCKUX CTPAHMNII IJIS OJHOT'O X TOTO
JKe UeJIOBeKa. B pesyJsbraTe A BCeX IO OTAEIbHOCTH CUMTAIOTCS MHAEKCHI [[UTUPOBAHUS, UTO

CHU’KAeT PeUTUHT YUEHOTO.

st upenTudukanum aBTopoB B ceTssx Thomson Reuters mposoguT perucrpamuio ¢ mprucBoe-
HUeM YHUKaJbHOTO nHaeKca (ID) nia Kaskgoro n3 aBTOPOB HAYUHBIX ITyOJIUKAIINI].

IIpomenypa moayuerus ID GecmaTHa 1 OUeHDb ITPOCTA, €CTh BO3MOYKHOCTD ITPOBECTU PETHCTPA-
nuio Ha 12-Tu A3BIKAX, BKJIOUAA PYCCKUU (UTOOBI BHIOPATH ABBIK, KINKHUTE Ha 3€JI€HOE II0JIe
BBEPXY CIpaBa Ha CTapTOBOM cTpanure): https://orcid.org

N°6,2020 N\

VNH®OPMALIVIOHHO-YMNPABASIOLLIVIE CUCTEMBI N\ 1



I VHOPOPMALUUOHHO-YNMPABAAIOLUUE CUCTEMbI ~

UDC 004.89
doi:10.31799/1684-8853-2020-6-12-20

Interpretation of a trained neural network based
on genetic algorithms

Pimenov V. 1.3, Dr. Sc., Tech., Professor, orcid.org/0000-0002-7228-3009, v_pim@mail.ru

Pimenov I. V.5, PhD, Tech., Associate Professor, orcid.org/0000-0002-1954-6463

aSaint-Petersburg State University of Industrial Technologies and Design, 18, B. Morskaya St., 191186,
Saint-Petersburg, Russian Federation

bAdmiral Makarov State University of Maritime and Inland Shipping, 5/7, Dvinskaya St., 198035,
Saint-Petersburg, Russian Federation

Introduction: Artificial intelligence development strategy involves the use of deep machine learning algorithms in order
to solve various problems. Neural network models trained on specific data sets are difficult to interpret, which is due to the
“black box" approach when knowledge is formed as a set of interneuronal connection weights. Purpose: Development of a
discrete knowledge model which explicitly represents information processing patterns encoded by connections between
neurons. Methods: Adaptive quantization of a feature space using a genetic algorithm, and construction of a discrete model
for a multidimensional OLAP cube with binary measures. Results: A genetic algorithm extracts a discrete knowledge carrier
from a trained neural network. An individual's chromosome encodes a combination of values of all quantization levels for the
measurable object properties. The head gene group defines the feature space structure, while the other genes are responsible
for setting up the quantization of a multidimensional space, where each gene is responsible for one quantization threshold for
a given variable. A discrete model of a multidimensional OLAP cube with binary measures explicitly represents the relationships
between combinations of object feature values and classes. Practical relevance: For neural network prediction models based on
atraining sample, genetic algorithms make it possible to find the effective value of the feature space volume for the combinations
of input feature values not represented in the training sample whose volume is usually limited. The proposed discrete model
builds unique images of each class based on rectangular maps which use a mesh structure of gradations. The maps reflect
the most significant integral indicators of classes that determine the location and size of a class in a multidimensional space.
Based on a convolution of the constructed class images, a complete system of production decision rules is recorded for the
preset feature gradations.

Keywords — classification, deep machine learning, neural network, genetic algorithm, multidimensional OLAP cube, decision
rule, semantic interpretation, visualization of classes.
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Introduction

It is known, that the up-to-date artificial intel-
ligence research and technology uses deep machine
learning algorithms, which improves quality of
modern business processes in the areas of logistics
management, optimize supply planning, financial
operations, production processes, predict risks,
increase customer satisfaction, diagnose diseases,
selects dosages of drugs and solve other narrow
classification problems, as well as the creation of a
strong artificial intelligence, universal in applica-
tion to various tasks [1-7].

But, the deep neural network models, which
trained on specific data sets, are difficult to inter-
pret for both human mind and machine algorithms.
Also, the creation of a strong artificial intelligence,
which capable of adapting and interacting with the
external environment is an actual complex scientif-
ic challenge [8, 9].

The difficulty of verbalizing the output of deep
learning and clearly clarification of the obtained
result (i. e. why the model made those or another

decisions) is associated with the using of the “black
box” model [10], in which in the process of training
neural network, the “knowledge” is formed from
the sets of links weight between the neighbor neu-
rons. Herewith, visualization and synthesis of new
solutions can be carried out using generative adver-
sarial networks [11, 12]. In this case, one network
generates artificially created examples of complex
objects, and the other network evaluates their reali-
ty based on a training set, which allows performing
creative tasks, generating variants and prototypes
of multidimensional objects.

The creation of a universal algorithm for strong
artificial intelligence can be based on the method
of complex use of multidimensional data analysis,
aimed at transforming a multidimensional feature
space into a finite set of classes, and then building a
basic discrete code that stores information in a com-
pressed form about a set of features characteristic
of a given class. This discrete form of knowledge,
not only provides the ability to interpret themselves
by the various methods, e. g., mathematical produc-
tion rules, but also allows to made cognitive visual-
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ization of multidimensional classes using descrip-
tive (explanatory) variables.

Neural network as a discretization model
of the signs space

Classifying neural network uses object data at
the training stage w;,i=1,n, which can be aggre-
gated from different sources, e. g. the Internet, or
can be inclusions of a variety of sensors in a process
control loop or some technical object. The geomet-
ric paradigm of machine learning uses an attrib-
utive description of objects of the training sample
and their representation by the points in a multidi-
mensional coordinate system. Using conversion of
nominal and ordinal variables to a binary type is
applied we are providing a numerical representa-
tion of qualitative properties.

Descriptive signs {X]-| j=1, N}, entered to the
input layer of the neural network, characterize
the properties of objects of the training sample.
The classifying output attribute indicates the be-
longing of objects w; to the one of the class sets

it is possible to form an individual space, in which
the objects of the training sample are separated by
non-intersecting class hulls (Fig. 1).

By the classification process, the neural network
transforms a continuous signs space into a discrete
set of classes. So, trained on data corresponding
to Fig. 1, a three-layer (one input and output lay-
er, one middle layer) neural network transform a
combination of the values of three signs into one of
four specified classes. The model defined by a set of
weighting coefficients shown in Fig. 2. This is uses

the activation function likes f(S) = where S

1
1+e S’
is the signal on the input layer.

For the clearly interpret the constructed neural
network, the information processing should be pre-
sented explicitly as connections between combina-
tions of values of N signs X, and classes Q. Such
a view can be attracted using a discrete model of a

Q., m=1, M. Having an adequate set of signs X,
Xa
fe —
T _,._-:,,;, I R
— e
® @ R ®
[ | o ®
e |4 ; T e
° 3 e
& 1 S
o« ® | _7_ﬁ_7_7_7_’—*———_,_7_7_l7_7
4{1“1"'*'

B Fig. 1. Training set objects in a multidimensional
space

Q
X

-15603.91

Q4

B Fig. 2. Structure and weight coefficients of the clas-
sifying neural network

X2 X2

X22

X12

X11 Xa1 Xi

X22

X12

X13 X23 X33 X3

B Fig. 3. Separation of cluster shells in the X;-X, and X,—X 5 subspaces
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multidimensional OLAP (online analytical process-
ing) cube with binary measures (cell values) [13].

The key step in this case, is the quantization
of the multidimensional space into the minimum
allowable number of cells that preserve the sepa-
rating power of the original dictionary of signs X.
Accordingly, for each signs X; the minimum num-
ber of thresholds t]-, is set, at which the distinguish-
ability of classes not violated (Fig. 3).

The number of thresholds 2 is determined by the
number of class pairs separable by the Xj signs. If
several pairs of classes have a common gap, then
one threshold is used.

Method of neural network interpretation

A discrete carrier of knowledge should be built
in the form of a binary decision matrix [14] or a
multidimensional OLAP cube with binary meas-
ures and measurement labels, which are gradations
of signs values.

The number of signs gradations and the location
of the thresholds are determined in the process of
adaptive quantization of the signs space using a ge-
netic algorithm.

The creations of the intervals of changes in the
initial signs X, within the specified classes Q, , is
performed by independently changing the value of
Xj at the input of the neural network. Herewith, we
using the set of average values for the remaining
sign, when the m-th output neuron is triggered.

If an object of the m-th class has a binary signs
(attribute) X, or the values of the quantitative signs
X ; belong to the interval (d -y . dij), then the grada-
tions of the signs value x;; for the class Q  in the
cells of the OLAP cube take single values

x;5(m) =

_ {1, JoeQy, x; € (d1yj» dij) m=1, M, i=1,t

s
0, otherwise,

where t; — the number of gradations of the sign Xj
(so-called, the nominal values).

The subcube of the discretized multidimensional
space for class Q is shown in Fig. 4.

In such a discrete classifying space, the values
of signs are set in the form of single elements of the
OLAP cube and threshold levels. By this way, it is
provided an easy semantic interpretation of the de-
cision rule, based on the trained neural network.

Interpreting an OLAP cube with binary meas-
ures, based on a system of mathematical production
(decision) rules of the form

N -
“if ]_/\l(x] S (d(ifl)j’ dz])m)’ then w e Qm‘”, m= 1, M,

X3 Ya3 0 0
Ya3 0 1
X13
Xo9 1 1
X, 0
1
X12 0 0
X11 X21
X1

B Fig. 4. Subcube Q, of a discretized multidimensional
space

which use gradations (d;_y);, d;)),, values of signs x;,
j=1, N, for each class Q) .

The object signs values points to the cells in the
OLAP cube. During the recognition process, occurs
element-by-element conjunction (logical AND) of
cells, resulting to distinguish the single cell, corre-
sponding to the class code. The space of “own” gra-
dations point out to the found object.

After the coding process in a discretized multi-
dimensional signs space, the images of the classes
are rendered using rectangular maps, that use a
mesh structure of gradations. On the basis of the
such constructed maps (with the gradations sets of
signs) we can create a complete system of mathe-
matical production rules.

Genetic model for optimizing discretized
feature signs

To describe the discretization algorithm and the
choice of the signs space, we use genetic methods
concepts, used for the solving common optimiza-
tion tasks [15-18].

Individual objectsin a population represent a dis-
cretized multidimensional space X; x Xy x ... x Xy
using phenotype — a set of combinations of
levels of signs of the working vocabulary X ,

Xy ={X; ‘ j=1, N,}, containing a list of measura-

ble properties of objects.

The match function (so-called, fitness-function)
of an individual objects determined by its separat-
ing ability — the proportion of combinations of lev-
els of signs, indicating that the object m belongs to
the one of the pairwise disjoint classes Q,, Q< Q,
Q=0,0Q,U...uUQ,.

At the level of the heritable structures, informa-
tion about space is determined by the genotype —
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a set of genes of a given individual objects, aggregated in a chromosome series. An individual objects in a
population can be represented by a genotype or a single chromosome, when the genotype consists of one chro-
mosome. The coding system for heritable information is a genetic code.

We use a kind of genetic-like algorithm that represents chromosomes using bit strings. Only one gene in a
chromosome corresponds to each level of quantization of a signs in a phenotype. A gene is a fixed length bit
string containing the value of this level. Thus, a combination of values of all quantization levels for measura-
ble properties of an object is encrypted in the chromosome of an individual.

Improving the quality of the individual’s matching function is associated with minimizing the volume of
the signs space

Nw
V(Ny, t;)=] [t; > min
=1

providing I(X,) = 1, ensure error-free division of the sample into M classes in the discretized space of the
1, where j=1, N,,, N, =|X,|. Thus, for choosing the

best individual, we should reduce both the number of object signs and the number of their gradations £ which
makes it possible to increase the extrapolating power of the classifying rule [19].

For these conditions, the length of the chromosome depends on the unknown number of gradations of the
signs.

Therefore, the size of the chromosome is fixed by specifying for each signs the minimum number of thresh-
olds, which makes it possible to separate all completely separable classes for which the intervals of change in
the values of the signs do not intersect.

Chromosome G consists of two gene groups: G = {g,, g,}.

Gene groups g, contains single-bit genes bit(xj), indicating the occurrence of a signs Xij in optimizing space X :

working vocabulary, and natural limits %; € [%) min> % max

g, = {bit(xy), ..., bit(x), ..., bit(xy)h

Gene groups g, combines genes that in binary format represent quantization threshold values dj sign Xj,
i=1, p;, pi=t—1, where ¢;— minimum number of sign quantization levels:

g4={bin(dyy), ..., bin(d,), ..., bin(d,y ).

Number of bits to represent the threshold gene bit string

Xijmax ~ *jmin
e | ,

S

Kj=10g2£
J

where 3. — accuracy of representation of sign X]-.
Structure of chromosomal thread Ch

1001101101 00101011...10100010... 0110 ... 1011 ..01100010...10001011.

N positions K positions K positions  K; positions  K; positions Ky positions Ky positions

)41 Dj PN

The head gene group determines the structure of the signs space, the rest of the genes are responsible for
setting the quantization of the multidimensional space, where each gene is responsible for one quantization
threshold for a given variable.

The values of the quantization thresholds are determined by the genes of the found individual

_ bin(dy)

sz 1 (ijax _ijin) +ijin'

ij

Therms “individual” means the value of the chromosome vector belonging to the range of permissible val-
ues, Ch e Ch

permissible:

Ch

‘permissible

={chlI(x,)=1(X)},
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where I(X,) — separating power of the signs system X , X < X, which is defined as the number of class
pairs completely separable by a given system to the total number of class pairs M(M — 1)/2.
The work of the genetic algorithm is generally described as follows [16, 18].
. Initialization. An initial population is randomly generated from N; binary chromosomes.
. Computation of the match function and assessment of the fitness of chromosomes in the population.
. Selection of parents for crossing (performed using a selection operator).
. Execution of the operator of crossing.
. Mutation of offspring (descendant) chromosomes.
. Formation of a new population by selecting the best individuals in a generation.
. Switch to the next generation of parents and descendants by repeating steps 2—6 until the stop rule is met.
This algorithm implements adaptive quantization of the signs space. The solution of this algorithm is the
discrete neural chromosome code. It describes the space of signs of the minimum volume, while maintaining
the separating power of the trained neural network.
Individuals of the initial population contain randomly filled threshold genes, they limited by the values of
signs, and the chromosome vector Ck belongs to the range of permissible values.
The algorithm has the following parameters:
— size of population of individuals N;
— number of pairs selected for reproduction;
— mutation probability P
— crossing probability P, ..
For each population, we determine the number of mutating chromosomes, the number of pairs of crossing
chromosomes, a given level of convergence of the algorithm ¢.
Probability of selection of an individual for reproduction
fi
N

2
i=1

O Otk W

mut’

Pi:

where i — individual number; f; = V(N) — V(N,), i =1, N; — individuals match function.

Probability of using the crossing operator P, =0.9..1. We use some elite individuals in the crossing
procedure with quantity N,=(1 — P,,,,)N;. In conditions when P, . <1 the best individuals of the current
population moves into the population without any changes.

In relation to our task, the crossing operator must ensure the process of study of the set of signs for which
the head gene group is responsible, and the set of thresholds, encoded by the corresponding genes. Parent-
encodings transfer genetic material to new descendant-encodings. To reproduce them, we use a two-parent
crossover, which exchanges parts of the bit string of genes at break points.

Reproduction of parent individuals with chromosomes Ch! and Ch* looks as follows

l l Lplypl o1 l lplyl l l Lyplyl l l lplyl
by_1..-bp...babiby bk, 1...by...bab1by ... bKj—l"-br-"b2b1bO v by 1-+-bp . bbby
+
k k kyki kb Lk k kypkik k k kypkyk k k kykyk
bN—l"‘br ...b2 bl bO bKl—l"‘br ...b2 bl bO cee bKj—l"'br' ...b2 bl bO een bKN—l‘“br ...b2 bl bO
{
k k4l Ipl 1k k4l Iyl k k l Iyl k k3l Iy
bN?l- . .bp+1bp- . -blbo bKI*].' . -bp+1bp- . -blbO soe bK]_lo . obp+1bp- . oblbo eoe bKNil- . .bp+1bp. . .blbO
and
l l k kyk 3l l k kyk l l k kyk l l k kypk
by_1---bpi1bp..brby bg, q...bp 10 b1 b bKj_l...bp+1bp...b1 by - bgy-1---bpi1bp---b1bg,
where the p-th bits of genes act as the breaking point, b, = random(0, K — 1), K — number of gene encoding bits.
When exchanging pieces of parental-encodings, the existing fragments of alleles will be redistributed
among the genes of the descendant-encodings while preserving their loci.
To enforce the genetic variability of alleles, we use the mutation operator, which leads to the appearance of
new alleles from fragments that were not previously contained in the parental genes.

Chromosomes descendants are exposed with random changes with probability P, ,(0.001...0.01). The num-
ber of changes made to the chromosome is defined as follows
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K, =B random(l, K),

where K — size of the chromosomes, K =
N

=N+ Z p;Kj; B — mutation power coefficient,
j=1

B [0;1].

Mutation stands in inverting the binary se-
quence, which position in the chromosome deter-
mined strongly randomly:

where r, =random(1, K), n=1, K, ;4.

During the simulation modeling we config-
ure the power of mutation because this is one of
the most important properties of the search algo-
rithm.

The rule (decision) for stopping the genetic al-
gorithm is to achieve a given level of convergence
fi max — [i min < & — determining such power of
match of individuals in the population, at which
their further improvement does not occur.

The result of the genetic algorithm computa-
tion leads to the choice of an individual from a fi-
nite population that has the maximum value of the
matching function f;.

The genetic algorithm makes it possible to find
the effective value of the volume of the signs space
V(X,), for neural network prediction models based
on a “black box” type and trained on a samples. This
type of space provides us with a prediction for those
combinations of values of input signs that were not
represented in the training sample, which is usual-
ly strongly limited by size.

Visualization and interpretation of classes

Strictly accurate mapping of characteristic and
general signs of object classes is a challenged issue
when visualizing solutions in multidimensional
continuous spaces [20—27]. It is required to analyze
N,(N,— 1)/2 slices to unambiguously identify a
class based on an OLAP cube.

Since the information about the combinations
of gradations of the initial features for any class is
contained in a compressed form, in a trained dis-
crete knowledge carrier with binary measures, we
can use a rectangular map to form a unique image
of each class, which use a mesh structure of grada-
tions.

After coding in a discretized multidimensional
space of signs, the images of classes reflects the
most significant, integral indicators of classes and
smooth out the insignificant signs, which observed
on image maps, representing the ranges of changes
in signs and signals at the input of the output neu-
ron with varying signs.

The class image for each output neuron of the
trained network can be mapped in grayscale (Fig. 5)
or in 3D. We used the values of linear combinations
of inputs coming to the output neurons and the val-
ues of the corresponding activation functions. This
mappings introduce the proportion of the training
sample, objects belonging to the given m-th class
(also known as estimation of the “conditional proba-
bility” of the class), in which the j-th characteristic
lands into the i-th interval.

We use a bar chart (Fig. 6) to assess the inter-
val of changes in a signs within the considered m-th
class. The columns formed by independently vary-

Q

X; Xy X3 X; X X3

Q3 Qy

X; X X3 X; X2 X3

B Fig. 5. Class images representing signals at the input of the output neuron when signs vary

X, X2 X3 X, X2 X3

X, X2 X3 Xy X2 X3

B Fig. 6. Class images representing ranges of signs variation in a normalized space
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ing the value of each initial signs at the input of the
multilayer neural network (with the set average val-
ues of the remaining signs), when the m-th output
neuron is triggered. Input indicators (showings) are
normalized linearly to the interval 0...1.

Variation ranges of signs at the input of a trained
neural network, at which triggered a neuron of the
classQ,is: X; =0...0.4, X, =0...0.57, X5 = 0.0...0.59.

Triggered a neuron of the class Q, is:
X;,=0.50...1.0, X, =0...0.47, X5 = 0.0...0.43.

Triggered a neuron of the class Qg is:
X;,=0..0.86, X, =0..0.89, X; = 0.63...1.0.

Triggered a neuron of the class €, is:
X;=0.17...1.0, X, = 0.30...1.0, X3 = 0.31...0.77.

As it was disclaimed early, after the coding pro-
cess, we get the images of the classes that rendered
using rectangular maps with a mesh structure of
gradations. Note, that as we says early, this algo-
rithms use a discretized multidimensional signs
space. The maximum number of gradations T set
to according to the most featured (discrete) sign
(Fig. 7). We set “free” gradations, if the signs val-
ues in the class correspond to the highest grada-
tion — that’s need for the maximum conformity of
the images and a bar chart with continuous ranges
of signs values.

With the using of the cognitive images, we can
clearly determine the classes that have the mini-
mum and maximum values of integral indicators
(showings) — the sum of gradations for all bina-
rized signs Sg(Q2,) and the spread of signs values
R(©,)

Q) =argextr Sg(Q H
QY =argextr R(Q .

Small signs values have a class Q;, Sg(();)=
=1-(1 + 1+ 1)=3. Classes with the highest char-
acteristic values follows Qg m Q,: Sg(QQ5)=1-(1 +
+1)+2-A+1)+3-(1+1+1)=15,Sg(Q,)=
=1-1+2-1+1+1)+3-1+1)=14. Class Q,
has the smallest spread of signs values R(Q;)=
=+/1-1-1=1. Class with the highest spread of val-
ues Qg, R(Q3)=+3-3-1=3.

Using the convolution of the constructed images
(of classes) for the set gradations of signs, we can

produce a complete system of mathematical produc-
tion rules as follows:

“f (X; € X;y) and (X, € X,,) and (X3 € X3y),

then o € Q,”.

Thus, by varying the values of the descriptive
variables at the input of the trained neural net-
work, we used the genetic algorithm to extract a
discrete carrier of knowledge. This makes it possi-
ble to clearly interpret the classes using cognitive
maps and produce a full system of mathematical
production rules.

Conclusion

As it was noted before, the complex challenge of
verbalizing the output of deep learning and clearly
clarification of the obtained result (i. e. why the model
made those or another decisions) related to the using
of the common “black box” model — by the learning
process, the “knowledge” organized in form of set of
the weight coefficients of the links between neurons.

Neural network converts a continuous feature
space into a discrete set of classes by the process of
classification. For the interpretation of the trained
neural network decision, the data can be represent-
ed in an obvious form as mappings between combi-
nations of values N of signs of X, and the classes
Q,_, using discrete model of a multidimensional
OLAP cube with binary measures.

The discrete knowledge model is formed by the
process of adaptive quantization of a signs space us-
ing a common genetic algorithm. Individual’s chro-
mosome encrypts a set of values of all quantization
levels for measurable properties of an object. The
head gene group define the structure of the signs
space, the remaining genes responsible for config-
uring the quantization of the multidimensional
space, where each gene in charge for one quantiza-
tion threshold of a given variable.

The genetic algorithm makes it possible to find
the effective value of the volume of the signs space
V(X,), for neural network prediction models based
on a “black box” type and trained on a samples. This
type of space provides us with a prediction for those

Q Qg
X3 X3
X2 Xz
X1 X4
X1 X» X3 X1 X» X3

Q3 Qy
X3 X3
X2 X2
X1 X1
X1 X» X3 X1 X» X3

B Fig.7.Images of classes after encoding in a discretized multidimensional signs space
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combinations of values of input signs that were not
represented in the training sample, which is usual-
ly strongly limited by size.

Using the proposed discrete model we can form
a unique images of each class based on rectangular
maps with cellular structure of gradations. Maps
reflect the most significant, integral indicators

(showings) of classes, which strongly determine the
location and size of a class in multivariate space.

