ZU3UUSULP @bSNhEe3NPLLENP ULGU3PL UHUAEUPUSP BY

2Us8UUSULP U2a-U3hL MNLPSELPYUY UL Z2UUULUUCULD

SE1cuuapl
M3BECTHWA

HALLIMOHAJIBHOW AKAJEMWUM HAYK APMEHUM U

HALLIMOHAJIBHOI'O MOJUTEXHUYECKOI'O YHUBEPCHUTETA
APMEHHWH

StivuLhulUuUL @hSORESNPULLESD UGIPU

CEPUSA TEXHUYECKUX HAVK

crocduu EPEBAH



2U3UUSULP @bhSNPESNRLLEP UQGUSHL UUUNGURUSE
B4 2U8UUSULP UQaUShL MNLPSELMIUYUL

UUULUUCULh
Stcuuahl
SGvLhYUUUL @hSNRESNPLLEE UBPU
Zunnnp 72
N2 UNreL - znbhuvbU
GLGYUvL 2019
N3BECTUA

HAIIMOHAJIBHOM AKAJJEMHH HAYK APMEHUU U
HAIIMOHAJIBHOT'O NOJIMTEXHUYECKOTI'O YHUBEPCUTETA
APMEHHUHA

CEPHUSA TEXHUYECKHUX HAYK

Tom 72
N2 AITIPEJIb - UIOHb
EPEBAH 2019

PROCEEDINGS

OF THE REPUBLIC OF ARMENIA NATIONAL ACADEMY OF
SCIENCES AND NATIONAL POLYTECHNIC UNIVERSITY OF
ARMENIA

SERIES OF TECHNICAL SCIENCES

Volume 72
N 2 APRIL - JUNE

YEREVAN 2019



Kypnan m3naercs ¢ 5.01.1948 r.
Buixoaut 4 pa3a B rog

MURUQCUYUL UNLESPU

G uunjnp judpughn® Ukjhpjut 9.C., 22 QUU ppe. winud, w.q.n., wypnd., 22
Qqju. dpugpp mbnuju® phqopyuit U, wn.q.n., wypnd., 22
NMuunuwuppwbwnm pupunyup’ Ukpuiyuh &.U., 22
Rlpugpuiljuh Ynjkighw’

Unpupuh U.Q., n.q.n., ypnd., 22

Unywiywl L.2, 22 QUU pyp. winud, $.-d.q.n., wypnd,, 22
Punupub LN, wn.q.n., ypnd., 12

Punnuuwpyut 2.9, w.q.0., ypnd., 22

Punnuuwpjui U.L, n.qn., wpnd., 22

Ququphuulh U.8n1, d.-U.q.n., ypnd., +}

Gnukjdw U, n.q.p., Eghuyunnu

Aphdpjuip 9., wn.q.p., 2hth

Tupjui U, 22 QUU pnp. winud, p.q.1., ypnd., 22

Mnlhy R, w.q.n., Ponuthw b 2Zkpghignihtu

Snpyui G, n.q.p., GUL

bynuokuln U.D., Rhjunniuh QUU prp. winud, n.q.1., wpnd., Rkjunniu
Lwl 2., n.q.p., 2piwunuls

Yupuywh Z.U., 22 QUU prp. winud, b.-l.q.n., ypnd., 22
Ypwuthlyng @8, 1} FUU whwunkdhlnuy, n.q.n., ypnd., [}
Ynipnniw B, n.q.p., dpubuhw

Zwjinudjwb UG, 22 QUU pp. winud, b.-l.q.n., ypnd., 22
Zwmynpjut 9.0, d-d.qn., 22

Zwhwhny 4.b., Yhpunwljubh nunhnk Eupnthugh Nijpuhbugh VT whunbdhlnu, wn.q.n., ypnd.,
Mlpwhtw

Nnpguib U2, 22 QUU wiwugbdhynu, $.-d.q.n., ypnd., 22
Uwbnuihlw U., n.q.p., Zunjuuinwi