Thus, we can form a complete set of mathemat-
ical production decision rules, both in the process
of directly interpreting a discrete model of a multi-
dimensional OLAP cube, and on the convolution of
class images for signs gradations.
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I/IHTepnpeTauna OﬁyquHOﬁ Heﬁponnoﬁ CeTH Ha OCHOBE reHeTUYeCKUX AJITOPUTMOB

B. 1. IluMeHOB?, JOKTOP TeXH. HAYK, mpodeccop, orcid.org/0000-0002-7228-3009, v_pim@mail.ru

H. B. IIumenoBY, KaH/. TexH. HAYK, JOLeHT, orcid.org/0000-0002-1954-6463

aCaukTr-IleTepOyprecKuii rocyfapcTBeHHBIN YHUBEPCUTET IPOMBIIIJIIEHHBIX TeXHOJIOTUH 1 Ausaiina, Bb. Mopckasa ya., 18,
Caukr-IleTepbypr, 191186, P

STocymapcTBeHHBINH YHIBEPCUTET MOPCKOT0 1 pedHoro ¢guora uM. agmupaia C. O. Makaposa, [[BuHcKas yi., 5/7,
Caukr-IleTepbypr, 198035, P

Beenenue: cTpaTerus pasBUTHS UCKYCCTBEHHOI'O MHTEJJIEKTA [IPEII0JaraeT IpIUMeHeHre aIrfOPUTMOB IVIYOOKOT0 MAIIUHHOIO 00yIeHI
JJ1 PeIlleHns 3aia4 PasInIHOro Kiracca. O6yueHHbIe HA KOHKPETHBIX Habopax JaHHBIX HeHPOCeTeBbIe MO TPYAHO NHTEPIPETUPOBATE, YTO
CBAI3AHO C IOAXOJOM «U€PHOT'0 ANNKA», KOTa 3HAHUA (OPMUPYIOTCA KaK Ha00p BECOBBIX K0(h(DUIEHTOB cBA3ell Mexkay Heliponamu. Ilens:
paspaboTKa JUCKPETHOM MOJeIN 3HAHUH, IPeACTaBISAIOIeH B ABHOM (DopMe 3aKOHOMEPHOCTH 06paboTKu MHMOPMAIIUY, 3aKOJUPOBAaHHBIE CBA-
3AMU MeKAy HelipoHaMu. MeToasl: afalTUBHOE KBAHTOBAHME IIPUBHAKOBOTO IIPOCTPAHCTBA C TIOMOIIbI0 T€HETUUECKOTO aJITOPUTMA U IIOCTPO-
eHue AUCKpeTHON Mogenu MHoromeproro OLAP-ky6a ¢ 6uHapHbIME MepaMu. Pe3yasTaThl: TeHeTHUEeCKUil aIrOPUTM BBIITOJIHAET U3BJIEUEHE
13 00yUYEeHHOM HEeIIPOHHOII CeTU AUCKPETHOI'0 HOCUTEJISA 3HaHUi. B XxpoMocoMe ocobu 3arndpoBbIBaeTCA KOMOMHAIINA 3HAUEHNI BCEX YPOBHEH
KBAHTOBAHUA JJI NBMEPUMBIX CBOUCTB 00beKTa. I'0JI0BHAA reHHAA IPYIIIA OIIPeesaeT CTPYKTYPY IIPU3HAKOBOI'O IIPOCTPAHCTBA, OCTAJILHBIE
TeHBI OTBEYAIOT 32 HACTPOIKY KBAHTOBAHIA MHOTOMEPHOTO IIPOCTPAHCTBA, Ife KaXK/IbIi T'eH OTBEUAET 3a OJUH ITOPOT KBAHTOBAHUSA 3aJaHHOM
nepeMeHHo#. [luckperHas mogesnb MHoromepHoro OLAP-ky6a ¢ GuHapHBIMU MepaMU IIPECTaBJISAET B ABHOU (hopMe CBAZU MeKAy KOMOMHA-
IUAMYU BHAYEHUH IPU3HAKOB 00beKTOB 1 Kiaccamu. IIpakTnyeckas 3SHAUMMOCTB: IS HEHPOCETEBBIX MOl IPeACKasaHNu A, IIOCTPOEHHBIX
1o obyuarolieii BEIOOPKe, TeHEeTUUECKU aJIrOPUTM JAaeT BO3MOKHOCTL HAlTH 9(h(heKTUBHOE 3HaAUEeHNE 00HeMa IIPOCTPAHCTBA IPU3HAKOB JIJIf
TeX KOMOMHAIUI 3HAUEHUI BXOAHBIX IIPU3HAKOB, KOTOPBIE He OBbLIU IIPECTABICHBI B 00yUarolieil BHIOOPKe, 0ObIYHO OTPAaHUYEHHOII B 00beMe.
C IIOMOIIBIO IIPEAJIOYKEHHOH ANCKPETHON Mozesn (OPMUPYIOTCA YHUKAJIbHBIE 00pasbl KaXKJ0r0 KJacca Ha OCHOBE IIPAMOYTOJIBHBIX KapT, B
KOTOPBIX UCIIOIb3yeTcs SUercTas CTPYKTypa rpaganuii. KapTe! orpaskaior Haubosee CyIiecTBeHHEBIE, HHTeTPaIbHbIe IIOKAa3aTe N KIaccoB, KO-
TOpBIE OIIPeeIAI0T MECTOIIOIOMKEeH e 1 Pa3dMep KJacca B MHOTOMEPHOM IpocTpancTBe. Ha 0CHOBe CBePTKY IIOCTPOEHHEBIX 00pa30B KJIacCoB IS
YCTAaHOBJIEHHBIX I'DAIAIi IPU3HAKOB 3aIIMCHIBAETCA ITOTHAS CUCTEMA IIPOAYKIIMOHHBIX PEITAOIINX IIPABUIL.

KualoueBsie croBa — Kiaccuuranusd, rIy0boKoe MaIInHHOe 00yUueHNe, HeHPOHHAA CeTh, TeHETUUECKUIl aJrOPUTM, MHOTOMEPHBIH
OLAP-ky0, pelaoiliiee IpaBujio, CeMaHTHUECKasa UHTEPIIPeTAI[isl, BU3yaJInu3alusa KJIacCoB.

MuauurupoBanus: Pimenov V. 1., PimenovI. V.Interpretation of atrained neural network based on genetic algorithms. Hrgopmayuonno-
ynpasasiowue cucmemst, 2020, Ne 6, c. 12-20. doi:10.31799/1684-8853-2020-6-12-20

For citation: Pimenov V. I., Pimenov I. V. Interpretation of a trained neural network based on genetic algorithms. Informatsionno-
upravliaiushchie sistemy [Information and Control Systems], 2020, no. 6, pp. 12—20. do0i:10.31799/1684-8853-2020-6-12-20
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Introduction: Development of post-quantum digital signature standards represents a current challenge in the area of
cryptography. Recently, the signature schemes based on the hidden discrete logarithm problem had been proposed. Further
development of this approach represents significant practical interest, since it provides possibility of designing practical signature
schemes possessing small size of public key and signature. Purpose: Development of the method for designing post-quantum
signature schemes and new forms of the hidden discrete logarithm problem, corresponding to the method. Results: A method
for designing post-quantum signature schemes is proposed. The method consists in setting the dependence of the public-
key elements on masking multipliers that eliminates the periodicity connected with the value of discrete logarithm of periodic
functions constructed on the base of the public parameters of the cryptoscheme. Two novel forms for defining the hidden discrete
logarithm problem in finite associative algebras are proposed. The first (second) form has allowed to use the finite commutative
(non-commutative) algebra as algebraic support of the developed signature schemes. Practical relevance: Due to significantly
smaller size of public key and signature and approximately equal performance in comparison with the known analogues, the
developed signature algorithms represent interest as candidates for practical post-quantum cryptoschemes.
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Introduction

Since the mid-1990s, cryptographic algorithms
and protocols have been widely used to solve infor-
mation security problems [1, 2]. Public key crypto-
systems are of particular importance in electronic
document management technologies [3, 4]. The most
widely used public-key algorithms and protocols are
based on the computational complexity of the factor-
ization problem (FP)[5, 6] and the discrete logarithm
problem (DLP)[7, 8]. However, progress in the theory
and technology of quantum computing suggests that
in the fairly near future, a quantum computer will be
available and can be used to solve FP and DLP.

Since polynomial algorithms for solving FP and
DLP are known for a quantum computer [9, 10], the
implementation of this forecast will make it inse-
cure to use public-key cryptographic algorithms
and protocols based on FP and DLP [11, 12]. This
raises the problem of the development of post-quan-
tum public-key cryptoschemes based on the compu-
tationally hard problems of other types

Over the past decade the global cryptograph-
ic community has been actively developing the
post-quantum public-key cryptosystems [13, 14].
As a basic primitive, a number of studies consider
the problem of searching for a conjugating element

in non-commutative braid groups [15, 16]. This
problem has been studied in numerous papers and
fundamental difficulties associated with the devel-
opment of practical post-quantum cryptosystems
based on it have been identified [17].

At the end of 2016, the National Institute of
Standards and Technology of the United States
(NIST) announced a program on the developing
a project for post-quantum standards for public
key-agreement and electronic digital signature
(EDS) schemes by 2024, within which a world com-
petition was announced [18] for the development
of cryptoschemes of the said type. Out of 69 pro-
posed candidates for post-quantum cryptograph-
ic schemes 17 public key-agreement schemes and
9 EDS schemes were selected for participation in
the second stage of the competition [19, 20].

The main drawback of the proposed post-quan-
tum EDS schemes is the large total size of the pub-
lic key and digital signature. A promising approach
to the development of post-quantum EDS schemes,
based on the use of the computational complexity
of the hidden discrete logarithm problem (HDLP),
remained out of the attention of the participants of
the NIST competition.

The known forms of HDLP are given in finite
non-commutative associative algebras (FNAA)
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given over a ground finite field GF(p) [21]. The ex-
tention of the class of algebraic carriers of HDLP
and the development of new forms of HDLP is of
significant interest for the development of practi-
cal post-quantum cryptosystems [22, 23]. In this
paper, we propose two new forms of setting the
HDLP, which differ in that they use a commuta-
tive group with pu-dimensional cyclicity (u > 2) as
a hidden group. One of the forms is set in a com-
mutative group with multidimensional cyclicity
[24, 25] (a finite group whose basis includes two or
more group elements that have the same order is
called group with multidimensional cyclicity). The
second form of HDLP is set in the FNAAs, vari-
ous types of which are considered in the works [22,
26, 27].

The hidden discrete logarithm problem
as base primitive of post-qantum
cryptoschemes

The well-known polynomial algorithms for solv-
ing DLP and FP on a quantum computer are based
on reducing each of them to the problem of finding
the period length of a periodic function construct-
ed using public parameters of the cryptosystem.
When solving DLP, a periodic function is construct-
ed that contains a period that depends on the value
of the logarithm. A sufficiently fast calculation of
the period length is provided by the fact that for
functions that take values in a finite cyclic group, a
quantum computer effectively performs a discrete
Fourier transform [28, 29].

The DLP is formulated as follows: given a pub-
lic key Y’, which is an element of a cyclic group of
prime order and calculated by the formula Y’ = G¥,
where G is the group generator, x is the private key
(x < q). You need to calculate the value of x from
the known G and Y. For a classical computer, pol-
ynomial algorithms for finding discrete logarithm
are unknown in the multiplicative group of the field
GF(p) and in the groups of elliptic curve points.

Calculating the value of x on a quantum com-
puter consists in constructing a periodic function
7@, j) = (Y')!G/ from two variables i and j, taking in-
teger values, which contains periods of the follow-
ing lengths: (0, q), (g, 0), (¢, @) and (-1, x). The first
three values are related to the order value of the cy-
clic group, and the last one is related to the discrete
logarithm:

(V)G = (Y)Y G = fG, j) = fi -1, + 2).

For a function f(i, j), that takes values in an ex-
plicitly defined cyclic group of any nature, the quan-
tum algorithm finds the period of length (-1, x) in
polynomial time.

7

For the construction of HDLP-based EDS
schemes, FNAAs of various dimensions m are used
as algebraic carriers (usually m =4 and m = 6),
which contain a sufficiently large number of iso-
morphic cyclic groups [22, 26, 27]. A secret cyclic
group of prime order is selected to generate the
public key. Some group element N that is different
from the unit element of the group is selected, and
the element N¥ is calculated, two secret masking
operations y; and vy, are formed, each of which is
mutually commutative with the base exponentia-
tion operation, and two elements of the algebra are
calculated Y and Z: Y = y;(N*), Z = yy(N), belong-
ing to two other cyclic groups of algebra. To ensure
the correct operation of the EDS scheme coordinat-
ed operations y; and y, are selected. Thanks to this
feature the function f(i, j) = Y'Z/ is periodic and
contains a period of length (-1, x), however, it takes
arbitrary values in the FNAA used as an algebraic
carrier, i. e. the values are not restricted to some
fixed finite group. This determines the security
of the HDLP-based EDS schemes to attacks using
known algorithms for finding the length of a period
on a quantum computer.

The design criterion of the post-quantum sig-
nature schemes, described in [22, 26], this is the
following: setting periodic functions constructed
on the base of public parameters of the EDS scheme
should lead to the fact that these functions with a
fairly low probability take values that belong to any
one fixed group.

However, quantum algorithms for finding the
period length for a broader class of periodic func-
tions may appear in the future. The possibility of
maintaining high security of EDS schemes with the
appearance of such quantum algorithms can poten-
tially be provided by specifying the computational
impossibility of constructing periodic functions
with a period length that depends on the value of
the discrete logarithm.

Thus, the wording of the strengthened crite-
rion of providing resistance to quantum attacks
can be shown as follows: cryptoscheme should be
constructed in such a way that the construction
of periodic functions based on public parameters
of the cryptoscheme should cause these functions
will be free from period, depending on the value of
discrete logarithm, although there will be periods
whose lengths are set by prime order of hidden cy-
clic group.

In this paper, finite associative algebras con-
taining finite commutative groups with multidi-
mensional cyclicity are used as the algebraic carri-
er of the cryptosystem to develop EDS schemes that
satisfy the enhanced criterion. Groups of this type
include groups whose basis includes two or more el-
ements, the order of each of which is equal to the
same value [24, 25].
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Setting the finite commutative groups with
multidimensional cyclicity

Suppose a finite m-dimensional vector space is
set over the field GF(p), where p is a prime. Usually,
a vector is presented as an ordered set of coordi-
nates A = (a,, ay, ..., a,, ;) or as a sum of one-compo-
nentvectors A = a,e, + a,e;+ ... + a,, ;e ;, where
e; (i=0,1, .., m~-1)are basis vectors. Defining ad-
ditionally the operation of vector multiplication (°)
possessing the property of the two-sided distribu-
tivity relatively the addition operation of vectors,
one gets the finite m-dimensional algebra.

The multiplication operation of the vectors

A:Zi";)laiei and B:Z?Z)ijej is set with the

following formula: AoB= z;n::)l Z;Z)l a;be; oe;,

where each pair of the basis vectors is replaced by
the one-component vector indicated in the intersec-
tion of the i-th row and j-th column of the so called
basis vector multiplication table.

Setting the hidden discrete logarithm
problem in a finite commutative group
with multi-dimensional cyclicity

In commutative groups, the method of masking
the base cyclic group, in which it is supposed to
perform the exponentiation operation, should be fo-
cused on the implementation of the mentioned earli-
er strengthened criterion of providing resistance to
quantum attacks. Indeed, in commutative groups,
it is not possible to perform the automorphic and
homomorphic mapping operations used in FNAA
[22, 26], therefore we need to offer a new method of
masking.

The hidden logarithm problem is set at the stage
of forming a public key, which includes the selection
of a secret base cyclic group by generating a ran-
dom vector G, considered as the generator of this
group. After performing the basic exponentiation
operation (which makes the main contribution to
the security of the cryptosystem), we get the vec-
tor G*, which together with the vector G is subject
to masking, which will give two vectors that are
elements of the public key. The proposed masking
method uses the idea of multiplying vectors G and
G* by randomly selected vectors U and D of order g,
which belong to different cyclic groups other than
the base one, and such that the triple of vectors
(G, U, D) forms the basis of a primary subgroup of
order ¢3. Thus, one gets the public key as a pair of
vectorsY = G*oUandZ = G D.

It is easy to see that a pair of vectors (Y, Z) forms
the basis of a primitive subgroup of order ¢2, there-
fore, the periodic function f,(@i, j) = Yo Z/ takes on
all g2 values of the specified primitive subgroup

\ SALLNTA MHDOPMALLAN N\

with a period of length (g, ¢). This function also con-
tains length periods (g, 0) and (0, q) and is free of
explicit periodicity, the length of which depends on
the discrete logarithm. The latter is determined by
the masking influence of multipliers U and D.

The principal point is that these multipliers have
the same order as the vectors G and G~. If this condi-
tion is violated, for example, if the multipliers are
vectors U and D have a prime order r # g, then their
masking influence can be completely eliminated by
exponentiating the vectors Y and Z to the degree r
and defining the periodic function f,G, j) = Y o Z7,
that contains a period of the length (-1, x):
Yr(i—l) o Zr(j+x) = Y7 7T% o Zr(j+x) =Y"io 71,

Masking multipliers contribute to the digi-
tal-signature verification equation. This effect
must be compensated for ensuring the correct func-
tioning of the EDS algorithm. The latter is supposed
to be provided by calculating an additional element
of the digital signature in the form of a vector S,
that is included as a multiplier in the verification
equation.

If there is a multiplier that is a signature ele-
ment, it is possible to easily forge the signature us-
ing the vector S as a fitting parameter, the random
value of which is calculated as unknown in the EDS
authentication equation. To prevent this method of
the EDS forgery, the idea of doubling the verifica-
tion equation can be used, i. e. instead of one verifi-
cation equation, two similar equations will be used,
which use different pairs of the values (Y;, Z;) and
(Y,, Z,) and the same signature in the form of tri-
ple of the values (e, s, S). In this case forgery of
the signature for the first and second verification
equations will lead to different values of the fitting
parameter S, which makes the specified method of
EDS forgery computationally infeasible.

The proposed mechanism for doubling the veri-
fication ratio assumes the calculation of the public
key in the form of two pairs of vectors (Y;, Z;) and
(Y,, Z,), which ensure that the verification equation
will be satisfied for the same signature value. This
is ensured by the fact that the first and second ele-
ments in each of the pairs (Y;, Z;) and (Y,, Z,) are
connected by the same value of the discrete loga-
rithm x and the same values of masking factors U
and D. Independence of the pairs (Y;, Z;) and (Yj, Z,)
is ensured by the fact that independent base cyclic
groups are used for calculating the said pairs, and
random multipliers U and D are chosen such that
the four vectors Y;, Z;, Y, and Z, form the basis of
a primary group of order ¢%. The latter provides the
implementation of the enhanced post-quantum re-
sistance criterion (the computational infeasibility
of constructing a periodic function with a period
defined by the value x).

In the versions of the HDLP specified in the
FNAAs and used for designing EDS schemes in [22,
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26], the calculation of the value of the discrete log-
arithm x in the secret base cyclic group can be per-
formed using the baby-step-giant-step algorithm.
This is directly connected with the possibility of
constructing a periodic function containing a pe-
riod whose length depends on the x. This circum-
stance makes it necessary to use a hidden cyclic
group of prime order, the size of which is 256 bits
while providing 128-bit security.

The proposed version of the HDLP, set in finite
commutative groups, implements the enhanced cri-
terion for ensuring post-quantum resistance, i. e.
periodic functions constructed on the base of pub-
lic parameters of the EDS scheme are free from the
periodicity associated with the value of the discrete
logarithm x. The calculation of the value x by the
baby-step-giant-step method and other known ana-
logues can not be carried out due to the fact that the
calculation of the value of x can not be separated
from the calculation of at least one of the secret vec-
tors G, U, and D. Thus, you can expect that a 128-
bit value ¢ is sufficient to provide 128-bit security.
However, due to the fact that the new version of the
HDLP is little studied, we will consider the imple-
mentation of the HDLP-based EDS algorithm for
the case of using 256-bit values q.

Digital signature scheme using calculations
in a finite group with four-dimensional
cyclicity

As the algebraic carrier of the EDS scheme, we
will use a four-dimensional finite commutative al-
gebra defined over a field GF(p), where p = 2¢q + 1
with the 256-bit prime ¢, when using BVMT shown
as Table 1, where the structural coefficient A = 4.

The unit of this associative algebra is the vec-
tor (0, 0, 1, 0), and its multiplicative group has a
four-dimensional (two-dimensional) cyclicity at the
value A equal to the quadratic residue (non-residue)
in the field GF(p). In the case of forming a group
with two-dimensional cyclicity, its basis includes
two vectors, each of which has the order p2 - 1, and
the group order is equal to (p2 — 1)2. When develop-

7

B Table 1. Setting the multiplication operation in finite
algebra multiplicative group of which possesses multi-
dimensional cyclicity

ing the EDS scheme in this section, we will consid-
er the case of four-dimensional cyclicity, when the
basis of the multiplicative group includes four vec-
tors, each of which has an order p — 1, and the group
order is equal to (p — 1)%.

The public key is generated as follows:

1. Generate random vectors G, Q, U and D, the
order of each of which is equal to the same prime
number q.

2. Generate random natural number x < ¢ and
calculate vectors Y; = G*oUand Y, = Q- U.

3. Calculate vectors Z; = GeD and Z, = Q°D.

The public key is two pairs of vectors (Y;, Z;) and
(Y,, Z,). The private key of the owner of this public
key is a set of the following values x, G, Q, U, and
D, knowledge of which is required for calculation
of the signature. The probability that the vectors
Y;, Z, Y, and Z, form the basis of a primary group
of order ¢4, practically is equal to 1. Indeed, the said
four vectors are random because they depend on
random vectors G, Q, U and D. The probability that
the products of all possible degrees of the vectors
Y, Z, Y, and Z, form a primary subgroup of order
g3 or ¢2 is negligible and equal to ~¢g! (if the vec-
tors Y;, Z;, Y, are independent and form a primary
group of order ¢3, then the probability that a ran-
dom vector Z, is contained in this primary group
is equal to the ratio of its order to the number of all
vectors of order ¢, which are contained in the mul-
tiplicative group of the four-dimensional algebra
under consideration (accounting for case when the
vectors Yy, Z;, Y, form a primary group of order g2
makes a small adjustment to the value ¢g1).

Let an electronic document M be given, to
which a digital signature of owner of the public key
(Yy, Z,) and (Y,, Z,) is to be created. To do this, the
following procedure is performed, which uses some
pre-defined secure 256-bit hash function f, (the al-
gorithm for calculating a hash value is part of the
EDS scheme under consideration):

1. Generate three random natural numbers
kE<gq t<gandu <gq.

2. Calculate two vector fixators V; and V, using
the following formulas:

V, = G¥oD!oU% and V, = Q¥ o Dt o U¥,

3. Calculate the value e = f,(M, V;, V,) (the first
signature element).

4. Calculate the value s = k — ex mod ¢ (the sec-
ond signature element).

5. Calculate the vector S = D#¢oU%$ (the third
signature element).

At the output of this algorithm we get the digi-
tal signature (e, s, S). The main contribution to the
computational complexity W of the algorithm is
made by exponentiation operations in the four-di-
mensional algebra under consideration, i. e. one can
accept the estimate W = 8 exponentiation opera-
tions.

¢ €9 € € €3
e, Aegy e; e, ey
€1 €3 ) €1 €9
€a €9 € €g €3
eg heq e, eg Ae,
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Algorithm for verifying triples of values (e, s, S)
as a genuine signature to a document M includes
the following steps:

1. Using the public key, namely, two pairs of the
vectors (Y;, Z;) and (Y,, Z,), calculate the vectors
Vi =Y{ 0SoZ] and Vg =Y5 0SoZ3.

2. Attaching vectors \71 and \72 to the doc-
ument M, calculate the hash-function value
&= (M, V1, V3).

3. Check whether the equality is valid é =e. If it
is true, the EDS (e, s, S) is accepted as a genuine
one. If ¢ #e, the signature (e, s, S) is rejected.

The computational complexity of the EDS au-
thentication algorithm is equal to W = 4 exponenti-
ation operations. Demonstration of the correctness
of the considered EDS scheme involves performing
a proof that the signature calculated by the owner
of the public key successfully passes the signature
authentication procedure. Let the signature (e, s, S)
be obtained in accordance with the signature gener-
ation procedure when using the correct signer’s pri-
vate key. Then, submitting the signature (e, s, S) to
the input of the verification procedure, we have the
following proof of the correctness of the proposed
signature scheme:

Vy = Y{ 0SoZs :(GxoU)eoUt_eoDu_so(GoD)s -

=Gx€OU€OUt—€ODu—SOGSODS =Gxe°Ut°Du°Gs —
:GxeoUtoDquk—xe :GkOUtoDu :Vl;

~ e
V3= Y5 8023 =(Q7oU) U oD**(Q-D)’ =
=QererUt—eoDu—sonoDs =QerUtODuOQ8 —
:QxeoUtoDquk—xe:QkOUtODu:V2:
:>é=fh(M,V1,V2)=fh(M,Vl,V2)=e.

The obtained equality € = e means the signature
(e, s, S) passes the verification procedure as a gen-
uine one.

Setting the HDLP in non-commutative
algebra and the EDS scheme based on it

Used in the previous section mechanism of dou-
bling the signature authentication equation can also
be applied to develop the EDS algorithms based on the
computational complexity of the HDLP set in FNAAs.
Let’s consider the implementation of an EDS scheme
of this type as a doubling of the cryptosystem de-
scribed earlier in the paper [26] and using the four-di-
mensional FNAA as its algebraic carrier, in which the
vector multiplication operation is set by Table 2 over
the field GF(p). As in the previous signature scheme,
we assume p = 2¢q + 1 for a 256-bit prime value q.

\ SALLNTA MHDOPMALLAN N\

B Table 2. Setting the multiplication operation in
4-dimensional non-commutative algebra [26] (A # O;
A=1)

° €o € €y €3
€o €9 €3 €o €3
e; Le, e; e, Aeq
€ € € € €
eg Ae, es e, Leg

The said four-dimensional FNAA contains
a global two-sided unit E= (1 — )7, (1 — )71,
AL — DL, 0 - 1)) and p(p + 1)(p — 1)? invertible
vectors. A sign of the invertibility of a certain vec-
tor A = (ay, a;, ay, a3) is non-equality aya,; # aya;.
Multiplying a certain vector X = (x4, x;, X4, X3)
by vectors of the form D = (d(1 — ML, d(1 — M,
dMA — 1)L, d(n — 1)) = dE is actually a multipli-
cation by a scalar d: D o X = dX. The latter means
that for any value d € GF(p) the vector D is permu-
table with each vector X in the considered FNAA:
DoX =X oD. Obviously, the equation D! = dE
holds true. When choosing an integer d, which is
a primitive root modulo p, one gets the vector D
that is a generator of a cyclic group I', having order
equal top - 1.

The maximum order of invertible vectors of
the multiplicative group of the considered FNAA
is p2 — 1. In this group you can find many differ-
ent pairs of vectors G ¢ I'y and Q ¢ I'yy of the or-
der p — 1, for which the non-equality G°Q #Q o G
holds true. Each of the pairs of vectors <G, D> and
<Q, D> forms a minimal system of generators (ba-
sis) of some commutative group I'_g . and I'_q 1.,
correspondingly, of order (p — 1)2. Intersection of
the groups I' g . and I'_q 1, represents the cyclic
group I'. Thus, the four-dimensional algebra under
consideration contains a large number of different
commutative groups with two-dimensional cyclici-
ty, and the cyclic group I';, being a subgroup of each
of them. This structure of the algebra allows for
such modification of the EDS scheme [26], in which
a new form of HDLP is specified, which implements
an enhanced criterion for ensuring post-quantum
security.

This modification is based on the idea of using
a commutative group with two-dimensional cyclic-
ity (instead of a cyclic group in the analog [26]) as
a hidden group. The proposed version of the EDS
scheme is described as follows.

Procedure of generating the public key includes
the following steps:

1. Generate random vectors G ¢ I'yy and B € I,
whose order is equal to a prime number q. (These
two vectors form the basis <G, B> of the group
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I_gp- that is commutative, has two-dimensional
cyclicity, and has order equal to ¢2.)

2. Generate two random  numbers 1
(r; <q) and r, (ry < q) and calculate the vector
Q = Grl 0]3r2 € F<G,B>'

3. Generate two random numbers u; (u; < ¢q)
and u, (uy <¢q) and calculate the vector
U= Gul o Bu2 S F<G,B>‘

4. Generate a random natural number x
(x < q) and two random vectors J and H of order
p? — 1, which satisfy the conditions GedJ # J°G,
GeH # HeoG, and HoJ = JoH. Then calculate
the vectors Z, =HoGoUcH7, Y, =JoG*oJ1,
Y,=HcQ*°H',andZ, =JoQoUoJ

The public key is a set of four vectors Y, Z;, Y,,
and Z,. All other parameters are secret. You can
specify the integer number x and vectors G, Q, U,
H, J as private key of the owner of the public key.
Calculation of the value x according to the public pa-
rameters of the EDS scheme, represents the HDLP,
the specific form of which is determined by formulas
describing the dependence of the public values Y;,
Z,,Y,, and Z, on secret vectors G, Q, U, H, J.

Algorithm for creating EDS for an electronic
document M:

1. Generate random integers k (k < ¢q) and ¢
(¢ < g)and calculate the vectors V; = J o G*o Uto H1
and V, = JoQFoUto H L.

2. Calculate the value e = f,(M, V;, V,) (the first
signature element).

3. Calculate the value s = k — ex mod ¢ (the sec-
ond signature element).

4. Calculate the vector S =JoU!SoH! (the
third signature element).

The computational complexity of the signature
generation algorithm is equal to W = 5 exponenti-
ation operation.

Signature verification algorithm:

1. Calculate the vectors Vi=Y{oSoZj and
V5 =Y5 0SoZ3.
2. Calculate the hash-function value e'=

=1 (M, Vi, V3).

3. If ¢’ = e and the vector S satisfies the invert-
ibility condition, then the signature is accepted as
genuine one. Otherwise the signature is rejected as
false one.

The computational complexity of the signature
verification algorithm is equal to W = 4 exponenti-
ation operation.

Correctness proof of the signature scheme is as
fallows:

V| =Y{oSoZ] =
e S
:(JonoJfl) O(JoUt*soﬂfl)o(HoGoUoﬂfl) -
_ Jone oUt—sGs oUs oH—l _ Jone oUtGk—ex OH—l _
=JoGFoUt o H =V

7

Vé:ZgOSOYzez
:(JOQOUOJ‘l)SO(JoUt‘soH—l)o(HonoH‘l)e:
:JonoUsoUt_soneoH_l =J0Qk—xeoUthon—1 _
=JoQF Ut H L =Vy;

(Vi=V; Vi=Vy}=e' =e.

The last equality means the correctly comput-
ed signature passes the verification procedure as a
genuine one.

Discussion

Within the framework of the NIST competi-
tion [18], 9 different digital signature schemes
are currently being considered as a candidate for
the post-quantum EDS standard [20]. The most
attractive from the point of view of a compromise
between the performance and size of the public
key and signature are the following EDS schemes:
Falcon [https://falcon-sign.info/], Dilithium
[https://pg-crystals.org/dilithium/index.shtml],
Rainbow [30], and qTESLA [https://qtesla.org/].
Table 3 shows a rough comparison of the devel-
oped EDS schemes with the listed candidates for
the post-quantum EDS standard, namely with
their versions Falcon-512, Dilithium-1024x768,
Rainbow, and qTESLA-p-I, corresponding to the
level of 128-bit security. (The relative performance
of the proposed signature schemes is estimated un-
der the assumption that multiplication operations
in 4-dimensional algebras and in finite ground field
GF(p') with 1024-bit characteristic p’ have approx-
imately the same computational complexity, when
using literature data on the comparative perfor-

B Table 3. Comparison with candidates for the post-
quantum standard of EDS

Signa- . Rate of Rate of
. Public . .
Signature ture . signature signature
. key size, . Do .
scheme size, byte generation, | verification,
byte v arb. un. arb. un.
Fal-
con-512 657 897 50 25
Dilithium | 2044 1184 15 2
Rainbow 64 150 000 - -
qT}ffILA- 2592 | 15 000 20 40
Section 5 192 512 40 80
Section 6 192 512 64 80
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mance evaluation of the specified candidates for
the post-quantum EDS standard and of the 2048-bit
RSA cryptosystem.)

Let’s consider the construction of periodic func-
tions based on the public parameters of the pro-
posed EDS schemes. In the case of the signature
scheme using computations in the finite commu-
tative group with four-dimensional cyclicity we
have the following public parameters Y; = G¥- U,
Y,=Q*°U, Z, = G°D, and Z, = Q° D, where each
pair of public key elements depends on some three
vectors from the basis <Q, U, G, D>, and where each
triple of the elements depends on four vectors from
the basis. Therefore, periodic functions construct-
ed as products of natural powers of two and three
public parameters can only contain periods whose
lengths depend on the order of the basis elements,
i. e. on the prime value q.

Consider the periodic function F(i, j, k, h)=
=Y Z{ oY§oZ!. Expressing this function from
integer variables in terms of the basis of the mul-
tiplicative group of the four-dimensional algebra
given in Table 8, we obtain: F(i, j, k, h) = G*i*ko
o Uiti o Q¥/h o DE+h, Let this function have a period
©;, Sj, d;, 05). Since all basis vectors are independ-
ent, we have the following system of linear congru-
encies with the unknowns §;, 5, &, 9:

x8; + 6, =0modg
d; +8; =0modg
x8;+8, =0modq’

8k +8h EOmodq

The main determinant of this system is dif-
ferent from zero, so there is the single solution
© 8]., 8, 6,)=(0, 0, 0, 0), which means that the func-

i’
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tion in question contains only periods whose length
depends only on the value q.

For the EDS scheme using computations in
the four-dimensional FNAA we have the follow-
ing public parameters Z; =HoGoU°H7, Y, =
=JoG*oJl, Y,=HoQ*H?, and Z,=J°Q°Uo

oJ-1. Consider the periodic function F (i, j)=

=Y} oZ} =JoG™ o(QoU) oJ L. Since the vector G
and the vector Q o U are generators of different cy-
clic groups of the order g, the function F; can only
contain periods associated with the value q.

The same situation holds for the function
Fy(i, j)=YhoZ =HoQ" o(GoU) oH!. Setting
other periodic functions based on the public param-
eters also does not result in functions containing a
period that depends on the value x.

Conclusion

This is the first time that a HDLP-based signa-
ture using a finite commutative algebra has been
constructed. Thus, the proposed signature scheme
satisfies the enhanced criteria of post-quantum se-
curity. An EDS scheme is also proposed that meets
the enhanced post-quantum security criterion and
is based on the computational complexity of the
HDLP set in the FNAA. The specified criterion
is met by using a commutative finite group with
two-dimensional cyclicity as a hidden group.
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BBeJ:[e}me: paspaﬁo’r}ca IIOCTKBAHTOBBIX CXeM HH(prBOfI IIOAIINCH ABJIAETCA OJHUM N3 BHISOBOB B obsacTu }CpI/IHTOI‘paqH/II/I. He/:[aBHO
IPeAJIoKeHbl cXeMbl ITU(POBOM IOAINCY, OCHOBAHHBIE Ha CKPBITOH 3a/aue JUCKPETHOTO JorapudmupoBanusa. Pazsutue sToro nmoaxona

npeacraBJiseT CyIJ.IeCTBeHHI:Iﬁ HpI/IKJIaZ[HOﬁ HNHTepeC, IIOCKOJBKY OH IIO3BOJIAET paspaGOTaTb IIPaAKTUYHBIE CXeMBbI IIOAIIUCH, 06J1az[a10ume
MaJbIMHU pasMepaMy OTKPBITOI'O KJI04Ua U IIOAIIVCHA B CDABHEHNHU C U3BECTHBIMU aHAJIOTaMHU. I_Ie.m,: paspa60TRa MeToga IIOCTPOeHU A II0CT-
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KBAHTOBBIX CXeM IIOJAIMCH, COOTBETCTBYIOIIUX eMy HOBBIX (DOPM 3aJaHUA CKPBITOHM 3aJadyd AUCKPETHOI'O Jorapu(pMHUPOBAaHUA U CXeM
MOJIVCH Ha ero ocHOBe. Pe3yspTaThl: IPEJIOXKEH METO/, IIOCTPOEHUA IOCTKBAHTOBBIX cXeM Iu(dpoBoil nognucu. CyTh MeTo/La COCTOUT
B 3aJaHUY 3aBUCUMOCTU 3JI€EMEHTOB OTKPBITOT'O KJII0Ua OT MACKUPYIOIUX MHOKUTEJEH, YCTPAHAIOIINX I€PUOJUIHOCTD, 3aBUCAIILYIO OT
3HaUeHUA AUCKPETHOTo Jiorapudma, B Iepuojudyeckux GyHKIUAX, IOCTPOEHHBIX HA OCHOBE OTKPBITHIX ITapaMeTpPoB Kpunrocxemsl. Ha
OCHOBe MeT0/a pa3paboTaHbI ZiBe HOBbIe (DOPMBI 3a/JaHUA CKPBITOM 3a/1aUy AUCKPETHOrO0 JJOTapu(MUPOBAHUA B KOHEUHBIX aCCOIMATUBHBIX
anrebpax. IlepBas m03BOJINIA UCIIOJIB30BATE KOMMYTATUBHbIE aJITe0PhI, & BTOpas — HEKOMMYTaTHBHBIE aJIre0PhI B KauecTBe ajredpanye-
CKOT'0 HOCUTeJIs padpaboTaHHbIX cxeM ItndpoBoii mognucu. IlpakTudyeckas 3HAYNMOCTh: padpaboTaHHbIe AJITOPUTMEI TG POBOI IIOJIHICH
IPeACTaBJIAIOT MHTEPEC KaK KaHAUAATHI Ha TPAKTUYHbIE IOCTKBAHTOBBIE KPUIITOCXEMBI, 00JIaZIafoIIHe CYIleCTBeHHO MEHBIITNM Pa3MepPOM
OTKPBITOT'O KJII0YA U MOAINCY IPYU TPUMEPHO PABHOM IPON3BOAUTEIbHOCTY B CDABHEHUY C U3BECTHBIMY aHAJIOTaMU.

KuaioueBsie cioBa — IIOCTKBAHTOBBIE KPUNITOCXEMBI, KOMIIBLIOTEpHAs 0€30I1aCHOCTD, dJIEKTPOHHAA Nu(poBas MOANUCH, 3a7ada IUC-
KPETHOTO JIorapu(MupoBaHuA, KOHEUHbIe KOMMYTATUBHbBIE IPYIIIbI, HEKOMMYTATUBHbBIE ACCOIIATHBHBIE aJITe0PHI.
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Introduction: The operation of radio lines in the decameter range, as a rule, occurs in a complex interference environment,
characterized by the presence of fast and slow fading. Therefore, one of the most relevant areas of research in this subject area is
the development of new technical solutions aimed at improving the noise immunity of reception. Purpose: Development of signals
with permuted frequency modulation that allow detecting single errors at the physical level by selecting combinations of subcarriers
of each character in accordance with the alphabet of the code with a constant weight. Results: Theoretical aspects of formation
of the permutation signals with frequency modulation, the choice manipulating code to select subcarriers within a signal symbol,
presents an analytical approach for the derivation of the generalized expression evaluation of noise immunity of the developed
signals of permutation modulation in a channel with variable parameters in incoherent processing, we obtained the estimation of the
values of probability of bit error for new signals in comparison with the known results. Practical relevance: The developed signal with
permuted frequency modulation is proposed to be used in decameter radio communication systems operating in a narrow frequency
band in the ionospheric channel. Discussion: Further research is associated with optimization of decision-making procedures for
demodulating the developed signals, as well as the search for effective ways to encode signals with permuted frequency modulation
at the physical level, allowing to increase the data transfer rate while maintaining the noise immunity of reception.

Keywords — permutation frequency modulation, code manipulation with constant weight, decameter radio communication,
noise immunity, probability of bit error, non-coherent signal processing, slow fading.
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Introduction

Decameter radio systems operating in the iono-
spheric channel are characterized by slow fading.
These fading are associated with the simultane-
ous reception of the direct and reflected beam. The
main cause of fading is the passage of a reflected or
scattered signal along several paths with different
delay times [1].

In the case of slow fading, the waveform remains
constant, but its power and phase change. This
leads to a significant decrease in the quality of re-
ception, although to a lesser extent than as a result
of the effects of fast and selective fading, which sig-
nificantly change the signal shape [2].

In practice, one of the main ways to eliminate
intersymbol interference that occurs when radio
waves pass in a fading ionospheric channel is to in-
crease the chip duration. But this leads to a signifi-
cant decrease in the bit rate, therefore, as a solution
to this problem, it is proposed to use signals gener-
ated on the basis of permutation frequency modula-
tion (PFM) [3].

The PFM methodology and various aspects of its
application have been sufficiently studied [4-13].
Including the properties of PFM signals were in-
vestigated by Russian scientists [4, 8, 11, 13]. So, in
[11], the following features of PFM are highlighted,
which made it possible to consider it as a promising
direction for radio communication systems in the
decameter range:

— each PFM signal symbol has the same energy;

— demodulation of messages is carried out at the
stage of detecting signal symbols of the code word;

— the PFM implementation guarantees the same
error probability when receiving any codewords
from the allowed alphabet.

It is important to note that PFM, with relative-
ly simple signal processing algorithms, provides a
sufficiently high transmission rate while maintain-
ing acceptable noise immunity.

Taking these circumstances into account, this
article presents the results of a study of the noise im-
munity of signals developed in [4], with their inco-
herent processing in a channel with variable param-
eters. The peculiarity of the developed PFM signals
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is that in them the choice of the current combination
of subcarriers for each symbol is carried out in ac-
cordance with the alphabet determined by the code
with constant weight, which makes it possible to de-
tect single errors already at the physical level [8].

Theoretical aspects of the formation
of signals of permutation frequency
modulation for radio communication
systems in the decameter range

In general, PFM signals can be viewed as a kind
of Multiple Frequency Shift Keying (FM-m), where
m is the number of frequency positions for subcar-
riers.

The synthesis of PFM-m/k signals can be carried
out in accordance with the expression

SpEM-m/h (1) =% 3 s,()®A. (1)
i=1

Here s,(¢) are harmonics per m subcarriers with-
in the signal bandwidth; A is a vector of dimension
m, the elements of which are “0” and “1”, and “1”
indicates the active subchannel on the duration of
the signal element (the number of units of vector A
is determined by the value k), the number “0” — on
the passive one.

In contrast to multi-position frequency shift
keying, in which each signal symbol is determined
by the position of only one subcarrier in a given
frequency band, in PFM it is formed by choosing
a certain combination of several subcarriers, total
number k, where k € [1;m/2]] (here x| is the integer
division operation). The use of permutation modu-
lation can significantly expand the alphabet, and
thereby increase the transmission rate. So, if the
signals of multi-frequency modulation FM-m infor-
mation bit rate R, is related to the symbol rate R by
the following relationship [2]:

Ry = Ry x| logym ], )

then for PFM-m/k signals the specified connection
will be as follows:

_ E|_ m!
R, =R, xLlogz ch =R, x[logz —kx(m—k)xJ' 3)

To clarify the essence of this feature, in Fig. 1isa
three-dimensional diagram showing the dependence
of the distribution of bits per symbol B(m), on the
number of frequency positions m, on the duration of
the signal element for a different value of &, which
determines the number of involved subcarriers (ac-
tive subchannels), in accordance with the expression

B Fig. 1. Dependence of dimension symbol on the num-
ber of frequency positions m, for a different number of
active subcarriers &

!
B(m) = [logz —k!(n’f; k)!J. @

The analysis presented in Fig. 1 of the result
shows that in relation to decameter communication
channels, for which, as a rule, signal structures
with a dimension of more than 16 are not used [14],
a significant gain occurs in the case when the pa-
rameter k in its value approaches m. It should be
borne in mind that an increase in k leads to a sig-
nificant decrease in the energy falling on each of
the subcarriers. This ultimately degrades the noise
immunity of transmissions based on PFM signals
[8, 13].

Therefore, a compromise is needed between the
ratio of £ and m.

Thus, the analysis of the ALE 2G standard (au-
tomatic installation of the 2nd generation channel)
[15] shows that for radio communication systems in
the decameter range, the choice of eight-position
frequency-shift keying signals (FM-8 signals) with
a bandwidth of about 2 kHz is justified. This sig-
nal provides a symbol rate of 125 baud. The indi-
cated value is confirmed by the long-term practice
of message transmission via the ionospheric chan-
nel (channel with variable parameters). Therefore,
when choosing the value of m for transmission with
PFM signals, it is advisable to focus on the frequen-
cy band determined by the symbol rate in the range
from 100 to 250 baud.

The diagram obtained in the course of the study,
shown in Fig. 1, clearly illustrates the obviousness
of the choice with the total number of subchannels
m = 8, the parameter value k = 3. The expediency
of such a choice is due to the fact that in this case,
each symbol of the PFM-7/3 signal will provide the
transmission of five bits, with a slight decrease in
energy indicators attributable to recalculation for
each active subcarrier.
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The choice of the manipulating code
for the formation of signals PFM-7/3

For efficient transmission of information, the
choice of active subcarriers on the chip duration
must be determined in accordance with a given al-
phabet. The capacity (size) of the alphabet will be
determined by the values m = 8 and k£ = 3, in ac-
cordance with the following combination formula

[8]

ko m!
= i -yt ®

According to formula (5), for the indicated val-
ues of m and k&, the capacity of the alphabet will
be 35 elements. Moreover, for a seven-digit sym-
bol, the number of elements of the alphabet is 27 =
= 128. The analysis of existing codes in [4] showed
the advisability of choosing for the indicated com-
binations of the International Telegraph Alphabet
(ITA) with a constant weight of the ITA-3. The
choice of this code is due to its properties, which
make it possible to detect an error in a code com-
bination if the odd parity of the units contained in
it is violated. Exceptions are situations that result
in offset errors. The occurrence of these errors is
associated with the mutual transition of the al-
lowed “0” to “1” and vice versa, the allowed “1” to
“0”. Such errors lead to the combination allowed
for the alphabet. But it should be borne in mind
that the combination obtained in this case does not
correspond to the combination transmitted by the
received symbol.

Thus, the use of ITA-3 for coding subcarriers
will allow, even before demodulation, to inform the
recipient about the presence of an error in the re-
ceived symbol, based on the results of evaluating
the odd parity violation of active subchannels. This
circumstance emphasizes the originality of the
solution associated with the choice of the ITA-3 code
for encoding the signal symbols PFM-7/3.

Evaluation of the noise immunity

of the PFM-7/3 signals in the channel
with variable parameters

with incoherent processing

In[9], the following expression was proposed for
calculating the error probability for PFM signals
under the conditions of their incoherent demodula-
tion:

o sz m—k
PPFM :J‘ 1- l—exp —2 X
0 20

X

2
_uN2 dz. 6)
{Z ﬂ "

Here u is the root-mean-square voltage of the
signal in the channel; o is the root-mean-square
noise voltage in the channel; z is the accepted im-
plementation of the signal in noise.

It should be noted that expression (6) has a rath-
er complex analytical representation for its in-
terpretation and modeling, therefore, a different
approach is proposed to substantiate the formula
for evaluating the noise immunity of the PFM-7/3
signals with their incoherent processing. In par-
ticular, in Fig. 2 shows the spectra of the signals
PFM-2/1 |Fppyro /1(f)| (frequency telegraphy) and
PFM-7/3 |Fppy./5(F)-

With regard to orthogonal systems with an ac-
tive pause, with incoherent reception in a channel
with variable parameters, the probability of a sym-
bolic error is determined using the expression:

1
P, = Z( y™ep j———. )
nh +n+1

Here h2 is the average ratio of the signal energy
to the power spectral density of the noise (interfer-
ence).

Next, we recalculate the probability of a symbol-
ic error into a bit error

Pb :__PS' (8)

Now, in the interest of obtaining an expression
for estimating the potential noise immunity of a
signal with an orthogonal permutable frequency
modulation of the PFM-m/k, formed by coding ac-
tive subcarriers with a constant weight code at the
physical level, it is necessary to consider the inde-
pendent reception of k& active tones on the signal
chip duration. In this case, it is necessary to take
into account that the energy of each of the tone os-
cillations at its own sub-frequency will decrease &
times. Moreover, the signal symbol will be correctly
identified only if each of the tonal fluctuations is
reliably received. This is possible only if the condi-
tion

2 K
he - P 9
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B Fig. 2. Functions of envelope spectra of signals of transmissions of permutation manipulation on symbol duration

within the limited channel

Condition (9) can be interpreted in such a way
that correct reception is possible only when the av-
erage level of each of the k& active tonal oscillations
exceeds the average value of the signal level togeth-
er with interference within the passive subchannels
[16], for which, according to formula (1), the ele-
ment of vector A is “0”. For further derivation of
the required expression, we turn to the concept of
the probability of error-free reception, which is the
inverse for P,:

Py=1-P, (10)

Taking into account the assumptions made, the
expression for calculating the probability of sym-
bolic error for a channel with variable parameters
will be as follows:

m-1 1
P=1-[1-Y (-)"cp 1 —

— n
n=1 == +n+1
k

(11

However, formula (11) does not take into account
the fact that if the first tone waveform can be re-
ceived on any of the m possible subchannels in the
passband, then for the second tone waveform on the
duration of the same symbol, only m — 1 subchan-
nels in within the same bandwidth, etc.

Taking into account the additions made, we
transform expression (11) to the form:

= n+ln 1
(_ 1) Cm—s 2
1

—+n+1
k

k
P=1-]]|1- . (12)
s=1

n=

Now, to recalculate the probability of a symbolic
error into a bit error, consider the formation of al-
lowed combinations when encoding with a code with
a constant weight (k, m). Note that a binary number
will be associated with each allowed combination,
and the number of such binary numbers L will not
exceed the size of the allowed alphabet. Therefore,
the number of used alphabet combinations is calcu-
lated by the formula

Llog 2 Cr’”

L=2 (13)

And then, taking into account formulas (12)
and (13), we obtain the resulting expression for
calculating the bit error probability of orthogonal
signals with permutational frequency modulation,
encoded with a constant weight code at the physi-
cal layer. The expression is valid for the conditions
of incoherent reception in a channel with variable
parameters (ionospheric channel in the decameter
range):

Ps:L/zx
L-1
k m-s 1
< 1-T] 1—2(—1)"*10,’;,32— . (14
s=1 n=1 ——+n+1
k

According to expression (14), the decision on the
transmitted symbol is made at the £ maximum levels
in the passbands of the corresponding tones. That is,
in the received signal symbol, the position of % active
subcarriers will correspond to the allowed constant
weight code combination, which is k. This will allow
implementing the property of the code to detect er-

N°6,2020 N\

VNH®OPMALIVIOHHO-YMNPABASIOLLIVIE CUCTEMBI N\ 33



yd NH®OPMAUWNOHHBLIE KAHAANBLI N1 CPEADI /

a) P,

10711

102}

1073 : >

10741

107°

———- FM-2 R,=775baud R,="775Dbit/s

0 5 10 15 20 25 30 35 hy,dB

b) P,
1071 [
102|

103

1074

107°

0 5 10 15 20 25 30 35 hy,dB

PFM-7/3 R,=221baud R, =1105bit/s

B Fig. 3. Dependence of the bit error probability on the ratio of bit energy to noise density (a) and of signal power to
noise power (b) for FM-2 (PFM-2/1) and PFM-7/3 signals in a channel with variable parameters for incoherent reception

rors at the stage of signal reception. Only the result-
ing offset errors will not be detected.

In Figures 3, a and b show graphs of the depend-
ence of the bit error probability for signals with
permutable frequency modulation.

Analysis of the results presented in the form of
graphs in Fig. 3 allows us to conclude that the use
of signals PFM-7/3 leads to a decrease in the sym-
bol rate, but at the same time the bit rate increas-
es to 1105 bits per second. But precisely due to the
decrease in the symbol rate from 775 to 221 baud
compared to FM-2 signals in the 3100 Hz frequency
band, the influence of intersymbol interference on
the transmitted signal will no longer be so signifi-
cant. The price for this is a loss in energy efficiency
(up to 10-12 dB).

However, it should be borne in mind that if the
achievement of energy performance in decameter
radio communication systems can be achieved by
selecting the optimal operating frequencies and
increasing the power of the transmitters, then it is
almost impossible to avoid problems with intersym-
bol interference, which leads to a sharp increase in
the probability of error above the permissible at the
symbol rate of 775 baud.

Conclusion

The physical simplicity of the formation and pro-
cessing of signals of permutable frequency modula-
tion makes them very interesting for practical use in
radio communication systems of the decameter range.

In particular, the proposed PFM-7/3 signals,
encoded by the ITA-3 code, make it possible to ad-
ditionally detect symbolic errors at the physical
level, which, according to the authors, will further
increase the noise immunity of reception.

Another interesting aspect is seen in the appli-
cation of correcting codes for subcarrier manipula-
tion as well as wavelet signals.