Uwpmyub 0.2, v.q.p., ypnd., 22

Uhhiunupy GG, fhjunniup UU wljunbdhlnu, wn.q.n., ypnd., Fiunniu
Crhjaowndwt N1, n.q.p., Fhpdwthw

Quiig $., Puypjuuh FUU wlwnbdhlnu, n.q.1., Bupjui

Quuujhqht 8n1. U, [} QUU wljunbkdhlnu, n.q.n., ypn., 1Y
Nhnpnywi 0.2, wn.q.1., wpnd., 22

Nhwnpnuyuig 4.0, w.q.1., wpnd., 7

Uwuyuunikljup U, n.q.p., TUL

Uwpquub 8n.L,, 22 FUU whwunkuhynuy, n.q.q., wpn., 22

Urhwit U.U,, n.q.n., ypnd., 12

Uhunywh U.Z, v.q.1., ypnd., 22

Uwnbdylynjulh G.L, 7 QUU wljunbdhlnu, n.q.n., ypnd., 12
Inpnpimy] UG, n.q.1., ypnd., 7

Shlundhpny .9, .-U.q.n., ypnd., N

Swinju U., n.q.p., Pnynuphw

Mpuwp [}, Eunnthugh @UU whwnbkdhlnu, n.q.n., ypnd., Eunnntthw
Muwinyg 4.b, n.q.., wpnd., 3

Lnynljjuis U0, 22 AUU wlhwunbdhlnu, wn.q.n., wpnd., 22



PEJAKHHUOHHASA KOJIJIET'UA

I'naBusiii penaktop Meanksn B.11., unen-kopp. HAH PA., n.1.1., mpod., Apmenus
3amecTHTE b I1aBHOTO pefrakTopa I'puropsin A.X., 1.1.H., npod., ApmeHus
OtBercTBeHHblii cexkperaps Ceiipansu JK.C., Apmenus
Peaxosuterus:

Ar6ansu C.I'., 1.1.H., ipod., ApMeHUs

Axonsia B.H., 1.¢.-M.H., ApMeHHs

Acnansn JILA., anen-kopp. HAH PA, n.¢.-m.H., mpod., Apmenust
Axymsn A A., aner-xopp. HAH PA, n.¢.-Mm.H., npod., Apmenns
Barnacapsn MLK., n.1.H., npod., ApMeHus

Barnacapsin O.B., n.1.H., npod., ApMeHus

Bagansu H.IL., n.1.1., npod., Poccust

Bopo6beB A.E., 1.1.H., ipod., Poccus

Tarapunckuii A.1O., n.¢.-m.H., ipod., Poccus

T'oneiima M., x.1.H., Eruner

I'pumbaar B., k.1.1H., Y

I'yasu AT, akanemux HAH PA, n.¢.-M.H., npod., Apmenus

Hastan C.II., unen-kopp. HAH PA, n.x.H., npod., Apmenust

Hoxuu B., n1.17.1., Bocuus u I'epuerosuna

3opsan E., x.1.1., CIIA

HNnbromenko A.®@., unen-kopp. HAH benapycu, n.1.1., npog., benapycob
Kapasn I'.C., unen-kopp. HAH PA, 1.¢.-M.H., mpod., Apmenus
Kpacunuxos I'.fl., akanemux PAH, 1.1.H., pod., Poccus

Kyprya B., k.1.H., ®panius

Kyuyksan A.T., akagemnk HAH PA, n.1.1H., npo¢., Apmenus

Jan Y., x.1.H., Kutaii

Mangamuka C., x.1.H., Unaus

Mapyxsn B.3., x.1.H., npod., Apmenus

MuxaneBuu A.A., akagemuk HAH Benapycu, a.1.4H., npod., benapycs
Merpocsin O.A., 0.7.H., npod., ApMeHus

Herpocsing K.O., n.17.1., mpod., Poccus

Camnartnekap C., x.1.H., CLIA

Capkucsn F0.JL., akanemuk HAH PA, 1.1.H., pod., ApmeHust
CourtneB C.A., 1.1.H., mpod., Poccust