The signals with permutational frequency mod-
ulation, formed on the basis of codes with constant
weight, in a channel with variable parameters are in-
ferior in noise immunity to signals of multi-position
frequency modulation. This is due to the fact that the
transmitter power is evenly distributed between the
passbands of the active sub-frequencies in accord-
ance with the given coding. But the loss in the energy
aspect, in a sense, is compensated by the properties
of higher spectral efficiency, which makes it possible
to increase the number of bits per symbol.

In radio communication systems operating in
ionospheric channels with multipath propagation,
signals with permutational frequency modulation
can serve as a good alternative to signals generated
on the basis of technology with orthogonal frequen-
cy multiplexing of channels.

The authors associate further research with the
search for optimal decision-making criteria when
demodulating PFM signals.
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BBBJIBHP[Q! pa60'ra paZ[I/IOJII/IHI/IfI JAE€KaMeTPOBOro fuala3oHa, KaK IIpaBuJjio, IPOUCXOAUT B CJIOXKHOM ITOMEXO0BOM 06CTaHOBKe, XapaxTe-

pusyiomeiica HamuuneM OBICTPHIX U MeJJIeHHBIX 3aMupanuii. [fosToMy aKTyaabHBIM HCCIeLOBaHUEM B JaHHOI IpeAMeTHOI 00acTy AB-
JfgeTcsa pa3paboTKa HOBBIX TEXHUUECKUX PellleHn, HallpaBJIeHHBIX HA ITOBBIIIIeHNE IOMeX0ycToiunBocTu npruema. Ileas: paspaboTka cur-
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HAJIOB C II€PECTAHOBOYHOU YaCTOTHON MOZYJIAIMEH, IO3BOIAIONIINX Ha (PU3UUECKOM YPOBHE O0OHAPY KUBATH €AUHUYHEIE OIITNOKY 3a CUET
BBIOOpA COUETAHUI MIOLHECYIIUX KaK/IOT0 CUMBOJIA B COOTBETCTBUY C aI()aBUTOM KOJa C IOCTOAHHBIM BecoM. Pe3yabraThl: pacCMOTPEHbI
TeopeTUUeCKUe acIeKThl ()OPMUPOBAHUA CUTHAJIOB C II€PECTAHOBOYHOM YAaCTOTHOIN MOZRYJIAIMeH; 000CHOBAH BHIOOD MaHUIIYJIHPYIOIIETO
KOJa IJIs BBIOOpA MOAHECYIINX B IIPe/iesiaX CUIHAJIHHOTO CHMBOJIA; IPECTABJIEH AaHATUTHIECKUI IT0[XO/ K BEIBOAY 0000IIIEHHOT'O BEIpasKe-
HUS OI[€HKY IOMEXO0YCTONYNBOCTH Pa3pab0TaHHBIX CUI'HAJIOB IePECTAHOBOYHON MOLYJIAIIMY B KaHAJIE C IePeMeHHLIMY [TapaMeTpaMu Ipu
HEKOTIepPeHTHOI 00paboTKe; MPUBeAeHbI rPa(UKY OIeHKY 3HAUYEHU BEPOATHOCTHU OUTOBOI OIMTUOKY JJI HOBBIX CUT'HAJIOB B CDABHEHUU C
UBBECTHHIMU pesyiabraraMu. IIpakTudyeckas 3HAUNMOCTH: Pa3PabOTAHHBIN CUTHAJ C II€PECTAHOBOYHOM YACTOTHOM MOLYIALMeEl Ipesia-
raeTcs UCIO0JIB30BATh B CHCTEMAaX JeKaMeTPOBOM PafoCBA3Y, paboTAIUX B Y3KOH II0JI0Ce YaCTOT B HOHOC(epHOM KaHate. O6cyxaeHue:
MasbHEHIINE NCCIeJOBAHUSA aBTOPHI CBASHIBAIOT C ONITUMU3AIMEN TPOLeAYD IPUHATAA PEIIEHUA IIPU AeMOAY AN Paspab0TaHHbBIX CUT-
HAJIOB, & TAKKe C ITOUCKOM 9(pPeKTUBHBIX CII0COO0B KOAUPOBAHMUSA CUI'HAJIOB C II€PECTAHOBOUHOM YaCTOTHOM MORYIAIMel Ha (PU3TIECKOM
YPOBHE, IO3BOJIAIOIUX TOBBICUTEH CKOPOCTH Ilepejauyl JaHHBIX IPU COXPAHEHUH IIOMEeX0yCTOMUNBOCTH IIpHeMa.

KioueBsie cioBa — IlepecTaHOBOYHAA UACTOTHAA MOAYJIAINNA, MAHUIIYJIANNA KOJOM C IIOCTOSHHBIM BECOM, AeKaMeTpOoBas Paguo-
CBf3b, IOMEXOYCTONINBOCTb, BEPOATHOCTH OUTOBOI OMINOKY, HEKOTePeHTHAA 00paboTKa CUTHAJIOB, MeIJIeHHbIe 3aMUPAHUA.

Oas uuruposBanus: Dvornikov S. V., Balykov A. A., Dvornikov S. S. Application of permutation frequency modulation signals
manipulated with a constant weight code to increase the noise immunity of decameter radio communications. Hrgopmayuonno-
ynpasaswuue cucmemst, 2020, Ne 6, c. 30—36. doi:10.31799/1684-8853-2020-6-30-36

For citation: Dvornikov S. V., Balykov A. A., Dvornikov S. S. Application of permutation frequency modulation signals manipulated
with a constant weight code to increase the noise immunity of decameter radio communications. Informatsionno-upravliaiushchie
sistemy [Information and Control Systems], 2020, no. 6, pp. 30—36. d0i:10.31799/1684-8853-2020-6-30-36
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Introduction: Electroencephalograms contain information about the individual characteristics of the brain activities and the
psychophysiological state of a subject. Purpose: To evaluate the identification potential of EEG, and to develop methods for the
identification of users, their psychophysiological states and activities performed on a computer by their EEGs using convolutional
neural networks. Results: The information content of EEG rhythms was assessed from the viewpoint of the possibility to identify
a person and his/her state. A high accuracy of determining the identity (98.5—99.99% for 10 electrodes, 96.47% for two electrodes
FpT1 and Fp2) with a low transit time (2—2.5 s) was achieved. A significant decrease in accuracy was detected if the person was in
different psychophysiological states during the training and testing. In earlier studies, this aspect was not given enough attention.
A method is proposed for increasing the robustness of personality recognition in altered psychophysiological states. An accuracy
of 82-94% was achieved in recognizing states of alcohol intoxication, drowsiness or physical fatigue, and of 77.8-98.72% in rec-
ognizing the user's activities (reading, typing or watching video). Practical relevance: The results can be applied in security and
remote monitoring applications.
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Introduction

Today, technologies of creating neurocomput-
er interfaces transmitting commands to devices
contact-free are actively developing. The majority
of the neurointerfaces are based on the registra-
tion and interpretation of electroencephalograms
(EEG), which reflect the dynamics of changes in
brain electrical activity over time. The identifi-
cation potential of electroencephalograms is ex-
tremely high — EEG analysis is used in tasks such
as brain-computer interfaces [1], biometric iden-
tification and authentication [2], risky behavior
identification [3], evaluation of a personal func-
tional (physical, mental, emotional) state [4]. The
last group of tasks is of particular interest since
timely detection of the fact that the subject (an em-
ployee, an operator, a driver, a student) is asleep
or intoxicated will help avoid emergencies. These
states are characterized by reduced performance
and reactions, distracted attention [5]. It is also
possible to conclude the brain state (sleep, waking
up, relaxation/meditation, concentration while
performing heavy intellectual tasks) by analyzing
the EEG. It allows building a continuous process

of identifying not only a subject [2] but a type of
a task as well (at work, in gaming, during distant
examinations, etc.). Such methods are in particu-
lar demand when it is necessary to automatically
monitor the subjects’ activities without direct sur-
veillance and to exclude the “human factor” in de-
cision-making.

The automatic EEG analysis is difficult to per-
form as signals are noisy and depend on many fac-
tors: equipment (frequency of electrode interroga-
tion, the number, and characteristics of electrodes),
installation and location of electrodes, individual
features of EEG subjects. Traditional EEG analysis
methods based on frequency filtering and artifact
removal provide under-represented results to be
implemented; the resulted features prove to have
low information value that leads to low accuracy in
classifying EEG images.

This study focuses on the development of meth-
ods for recognizing the user identity, his or her
psychophysiological state (PPS), and the tasks he
or she performs on a computer using multilay-
er convolution neural networks (CNN) and deep
learning methods [1]. These tasks are considered
in one paper, as they are closely connected. The
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study focuses on this connection and estimates the
informational value of EEG rhythms in terms of
their ability to recognize the subject identity or
particular states.

Psychophysiological state is a set of personal
characteristics that reflect the biological aspects of
adaptation to changing environmental conditions
[6]. The following key PPS are considered in the pa-
per: mild alcohol intoxication, drowsiness, physical
fatigue, the norm. By the “norm” state it is under-
stood that before the experiment, the test person
has not been subjected to any physical or mental
stress or taken any medication affecting the PPS.

The research has the following objectives.

1. To estimate the informational value of the
EEG rhythms in terms of the possibility of identi-
fying the user and his/her PPS.

2. To propose the architecture of convolutional
networks for the recognition of EEG images.

3. To evaluate the accuracy (a ratio of correct de-
cisions to the total number of experiments) of user
identification, his or her PPS, as well as the tasks
performed by the user in the “norm” state (watch-
ing an entertaining video, reading scientific litera-
ture, typing, inactivity/rest).

Base of EEG test persons

Data from the EEG was collected for 30 test
persons. The location of the electrodes in all ex-
periments was as shown in Fig. 1, according to the
standard “10-20” scheme. The recording of the EEG
in the “normal” state was done when the test users
were performing fore tasks (each task preceded by
the re-installation of the electrodes):

— the test user was sitting in a chair with his
eyes closed (standard conditions);

— the test user was typing a scientific and tech-
nical text on the keyboard;

— the user was reading a scientific article;

— the user was watching a comedy.

All the test persons have performed each task
within 10 min. Experiments with the first task
were carried out on different days and using two
various devices: Mitsar EEG-201 (19 channels with
a noise level of < 2 nV and a sampling rate (SN) of
250 Hz per channel) and Neuron Spectrum-4/P
from Neurosoft (21 channels with a noise level less
than 0.3 uV and SN 500 Hz per channel) in order
to assess the variability of the EEG over time, de-
pending on the installation and device. Neuron-
Spectrum data for each test person were recorded
7 times on different days.

The recording of EEG data in states of intoxica-
tion, drowsiness, and fatigue was done only under
standard conditions. In order to make the test per-
son intoxicated, necessary doses of alcohol were cal-
culated according to the modified formula Vidmark
[see 7, formula (1)], based on a quantity of 0.7 %o,
which corresponds to the second stage of intoxica-
tion according to the Federal Aviation Regulation
(CFR) 91.17 classification. In order to put the test
persons into a state of drowsiness, they were asked
to take 2 tablets of Leonurus cardiaca 200 mg and
tobesitting in a chair for 20 min in a quiet and dark
room just before starting EEG recording. To record
the EEG in a fatigued state, the test persons experi-
enced intensive physical activity before the experi-
ment, the minimum amount of which was deter-
mined by the Martinet method (20 squats in 30 s),
and then varied according to the physical abilities

B Fig. 1. Mitsar connection diagram (left) and Neuron-Spectrum-4/P (right)
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of the person. EEG recordings were made for each
subject in each state with a duration of 5 min. The
EEG recordings for each of the test persons’ states
were made on a separate day.

Estimation of the informational value
of the EEG rhythms in terms of PPS

In this section, Mitsar data was analyzed, as on-
ly this data are obtained with the PPS in mind. In
the first instance, a band-reject filter was applied
to the original signals to suppress interference
from power lines that operate at 50 Hz in Russia.
EEG signals can have an ”overtone effect”, where
interference is also observed at higher frequencies
divisible by 50 Hz. The filtration was therefore per-
formed in the 45-55, 95-105, and 145-155 Hz fre-
quency bands.

The following EEG rhythms are distinguished by
their frequency, duration, amplitude and waveform:
delta (1-4 Hz), theta (4—8 Hz), alpha (8—14 Hz), beta
(13-35 Hz), gamma (30-170 Hz), lambda (4—5 Hz),
mu (7-13 Hz), kappa (812 Hz), tau (8—-13 Hz), sig-
ma (10—14 Hz). The main rhythms are the first five

YNPABNEHVE B MEANUVHE 1 BUONOI N
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ones. Let us assess the informational value of the
EEG rhythms in terms of the possibility of identify-
ing the subject, the subject’s PPS, and the task the
subject is performing on a computer.

Spectrograms provide sufficient enough rep-
resentation of the signal, in this study they were
calculated by applying a short-term (window) rapid
Fourier transform using a rectangular window (the
duration is 1 s, a window overlap is 50%). If the am-
plitude a of each harmonic with the frequency v is
taken as a feature, it is possible to build a probabili-
ty density function (PDF) of this harmonic for each
image class (e. g. when identifying a PPS, a class for
each state should be formed from one-second EEG
images if the subjects who were in the correspond-
ing state).

The area of intersection of the PDF values of a
particular feature for two classes (with numbers j
and i) is approximately equal to the probability of
error Er(v);; of the two-class identification of im-
ages by this feature (Fig. 2, a—d). The probability
of correct classification is numerically equal to
I'(v)j,l. =1- Er(v);; The accuracy of this assessment
depends on the sample size using which the rele-
vant PDFs were built. The informational value of
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B Fig. 2. Examples of determining the error probability in the classification of EEG images by one feature: a — subject
identification under standard conditions in the “norm” state; b — assessment of the subject EEG variability under stand-
ard conditions in the “norm” state; ¢ — PPS identification under standard conditions; d — identification of the task

performed by the subject in the “norm” state
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the feature for the majority of classes can be judged
by the average probability estimation of the correct
classification /= m(i(v)j’i) for all pairs of classes
(the higher the /, is, the more informational val-
ue the frequency has). In a first approximation, in
terms of the ability to identify a subject the infor-
mational value of the EEG rhythm can be calculat-
ed as the average of estimates /= m(J,) in the corre-
sponding frequency range. In addition, it must be
borne in mind that the amplitude spectra of EEG
signals may vary at different moments of time and
depending on the installation of the electrodes.
These changes can be estimated through the cor-
responding probability densities Pj.day 1(a,y,) and
Pj.day 2(@1,), which are derived from the EEG data
of subjects recorded at identical PPS but on dif-
ferent days (see Fig. 2, b). Therefore, a correction
of the informational value should be made to take
into account the average probability of density
mismatch p; 5o, 1(aym,) and p; 44, o(@,5,) for all test
persons in the “norm” state (hereinafter referred
toasthe Er,,..).

Figure 3 shows graphs of the informational val-
ues of EEG rhythms for the task of the user identi-
fication (under standard conditions of EEG record-
ing), with a correction made to take into account
the dependence of the EEG on the installation and
the subject’s PPS: [=1"Erppg-Er,,, ., where Erppg
is the average error probability for the two-class
identification in the state “norm”, where the first
class is the state “norm” and the second is any other
state. This work reflects the probability of correct
identification of the subject in a case of a mismatch
between the installation and the PPS.

Figure 4, a—f shows graphs of the informational
values of EEG rhythms for PPS identification tasks
and the subject’s activity. This assessment takes in-
to account the dependence of the informational val-
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B Fig. 3. Informational value of rhythms in multiclass
subject identification under standard conditions in the
“norm” state with respect to EEG variability due to
changing mounting and a psychophysiological state

ue on the individual features of the subjects’ EEG
and installation.

In general, all the rhythms individually are not
informative enough for highly accurate automatic
identification, both of the subject identity and the
PPS. However, some results should be noted. The
most information-bearing signal for EEG identifi-
cation is recorded in the rear right temporal zones
(T6). In this area, the most information-bearing
rhythm is kappa rhythm, as well as mu and tau
rhythms. The frequency range of 7-14 Hz in this
area is very information-bearing when recognizing
types of activity that require concentration (watch-
ing films, reading). The most information-bearing
rhythms (/ ~ 0,395) are lambda and theta rhythms
in the right frontal area (Fp2) when recognizing the
subject’s intense activity related to typing on a com-
puter, and sigma rhythm recorded in the rear left
side of the temporal area (T5) when identifying a
subject. High frequencies contain less information
about the subject’s individual EEG characteristics.

Based on the analysis carried out, it can be con-
cluded that it is not worth excluding any frequen-
cies from the input data while building a classifier,
since all rhythmic oscillations carry parts of infor-
mation for certain classes of images (states or sub-
jects).

The mutual correlation between the amplitudes
of harmonics with different frequencies has been
assessed (Fig. 5, a—d).

Figure 5, d demonstrates that on average (for
all subjects and all PPS) approximately 50% of the
harmonic vibrations of the EEG signals have a re-
markable or high mutual correlation relationship
(over 0.3). The nature of the correlation relation-
ships varies both from subject to subject and from
PPS to PPS, as shown in Fig. 5. Pattern recogni-
tion methods should therefore be used that take
into account the nature of correlative relationships
between features (e. g., in this case, the Bayesian
naive classification scheme is ineffective). In this
respect, convolutional neural networks can be pre-
ferred because they can take into account the pe-
culiarities of spectrum changes over time as well
as the correlation links between different rhythms
and electrodes.

Identification of EEG images

Two series of experiments were carried out.

1. Identification of a subject (from a closed set).
The data generated by this study (Mitsar, Neuron-
Spectrum) and the Physionet data set (64-channel
EEGs with a duration of one minute, 109 test sub-
jects in the “norm” state recorded under standard
conditions with a sampling rate of 160 Hz) were
used. The Physionet data set is one of the most rep-
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movie; e — typing; f — reading

resentative as it includes many test subjects and is
often used to compare EEG classification methods
[8]- The training was carried out based on the EEGs
recorded in the “norm” state on one or more days,
and testing was carried out by cross-checking for
data not used in training (in the “norm” state or
other PPS).

2. Identification of the PPS and the activity of
the subjects (from a closed set). Only the Mitsar da-
ta set was used (30 subjects). The training sample
was formed from all EEG data of 25 subjects, da-

ta from other subjects (not included in the training
sample) were used for testing.

Electroencephalograms records were divided
(with a 50% window overlapping) into shorter frag-
ments: 2.5 s each (for Neuron-Spectrum data), 5 s
each (for Mitsar data) and 2 s each (for Physionet
data), as shown in Fig. 6. Each fragment obtained
is an EEG image.

Images were submitted to the artificial neural
network (ANN) input in two variants: as initial
signals (IS) and as spectrograms (SG). The spectro-
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B Fig. 6. Division of EEG into fragments of 2.5 s (Neuron-Spectrum data)

grams were calculated with window 64 and step 16
of the reports and further normalized to the mini-
mum and maximum amplitude values of all signals
for all subjects (to bring them to a single amplitude
value interval [0; 1]).

Many ANN architectures were formed, focused
on both IS and SG processing. Each architecture
was built with respect to the peculiarities of a par-
ticular data set: sampling frequency, the number
of electrodes, the number of identifiable classes
(test subjects). The process of creating a network
model based on some architecture consisted of sev-
eral stages. At the architecture design stage, the

neural network structure (the number of layers,
the number of neurons in layers) was selected and
hyperparameter calibration was done. The model
was trained 10 times, and each time the EEG data
were randomly divided into training and test sam-
ples (in the proportions originally set). During the
training, an initial accuracy assessment was made
on the validation sample (which was a subset of
the test sample and includes 5-10% of the test ex-
amples). The primary accuracy estimates for each
model were averaged. Next, the best models (with
an accuracy margin of more than 10%) were fully
tested (using the full test sample), after which the
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average @ accuracy estimates for each model were

determined.

The networks were formed from constructions
in a form of BLOCKS (from two to four per net-
work). Each BLOCK consisted of two convolution

N\

layers (CL) with ReLu neuron activation functions,
one layer of batch normalization (BN) and a drop-
out layer. The categorical cross entropy was used as
an error function [9]. Each network also included
an input (IL) and two fully connected layers (FL).

B Table 1. Configuration of one of the promising ANNSs for analysis of spectrograms

Layer Type Layer Parameters
Input Layer Dimension = 11, 32, 75 ([channel][frequency][time])
= Convolutional 2D Number of filters = 10, convolution window = 3.3, stride = 2.2

Convolutional 2D

Number of filters = 10, convolution window = 3.3, stride = 2.2

Batch Normalization

Dropaut

Rate = 0.125

Convolutional 2D

Number of filters = 20, convolution window = 3.3, stride = 2.2

Convolutional 2D

Number of filters = 20, convolution window = 3.3, stride = 2.2

Batch Normalization

Dropaut

Rate = 0.175

Convolutional 2D

Number of filters = 30, convolution window = 2.1, stride = 1.1

Convolutional 2D

Number of filters = 30, convolution window = 1.5, stride = 1.1

Batch Normalization

BLOCK_2d | BLOCK_2d | BLOCK

Dropaut

Rate = 0.25

Fully connected layer

Number of neurons = 30, activation function: sigmoid

Fully connected layer

Number of neurons = number of classes, activation: softmax

B Table 2. The results of subject identification by EEG

Input, quantity of Quantity of - Test sample o
channels ANN structure epochs, batch size Training sample per 1 man (PPS) Q, %
Neuron-Spectrum (30 classes, transit time (image size) 2.5 s, sampling rate 500 Hz)
IS, 10 IL + 3BLOCKS_1d + >99.99
IS, 2 (Fpl, Fp2) + 2FL 95
20, 50 Day 1 (4 min), day 2 (1 min) | Norm, day 2
5G, 10 IL + 3BLOCKS_2d + >99.99
SG, 2 (Fpl, Fp2) +FL+ BN +FL 96.47
Mitsar (30 classes, transit time (image size) 5 s, sampling rate 250 Hz)
100, 20 Norm 94
IL + 3BLOCKS_1d + Intoxication
IS, 11 )
+ 2FL 100, 20 ) drowsiness, 28.3
Day 1 (5 min) fatigue
20, 20 Norm 98.5
20, 20 41.8
IL + 3BLOCKS_2d + . Intoxicati
SG, 11 — 25, 20 Days 1 & 2 (2.5 min each ntoxication, 64
+ 2FL (Table 1) Y ( ) drowsiness,
35, 30 Days 1, 2 & 3 (2.5 min each) fatigue 78.7
50, 30 7 days (2.5 min each) 97.59
Physionet (109 classes, transit time (image size) 2 s, sampling rate 160 Hz)
IL + 4BLOCKS_1d +
IS, 64 4 FL+ BN + FL 70, 50 96.97
IL + 2BLOCKS_2d + 40s Norm
SG, 64 +FL+ BN + FL 100, 50 98.5
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B Table 3. The results of the identification of the subject’s PPS and activity by the EEG

Input, Quantity of
quantity of ANN structure epochs, batch Classes Q, %
channels size
IS, 11 IL + 3BLOCKS_1d + 2FL 100, 50 4 (norm, intoxication, drowsiness, 35
SG, 11 IL + 38BLOCKS_2d + 2FL (Table 1) 40, 50 fatigue) 41.5
IS, 11 IL + 3BLOCKS_1d + 2FL 100, 50 4 (norm, typing, reading, watching 56.68
SG,11 IL + 3BLOCKS_2d + 2FL (Table 1) 40, 50 amovie) 59.21
IL + 3BLOCKS_2d + 2FL (Table 1) 20, 25 2 (norm, fatigue) 94
SG 11 20, 25 2 (norm, reading) 92
’ IL + 3BLOCKS 2d + FL + BN + FL 20, 25 2 (norm, drowsiness) 84
20, 25 82
2 (norm, intoxication)
IS,11 IL + 3BLOCKS 1d + FL + BN + FL 50, 25 72
SG.11 IL + 3BLOCKS_2d + 2FL 20, 25 2 (norm, movie) 98.72
’ (Table 1) 20, 25 2 (norm, typing) 77.8

Thus, each neural network included from six to
ten hidden layers (CL and FL). The parameters of
the convolutions differed in various network im-
plementations. One-dimensional convolutions were
used for the IS analysis (time series analysis [9]),
and two-dimensional convolutions were used for SG
(image analysis [9]). Table 1 provides a description
of one of the CNN architectures used in the exper-
iment. The most representative results, as well as
consolidated data on the parameters of the exper-
iment (a number of training epochs, a mini-batch
size, layers used, description of samples, etc.), are
presented in Tables 2 and 3 (these tables describe
CNN architectures in a shorter form).

Analysis of the obtained results

for the identification of the EEG
and their comparison with previous
achievements

The survey has shown that traditional methods
of signal analysis (frequency filtering, removal of
artifacts, reduction of feature space dimension by
the principal component analysis method (PCA))
and pattern recognition (k-nearest neighbors meth-
od (k-NN), support vector machine (SVM), C4.5
decision tree algorithm, etc.) are used more often
to solve the problems under consideration [2, 4].
Artificial neural networks (ANNSs) are also used in
EEG analysis, with CNN giving better results in
some tasks (emotion recognition in particular) [10].

The great majority of known studies consider the
problems of identity recognition and human PPS
identification as independent [2, 4]. There is little
data available on the robustness of the identifica-
tion results obtained in cases where subjects were

in different PPS during the training and testing
phases. The use of the EEG method of identification
in practice requires that the results are consistent
in a case of changes in the installation, and a state
of the subject is identified.