Cumonsia C.O., 1.1.H., npod., ApmMeHHs

CremnkoBcknii A.JL., akagemuxk PAH, n.1.1., npo., Poccust
Tuxomupos I'.B., 1.¢.-m.H., ipod., Poccus

Voéap P., akanemux HAH Dcronuu, A.1.H., npod., DcToHUS

YcanoB B.U., n.1.H., npod., Poccus

XaxanoB B.1., akanemMuk AxaneMun HayK YKpauHbI 110 MIPUKIIaTHON pagTuodIeKTPOHUKE, 1.T.H.,
npod., YkpanHa

Hanosa C., x.1.H., bonrapus

Yanr @., akagemuk HanponanbHoii akanemuun TakBans, 1.T.H., TaliBaHb
Yanaweirun F0.A., akanemuk PAH, 1.1.H., npod., Poccus

IimxT™ManH Y., K.T.H., ['epmanus



EDITORIAL BOARD

Editor-in-Chief: Melikyan V.Sh., Corr.member of NAS RA, Sci.Dr., Prof., Armenia
Deputy Editor-in-Chief: Grigoryan A.Kh., Sci.Dr., Prof., Armenia
Executive Secretary: Seyranyan Zh.S., Armenia

Editorial Board:

Aghbalyan S.G., Sci.Dr., Prof., Armenia

Aslanyan L.H., Corr.member of NAS RA, Sci.Dr., Prof., Armenia
Badalyan N.P., Sci.Dr., Prof.,, Russia

Baghdasaryan H.V., Sci.Dr., Prof.,, Armenia

Baghdasaryan M.Q., Sci.Dr., Prof.,, Armenia

Chang F., Member of National Academy of Taiwan, Sci.Dr., Taiwan
Chaplygin Yu.A., Academician of RAS, Sci.Dr., Prof., Russia

Courtois B., Ph.D., France

Davtyan S.P., Corr.member of NAS RA, Sci.Dr., Prof., Armenia

Dokic B., Sci.Dr., Bosnia and Herzegovina

Gagarinski A.Yu., Sci.Dr., Prof., Russia

Ghoneima M., Ph.Dr., Egypt

Ghulyan A.G., Academician of NAS RA, Sci.Dr., Prof., Armenia
Grimblatt V., Ph.Dr., Chile

Hahanov V.1., Academician of Academy of Sciencesof Ukrainein Applied Radioglectronics, Sa.Dr., Prof., Ukraine
Hakhumyan A.A., Corr.member of NASRA, Sci.Dr., Prof., Armenia
Hakobyan V.N., Sci.Dr., Armenia

llyushenko A.F., Corr.member of NAS of Belarus, Sci.Dr., Prof.,Belarus
Karayan H.S., Corr.member of NASRA, Sci.Dr., Prof., Armenia
Krasnikov G.Y., Academician of RAS, Sci.Dr., Prof., Russia
Kuchukyan A.T., Academician of NASRA, Sci.Dr., Prof., Armenia
Lan Ch., Ph.Dr., China

Mandalika S., Ph.Dr., India

Marukhyan V.Z., Ph.Dr., Prof., Armenia

Mikhalevich A.A., Academician of NAS of Belarus, Sci.Dr., Prof., Belarus
Petrosyan O.H., Sci.Dr., Prof., Armenia

Petrosyants K.O., Sci.Dr., Prof., Russia

Sapatnekar S., Ph.Dr., USA

Sargsyan Yu.L., Academician of NAS RA, Sci.Dr., Prof., Armenia
Sbitnev S.A., Sci.Dr., Prof., Russia

Schlichtmann U., Ph.Dr., Germany

Simonyan S.H., Sci.Dr., Prof., Armenia

Stempkovski A.L., Academician of RAS, Sci.Dr., Prof., Russia
Tikhomirov G.V., Sci.Dr., Prof., Russia

Tsanova S., Sci.Dr., Bulgaria

Ubar R., Academician of Academy of Sciences of Estonia, Sci.Dr., Prof., Estonia
Usanov V.l., Sci.Dr., Prof.,Russia