The experiment carried out has shown that the
accuracy of identification by EEG is reduced to un-
satisfactory results if the subject’s PPSs do not co-
incide during the training and testing stages. This
indicates a high variability of the EEG depending
on the subject’s state (and possibly installation). In
previous studies, this aspect has either not been
taken into account or has been taken into account
indirectly (for example, by normalizing signals to
alpha rhythm [8], that does not guarantee their in-
dependence from PPS). It is proposed the network
to be trained on EEG data recorded by the subject
on different days. This has led to a significant in-
crease in the reliability of the identification, includ-
ing when the PPS changes, which follows from the
results obtained — training with the 2-day data in-
creases the accuracy by 22.2%, with the 5-day data
by 53.5% (see Table 2).

When identifying an individual without respect
to PPS (see Table 2), the high accuracy was ob-
tained — it was 98.5% for Mitsar (30 classes) and
Physionet (109 classes). When using the Neuron-
Spectrum-4/P device, which has an increased sam-
pling rate and low internal noise levels, the accu-
racy exceeded 99.99% (no errors were recorded). It
is significant that when only two frontal electrodes
were used, the accuracy on this device was 96.47%.

The percentage of correct decisions for two-class
identification of PPS (see Table 3) ranged from 82
to 94%, and for two-class identification of tasks
performed by a user on a computer — from 77.8 to
98.72% . For multiclass identification, the accuracy
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is significantly reduced (approximately twofold).
The most difficult to identify is when the user is
typing texts in real time on the keyboard (for this
task, the accuracy was 77.8%).

Based on the results, it can be concluded that
recognition accuracy and training rates increase
(fewer epochs are required) if spectrograms are
used as input data (see Tables 2 and 3).

Let us give a brief summary of the achieved ac-
curacy rates of the subject’s recognition and the
PPS identification by EEG (Tables 4 and 5). The
results of the analytical study on these issues are
described in more detail in [2, 4].

As can be seen (see Table 4), convolution net-
works allow obtaining higher EEG identification
accuracy with much shorter transit times. The re-

sult achieved in this paper surpasses the previous
results.

The accuracy achieved in this paper in detect-
ing drowsiness using the EEG is comparable to that
obtained by other researchers; for intoxication,
the result is on average slightly lower. However,
the results of the recognition of fatigue, as well as
the tasks performed by the user on the computer,
are quite high. No direct analogy of these results
have been found in the literature for direct com-
parison. The paper [3] should be mentioned that
presents several hypotheses about the possibility of
defining a subject’s “risky behavior” based on EEG
data (the possibility of performing dangerous or
illegal actions), and a number of experiments have
been carried out to test them. Sixty-two volunteers

B Table 4. Comparison of the results of user recognition by EEG

Number of test Methods T.ransit Acmolracy,
persons time, s %o
Analysis of the activity of the brain areas responsible for read-
ing and recognizing words based on artificial neural networks.
45 A combination of 3 classifiers was used: cross-correlation, 50 97 [11]
“naive” Bayes and feed forward ANN. Single-channel EEGs
were used
Evaluation of individual brain reactions to various stimuli: pri-
mary visual perception, recognition of familiar faces, tastes.
A time series cross correlation (fragments of EEG signals) was No error recorded
50 used as a classifier. Testing was repeated to account for the ef- 27 [12]
fect of EEG variability on the result over time. PPS was not
monitored. The test subjects were placed in a camera protected
from radio frequencies
The application of an algorithm of generating 256-bit EEG-
based keys using P300 evoked potential and two-layer neural
networks trained in accordance with GOST R 52633.5.2011
15 (EEG authentication, one-to-one comparison). To be authenti- Over 10 10710 713]
cated the user made a certain movement with his eyes (left,
right, up, down etc.)
Conversion of the test subjects’ EEG in the “norm” state into a Before aleohol:
30 cryptographic key based on the fuzzy extractor method (EEG 0.9742 '
authentication, one-to-one comparison). The effect of alcohol in- After: 0 9389 [14]
gestion on accuracy was studied T
The EEG was recorded under standard conditions. The EEG was 95.3-97.9
normalized by level, a bandpass filter (1-50 Hz), STFT (Hem- 64 eiec tro'des)
ming window) and the Fisher linear discriminant classifier 10 93
109 were applied. The accuracy is higher at the moment of relaxa- ( electrode)
(Physionet) tion of the test subjects (alpha rhythm determines the optimal 8]
moment for authentication)
9 98.5 (PPS is norm)
30 The results obtained. Identification of images using CNN (EEG
(Neuron- spectrogram analysis), one-to-many comparison. The impact of 2.5 No errors recorded
Spectrum) different PPSs was taken into account (PPS is norm)
30 5 98.5 (norm)
(Mitsar) 97.59 (modified)
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B Table 5. Comparison of results of recognizing subject’s states and actions by EEG

Test persons, electrodes

Methods

Accuracy, %

Sleep stage/ drowsiness

F3-8, T3-6

29 test persons, Fpl, Al SVM 72.7[15]
10 test persons, 19 electrodes: Fpl-2, F3-4,
C3-4, P3-4, 01-2, F7-8, T3-6, Fz, Cz, Pz ANN 83.317]
12 test persons, 32 electrodes SVM, ANN, random tree and k-NN 93-97[16]

6 test persons, 32 electrodes SVM, k-NN 95 [17]
- Hurst method 52.2[18]
- Higher-order spectrum analysis 88.7[19]

- Fuzzy logic, cluster analysis, Euclidian distance 80 [20]

80 test persons, 11 electrodes: Fpl, Fp2, Fz, Achieved result (drowsiness recognition) 84

Intoxication stages (the first stage — soberness)

Alcohol ingestion: 50 ml, 40% ABYV, 3 times

The signal is divided into fragments: 1 s each with

test)

dispersion of EP reports, PCA, fuzzy output

a day (3 stages), 89.95 (4 stages)
electrodes: AF3-4, F3-8, FC5-6, P7-8, T7-8, a step of 0.5 s. 11 features are extracted from each [21]
01-2 fragment
The test persons ingested beer (750 and 92.3 and 59.2
1500 ml), ANN (2 and 7 stages)
1 electrode Fpl [22]
50 test persons in a “norm” state and ANN, training — 40 subjects for each class, 95 (1200 training
50 intoxicated persons, 64 electrodes and 10 subjects for a test epochs) [23]
e ' SVM, the training sample contains 20 subjects per
40 teStfgiiiﬁiiI:aie dnoz;réorsl‘;ate and class, the test sample contains 20 subjects. EEG 98.83 [24]
P has been processed with a filter (0.5—50 Hz)
50 intoxicated persons and in a “norm” Features are Yule — Walker equations autocorrela-
p state tion coefficients. A training sample contains 95 [25]
40 users, a test sample contains 10 subjects
1341 visual records of evoked potentials .
(EP) (1129 — for training and 212 — for a Power spectrum of EEG signals, average and 98.11 [26]

10 test persons in the “norm” state and

79.3 (1 electrode)

intoxicated, 64 electrodes (sampling rate is PCA, C4.5, k-NN, SVM and 96.8
256 Hz) (64 electrodes) [27]
30 test persons, 11 electrodes: Fpl, Fp2, Fz, Obtained results (recognition of intoxication) 82
F3-8, T3-6
Other states (obtained results)
Movie 98.72
30 test persons, 11 electrodes: Fpl, Fp2, Fz, Fatigue 94
F3-8, T3-6 Reading scientific articles 92
Typing 77.8
(16 women and 46 men) were invited to conduct the Conclusion

experiments. The EEG was registered at

128 scalp

areas. It was found that risk behavior is effectively
predicted by the EEG through event-related electri-
cal potentials.

The tasks of identification of an individual and
the PPS by EEG are closely connected. The EEG con-
tains information on both the individual character-
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istics of the subject’s brain and the subject’s state,
as well as states that depend on his or her activity
in real time. This paper estimates the information-
al value of EEG rhythms for recognizing a subject
and a subject’s PPS (with respect to the variability
of the EEG over time, in a case of changes in instal-
lation and in dependence on PPS), recorded by the
electrodes Fpl, Fp2, Fz, F3-8, T3-6 (in accordance
with the “10-20” scheme). The most informative
personal identification signal isrecorded in the rear
right (especially kappa, mu and tau rhythms) and
left (sigma rhythm) temporal zones. The frequency
range of 7-14 Hz in the posterior right temporal
area is also meaningful when recognizing types of
activity that require concentration (watching mov-
ies, reading). When recognizing typing activities
on a computer, the lambda and theta rhythms in the
right frontal lobe are the most meaningful.

Based on the results of the experiments, the con-
volution neural networks showed a higher accuracy
of EEG identification (98.5-99.99% for 10 or more
electrodes), with a shorter transit time (from 2 to
5 s) compared to the previously achieved level. It
is significant that high accuracy is observed when
only two frontal sensors are used (96.47%), which
makes it possible to use “dry” electrodes that come
into direct contact with the skin.

The use of the EEG method of identification re-
quires results to be consistent in a case of chang-
es in the installation and a state of the identified
subject. Without the PPS, EEG-based identification
results are of limited value. Our experiments have
shown a significant drop in the accuracy of identi-
fication if the subject was in different PPSs during
the training and testing phase of the EEG. In the
course of previous studies, insufficient attention
was paid to this aspect, and the tasks of identify-
ing (authenticating) a subject and recognizing his
or her EEG-based PPSs were perceived as independ-
ent. In this work, it has been suggested that the
network should be trained on EEG data recorded by

the subject on different days (without the control
of the PPS). The results we have obtained indicate
that this could significantly improve the reliability
of identification, including the cases when the sub-
ject’s PPS changes. If systems are trained on EEG
data recorded on several different days, the recog-
nition results become almost robust regardless of
the condition of the subjects.

The accuracy of recognition of PPS by EEG
achieved in this paper is comparable to the level ob-
tained by other researchers. The percentage of cor-
rect decisions for two-class identification ranges
from 82 to 94% (depending on the PPS detected —
“norm”, alcohol intoxication, drowsiness, physical
fatigue). For multiclass identification, the accuracy
is several times lower. However, it is worth noting
that accuracy is achieved when there are 25 test
subjects in a training sample, which indicates a
high potential for the convolution networks in this
task.

It was also possible to obtain the following es-
timates of the accuracy of the two-class identifi-
cation of tasks performed by the user on the com-
puter (where the first class characterizes inactiv-
ity/rest when the EEG is recorded under standard
conditions, the second one is one of the following
tasks): reading scientific texts 92%; watching an
entertainment video 98.72%; typing a text on the
keyboard 77.8%. For multiclass identification, the
accuracy drops to 59.21 per cent. It is the first time
these results are obtained, and they can be used
when it is necessary to automatically monitor the
activity of subjects without the ability to directly
observe them (for example, when taking examina-
tions remotely).
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ing, next-generation sequencing.

Introduction: There is growing evidence of a connection between tumor clonal profile and its clinical impact. However, there
is a lack of a feasible and reliable method for clonal profiling in actual clinical practice. Myelodysplastic syndrome is a clonal
hematopoietic stem cell disorder characterized by morphological dysplasia, cytopenia and a high risk of evolution to acute my-
eloid leukemia. The clinical outcome of myelodysplastic syndrome is greatly heterogeneous; therefore, specific examination of
clonal profiles is needed to resolve the prognosis of patients with such complex disorders. Purpose: Development of a pipeline
specifically for determining the clonal profiles in patients with myelodysplastic syndrome on the basis of target next-generation
sequencing data. Results: The pipeline was developed and evaluated on a set of 35 patients with high-risk myelodysplastic syn-
drome. It is possible to use the target sequencing data in order to assess the heterogeneity of clonal profiles and characterize
their genetic features. This approach allows you to identify the consistency between a specific individual profile and the disease
prognosis, which can be critical for the treatment decision. Herein, the characterization and analysis of clonal profiles are pre-
sented. Practical relevance: The information about relation patterns between clonal profile characteristics (number of subclones,
mutations-per-clone rate) and clinical outcome can be used by doctors in current practice for a more accurate therapy selection
depending on the identified individual specificity of the disease.

Keywords — myelodysplastic syndrome, bioinformatics pipeline, clonal profile, primary mutation, subclone, target sequenc-
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Introduction

Adult myelodysplastic syndrome (MDS) occurs
as a result of the gradual accumulation of somatic
mutations [1]. A set of cells derived from a mutated
cell is called a clone. Subclones arise from a prima-
ry clone (so-called subclones) in the process of ac-
quiring new somatic mutations (tumor progression,
clonal evolution), therefore, they are also consid-
ered as clones. To predict the tumor development
pathway, it is essential to characterize the clone
with its subclones [2].

Each clone is defined by its unique mutational
profile providing to trace the relation between clone
genotype and prognosis of the disease. The presence
of subclones with driver mutations in oncogenes has
been shown to negatively affect the outcome of the
disease in case of chronic lymphocytic leukemia
[3]. A correlation between a large number of sub-

clones and an unfavorable prognosis was identified
in lung, breast, prostate, kidney tumors, as well as
low-grade glioma [4—6].

One of the main approaches of next-genera-
tion sequencing (NGS) is targeted sequencing (TS)
method focused on specific genes panel in order
to determine the current mutation load. High pre-
cision, relatively low cost, multiple genes analysis
at once are the main advantages of TS. However,
there are some technical issues associated with the
implementation of this technique in actual clinical
practice: lack of verification methods and standard
pipelines for analysis of sequencing data, a need to
adapt for particular diseases. TS method used with
additional bioinformatic tools could be helpful in
clonal profile deduction.

Thus, the purpose of present work is to build
an analytical pipeline using modern bioinformatic
tools specifically adapted for determination of the
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clonal profiles in patients with MDS on the basis of
TS. Such evaluation might help to derive the rela-
tion and corresponding patterns between the num-
ber and the genotype of subclones, and subsequent
disease prognosis.

Materials and methods

1. Group selection.

Next-generation sequencing of 35 patients with
high-risk MDS was performed (Table 1) [7].

2. DNA sequencing.

Genomic DNA was extracted from bone marrow
using TriZ reagent extraction Kit (Inogene, Russia)
and stored at —80 °C. The quality of the samples
was analyzed with Qubit 4.0 (Thermo Fisher, CA,
USA). The libraries for target sequencing of the
genes were prepared using KAPA HyperPlus Kit
(Roche, Switzerland). The enrichment of targeted
genome sequences was performed using SeqCap EZ
Target Enrichment System (Roche, Switzerland).
Sequencing was performed by MiSeq benchtop se-
quencer using MiSeq Reagent Kits v2 (Illumina,
USA).

B Table 1. Characteristics of patients before and after
filtering of germinal and false positive variants

Value
Parameter before after
filtering filtering
Age med;z;r; 1f';nterval), 49 (18-80) (;gi,;o)
Male/female 21/14 16/11
Aftetrr:ffslgf:ftrmw 25 (71,4%) | 20 (74,1%)
ehemo.or radiotherapyy | | 0 043%) | 508:5%
Diagnosis
5q deletion 1(2,9%) 1(3,7%)
Excess of blasts I 13 (37,1%) | 10 (37,0%)
Excess of blasts I1 19 (54,3%) | 14 (51,9%)
Multilineage dysplasia 2 (5,7%) 2 (7,4%)
Risk according to IPSS-R
Very low 0 0
Low 1(2,9%) 1 (37%)
Intermediate 5 (14,3%) 4 (14,8%)
High 15 (42,8%) | 12 (33,3%)
Very high 14 (40,0%) | 13 48,1%)

3. Data preprocessing.

The quality of sequencing reads was analyzed
using FastQC (http://www.bioinformatics.babra-
ham.ac.uk/projects/fastqc/); adapters were elimi-
nated by Trimomatic 0.39 [8].

4. Alignment, analysis and generation of the
detected variants list.

Bioinformatic analysis was performed accord-
ing to the GATK-4 manual [9], with alignment to
the GRCh38 version of the human genome using
BWA 0.7.17[10], and determination of somatic var-
iants was accomplished with Mutect2 4.1.5.0 [11].
The resulting list of variants was annotated us-
ing Ensemble Variant Effect Predictor 99 [12] and
ANNOVAR [13].

The custom scripts used in the analysis on the
basis of GATK Best Practices pipelines, were de-
posited to the Github portal (https://github.com/
bugds/BashGATK). Parallelization was performed
using GNU Parallel [14].

5. Filtering of the germinal variants.

When analyzing the identified gene variants, we
excluded those variants whose frequency in differ-
ent populations according to GnomAD [15] exceeds
1%, and the allelic load (taking into account the chi-
merism) was in the range of 30—-70% and 90-100%
[16].

6. Removing false positives.

Variants not filtered by Mutect2 were not taken
into account. Additionally, variants found in two
or more samples with the same allelic load were re-
moved from the analysis that indicate a direct sign
of mispriming [17].

Samples were removed from the analysis in cas-
es where less than two variants remained as a result
of filtering (the study of tumor progression is based
on comparing allelic loads of variants and is possi-
ble only if there are two or more variants). Finally,
27 patient samples remained in the study (see
Table 1).

7. Computation of tumor burden and beta-allele
frequencies.

Beta-alleles are the polymorphisms detected
during sequencing (Fig. 1, a). Their allelic load must
be taken into account when calculating copy-num-
ber variations (see point 8): for instance, a germinal
variant in a heterozygous state with an allelic load
of about 33 or 67% indicates a duplication of this
region (Fig. 1, b). The Deep Variant 0.10.0 software
tool was used to determine polymorphisms [18].

In each sample, variants with the maximum allel-
ic load were identified — they are primary, and ap-
proximately reflect the proportion of tumor cells in
the sample. In this case, we assume that the variants
with the maximum allelic frequency in each sample
are not located in the regions of the genome with a
copy-number variation (insertions and deletions),
and are also heterozygous. In this case, the pro-
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portion of tumor cells can be calculated as the dou-
ble number of variant allelic loads (Fig. 1, ¢). Cases
where variants with maximum loads are located in
regions of the genome with copy-number variation
require high-attention. For example, if a variant is
found in 50% of the reads, this may indicate both a
100% tumor load and the above phenomena associat-
ed with a copy-number variation (Fig. 1, d). Similar
phenomena can be suspected when studying allelic
loads of the other variants found in the same sample.
They were analyzed manually, and if interpretation
was not possible, they were excluded (it was consid-
ered that there is copy-number variation when iden-
tifying stable change of reading depth in the region
with an allele mutation with the maximum frequen-
cy, and the mutation with the maximum allelic fre-
quency cannot be considered primary).

8. Copy-number variations analysis.

To determine the copy-number variation,
CNVKkit 0.9.5 was used, an algorithm that utilizes
both target gene reads and non-specifically cap-
tured non-target reads to identify the copy-numbers
evenly across the entire genome [19]. This tool has a
relatively high accuracy [20] and is designed specif-
ically for detecting acquired copy-number variation
together with TS. To study somatic insertions and
deletions, it is necessary to take into account the
proportion of tumor cells in the sample determined
at the previous stage (see point 7). The copy-num-
ber is calculated by comparing the reading depth
in certain positions in the control and pathological
samples, taking into account the proportion of tu-
mor cells and the size of the beta allele. In CNVKkit,
a pooled or single reference can be used as a refer-
ence material. In this study, the usage of a sample
with more than 99% chimerism and a normal kary-
otype was chosen as a reference, which corresponds
to complete cytogenetic remission taken from a pa-
tient 4 weeks after bone marrow transplantation.

9. Clonal profiling.

PyClone 0.13.1 software tool was used to deter-
mine the clonal profiles [21] — the algorithm per-
forms Bayesian clustering method to group somatic
mutations into assumed clonal clusters with an as-
sessment of their cellular prevalence (the propor-
tion of affected cells) and taking into account the
allelic imbalances introduced by copy-number vari-
ations and contamination of normal cells.

The complete workflow of analysis is presented
in Fig. 2.

Results

The whole analysis took 7 hours 2 minutes
(Intel(R) Xeon(R) Silver 4110 CPU @ 2.10GHz, 32G).

Under the analysis, one of the main issues was
the lack of an out-of-the-box tool for reformatting
the CNVkit output format into the one suitable for
PyClone. However, our pipeline avoids the majori-
ty of such complications by using a single package
(GATK) for the most part of the analysis.

Mutational profiles of the patients were derived
in form of tables; each variant was annotated with
its original allele frequency, the calculated tumor
load (i. e. a fraction of cells where this variant was
observed), the standard deviation of the tumor load,
and the cluster-ID that included the variant itself,
based on the calculated tumor burden. Two matri-
ces were obtained based on the patients’ clonal pro-
files: one, depicting the co-occurrence of primary
and secondary variants from the genes perspective
(Fig. 3), and another, describing genes affected by
mutations in the same clusters (Fig. 4).

The dynamics of tumor progression was de-
scribed for a patient, who was sequenced twice with
samples taken in 45 days (Fig. 5 [22]). A subclone
with RUNXI1 mutation overcame the detection
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B Fig. 3. Matrix of co-occurrence of primary and secondary gene variants. The numbers 1—-5 of such events are differ-

entiated by colors
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threshold, and two other clones identified previous-
ly have grown.

Discovered paths of tumor progression were
plotted (Fig. 6). Moving along the arrows depicts
acquiring a mutation in a specific gene by a clone.
The diagram demonstrates all variants of tumor
progression that may be inferred from the observa-
ble clonal profiles.

N\

Discussion

We have developed and tested the pipeline for
clonal profiles determination in patients with MDS.
It is advantageous to identify the correlation be-
tween the clonal profile, their genotypic features
and disease prognosis, that has been effectively
demonstrated for other pathologies [3—6].

Genotypes of clones and subclones were plotted
(Fig. 7). Whiskers indicate the standard deviation
of tumor burden of a certain variant. The color of
a mark shows the affiliation to a specific cluster
(clone or subclone). Genes affected by a variant and
its genomic position in chromosomes are marked on
a horizontal axis.

Five mutations were found in the same sample
(Fig. 7, a) herewith two variants (in LAG3, DICERI1
genes) grouped in a single cluster. This fact, con-
sidering their high tumor load (> 50%), can be
interpreted as their coexistence in the same cells.
Otherwise, such a clonal profile would only be ob-
served if the mutation occurs again in the same po-
sition, which is highly improbable.

In the other case (Fig. 7, b), eight mutations were
discovered in genes: DICERI, TET2-AS1, RUNXI,
TP53, and TET2. Probably, the variant present in
the largest number of cells (marked brown, muta-
tion in DICERI) occurred almost simultaneously
with the mutation in TET2-AS1, which led to the ne-
oplasm formation. Then, all the other variants de-
veloped within the proliferating tumor. Three mu-
tations located in the same cluster (marked in blue)
appeared in a small fraction of cells, thereby having
relatively low clonal load, and therefore, their co-
existence and contribution to the current clinical
course is questionable. Such variants probably in-
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dicate the possibility of new subclones genesis, and
the diversification of a further clonal population
within the existing tumor.

Matrix of primary and secondary mutations
(see Fig. 3) shows that the primary mutations
mostly developed in DICERI1, TP53, and ASXLI
among the examined samples. It is in compliance
with the well-known fact that ASXL1 gene is fre-
quently affected primarily in patients with MDS
[23]. A clonal evolution path with TP53 as a driv-
er mutation was also described [24]. RUNX1 and
ASXLI lesions were the most frequent among the
secondary mutations.

Matrix of variants co-occurring in the same
clusters (see Fig. 4) illustrates the lack of coex-
istence of mutations in genes of common biolog-
ical function: different splicing genes (SRSF2,
SF3BI), immune response genes (LAG3, PDCDI,
CD274), which corresponds to the common trend of
negative cooperativity where functionally similar
genes are rarely affected together [25]. However,
we have identified inconsistencies of such tenden-
cy: mutations in genes of microRNA processing
(DICERI1, DROSHA) appeared in the same clus-
ters. Additionally, it is true for genes of epigenetic
regulation (TET2, ASXL1, EZH2, DNMT3A, and
IDH1), that was also observed in another research
[23]. Such distinguishing tendencies might be re-
lated to the interdependent participation of these
genes in the same biological pathway. It should
be noted that the cluster variants with the lowest
tumor burden (up to 10%) and duplicated probes
were omitted from the resulting matrices, since
their mutational load is comparable with the size
of a method error [16].

One of the main potential applications of the tu-
mor subclones identification and characterization
is the monitoring of their size and genetic features
in dynamics. Fig. 5 demonstrates an example of a
negative tendency for disease progression where
the growth of a primary clone and its subclone led
to the emergence of another subclone.

For more reliable identification and subsequent
exclusion of irrelevant polymorphisms from the
list of detected variants, matching control material
can be sequenced for each patient using tissue with
a germinal genotype. This could also improve the
copy-number variations calling as both tumor and
normal genotype files can be introduced to CNVKkit.

In some cases the tumor load can be evaluated by
tissue morphology (in case of solid tumors) or flow
cytometry: this would be beneficial to avoid the
assumptions about the maximum allele frequency
being indicative which were included when deter-
mining the tumor load using only NGS data: we hy-
pothesized this indicative variant is heterozygous
and not affected by indels (in the absence of obvious
signs of the opposite).

B Table 2. Comparison of TS and WGS requirements

Plat- Cost (per Data size
form | sample, USD) Depth (processed bam)
Depending
WGS | 1000-3000 30-60 on coverage
~60-350 GB
Depending
WES | 500-2000 150-200 on coverage
~5-20 GB
Varies by panel
TS 300-1000 200-1000 | size and coverage
~0.1-5GB

The importance of subclones in tumor develop-
ment has also been proven in other studies. In case
of ovarian cancer heterogeneous clonal profiles of
metastases led to different courses of tumor pro-
gression in each metastasis, which caused poor
response to immunotherapy, limiting treatment
options [26]. Clonal structure in MDS was also de-
scribed earlier [1], but both papers imply the meth-
ods yet unavailable in clinical practice. In another
study, clonal architecture of prostate cancer was
reconstructed by different methods, and PyClone
was shown to be appropriate in this case [27]. For
their turn, we have demonstrated the suitability
of computational methods in MDS, endorsing this
technique and its beneficial prognostic value into
clinical practice.

PyClone uses beta-binomial distribution to mod-
el mutation frequencies. There are alternatives:
PhyloWGS [28] and DPClust [29] based on binomial
distribution; but these tools were shown to be not
applicable in all cases [27]: DPClust failed with the
rate of 3.1% due to excessive computational mem-
ory (more than 250 GB), and PhyloWGS demanded
inordinate runtime (more than 3 months). On the
contrary, PyClone successfully completes all sam-
ples in the same study, which was confirmed by our
work.

Moreover, the majority of these tools request
data from the whole genome or exome sequencing
(WGS, WES), which greatly exceeds the storage
and computational resources needed for the same
analysis performed with TS (Table 2 [30]).

In conclusion, the analysis of the clonal struc-
ture, being a modern trend in predicting the out-
comes of tumors, is of highest importance for the
prognosis and the selection of treatment, which es-
tablishes the relevance for pipeline development in
case of MDS and other clonal diseases.
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Introduction: Lung cancer is one of the most formidable cancers. The use of neural network technologies in its diagnostics
is promising, but the datasets collected from real clinical practice cannot cover various lung cancer manifestations. Purpose:
Assessment of the possibility of improving pulmonary nodules classification quality utilizing generative augmentation of available
datasets under resource constraints. Methods: The LIDC-IDRI dataset was used. We used the StyleGAN architecture, to generate
artificial lung nodules and the VGG11 model as a classifier. Results: We generated pulmonary nodules using the proposed pipeline
and invited four experts to evaluate them visually. Four experimental datasets with different types of augmentation were formed,
including the use of synthesized data. We compared the effectiveness of the classification performed by the VGG 11 network when
training for each dataset. For an expert assessment, 10 generated nodules in each group of characteristics were presented: parietal
nodules, ground-glass, sub-solid, solid nodules. In all cases, expert assessments of similarity with real nodules were obtained
with a Fleiss's kappa coefficient k = 0.7-0.9. We got the values of AUROC=0.9867 and AUPR=0.9873 with the proposed approach
of a generative augmentation. Discussion: The obtained efficiency metrics are superior to the baseline results obtained using
comparably small training datasets and slightly less than the best results achieved using much more powerful computational
resources. We have shown that one can effectively use StyleGAN for augmenting an unbalanced dataset with a combination of
VGG11 as a classifier, which does not require extensive computing resources and a sizeable initial dataset for training.
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Introduction

Lung cancer is one of the most formidable can-
cers, both in terms of the development rate and the
severity of the prognosis [1]. In this case, it is a vi-
tal necessity to get the earliest possible and accu-
rate diagnosis. During the initial examination and
screening of the population, procedures such as
chest radiography and sputum cytology are wide-
spread. However, when detecting the suspicions of
lung cancer, the patient requires stronger diagnos-
tic procedures, including bronchoscopic biopsies and
computed tomography (CT) of the lungs. A bronchial
biopsy is a highly invasive procedure. It involves the
participation of proficient experts, is accompanied
by complications and side effects, and cannot be used
as a regular diagnostic procedure. Simultaneously,
CT of the lungs is a non-invasive procedure, which

does not adversely affect the patient’s health, and CT
scanners are now widely used medical equipment. In
this regard, increasing the efficiency of CT in the di-
agnosis of lung cancer is today one of the essential
tasks of information technology.

The use of machine learning technologies and,
above all, deep convolutional neural networks in this
task has led to promising results in recent years.
For instance, for the classification of malignant and
benign nodes, the following results are given in lit-
erature: accuracy =92.0%, sensitivity =100% [2];
accuracy = 96.0%, sensitivity =97% [3]. However,
such high values of metrics are achieved, as a rule,
on typical datasets (most often, the Lung Image
Database Consortium and Image Database Resource
Initiative (LIDC-IDRI) dataset [4] is used). When
moving to other datasets or real practice, the values
of metrics drop dramatically. For example, the accu-
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racy achieved by [3] on a relatively large proprietary
dataset of 2054 images was 86% only.

The reason for such a fall in efficiency is mainly is
as follows: benign and malignant nodes in lung cancer
are very similar, both in objectively measurable fea-
tures (such as diameter, optical density, etc.); in terms
of integral visual assessment (such as smooth, lobulat-
ed, or irregular and spiculated margins, etc.) [5]. The
existing datasets collected from real clinical practice
cannot cover such a variety of lung cancer manifesta-
tions. Their size is not enough for full-fledged train-
ing of neural networks, which, as a result, leads to the
explicit overfitting on a specific dataset and the drop
in efficiency when switching to new datasets. An in-
crease the dataset volume due to traditional augmen-
tation methods, such as shifts, rotations, reflections,
ete., does not give the desired improvement in the
results of lung cancer classification. Therefore, gen-
erative adversarial networks (GAN) are considered a
promising technology for solving this problem.

Generative adversarial network, proposed in [6],
is a model to approximate an arbitrary distribution
only by sampling from that distribution. The model
consists of two parts — the generator and the dis-
criminator. The generator aims to learn the sample
distribution. It takes random noise and tries to gen-
erate the sample from the learned distribution. The
discriminator tries to distinguish these generated
objects from the real objects from the training sam-
ple with an arbitrary distribution and returns the
results to the generator via gradient back-propaga-
tion. Thus, during training, the generator generates
objects that are more and more similar to a sample.

Modern implementations of GAN technologies
provide realistic-looking images, for example, pic-
tures for an online store, avatars for games, and vid-
eo clips. A significant advantage for the application
of GAN in medicine is the fact that they provide the
extraction of visual features by discovering the high
dimensional latent distribution of the input data [7,
8]. Thus, in principle, it becomes possible to generate
an unlimited number of images of benign and malig-
nant nodes belonging to the same distribution as real
nodes in a particular dataset and thereby augment
this dataset to a size sufficient for effective training
of the classifier. The article discusses the challenges
of using GAN for generative augmentation of small
datasets gathered in real clinical practice. To im-
prove the availability of generative augmentation to
the research community, this article focuses on the
resource efficiency of the proposed methods.

Background and related works
As the literature review shows [8], today, GANs

are actively used to analyze high-tech images in
various medical applications, including diagnostics

and treatment of diseases of the brain, lungs, spine,
cardiovascular system, etc. Within the framework
of this article, we highlight the work related to the
diagnosis of lung status. In the total flow of the
publications, the share of works devoted to using
GANS in pulmonology problems is relatively small.
They can be divided into two groups — applying
GANSs for chest X-ray and CT images.

As concerning the first one, one should first of
all mention the work [9], where the authors use a
deep convolutional GAN (DCGAN) for mimicking
common chest pathologies and then augment a la-
beled set of chest X-rays for the training of the deep
CNN across five pathological classes. The authors
in [10] use conditional GAN for improving lung seg-
mentation in chest X-ray. But, as the authors them-
selves note, their construction is resource expen-
sive and requires high computing power.

The authors [11] solve a complicated problem —
predicting the dynamics of lung position during
breathing. To do this, they use two CNNs, each of
which is built according to the GAN scheme. The
solution is very resource-intensive: to register im-
ages between any two breath phases, it uses a pow-
erful NVIDIA Tesla V100 GPU within 1 min. The
authors [12] also solve a dynamic problem — to
visualize chronic obstructive pulmonary disease
progress. They proposed a method of visualization
for regression with GAN, which is also very re-
source-intensive.

The research [13] aims to balance dataset used
in training CNN for pneumonia prediction via over-
sampling with CycleGAN [14] producing X-ray im-
ages with pneumonia from images with no pneumo-
nia. The advantage of the proposed augmentation
technique is that it does not require extensive com-
putational resources (a single NVIDIA 1070 graph-
ical card is enough).

Going to the overview of applying GANs for CT
images, it is worth noting that the general concept
behind GANSs of [6] has been transformed here in
various architectures. For example, to generate
high-quality images of pulmonary nodes on CT
scans, the authors [15] use DCGANSs [16]. With a
relatively simple architecture, their implementa-
tion required extensive computational resources
(up to 110,000 iterations), while the generated im-
ages showed low results on the Turing test (58%).
Attempts have been made to use a more complicat-
ed architecture for the same purpose: the authors
of [17] used a 3D conditional GAN [18], and the
approach in [19] suggest to apply a sophisticated
variant called 3D multi-conditional GAN. In both
works, the authors generate pulmonary nodes and
their immediate environment (context) and then
embed them into the general CT images. For this,
they condition the GAN basing on a volume of in-
terest whose central part containing the nodule has
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been erased. Nevertheless, despite the sharp in-
crease in the architecture complexity and a signifi-
cant increase in computing resource requirements,
the generated images are easily distinguished by
qualified radiologists due to artifacts in synthetic
samples [8].

Thus, as the analysis of existing achievements
shows, it is hardly advisable today to set the task of
creating realistic images of pulmonary nodes with
the help of GAN having limited resources. Instead,
researchers move on to modeling the characteristic
components of the desired images. For pulmonary
nodes, such a component is the maximum intensi-
ty projection (MIP) image. MIP [20, 21] is a post-
processing method that projects 3D voxels with
maximum intensity to the projection plane. The
advantage of MIP is that its formation is a 2D task
and therefore requires less computing resources.
Besides, radiologists use MIP images as more easily
interpretable concepts during the nodule screening
stage in their routine clinical practice.

A typical pipeline for detecting neoplasms in the
lungs using high-tech images consists of two inde-
pendently solvable tasks — detecting nodules and
their subsequent classification. When organizing
research having only small proprietary datasets,
the second task is more topical. As our analysis
evidence, in the literature, works using GANs for
detection tasks[17, 19, 22] are presented more wide-
ly and thoroughly than concerning classification
tasks [23—-26]. They used axial sections of the vol-
ume of interest centered on the pulmonary nodule
as a generated characteristic component.

The authors [24] aiming to generate high-qual-
ity synthetic nodules images proposed a new GAN
architecture named forward and backward GAN
(F&BGAN) and formed a hierarchical learning
framework based on multi-scale VGG11 network
as a classifier. They tested different augmentation
approaches including traditional methods, DCGAN
generative augmentation, and proposed F&BGAN
generative augmentation. The part of LIDC-IDRI
[28] was used as the initial dataset. The accuracy
from 88.09% up to 95.24% was obtained depending
on the augmentation approach.

In [25], the authors used Wasserstein GAN
(WGAN) to generate malignant nodes differing by
the only feature — the presence of spicules. They
used a relatively small proprietary CT dataset con-
sisting of 60 cases for training. Due to the low res-
olution of the formed nodes, the authors obtained
not very good classification accuracy values — up
to 63.0% for benign nodes and 84.8% for malig-
nant nodes. In [26], they improved these metrics by
increasing the network complexity (moving to three
CNNs).

In [238], the authors used LUNA16 [27] database
to extract candidate areas of images and nodules

and imitate them using GAN. The authors divided
the nodules extracted from the dataset into three
groups: large, medium, and small. Then, they gen-
erated artificial nodules using the GAN for each
group separately. Synthesized nodules allowed
them to change the distribution of node sizes in
the generated dataset by weighting each group’s
share. As the authors write, they tested their meth-
od for 15 variants of the CNN of six different fea-
ture extraction types and classifiers on the newly
generated images dataset. They received accuracy
values with a wide scatter — from 78.21 to 95.13%.
Unfortunately, no technical details of the develop-
ment are provided, making it impossible to repro-
duce their results.

Considering all of the above, in our article, we
set the task of experimentally testing the possibil-
ity of improving pulmonary node classification in-
to malignant and benign utilizing generative aug-
mentation of available datasets under resource con-
straints. The problem is solved in the 2D projection.

Method and materials

Initial dataset and data preprocessing

As the source of lung cancer nodules, we used
the LIDC-IDRI dataset containing more than 1018
CT scans in DICOM format from about 1010 differ-
ent patients. The characteristics of lesions in the
dataset and specifics of the annotation of the data
can be accessed in [28]. It should be noted that au-
thors of the dataset are aware that the term nodule
is more appropriately used for a spectrum of abnor-
malities in lung tissue, and according to that, they
state that during the annotation procedure, each of
four participating radiologists provided their own
“noduleness” interpretation.

For the experiments, we selected only those
DICOM series that contain tumor nodules. The
DICOM series is a 3D scan of the lungs, and the tu-
mor nodule is a 3D image. Therefore, by capturing
part of the images from a series of images, we can
extract the 3D nodule. The extraction of a nodule is
performed as follows. We form a cube circumscrib-
ing the desired nodule. The bounding cube size is
selected to capture the nodule completely and, if
necessary, a small margin around the nodule. In
our experiments, we used circumscribing cubes
with a side length from 1 to 40 mm.

After extracting the bounding cube with a nod-
ule, we resampled it to a size of 128 x 128 x 128
pixels, and cut off the pixel values that are outside
the range [-1000, 800] on the Hounsfield scale [29]
according to the formula

pixelyalye = min(SOO, max(—lOOO, pixel2d . ))
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The resulting pixel values are scaled to the range

[-1, 1] by the formula

x =200, —ing;) / (g, — ing,) — 1),

where in_ . =800, in ; =-1000 are boundary
values on the Hounsfield scale. As a result, we got
695 cubes, of which 294 have a malignant nodule.
Examples of nodules which were used as input
data to train the generative network are shown in
Fig. 1, a—e.

As discussed in the previous section, there are
two ways to go from 3D to a 2D image of a nodule:
either to select a central slice (i. e., passing through
the center of the nodule) in one of the projections
or to build MIP for the central slice. As our exper-
iments have shown, using MIP projection provides
some advantages, namely:

— it shows the picture of the lungs in more de-
tail;

— it rather clearly displays the nodules;

— it allows representing the nodules with the
context around.

All of the above simplifies facilitates the task of
classifying a cancerous tumor. We have performed
a MIP lookup operation using the NumPy package.

Models and model training

The complete pipeline of our experiments is
shown in Fig. 2.

As an architecture for GAN, we chose StyleGAN
[30] — one of the leading in the generation of pho-
torealistic images. Considering that generating
nodes in 2D is not more difficult than generating
faces (on the example of StyleGAN was tested), this
choice can be regarded as justified.

The paper aims to increase the cancer nodules
classification quality under resource constraints.
Hence the model with a simpler and more light-
weight architecture suits better. Experiments
show that VGG11 is the most appropriate mod-
el, which gives competitive results. We used the
VGG11 model [31] as a classifier — a reasonably
clear and easy-to-understand classifier model,
which is often the baseline for research. We used
the torchvision package to implement the model.
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B Fig. 1. Examples of extracted nodules (left column — nodules; right column — a corresponding lung slice): a —
ground glass nodules; b—d — nodules of parietal localization; e — solid nodule
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B Fig. 2. Pipeline of our experiments
B Table 1. Classifier training parameters It should be emphasized that both models are rel-
atively undemanding in terms of computing re-
Name Value sources and can be applied in everyday machine
learning practice [32].
Model VGG-11 . .
ode To adapt the StyleGAN architecture following
batch size 16 the prepared data, we made some changes to the
— model. The original implementation is configured
learning rate le-5 to work with 3-channel images. To adjust the mod-
el in accordance with the prepared data, we have
optimizer Adam transformed the number of channels in the input
. ] . c and output layers in such a way as to be able to
Loss function type BinaryCrossEntropy work with single-channel images. Besides, we made
Training epochs 300 F:hanges to the parameters of the model presented
in Table 1.
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Experimental datasets

To test the hypothesis that the binary classifica-
tion of cancerous tumors in the lungs is better per-
formed on a dataset augmented with synthesized
GAN data, we formed four experimental datasets:

1) dataset A: original dataset with class imbal-
ance;

2) dataset B: with the elimination of class imbal-
ance by random copying of data of a smaller class
(upsampling);

3) dataset C: with the elimination of class imbal-
ance by transforming data of one class (vertical and
horizontal reflection, and elastic transformation
from the albumentations package [33]);

4) dataset D: balanced dataset using synthesized
data. The imbalance was eliminated by generating
new data using a pre-trained GAN model.

Results and discussion

Examples of nodules generated by our GAN
model are presented in Fig. 3, a—h. As shown in
the previous section, it is not required to achieve
an exhaustive execution of the Turing test on the
generated nodules in the task under consideration.
Therefore, we carried out an expert assessment of
the “similarity” of the generated nodules for indi-
vidual characteristics, including parietal nodule,
solid nodule, subsolid nodule, ground-glass nodule.
Four qualified radiologists participated in the ex-
amination, ten nodules in each group of character-
istics were presented for assessment. In all cases,

positive expert assessments were obtained with a
good Fleiss’s kappa coefficient ¥ = 0,7-0,9.

Figure 4 shows the ROC-curves for the best
learning epochs for each experimental dataset de-
scribed above, which makes it possible to compare
the efficiency of the different augmenetation tech-
niques. As can be seen, the best values of AUROC:
0.9867, AUPR: 0.9873, accuracy: 94.35% were ob-
tained with the proposed approach of a generative
augmentation (see Fig. 3, d). Note that the obtained
values are superior to the [25] results obtained
using comparable training datasets (balanced ac-
curacy: 81.7%), [26], (balanced accuracy: 85.6%),
and comparable with the results of [24] (best ac-
curacy: 95.24%, best AUROC: 0.984). Worth not-
ing that the classifier model in [24] has approx-

B Table 2. Results

Dataset Acct,‘/:acy’ AUROC | AUPR
Original (A) 84.68 0.945 0.922
Upsampling (B) 87.50 0.949 0.933
Augmentation (C) 91.13 0.955 0.967
Synthetic (D) 94.35 0.987 0.987

B Fig.3. Examples of generated nodules: a, ¢ — subsolid nodules of parietal localization nodules; b—d, f, h — solid nod-

ules; e — subsolid nodule
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imately 143 million trainable parameters, while
used VGGI11 has 128 million trainable parameters.
Hence, our proposed method has a lower GPU mem-
ory consumption with comparative quality results
(Table 2).

Conclusion

It isnot rare in common practice when a machine
learning practitioner can encounter a lack of data to
train the classification model properly. However, as
our experiments have shown, augmenting an unbal-
anced dataset with synthetic data improves the clas-
sifier efficiency with comparatively no significant

effort. Regarding the classification of pulmonary
nodules, we have shown that one can effectively use
a combination of StyleGAN and VGG11, which does
not require extensive computing resources and a
sizeable initial dataset for training. We suggest
that in future works, the use of StyleGAN in gener-
ative augmentation can be extended to conditional
augmentation to synthesize the nodules with the
specific parameters.
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BBenenmne: pak JIerkoro — OJUMH U3 CAMBIX OITACHBIX BI/I0OB paka. VICcIosb30BaHue TeXHOJOT U HEHPOHHBIX CeTeH AJIs ero JUarHOCTUKYI
ABJIAETCS MHOTOO0EIIAIONINM, HO JaTaceThl, COOPaHHbIE U3 PeaJbHOUN KINHUYECKON IPAKTUKY, He MOTYT OXBATUTh PA3JIUYHBIE IIPOABIE-
HUSA paka Jerkux. 1lesb: oleHKa BOSMOYKHOCTHU YJIYUIIUTE KJIaCCU(UKALINIO JIETOUHBIX Y3JI0B IIOCPEICTBOM I'eHepaTUBHOM ayrMeHTaIluu
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MCKYCCTBEHHBIX N300pasKeHM JIErOUHBIX y3710B 1 Mogesnb VGG11 B kauecTBe Kaaccuduraropa. Pe3yabpTaTel: IDOBEJEHBI TeHePaIua 130~
OpasKeHUil JIerouHbIX Y3JI0B C IIOMOIIBIO IPEIJIOKEHHON cXeMbl U UX BU3yaJbHAas OIleHKA C IPUBJIeUeHNeM YeTbIpexX sKcmepToB. Cdop-
MUPOBAHBI YeThIPE SKCIEPUMEHTAJIBHBIX JaTaceTa C Pa3JIUYHBIMU TUIIAMM ayrMeHTAIlMU, BKJIUAsa KCIIOJIb30BaHUE CUHTE3UPOBAHHBIX
MaHHBIX, U IIPOBEJEHO cpaBHeHNEe 3()(EKTUBHOCTU KaacCU(UKAINY, BEITOJIHAeMON ceThbio VGG11 mpu o0yueHUHN HA KaKJIOM JaTaceTe.
151 sKcriepTussl 0ToOpanbl Mo 10 reHeprupoBaHHBIX N300paKeHUI JIETOYHBIX Y3JI0B B KaXKA0M IPyIIe XapaKTepucTuK. Bo Bcex cayyasax
TOJIyYeHbI 9KCIEePTHBIE OIEHKU CXOXKECTU C PeaJbHBIMU dK3eMILIsApamMu ¢ Koaddurmuenrom kanmna Pieiica k = 0,7-0,9. IIpeanoskeHHBINR
OAXO0J TeHEePATUBHON ayrMeHTanuu mo3BoIu noayuuts 3uadyenus AUROC = 0,9867 u AUPR = 0,9873. O6cy:xaeHue: osiyueHHbIE 110~
Kasareau 3(PGEeKTUBHOCTY IIPEBOCXOJAT Pe3yabTaThl Oeii3/iaiiHa ¢ MCII0Jb30BAHUEM CPABHUTEJNHHO HEOOJBIINX 00yYAIOIUX JaTaceTOB
¥ HEMHOTI'O YCTYIAIOT JIYUIIUM Pe3yjbTaTaM, JOCTUTHYTHIM C IPUMEHEHHEM ropasgo 0oJiee MOIIHBIX BBIUHCIUTEJbHBIX PecypcoB. Tem
caMBIM IIOKa3aHo, UYTO JJIA ayIrMeHTaIuu HecOaJIaHCUPOBAaHHOTO JaTaceTa MOKHO 3(h(PeKTuBHO ncnoirb3oBaTh StyleGAN B KomMOuHanmn
¢ VGG11 xumaccudpuraTopoM, KoTopas He TpedyeT GOJbIINX BBIUYUCIUTEIbHBIX PECYPCOB, a TaKsKe GOJIBIIIOro HaYaJIbHOTO JaTacera [JIs
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IIpodeccop Kadexpbl BBHIYUCIU-
TeJBHBIX cUcTeM U ceTeil CaHKT-
IleTepOyprckoro rocygapcTBEHHOTO
YVHHUBEPCUTETA a3POKOCMUYECKOTO
pUOOPOCTPOEHUS.

B 1982 roxy oxonuna Jlenuurpaa-
CKUI BJIEKTPOTEX HUUECKUI UHCTH-
tyT uMm. B. Y. Viabaunosa (Jlennna)
[0 CIIEIMAJbHOCTH <«ABTOMATHKA
U TeJIeMeXaHUKa».

B 2008 roxy sammTui muccepTa-
M0 HA COMCKAHWE YUEHOU CTele-
HU IOKTOPA TEXHUYECKUX HAYK.
fsnsiercss aBropom Gosee 100 Ha-
YYHBIX IIyOIUKAIUI, B TOM YHCTIE
Tpex MoHOrpaduii.

O6JsiacTh HAYYHBIX WHTEPECOB —
TEOpUSA IWHAMUYECKUX CHCTEM,
TEOpUs HUAEHTU(DUKAIUU, TEOPUS
OIIEPaTOPOB, TEOPUS MATPHIL, BHI-
YUCIUTEIbHBIE METO/bI, UHTEPHET-
POGOTOTEXHUKA, WHTEPHET-KHUTH
C HUCIOJHSEMBIMYU aJTOPUTMAMMU,
HAYYHbIE COIMANbHBIE CeTH.

9. aapec: korbendfs@mail.ru

BAKUH
EBrenmnii
AnexcaHaposuyu

IoneHT Kadenps! mpobIeMHO-0pH-
€HTUPOBAHHBIX BBIUHCIUTEIBHEIX
rommiaekcoB  Caukrt-IleTep6ypr-
CKOT'0 T'OCYJZapCTBEHHOTO YHHBED-
cuTeTa aspPOKOCMUUECKOro Ipubo-
POCTPOEHUA.

B 2008 roxy oxomumsm CaHKT-
IlerepOyprcxuit rocyaapcTBeHHbII
VHUBEPCUTET a3POKOCMHUUECKOT0
mpuOOPOCTPOEHHUS TI0 CIIEI{HATHHO-
ctu  «PafnosIeKTPOHHBIE CHCTE-
MEI».

B 2012 rogy sammTui amccepra-
I[MI0 HA COMCKAHNE yUYeHOH cTere-
HU KaHANUATA TEXHUYECKUX HAYK.
SfBnsercs aBTOpOM 25 HAYUHBIX
ny0JIMKAU U CeMU IATeHTOB Ha
n300peTeHus.

Ob6sacTh HAyYHBIX HHTEPECOB —
KOMIIBIOTEDHOE  MOZEJUPOBAHUE
CJIOKHBIX CHCTeM, OronH(popMaTn-
Ka, OMOCTaTHCTHKA.

9n. agpec: jenyb@mail.ru

BAJIBIKOB
AnTon
AnexcaHapoBUY

Vaau. S
- -
._;

A~

AnpioHKT Kadeapbl  paguoCBs-
3u BoemHoil akazemMum CBABH
um. C. M. Bypennoro, Caskrt-
IIerepOypr.

B 2010 roxy oxonywt CTaBpomoJb-
CKWIl BOEHHBIN WHCTUTYT CBA3H
PaKeTHBIX BOMCK IIO CIIEINaIbHOC-
TH «IKCILIYyaTAIWsl HA3eMHBIX
CPeJCTB U KOMILJIEKCOB PaJUOCBs-
31».

fBngerca aBropom 11 Hay4YHBIX
my0nuKanui, MATH CBUAETENBCTB
HA TPOrpaMMHBIE TPOAYKTHI IJIs
9BM u 1ByX n300peTeHuii.
OGJsiacTh HAyYYHBIX HHTEPECOB —
nudpoBasg 00pabOTKa CUTHAJIOB,
pacmpocTpaHeHue PaguoBOIH.