Vorobyov A.Y., Sci.Dr., Prof.,Russia

Zorian Y., Ph.Dr., USA

Zpun. fadpuighp’ d.U. UB3ruusuy
udpwghputp’ 2.8. 16SLNUSUL

2.9. \UQUN3UL

© Usnarenscto HITVA
Uzsectust HAH PA u HITYA (cep. Texu. nayk), 2019



2U8UUSULP @bSNhE3NRLLEND ULQAUSPL UuUGURUSE
B4 zZU3UUSULP UL2aU3hL NNLPSEvLPUUUUL 2ZUUULUULULE

Ssctcuuaenpr
SELPUUYUL SPSNRESNRULLELE UGLHRU

N3BECTUA

HAIIMOHAJIBHOM AKAJIEMHHU HAYK APMEHUAA U HALIMOHAJIBHOI' O
HOJUTEXHUYECKOI'O YHUBEPCUTETA APMEHUN

CEPUA TEXHUYECKUX HAVK

PROCEEDINGS

OF THE REPUBLIC OF ARMENIA NATIONAL ACADEMY OF SCIENCES AND
NATIONAL POLYTECHNIC UNIVERSITY OF ARMENIA

SERIES OF TECHNICAL SCIENCES

2019

2

Zusar UMNCHL - 20 UBU

Tom 72 ATIPEJIb — HFOHb

VOLUME APRIL - JUNE
Zpww. Tudpughp’ duuuu U. UB3ruuduu
Tudpughpltip’ 2.8. MESrNU3UL

2.9. \UQU.N3UL

Uwnnpuqpgus E nyugpnipjui’ 06.06.2019
Pninpep “odulip”: Swwqpnipiniiip’ nhqn: dnpuwwn’ (70x100) 1/16:
Cupyuwsdpp hwdwlwpgswyhi:
Swnwwnbtuwlp' Sylfaen, Times New Roman: 9.25 . dw.:
Nunnkp’ 201: Sywpwbwly 200

Zujwuwnwith wqquyyht Tunorpadus HarmonansHoro Printing house of National
wnhnkubhyulwi MOJIMTEXHUYECKOTO YHUBEPCUTETA Polytechnic University
hudwuwpuith nywpui ApmeHun of Armenia
Epesan, yn. Tepsina 105, 105 Teryan str. Yerevan,

Bplwl, Skpyut 105,
2hn." 520 356

Ten.: 520 356 Tel. 520 356



ISSN 0002-306X. U3B. HAH PA u HITYA. Cep. TH. 2019. T. LXXII, N2.

YK 539.3 MEXAHHKA

A.C. CAPI'CSIH

SJEKTPOYIIPYI'ME CABUI'OBBIE KOJIEBAHUA B COCTABHOM
HNBE3O3JIEKTPUYECKOM INTPOCTPAHCTBE C METAJUVIMYECKUM
CJIOEM

PaccmarpuBaetcst 3a1a4a B3aUMOJICUCTBHS AIIEKTPUUECKOTO M MEXaHHYECKOTO TOJIeH Tpr
ITOJTHOM KOHTaKTEe JIBYX IBE30AJIEKTPHUUECKHX MOIyHpocTpaHcTB. Ha paszgenurensHOi muioc-
KOCTH KOHTAaKTa CKJIEEH MeETaUIMYEeCKUM TOHKMI ciio. Ilonm nmelcTBHEM JIMHEHHOIO HC-
TOYHUKA YCTAHOBUBIIMXCS CABHUTOBHIX KOJICOAHWII B COCTaBHOM IIPOCTPAHCTBE PacIpOC-
TPAHSIOTCS YJIEKTPOYIIPYTHUE BOJIHBI CABUTa. BOIHOBOE MoJie MpeacTaBisieTcs PErysipHbIMU
HMHTErpajaMi Ha pa3pe3ax B KOMIUIEKCHOW IUIOCKOCTH. IIpHHHMMaloTcs METOJbl TEOPUH
(GYHKIHH KOMIUICKCHOTO TIEPEMEHHOTO M KOHTYPHOTO HHTETrpHpoBaHuUs. [Ipu ompeneneH-
HBIX 3HAQUEHUSX AIIEKTPOYIPYTUX MapaMeTPOB CPEAbl PACIPOCTPAHSIOTCS JTOKAITM30BAHHbIE
Yy KOHTaKTHOM TJIOCKOCTH CJIBUTOBBIE BOJIHBI.