D1. axpec: etomoiadres@mail.ru

BAPXATOB

Hasmap
MynepoBuy

B3aBeqylomuii JabopaTopuei TpaHc-
MJIAHTOJIOTUU U MOJIEKYJISPHOM Te-
marosioru HayuHo-ucciiejoBaTesin
CKOT0 WHCTUTYTa TETCKOM OHKOJIO-
UM, TeMATOJIOTUN ¥ TPAHCILIAHTO-
soruy um. P. M. Top6aueBoii.

B 2001 roxy oxomumsn IlepBbrit
Caukr-IlerepOyprekuii  rocymap-
CTBEHHBI MEIWIIMHCKUN YHUBEP-
curer um. U. II. ITaBioBa mo cue-
nuaabHOCTHU «JIeuebHOe Iemor.

B 2007 rogy samuTui guccepra-
W0 HA COMCKAHE YUEHOM CTeIIeHI
KaHAUAATa MEUIIMHCKUX HAYK.
SfABnserca aBropom 67 Hay4YHBIX
ny0auKanuil ¥ Tpex IaTeHTOB Ha
1300peTeHu .

O6acTh HAyYHBIX WHTEPECOB —
MOJIEKYJIsIpHAs OMOJIOTUs, TeHeTH-
Ka, aHAJU3 MyTaluii.

1. agpec:
i.barkhatov@gmail.com

BYT
Avutpuit
Cepreesuu

Crapuruii sabopanT Hayuuno-uccJe-
JIOBATEJICKOTO IEHTPa OnonHbOp-
marukyu Hayuro-o6pasoBaTebHOr0
MHCTUTYTa OuomexuuHL! IlepBoro
Cankt-IlerepOyprckoro — rocyzuap-
CTBEHHOT'0 MEJUIIVMHCKOTO YHUBED-
cutera uM. 1. II. ITaBmoBa.

B 2018 roxy oxonuma IlepBsrit
CaukT-IlerepOyprckuit  rocymap-
CTBEHHBIN MeIUIMHCKUI YHUBEP-
curer um. 1. II. IlaBnoBa mo cue-
nuaapHOCTH  «JleueGHOE meso»,
B 2020 rogy — 1o CIenuaJbHOCTH
«Kuuuueckas mabopaTopHas au-
arHOCTHKA».

SIBisieTcsT aBTOPOM UETHIPEX HAyY-
HBIX TYOJUKAIIAH.

06acTh HAYYHBIX WHTEPECOB —
OuonH(pOpMaTUKa, TeHeTHKa, re-
MAaTOJIOTUsI, CEKBEHIPOBAHIIE.

9. aapec: dmitriybs@1spbgmu.ru

BATBSIH

Anexkcanmpa

CepreeBHa

HouenT daxynbrera mHOOKOMMY-
HUKAI[MOHHBIX TEXHOJOTWH YHU-
Bepcurera UTMO, Caurr-Ilerep-
Oypr.

B 2014 romy oxonumma CaHKT-
IlerepOyprckuii  HAIMOHAJIBHBIH
WCC/IeIOBATENECKII YHUBEPCUTET
YH(QOPMALMOHHEIX  TEXHOJIOTHII,
MEXaHUKW 1 ONTHKH TI0 CHeIHaJb-
sHoctu «[Ipuknanuas wHGOpPMATH-
Ka».

B 2019 roxy sammruia auccepra-
[MI0 HA COMCKAHWE YUYEHOH CTere-
HU KaHAUJATA TEXHUUYECKUX HAYK.
SBnsercs aBTopom 31 HAYUHOM ITy-
Osukanyuy u 11 pesysnbpraToB WH-
TEJITIEKTYaTbHON AeATeIHHOCTH.
O6acTh HAyYHBIX WHTEPECOB —
MaIIuHHOe 00yYeHNe, NCKYCCTBEeH-
HBIJ WHTEJIJIEKT, aBTOMATHOE IIPO-
rpaMMUPOBAHUE, CHCTEMbI IIOA-
IePKKY TPUHATUSA KIMHAYECKUX
pereHuH.

9. agpec: alexvatyan@gmail.com
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T'YCAPOBA Crapmuili HAyYHBIH COTDYAHUK, JAIBOPHHUKOB TIpodeccop Kadeapsl paguOTeXHI-
Haranus NOLeHT (haKymbTeTa UHPOKOMMY- Cepreii YECKUX U ONTOINEKTPOHHBIX KOM-
HUKAIIMOHHBIX TEXHOJOTUH YHU- mrekcoB  CaukTt-IlerepGyprekoro

denopoBHa BukropoBuu

Bepcurera VUTMO, Caukrt-Ilerep-
Oypr.

B 1974 roxy okonuunia Jleauarpaz-
CKUI MHCTUTYT TOUHON MeXaHUKH
¥ ONTUKH 110 creruagbHoctu «Om-
THUKO-3JIEKTPOHHbIE IPUOOPEI».

B 1984 ropy samuTuia guccepra-
M0 HA COMCKAHWE YUEHOH CTele-
HU KaHAUJATa TEXHUIECKUX HAYK.
fBngerca aBropoM 95 HayYHBIX
nybaukaiuit u 47 CBUAETEIHCTB
0 pEerucTpanuu IpPOrpaMMHOTIO
MPOAYKTA.

ObJsiacTh HAyYHBIX WHTEPECOB —
MAaIIMHHOE 00yYeHue, NCKYCCTBEH-
HBIl WHTEJLJIEKT, aBTOMATHOE IIPO-
IrpaMMUDOBaHIE.

9. agpec: natfed@list.ru

rOCYJapCTBEHHOTO YHUBEPCUTETA
a9POKOCMHUYECKOr0 IpubopoCcTpoe-
HUS, 3aCHYKeHHBIN n300peTaresb
Poccutiickoit @epepanum.

B 1998 roay oxomumsn Boennyio
akagemuio cesasu um. C. M. Byzen-
HOro 110 creruajabHocT «Opranu-
3aIusA NPUMEHEHUS U SKCILIyara-
WY PAJU0JIEKTPOHHBIX CHCTEM».
B 2001 roxy sammTui amccepTa-
M0 HA COMCKAHMe YUEHOU crere-
HU JIOKTOPA TEXHUYECKUX HAYK.
Sfsnsercs aBropom 200 HAYUHBIX
nyb6aukanuii 1 100 mareHToB Ha
n300peTeHus.

O61acTb HAYYHBIX UHTEPECOB — Te-
Opus CBA3M, IOMEX03aIUIIEHHOCTh
MHOOKOMMYHUKAIMOHHBIX  KaHa-
JIOB Pa/IMOTEXHIYECKIX CUCTEM, Me-
TOJBI COBMECTHOM YaCTOTHO-BPEMEH-
HOI 00pabOTKY CUTHAJIOB.

9. agpec: practicdsv@yandex.ru

JABOPHUKOB
Cepreii CepreeBuu

Hauanpauk sabopatopuu Kadeapst
TIPUMEHEHUS BOMCK cBsA3U BoeHHOI
akagemuu csasu um. C. M. Byzen-
Horo, CaukT-Ilerepoypr.

B 2015 romy oxomumsn CaHKT-
IlerepOyprekuii rocynapcTBeHHbI
MOJIUTeXHUYECKUN  YHUBEPCUTET
o CIenuajbHOCTU «PagnorexHu-
Ka ¥ TeJIEKOMMYHUKAIIV».

B 2018 rogy samuruin guccepra-
I[UI0 HA COMCKAHWE YUeHOH creme-
HU KaH/UJIaTa TEXHUIECKUX HAYK.
fABnserca aBropom 20 HayuHBIX
nyoIMKamuil U JecaTH [aTeHTOB
Ha M300peTeHm.

O6JiacTb HAyUYHBIX HHTEPECOB —
TEOPUs CBSA3U, IOMEXO0YCTONUNBEHIE
PajoCUCTEMEL.

1. agpec:
dvornikov_s_s@mail.ru

NMHHUBATOB
Jdaruunia
ITaBmoBUY

Cryment OakasaBpuara OMCKOro
TOCYZAPCTBEHHOTO TeXHHUUIECKOr0
VHUBEPCUTETA.

SBnsiercs apropoM 41 Hay4HOI 1y-
ONIMKALINN.

O6acTh HAyYHBIX WHTEPECOB —
WCKYCCTBEHHBIN MHTEJIEKT U Ma-
IIAHHOE 00yYeHue.

9. agpec: daniilini@mail.ru

KABBIIIIEB
Maxcum
Bacuasesunu

Acnupanr Yuusepcurera UTMO,
CaukT-IlerepOypr.

B 2020 rozy OKOHYMI MarucTpary-
py Yuusepcurera UTMO 1o crieru-
QJIBHOCTH «JKCTPEHHbIE BEIYHCIIE-
HUASA U 00paboTKa CBEPXOOJIBIIIX
00'bEMOB JTaHHBIX».

ObJsiacTb HAYYHBIX WHTEPECOB —
GosbInue TaHHbIe, MOOUIbLHAS Pas-
paborka Ha miardopme i0S, mpu-
MEHEHHe TeXHOJIOTMH MAIINHHOTO
o0yueHusi mpu paspaboTKe Ipo-
rPaAMMHBIX CHCTEM, IIPIMEHSIeMBIX
B MeIUIIMHCKOM cepe.

9. axpec: maxk6971@gmail.com

KJIOYKOB
Anron
ITaBoBUY

Maructpant mporpammsl «Paspa-
00TKa mporpaMMHOro obecreye-
HUSI» VYuusepcurera  UTMO,
Caukr-TlerepGypr.

B 2020 roxy oxoHums GakagaBpu-
ar Yuusepcurera 1TMO mo creru-
anpHOCTH «VH(DOPMAIVIOHHEIE CH-
CTeMbI ¥ TEXHOJIOTUIL».

O6acTh HAayYHBIX WHTEPECOB —
riIy6okoe o0yueHre, ONTUMHI3AIINL
WCIIOJIH30BAHUSA BHIUUCIUTENBHBIX
PecypcoB, IPOEKTHPOBAHWE WH-
(opMaIMOHHBIX CUCTEM.

9. agpec: tklochkov@gmail.com
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JN TIpoeccop IITKOMEI KOMIBIOTED- JIOBAHIIEB VH:KeHep-IPOrPaMMUCT  (haKyiIb
Mun HEIX HayK ¥ WHxkeHepun Ilen- Aprem TeTa MH(MOPMAIMOHHBIX TEXHOJIO-
TpajbHOro FOKHOrO yHHUBepcure- AH/]peeBI/[‘l TUil ¥ TPOrpaMMUDOBAHUA YHU-

ra, Yanma, Xynau, Kuraii.

B 1985 roxy oxonuna 6axanaBpuaT
X9HAHBCKOTO YHUBEPCUTETA TIO CIIe-
nuagpHOCT «TpafiuIMoOHHAA KU-
raifickas MeaunuHa», B 1988 rogy —
MAaruCTpPaTypy YHUBEpCUTETa KU-
Taiickoit MegunuHel ['yanuxoy, Ku-
Tai.

B 2001 ropy samuTuia guccepra-
M0 HA COMCKAHWE YUEHOH CTele-
HU goKTopa Hayk (PhD) Ha memu-
OUHCKOM (aKyJabTeTe YHIBEPCU-
rera Tokaii, Amonns.

fBnsercsa aBTopom Gosee 100 na-
YYHBIX IIyOIUKAIUI, B TOM YHCJe
20 moHOTpaduii.

06s1acTh HAYYHBIX MHTEPECOB — UC-
cenoBauue s()GeKTUBHOCTH U 6e3-
OIIACHOCTU TPAAWIIMOHHON KHUTai-
CKOl MeJWIIVHBI B JIEYEHUU HEHpO-
JlereHepaTUBHBIX 3a00JIeBaHMIA.

9. agpec: limin@hkbu.edu.hk

Bepcurera VUTMO, Cauxr-Ilerep-
Oypr.

B 2020 rozy OKOHYMJ acIUPaHTY-
py Yuusepcurera U'TMO 1o crieru-
anpHOCTH «MH(OpPMATUKA U BBI-
YHCIUTEIbHASA TEXHUKAY.
SfABnsercsa aBropoM 14 HayYHBIX
my0IUKAIAN.

O6acTh HAyYHBIX HHTEPECOB —
NpUMeHEeHVe HeMPOCeTeBbIX MOJe-
Jeil B MeIUIHe, POOOTOTEXHUKA,
0aiiecoOBCKME METObI B MAIITUHHOM
o0yueHun.

Q1. agpec:
lobantseff@gmail.com

JIOJKHUKOB
ITaBen
Cepreesuu

BaBenyomuii  kadexpoir  KoMm-
IJIEKCHOM 3aIUThl WH()OPMAI[UN
OMCKOr0 TOCYZApCTBEHHOTO TeX-
HIYECKOr0 YHUBEPCUTETA.

B 2000 roxy oxonumn OMCKmit
rOCYapCTBEHHBIA  TEXHUYECKUiT
VHUBEDPCUTET II0 CIENUaJIbHOCTH
«ABTOMATHSNPOBAHHEIE CHCTEMBI
00paboTKy MHMOPMAINH U YIIPaB-
JIeHUEe».

B 2005 roxy sammTui muccepTa-
I[MI0 HA COMCKAHWE YUYeHOH creme-
HU KaHAUJATA TEXHUUECKUX HAYK.
fBnsercs aBropom Gosee 100 Ha-
YUYHBIX OYOJUKAIUI W YeThIPex
MaTeHTOB Ha M300PeTeH M.
ObJsacTb HAyYHBIX WHTEPECOB —
WCKYCCTBEHHBI WHTEJJIEKT, WH-
(opmaInoHHbIe TeXHOJIOT U,
uH(pOpMAanoOHHAs 0e30IacHOCTbD,
pacmosHaBaHue 00pasoB.

9. anpec: lozhnikov@gmail.com

MOUCEEB
HBan
Cepreesuu

IomeHT Kadenpsl IeMaToJIOTHH,
TpaHCHYSUOJIOIMH U TPAHCILIIAHTO-
sorun PIIO ¢ Kypcom AeTCKOi OH-
KOJIOTHY, 3aMECTUTENb TUPEKTOpa
mo Hayke HayuHo-mcciieoBaTe b
CKOT'0 MHCTUTYTA JETCKOU OHKOJIO-
T'UH, TeMaTOJIOTUH U TPAHCILJIAHTO-
sorun uM. P. M. T'op6aueBoii.

B 2007 romy oxomums IlepBrit
Cangkr-TlerepOyprekuit  rocymap-
CTBEHHBI MEIWIMHCKUN YHUBEP-
curer um. U. II. I[TaBnoBa no cue-
nuagbHOCTHU «JIeueGHOe Ieto».

B 2019 rogy samuTui amccepra-
M0 HA COMCKAHME YYEHOU CTere-
HU JJOKTOPA MEIUIIMHCKUX HAYK.
SfBnserca aBropom 95 HayUHBIX
myOIUKAIAN.

061acTh HAYYHBIX WHTEPECOB —
TeMaToJIOTHsA, MUAEIOAUCILIACTIYe-
CKUil CMHIDPOM, JUM(OMBI, aJIJI0-
reHHAas TPAHCIJIAHTAIINS [€MOII0d-
TUYECKUX CTBOJIOBBIX KJIETOK.

9. agpec: moisiv@mail.ru

MOJJ0OBAH
Anexcanap
AnnpeeBuu

IIpodeccop, riaBHBII HAYYHBIH CO-
TPYAHUK JabopaTopuu KubepOeso-
[IACHOCTH ¥ IIOCTKBAHTOBLIX KPUII-
rocucreM CaukKT-IlerepGyprckoro
HMHCTUTYTa UH(YOPMATHKY U aBTO-
marusamnuu PAH.

B 1974 rongy oxonums Jlenuurpai-
CKUII BJIEKTPOTEX HUUECKU I NHCTH-
tyT um. B. Y. Viabauosa (Jlennna)
[0 CHeIUAJbHOCTH «ABTOMATUSH-
POBAHHBIE CUCTEMBI YIIPABJICHUS».
B 2005 roxy samuruia auccepra-
[UI0 HA COMCKAHWE YUYEHOH crere-
HU JJOKTOPA TEXHUYIECKHUX HAYK.
SBnsiercsa aBropom Gosnee 200 Ha-
YYHBIX Ty0aukanuii u 60 mareHToB
Ha n300peTeHus.

06acTh HAYYHBIX WHTEPECOB —
KOMIIbIOTEepHAA (e30macHOCTh, 3a-
mura wHQOPMAINU, KPUITOrpa-
(Qus, TPOTOKOJBI BJIEKTPOHHOMN
nudpoBoii mogIUCH.

J1. axpec: maal305@yandex.ru

MOJITOBAH
JdMutpuit
Huxonaesuu

HayuHE1ii cCOTPYAHUK JTa60paTOPUI
Ku0ep06esonacHOCTH U TOCTKBAHTO-
BoIX KpunrocucreM CasKT-Ilerep-
OyprcKoro WHCTUTYTA WH(OPMATH-
Ku u aBromarusanuu PAH.

B 2009 roxgy oxomums Jlenurrpa-
CKU BIIeKTPOTeXHUUECKUI MHCTH-
tyT uM. B. U. Viapanosa (Jlenuna)
mo cmeruanbHocT «Kommbiorep-
Has 6e30IIaCHOCTb».

B 2012 rogy samuTui amccepra-
W0 HA COMCKAHWE YYEHOU CTere-
HU KaHAUATA TEXHUYECKUX HaYK.
SfBnserca aBropom T9 HAyUHBIX
myGIMKAIWIA U IIECTH MATeHTOB Ha
n300peTeHus.

O6acTh HAyYHBIX WHTEPECOB —
uH(opManyoHHaA 6e30IaCHOCTS,
3amuTa nH(QOpManuu, KPUITOCU-
CTEMBI C OTKPBITHIM KJIIOUOM, IIOCT-
KBAHTOBAs KpUITOrpadusi, KOHed-
HBIE HEKOMMYTaTUBHBIE aJITe0DHI.
9. agpec: mdn.spectr@mail.ru
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MOJITOBAH TIpodeccop, 3aBelyOMui HAYUHO- HUT'PEA Wmsxenep JlemapTaMeHTa cHcTeM
Huxoaan HCCIEeN0BATEIBCKIM OT/EJI0OM IIPO- AJgerkcen IJIAHUPOBAHUA U ONTHUMHU3ALUHU
AnppeeBnu Osem uH(pOpManuOHHOK Gesomac- AnpeeBuy JUPEKIUH TPOM3BOJCTBEHHBIX CH-

HOCTH Caukr-IlerepGyprckoro
WHCTUTYTA WH(OPMATUKU U aBTO-
marusaiuu PAH, saciykeHHBIH
usobperaresib PD.

B 1975 ropy oxonumn Kurmuves-
CKUH IOJIUTEeXHUYECKUN HHCTUTYT
mo crenuanbHocTu «IlomympoBoa-
HUKOBBIE TPHOODPEI».

B 2001 roxy samwurun guccepra-
M0 HA COMCKAHWE YUEHOH CTele-
HU JIOKTOPA TeXHUYECKUX HAYK.
fBnsercsa aBTopom Gosee 250 Ha-
YYHBIX IyOaukanuii 1 60 marten-
TOB Ha U300peTEHU .

06acTh HAYYHBIX WHTEPECOB —
uH(pOpManMOHHAs 0€30IacHOCTb,
Kpunrorpadus, 3JIEKTPOHHAA
nudpoBas  MOANNCH,  OJOYHBIE
mHUQPBHL.

9. agpec: nmold@mail.ru

crem 000 «Asromaruka — Cep-
BUC», acmupaHT OMCKOro rocyaap-
CTBEHHOTO YHUBEPCHUTETa MyTel
COOOITeHU .

B 2017 roxy oxoruyma OMCKuit ro-
CyZapCTBEHHBI YHUBEPCUTET IIy-
Teii COOOIIEH S IO CIIeI[UATLHOCTHI
«HbopManoHHas 0e30IacHOCTH
aBTOMATHU3MPOBAHHBIX CHCTEM>.
SfBngerca aBTOpOM 32 HAYUHBIX
ny0IUKAIAN.

O6acTh HAyYHBIX WHTEPECOB —
OuoMeTpHYeCKYe CUCTEMBI HIEHTH-
(buKaUY 1 paCIO3HABAHUS IICHXO0-
(hUBMOTIOrMYECKUX COCTOAHUN.

9. agpec: aa.nig@yandex.ru

IIETYXOBA
Haraasa
BuraaneBna

Pyxosogurens HUII 6uonndopma-
tukn  HayuHo-06pasoBaTesIbHOrO
uHCTUTyTa OnoMexunnHEL [IepBoro
CaukT-Ilerep6yprckoro rocyzmap-
CTBEHHOT'0 MEJUIIMHCKOI0 YHUBED-
curera uM. U. I1. ITaBroBa.

B 2010 roxay oxomumma Mockos-
CKUII rOCyJapCTBEHHBIN YHIBEPCH-
TET 10 CcrenuajgbHOCTH «Broxu-
mus», B 2020 rony — marucTpary-
py Yuusepcutera UTMO 1o crieriu-
ampHOCTH «IIpHKJIagHAasA MareMma-
THKa 1 THPOPMATUKa».

B 2013 rogy samuTmia guccepra-
I[UI0 HA COMCKAHNE YUEHOH! CTEIeHN
KaHAuAaTa O10JIOTNIeCKIX HAYK.
SIBnsiercs aBropom 13 HayuHBIX
nyOJuKaIyil ¥ IByX IATEHTOB Ha
u300peTeHus.

06s1acTh HAYYHBIX HHTEPECOB —MO-
JIeKyJIApHaa OMOJIOTUsA, TeHOMUKA,
MpPOTEOMUKa, OuonHGOPMATUKA,
MOJIEKYJISIPHOE MOZEINPOBAHIE.
911. agpec: petuhovanv@lspbgmu.ru

IITMMEHOB
Buxkrop
HropeBuu

IIpodeccop, AUPEKTOD CIeI[HaIu-
3MPOBAHHOTO I[EHTPA HOBBIX WH-
(hOPMAI[MOHHBIX TEXHOJOTUH, 3a-
Bemyomuit Kadexpoit wmHpOpMa-
OUOHHBIX  TexHomoruit  CaHKT-
IleTepOyprcroro rocyiapcTBeHHO-
r0 YHUBEPCUTETA IPOMBIIIJIEHHBIX
TEeXHOJIOTHH 1 [u3aiiHa.

B 1983 roxy oxkonuns Jlenurrpa-
CKUIl MeXaHWYECKU MHCTUTYT IO
crenuanbHocT «CHcTeMBI aBTO-
MaTHYECKOTO YIIPABICHUS.

B 2009 rogy samuTua aumccepTa-
M0 HA COMCKAaHMEe YUEHO! cTere-
HU JIOKTOPA TEXHUYECKUX HAYK.
fAsnserca asropom Gosee 170 ma-
yuHBIX nyOaukanuit u 11 cBuge-
TEJBCTB 00 WMHTEIEKTYaIbHON
COOCTBEHHOCTH.

O6acTh HAyYHBIX WHTEPECOB —
pacnosHaBaHue 00pasoB, UHTEJ-
JIEKTYaJbHBI AHAIU3 JaHHBIX,
3D-MozietupoBaHue.

9. aapec: v_pim@mail.ru

IIMMEHOB
Naba
BuktopoBuu

IomenT xadeapsl BEIUUCIUTENb-
HBIX CHCTEM U HH()OPMATUKY TOCY-
IAPCTBEHHOTO YHUBEPCUTETA MOD-
CKOT'0 U PEYHOro ()ioTa uM. afMu-
para C. O. MakapoBa, CaHKT-
Ilerep6ypr.

B 2011 roay oxkomumn CaHKT-
IlerepOyprckuii rocyaapcTBeHHBIH
YVHUBEPCUTET TEXHOJOTUY U AU3AT-
Ha 1o crenuanabHocT «[Ipukian-
Had NHQOPMATUKAY.

B 2017 roxy sauuTui auccepTa-
[UI0 HA COMCKAHWE YUEHOH crere-
HU KaHAUJATA TEXHUUECKUX HAYK.
SBnsiercs aBropom 40 HayuHBIX
my0IUKAIWH U IBYX CBUETENBCTB
00 WHTEJJIEeKTYaJbHOH COOCTBEH-
HOCTH.

O6s1acTh HAYYHBIX WMHTEPECOB —
HHTeJJIEKTYaJIbHBIE CHCTEMBI, Me-
TONBI UBBJICUEHWS BHAHWIMA, MYJIb-
TUMeI1a-TeXHOJIOT .

9. agpec: i-pim@mail.ru

IIPUXOABKO
Agnena
AHapeeBHaA

Crynentka  Ilepsoro  CaHKT-
IleTepOyprcroro rocyiapcTBeHHO-
IO MeIWIIMHCKOTO YHUBEPCHUTETa
um. U. II. ITaBnosa.

O6acTh HAayYHBIX WHTEPECOB —
OuonHpoOpMaTHKA, TEHETHKA, MO-
JIeKyJIsIpHAS OMOJIOTHS.

9. agpec: aljonaprich@gmail.com
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y 4 CBEAEHWS1 OB ABTOPAX 7
CEBEPPU TIpodeccop, nmupextop IlenTpa CEPTEEB TIpodeccop, nupekrop MuCTHTYTA
Tzxenndep KOMIIBIOTEPHBIX HCCIIeIOBAHMI 6es- Muxani BBIUMCIUTENBHBIX CHCTEM H IIPO-
omacHOCTH ABCTPAJHUIICKOrO roCcy- B TPaMMUPOBAHIUS, 3aBEAYIOIIUI Ka-
OpHCOBHY

i

S
.ﬁm:. Al

APCTBEHHOTO yHUBepcuTera Byir-
noaroar (Wollongong), ocHoBa-
TeJb MIKOJNbI Kpuntorpaduu AB-
crpanuu, Bymmomronr, Ascrpa-
s,

B 1966 roxy mosyumia creneHb Oa-
KasaBpa B yHuBepcurere HoBoro
TO:xHOrO Vasnca, 8 1969 rogy — ma-
TUCTPA €CTECTBEHHBIX HAYK B YHU-
Bepcurere JIa Tpo0, ABcTpasus.

B 1971 roay samuruia auccepra-
[UI0 HA COMCKAHWE YUYEHON CTere-
HH foKTopa Hayk (PhD).

fBasercsa aBTopom Gosee 450 mHa-
VUHBIX TYOIUKANWUA U IIECTH MO-
Horpaduii.

O6acTh HAYYHBIX WHTEPECOB —
IUCKPeTHAs MareMaThKa, KoMou-
HAaTOPUKA, MaTpumbl Amgamapa,
OesomacHble  KPUITOAJITOPUTMEL,
nepeziadya nH(GOpMAI L.

91. agpec: jennie@uow.edu.au

(beapoil BEIYMCIUTENHLHBIX CUCTEM
u cereit Cauxr-Ilerep6Gyprckoro
TOCYJAPCTBEHHOTO0 yHUBEPCHUTETA
a9POKOCMUUECKOr0 IPHOOpPOCTpoe-
HUfA, TOYETHBIN PAGOTHUK BBICIIIE-
ro IpodeccHOHAaIBHOTO0 00pasoBa-
Hus PO,

B 1980 roay oxomuma JIOTU mo
CIIEIIMAIBHOCTH «DJIEKTPOHHEIE BBI-
YVCJIUTEbHBIE MATINHEDY.

B 2001 roxgy samurua auccepra-
VIO HA COMCKAHIE YUEHOH CTEIIeHN
JIOKTOpA TEXHUUYECKHUX HayK.
Anserca aBropom Gosee 100 Ha-
YVYHBIX TyOIuKanuii u 14 mateHToB
Ha n300peTeHns.

O6GsacTh HAyUYHBIX MHTEPECOB —
Teopus paspPALHBIX BHLIUUCIEHHUI,
MeTOABl IIPOEKTUPOBAHUSA CIIEI[-
TIPOIIECCOPOB IJIS CUCTEM KOHTPO-
JISL ¥ YIIPABJIEHUS U 1.

9. agpec: mbse@mail.ru

CUHUIINHA
Oasra
HropeBHa

AcrnwpasT Kadenpbl BBIUNCIA-
TeJbHBIX cucrteM U cereil CaHKT-
ITetepGyprekKoro rocyzapCTBEHHO-
0 YHUBEDPCUTETA a3POKOCMUUE-
CKOr0 IPHOOPOCTPOEHNU .

B 2008 roxy oxomumma CaHKT-
IleTepOyprecKuii yHUBEPCUTET Te-
JIEKOMMYHUKAUWi uM.  1pod.
M. A. Bonu-BpyeBuua 1o cmeru-
AJIBHOCTH «ABTOMATH3AIUA TeX-
HOJIOTMYECKUX IPOIECCOB U IPOU3-
BOJICTB>.

SIBJsieTCSA aBTOPOM OZHOM HAYYHOM
nyOIuKaII.

O6sacTh HAyYHBIX HHTEPECOB —
TEOPUSA JIUHAMUYECKUX CHUCTEM,
TEOpUs MaTPHII, BEIYUCIUTEIBHEIE
METOJBI.

9. agpec: libral8@yandex.ru

CTAJHUKOB
Henuc
TenHansreBnY

CryzerT OMCKOro roCyAapCTBEH-
HOTO TeXHUYECKOT0 YHUBEPCHUTETA.
SBasercsa aBTropom 21 HAYUHOM ITy-
OIMKAIIT

OG1acTh HAYYHBIX HHTEPECOB —
pacmosHaBaHUe 00pa3oB, MOZENIN-
pOBaHUEe CHCTeM OHMOMETPUYECKOI
ayTeHTU(DUKAIIUN.

9. agpec: sdg250598@inbox.ru

CYJIABKO
Agnexceit
EBrensesuu

TomeHT Kadeapbl KOMILIEKCHOI
samurel wH(opManuu OmMcKoOro
TOCYZAPCTBEHHOTO TEXHUUIECKOTO
yYHHUBEpCUTETA.

B 2009 roxy oxoruns CuOUPCKy0O
rOCYJApCTBEHHYI0  aBTOMOOHIIB-
HO-IOPOXKHYIO aKaJeMUIO IO CIie-
nuaabpHoct «Komiiekcmoe o0e-
creueHre MH(GOPMAIMOHHON 0e3-
OIIACHOCTY aBTOMATHUBUPOBAHHBIX
CHCTEM».

B 2014 ropy samuTui auccepra-
[UI0 HA COMCKAHNE YUYEHOH CTere-
HU KaHAUJaTa TEXHUIECKUX HAYK.
SBnsercsa aBropom Gosee 130 ma-
YYHBIX IYOJIUKANUNA ¥ OJHOTO IIa-
TeHTa Ha N300peTeHwe.

O6acTh HAYYHBIX WHTEPECOB —
pacrmosHaBaHHe 00pasoB, MAIIWH-
HOe 00yJeHUe, OMOMETpHUS, UCKYC-
CTBEHHBIN MHTEJJIEKT, 3al[UTa NH-
(opmaruy, HCKYCCTBEHHbIE Heli-
POHHBIE CETH.

9. agpec: sulavich@mail.ru

TATAPUHOBA
Anna
AnpgpeeBHa

Crapuiuit HayYHBIA COTPYAHUK Ha-
YUYHO-HICCJIE0BATENIBCKON J1abopa-
TOPUU BJIEKTPOKAPAUOTOT Y, ACCHU-
cTeHT Kadeapbl BHYTPEHHUX 00-
sne3Heir HCTUTYTA METUITMHCKOTO
obpasoBauus HaluoHaJbHOrO Me-
IUIHCKOTO HCCJIEL0BATEIHCKOIO
meHtpa um. B. A. Asmasosa,
Caukr-TlerepOypr.

B 2004 roay ¢ oriryreM OKOHYMIA
Caukr-IlerepOypreKuil  MeIUIIVH-
CKUIl YHUBEPCHUTET UM. akKag.
1. I1. ITaBsoBa 10 CIieIUaIbLHOCTH
«JIeuebHOE 1EII0».

B 2011 roagy samuTuia auccepra-
WO HA COMCKAHIE YUEHOH CTEIIeHI
KaHANAATa MEAUIIMHCKUX HAYK.
SfBnsierca aBTOPOM JEBATH HAy4-
HBIX IyOJUKAIWi.

O6sacTh HAYYHBIX HHTEPECOB —
JTHOJIOTUA, TTATOGUIUOJIOT U, TUa-
THOCTHKA U JIeUeHUe MKEeTyI0UKO-
BBIX HapPYIIEHUI PUTMa Pa3INnuHO-
ro XapakTepa M HapyIIeHW# cep-
IeYHO IIPOBOJMIMOCTH.

971 agpec: antsvet.18@mail.ru
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X .

THUIIIKOB IonentT, 3aBepyomuii Kadexrpoit TPEIHIKYP Baseayiomasa HUJI siekTpokapan
ApTeM (pusuku, maTeMaTUKU U UHGOPMA- Tarsana 0JIOTAH, JOLEHT Kadenpbl BHY-
BasepbeBuu TUKHY, CTApIIUN HAyIHBIA COTPYA- BacuianeBHA TpeHHUX G0JIe3HEH UHCTUTYTA Me-

aug HUIL Guomndopmaruku Ha-
Y4HO-00pPa30BaATEIbHOTO UHCTHUTY-
ta 6buomenuiuuel [lepsoro CankT-
TleTepGyprekoro rocyxapcTBEHHO-
ro MEIWIMHCKOTO YHUBEPCHUTETA
um. 1. II. ITaBsoBa.

B 1996 romy oxomumn CaHKT-
IlerepOyprexuii rocymapcTBeHHBIH
YHUBEPCUTET [0 CIIEIHAaJIbHOCTI
«IIporpaMmMHOe o0ecreueHNe BBI-
YUCIUTESHHON TeXHUKY U aBTOMA-
THUBMPOBAHHBIX CUCTEM».

B 1999 ropy samuTtui auccepra-
M0 HA COMCKAHWE YUEHOU CTele-
HU KaHgUAaTa (pus.-MaT. HayK.
SBnsiercs aBropom 101 HayuHOI
myOJMKAIIVY, B TOM Y¥CJIE TPEX IIa-
TEHTOB Ha N300PETEeH.

O6acTh HAYYHBIX WHTEPECOB —
MOJIEKYJISIpHAs OMOJIOT S, TeHeTH-
Ka, aHAJIU3 MYTaI[Ai.

9. anpec: artem.tishkov@gmail.com

IUIMHCKOTO obpasoBaHusa Hatwo-
HAJBHOI'0 MEJUIIMHCKOTO HCCJIE/I0-
BaTeJbCKOro meHTpa um. B. A. Aj-
masoBa, Caukr-IleTepbypr.

B 1972 roay oxonumia 1-it Jlenun-
TPAJICKUH MEAUIITHCKUI HHCTUTYT
um. akaza. W. II. IlaBmoBa mo cie-
nuaasHOCTH «Tepamnus».

B 1988 rogy samuruia guccepra-
IIMIO0 HA COUCKAHVE YYEHOH CTeeHN
KaHAUAATa MEUIIMHCKUX HAYK.
fAsnserca aBropom Gosee 100 mHa-
VUHBIX IIyOIUKAIUN, CEMU MOHO-
rpaduii ¥ IATH TaTEHTOB.

O6acTh HayYHBIX WHTEPECOB —
HapYyIIEHUs CePAEYHOr0 pPUTMA,
3JIEKTPOKapArorpadus, X0ITepoB-
CKOe MOHUTODPMPOBAHNE C TeJeMe-
TPUYECKOU IIepefiaueil JaHHBIX ue-
pes3 MHTepHeT MapKepPOB BHE3ATHO
CepAeYHON CMEPTH.

911. agpec: meinetvt@mail.ru

YOBAH
Annas
T'aBpumoBuu

Cryment Oakamnaspuara OmcKoro
rOCyJapcTBEHHOTO TEXHUYECKOTO
YHHUBEpCUTETA.

fBngerca aBTopom 11 Hay4YHBIX
Iy0IUKANWY U TPeX CBUETENLCTB
0 pPerucTpanuy dIEKTPOHHBIX pe-
CYpCOB.

O6JsiacTb HAYYHBIX WHTEPECOB —
OuomeTpuuecKas MAeHTUPUKAIUAA
7 ayTeHTU(GUKALNSA INIHOCTH, Ma-
MUHHOE OO0yYeHue, WCKYCCTBEH-
HEIe Hel{POHHBIE CeTH.

9. anpec: adil_choban@mail.ru

ITAJIBITO
Amnaromui
AGpamoBuyu

IIpodeccop dakynbrera nupopma-
IMOHHBIX T€XHOJOIMA U MPOrPaM-
mupoBanus Yausepcurera UTMO,
yuenslit cexperapps HIIO «ABpo-
pa», Caukr-IlerepOypr.

B 1971 roxy oxonuna JleHuHrpaa-
CKUH 9IeKTPOTeXHUYECKUI NHCTH-
Tyt uM. B. 1. YiapaHoBa (Jlenuna)
10 CIIEI[UATBHOCTY «ABTOMATUKA 1
TeJeMeXaHIKAY.

B 1999 roay sammTui aumccepTa-
I[MI0 Ha COMCKAHNE yUeHOH cTere-
HU JIOKTOPA TEXHUYECKUX HAYK.
fBnsercs apropom Gosee 250 Ha-
VUYHBIX TYONUKAINI, TPEX MOHO-
rpaduwuit u 70 usoOperTeHuii.
O6acTh HAyYHBIX HHTEPECOB —
CHCTEMBI JIOTUYECKOTO YIPaBJIe-
HUS, aBTOMATHOE IPOrPaMMUPOBa-
HUE.

9. agpec: shalyto@mail.ifmo.ru
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COAEP>XAHUE XXYPHANA

«“UHOOPMALUUOHHO-YMNPABAAIOLLWHUE CUCTEMDbI>»

3A 2020 r. [Ne 1-6]

Balonin N. A., Sergeev M. B., Vostricov A. A. Prime Fermat numbers and maximum
determinant matrix conjecture

Balonin N. A., Pokovi¢ D. Z. Conference matrices from Legendre C-pairs

Bug D. S., Prikhodko A. A., Bakin E. A., Tishkov A. V., Petukhova N. V., Barkhatov I. M.,
Morozova E. V., Moiseev I. S. Building and evaluation of bioinformatic pipeline
for determination of clonal profiles in myelodysplastic syndrome

Burkov A. A., Shneer S. V., Turlikov A. M. Lower bound for average delay in unblocked
random access algorithm with orthogonal preambles

Chubich V. M., Kulabukhova S. O. Research on the effectiveness of continuous-discrete
cubature Kalman filter distributional-robust modifications

Dvornikov S. V., Balykov A. A., Dvornikov S. S. Application of permutation frequency
modulation signals manipulated with a constant weight code to increase the noise immunity
of decameter radio communications

Gusarova N. F., Klochkov A. P., Lobantsev A. A., Vatian A. S., Kabyshev M. V., Shalyto A. A.,
Tatarinova A. A., Treshkur T. V, Li Min. Generative augmentation to improve lung nodules
detection in resource-limited settings

Lobantsev A. A., Gusarova N. F., Vatian A. S., Kapitonov A. A., Shalyto A. A. Comparative
assessment of text-image fusion models for medical diagnostics

Iskhakova A. O., Alekhin M. D., Bogomolov A. V. Time-frequency transforms in analysis
of non-stationary quasi-periodic biomedical signal patterns for acoustic anomaly detection

Juwiler I., Bronfman I., Blaunstein N. Analysis of total signal decay and capacity of
information data in wireless atmospheric communication links. Part 2

Kirillov A. N., Danilova I. V. Utility function in the foraging problem with imperfect
information

Kurkin S. A., Grubov V. V., Maksimenko V. A., Pitsik E. N., Khramova M. V., Hramov A. E.
System for monitoring and adjusting the learning process of primary schoolchildren based on
the EEG data analysis

Le D. T., Dao M. H., Nguyen Q. L. T. Comparison of machine learning algorithms for DDoS
attack detection in SDN

Moldovyan D. N., Moldovyan A. A., Moldovyan N. A. A novel method for development of
post-quantum digital signature schemes

Nguyen Nang Hung Van, Pham Minh Tuan, Do Phuc Hao, Pham Cong Thang,
Tachibana Kanta. Human action recognition method based on conformal geometric
algebra and recurrent neural network

Pimenov V. 1., Pimenov I. V. Interpretation of a trained neural network based on genetic
algorithms

Polyakov E. V., Voskov L. S., Abramov P. S., Polyakov S. V. Generalized approach to sentiment
analysis of short text messages in natural language processing

Shcherban 1. V., Kosenko P. O., Shcherban O. G., Lobzenko P. V. Method of automatic search
for odor-induced patterns in bioelectric activity of a rat olfactory bulb

Shepeta A. P., Nenashev V. A. Accuracy characteristics of object location in a two-position
system of small onboard radars

Solovyeva E. B., Abdullah A. Controlling system based on neural networks with reinforcement
learning for robotic manipulator

Sovetov B. Ya., Tatarnikova T. M., Poymanova E. D. Storage scaling management model

Ne  Crp
2 2
4 2
6 50
3 79
4 11
6 30
6 60
5 70
1 15
1 54
2 71
5 50
3 59
6 21
5 2
6 12
1 2
5 62
2 31
5 24
5 43
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Sulavko A. E., Lozhnikov P. S., Choban A. G., Stadnikov D. G., Nigrey A. A., Inivatov D. P.
Evaluation of EEG identification potential using statistical approach and convolutional neural
networks 6 37

Anémkun A. I1., Bnagumupos B. B., Hes3opos B. ., CaBoukus II. B. MeTox moBbIllIeHIA
pasperraIrei CiocoOGHOCTHY U TOYHOCTU PAaJUOJOKAIIMOHHBIX YIVIOBBIX U3MEPEHU Ha OCHOBE
TocJIeIOBaTeJIbHOM IPOCTPAaHCTBEHHO-BPEMEHHOM 00pab0TKY IPUHUMAEMbIX CUTHAJIOB 2 37

Apcenses B. H., Xomonenko A. /1., Anpenxkun A. A. B3BelieHHBII yUeT allPUOPHON U OIIBITHOM
uHopMaINX B 3a1aue OlleHuBaHUs d9(hGeKTUBHOCTH (QYHKITMOHUPOBAHUSA CUCTEMbBI YIIPABJICHUS
IpU pacipeaeJeHny Yrcja UCIbITaHUH 10 3aKoHy Ilackas 3 39

Banonun H. A., Ceprees M. B., Ce6eppu I:x., Cuannpraa O. U. OKpy:KHOCTU HA perieTKax
¥ MaTPUIIGI MAKCUMYyMa JeTepMuHaHTa 6 2

Bpanunkuii A. A., Jloitnukosa E. B., Korenko 1. B. Vcnoib3oBanue HelpoceTeli i IPOTHO3U-
POBaHUS ITOABEPKEHHOCTH II0JIb30BaTEJIell COIUANBHBIX CeTeH MeCTPYKTUBHBIM BO3IeCTBUSIM 1 24

Boakos B. IO. AnanTuBHAaA MHOTOIIOPOTOBAS CEJIEKIIUA 0O0'HEKTOB Ha N300PaKEHUAX B CUCTEMAaX
OUCTAHIITMOHHOT'O 30HINPOBaAHUI 3 12

Teiimapos II. III. AsiropuT™M BhIUKCIEHUS 3HAUEHU T BECOB CUHATICOB IIEPBOT'0 CJI0S HEPOHHOI
CeTu Ha OCHOBE METPUUYECKUX METOJ0B paclmo3dHaBaHuA. dacTs 1 2 20

Teiimapos II. III. AsiropuT™M BhIUKCIEHUS 3HAUEHU I BECOB CUHAIICOB IIEPBOT'O CJI0S HEPOHHOI
CceTU HAa OCHOBE METPUUECKUX METOIOB paclo3HaBaHusd. JacTs 2 3 25

Topoynosa M. B., Oméror A. ., Komapor M. M., Bezzareer C. B. O630p npobJiem BHeApEeHUA
TEeXHOJIOTUH PacIIpeeJIeHHOr0 peecTpa 2 10

I'paues II. I., MypaBses C. B., ®uasuenkos A. A., IllaxsiTo A. A. 'eHepariua aBToOMaToB Ha
OCHOBEe PeKYyPPEeHTHBIX HelipoceTell 1 aBTOMATUYeCKOro BLIOOpA KJIacTepusaliuu 1 34

JBoitnukoBa A. A., KapmioB A. A. AHanuTuyecKuii 0630p IOX00B K PACTIO3HABAHUIO TOHAJIb-
HOCTH PYCCKOSIBBIUHBIX TEKCTOBBIX JaHHBIX 4 20

ABopuukos C. B., Konroxosckmuii B. C., Cumonos A. H. Cioco6 4acTOTHO-IIPOCTPAaHCTBEHHOM
CeJIKIIUY PagUON3IyUeHUH C IIOMOIIBbI0 TPHOPTOTOHAJIBHO aHTEHHOM CUCTEMbI 1 63

Hembanos B. B., Xamumanos /1. C., @egopos M. 9., Umaposa 0. B. Omernka KauecTBa aJiropurma
KOHTPOJIA mocTymnHocTr WAAS B yCJIOBUAX YMEPEHHON reOMarHUTHOI Oy pu 2 46

Huxwnit [I. 1. Meton o6Hapy:keHua DoS-aTak Ha MPUKJIaHOM YPOBHE B CETAX «U3TATeJIb-
TOAITUCYUK» 4 50

Hoponuna I0. B., Ckatrkor A. B. Kackagno-uepapxmuiyeckoe MoeIMPOBaHIE B 3a/JaUaX aHAJINI3a
OUHAMUKU PECYPCHBIX XapaKTEePUCTUK CIOKHBIX CHCTEM 3 48

3otun A. T., ®asopckasa M. H. [IpumeneHre MITPUXKOAUPOBAHUSA I (P POBOr0 MAapKUPOBa-
HUS BUIEOIIOCJIEI0BATEIHbHOCTEH Ha OCHOBE YACTOTHBIX IPpeo0pasoBaHUi 5 12

Kyu A. K., Makcumenko B. A., Xpamora M. B., Xpamos A. E. VccienoBanue mpoiiecca 06padboT-
Ku 3pI/ITeJII)HOI'./'I HHCpOpMaIII/II/I B 3aBHCHUMOCTH OT OpPHUEHTAIlUV CTUMYJIOB 11O MHOT'OKaHAJIBHBIM
sanucsam I3 1 73

Maasues I'. H., [Isxymkor B. B. AxggutuBHas rpanuiia BEpOATHOCTH OMINOKY B JMCKPETHOM
KaHaJie mepejjauy nH(GOPMAIIUY C TIOMEXO0YCTOHUNBBIM KOJUPOBAHUEM U I'PYIIINPOBAHUEM
oIImboK 4 78

Maprtsiaosa JI. A., Kucenes H. K., Meicaussiit A. A. MeTox BbIOOpa apXUTEKTYPhI MYJIBTH-

areHTHOU CHCTEeMbI YIIPABJIEHNA aBTOHOMHOI'O HEOOMTAEeMOTI0 IIOABOLHOTIO almapara 4 31
Moapossau 1. H., MoaxmoBau A. A., I'ypsauos 1. IO. IIpoToKkosb caenoi ud)poBoii HOATICH

HAa OCHOBE CKPBITOH 3a7ja4U IVMCKPETHOT'O JIOTapU(PMUPOBAHUA 3 71
Ocumnog B. 10., Munocepmos [I. . HeiipoceTeBoe mporHo3upoBanme COOBITUI 151 pOGOTOB

C HeIIPEPBIBHBLIM O0yUYeHUEeM 5 33
ITamaru H. H. KpacunsHuKOBaA 1 81

IIaraes A. C., ®aBopckaa M. H. Kiaccuduramus coCcTOSHUSA [epPeBbeB 0 BU3YAJIbHBIM JaHHBIM
Ha OCHOBE HEUETKOI JOTUKU 3 2
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Ne  Crp.
Posxnecreenckas K. H. KosinuecTBeHHBIN aHAIN3 IPOIPAMMBI JIJIs yIIPABJIEHNsT OOPTOBOIT

BBIUNCJINTEJIbHON CEThIO 4 42

Cmupnos A. B., Jleeamosa T. B., [lonomapes A. B. Ilognep:kxka nIpuHATHA PeIIeHNII HA OCHOBE
YeJI0BEKO-MAIINHHOIO KOJIJIEKTHBHOTO NHTEJLIIEKTAa: COBPEMEHHOE COCTOSTHIE 1 KOHIEIITYaIbLHAS
Mozeab 2 60

CyaaBko A. E. BricokoHaie:kHaA ayTeHTU(DUKAIIUA 110 PYKOIUCHBIM IIapOJIAM Ha OCHOBE
rubpUIHBIX HEHPOHHBIX ceTell ¢ obecrieueHreM 3aIUTHl OMOMETPUYECKUX ITAJOHOB OT KOMIIPO-
MeTaIun 4 61

IITapor C. H., Toxmaues C. I. ITouck 6MHAPHBIX KOAOBBIX MIOCJIEA0BATEIHLHOCTEI C HUBKUM

YPOBHEM OOKOBBIX JIEIIECTKOB 9BOJIIOIIMOHHBIM CIIOCOOOM 1 44
CBenmenus o6 aBTopax 1 83
Csegenus 00 aBTOpax 2 78
CBenmeHus o6 aBTopax 3 86
Csenmenus o6 aBTopax 4 87
Csegenus 00 aBTOpax 5 80
CBenmenus o6 aBTopax 6 70

NAMATKA ANl ABTOPOB

ITocmynawuwue 6 pedakyuio cmambvu npoxodam 06s13amenvbHoe pey,eH3UPosaHue.

IIpu HaIMUYMK ITOJOKUTEJIbHOI PEIleH3UM CTaThs pacCMaTpPUBaeTCA PeIaKIIMOHHON KOJLIeru-
eii. [IpunsTas B meuaTb CTaThs HAIPABJSETCA aBTOPY AJIS COrJIACOBAHUS PeIaKTOPCKUX IPABOK.
ITocute coryiacoBaumsi aBTOP IPEACTABJISET B PeAAKIIUI0 OKOHUYATEJIbHBIN BADUAHT TEKCTAa CTATHU.

IIpomenypsl corjacoBaHUS TEKCTA CTATbBU MOI'YT OCYIIECTBISTHCA KaK HEIOCPEICTBEHHO
B PeJlaKIuu, TaK u 1o e-mail (ius.spb@gmail.com).

IIpu OTKJIOHEHWU CTAThbU PENAKIIUA IIPEICTABJIAET aBTOPY MOTUBHPOBAHHOE 3aKJIIOUEHUE
U PeleH3UI0, IIPU HeOOXOANMOCTH 0Pad0TaTh CTATHIO — PEIleH3UI0.

Pe(?amguﬂ HYpHAJLAa HAnomuraem, 4mo omeemcmeerHHoCmb
3a 6ocmoeepHocmb U MOYHOCMb PEKJIAMHbLX Mamepualos Hecym permamo@ameﬂu.
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