Kniouesvie cnoea. >nexTpoynpyrocTb, HCTOYHUK BO3MYIIICHUH, CIBUTOBBIE Koseba-
HHA, HOBerHOCTHLIC BOJIHBI, HBGSOSJ’[CKTpI/IK.

BBenenue. VccnenoBanue pacipoCcTpaHEHUs CABHTOBBIX BOJH B KOHCTPYK-
THBHO HEOJHOPOIHBIX MBE30IEKTPUIECKUX CPElaX aKTyaIbHO C TOYKH 3PCHHUS COB-
PEMEHHOI MeXaHUKH CIUTOIIHOM cpenbl. Ocoboe MecTo B MEXaHWKE TBEPJIOTO Tela
¥ B MaTeMaTH4ecKor (hU3MKe 3aHMMAIOT 3a/1a4H B3aUMOJEHCTBHA (PU3HKO-MEXaHH-
YeCKuX moJiel B qeopMupyembix cuctemax [1-4]. M3ydeHue nmporeccoB pacmpocTpa-
HEeHHs KoJeOaHWu! B COCTaBHON IMbE303JIEKTPUIECKON Cpejie TECHO CBS3aHO C pas-
BUTHEM MPUKIATHON (PU3MKU U DIEKTPOYNPYTOCTH U BBIABISET CYIIECTBEHHBIE
(PUBUKO—TEXHUYECKUE OCOOCHHOCTH MPH MPOCKTUPOBAHUH aKyCTOAIEKTPUUECKUX
1 M3MEPHUTENBHBIX HHKEHEPHBIX YCTPOMCTB. B [2] paccMoTpeHna 3amaua THHEHHOTO
WCTOYHHMKA YCTAaHOBHBIIUXCS KOJICOAHUH B MbE303JICKTPUIESCKOM MPOCTPAHCTBE C
OeCKOHEUHBIM MeTandeckum cinoeM. B [3] wucciemoBana 3amada audpakiuu
IJIOCKOW CIBUTOBOM BOJIHBI B IIbE€30IEKTPUUECKOM IIPOCTPAHCTBE NPU HAIUYUU
1oJy0ECKOHEYHOTO0 METAJUTMYECKOTO CJIOS Majiod TOoNImuHBL Ompenensercs BoOJ-
HOBOE TIOJIe Ha KOHTAaKTHOM YYacTKE CIIOSI CO CPENOH M B IHbE30IJIEKTPHIECKOM
npoctpancTBe. B [4] paccMoTpena 3aqada 0 pacrnpoCTpaHEHHH JIOKAIW30BaHHOM
AIEKTPOYIPYTOH CABUTOBOM BOJHBI B COCTABHOM ITHE303JIEKTPHIECKOM TPOCTPAHCTBE,
KOrja MEXIy 3JIEKTPOYNPYTMMHU CpelaMd HaxXOIMUTCS TOHKUM MeETaJIMYeCKui
AIEKTPOIPOBOAIINI CI0W. BBISIBICHBI YCIOBUS CyIIECTBOBAHUS ITUX BOJH. OT-
METHUM, YTO 3TH YCIIOBUSI MCIIOJIb30BaHbl B JIAHHOM 3ajade O pacrpoCTpaHEHUU
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CABUTOBBIX KoneOanuii. ViccnenoBanuio 3agau Audpakuy MIOCKON AIIEKTPOYIIpY-
TOi BOJIHBI M JIOKQJIN30BAHHOMN, TIOBEPXHOCTHOM BOJHBI Ha MOTyOCCKOHEUHEH Tpe-
LIMHE MEXIY CKPEIUICHHBIMHU JUAJIEKTPUICCKIMHU TOMYTPOCTPAHCTBAMH € Tbe303(-
(bexToM mocssieHsl padoThl [5,6]. B naHHO# paboTe paccMaTpUBaeTCsl CABUTOBOE
BOJIHOBOE MOJIE B COCTABHOM MbE30AJIEKTPUUECKON CPENE, COCTOSIIECH U3 ABYX IOy~
MIPOCTPAHCTB, KOTAa B OJTHOM M3 HHUX JEHCTBYET JMHEHHBI UCTOUYHUK yCTaHOBUB-
LIMXCS MEXaHUYECKHUX KOoIeOaHUH. BBISBICHbI HEKOTOPBIE 0COOEHHOCTH IEKTPOYTI-
PYTOro BOJIHOBOTO TMOJIsl, OOYCIIOBJICHHBIE HAIMYMEM Mbe303(P(PeKTa U TOHKOTO
METAJUTMIECKOTO CJIOSI MEXIY CKPEIUIEHHBIMH HOJTYIPOCTPAHCTBAMH.

IocTanoBka 3agaun. PaccmarpruBaemas 2JIeKTpOYIpyTas cpeia COCTOUT W3
JBYX TMOJYMPOCTPAHCTB—IIbE30JICKTPUKOB Kilacca GMM reKcaroHaIbHOW CUMMETPUU
C Pa3HBIMH JJICKTPOYIIPYTHUMHE XapakTepucTukamu. Cpena 3aHIMAaeT TIPOCTPAHCTRBO,
OTHECEHHOE K JeKapToBOoM cucreme koopauHaT Oxyz . ['maBHas och Kpucraiia

cosmanaer ¢ oceto OZ. Ha pasnenurensroi miockoctn Y =0 CKIeeH TOHKHI Me-

TaJUIMYECKUH CIIOM, KOTOPBII MOKHO pacCMaTpUBAaTh KaK 3JIEKTPOL.
Cpena coBepIaeT yCTaHOBUBILMECS KOJIeOaHUs MOJ IeHCTBUEM JIMHEHHOTO
MCTOYHHUKA, JICUCTBYIOLIETO B BEPXHEM MOJIYIPOCTpaHCTBE 10 JuHuK X=0, y=Db:

P(x,y,t) = R3(x)8(y —b)e™" (puc.1), rue P =const — unTeHcHBHOCTS AEHCTBYIO-
el CUIIBI; » — YacTtoTa KosebaHwii; t — mapamerp BpemeHH; O(X) — (QyHKIus

Hupaka. Cpena HAXOOUTCS B YCIOBHUSAX aHTHILIOCKOW medopmaruu. 3amada 3aKiTio-
YaeTcs B OMPEJIEIICHUU CABUTOBOTO BOJHOBOTO TOJISl B MbE303JICKTPHUUSCKUX TIOTY-
MPOCTPAHCTBAX. 3a OCHOBY NpuHHMaeM AuddepeHnanbHple ypaBHEHNS THHAMU-
YECKOW TEOPUH YIPYTOCTH M YPABHEHHUS 3JICKTPOJUHAMHUKU B KBa3HMCTATHUYECKOM
NPUOIMKEHUN. YUYHUTHIBACTCS TapMOHWYECKas 3aBHUCHMOCTh OT BPEMEHHU BCEX
COCTABIIAIONINX BOJHOBOTO MO (BPEMEHHOM MHOXHTENb € '), ClIe0BaTENbHO,
3ajlaya pemaercs B aMIUTUTyJax. s ompepencHuss aMIUIATY]l TEpEMEIEHUs
W, (X, Y) , W,(X,y) u snexkrpuueckoro norenimana @, (X,y),d,(X,y) B cooTBeTCT-

BYIOILIMX MOJYTPOCTPAHCTBAX MMeeM ypaBHeHus [1-4]

GAW +6AD, + oW = PS(x)3(y~b),

1
eAW — & AD, =0. @
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P(x.y.1)
o

¢ 6'1 €
s -
- 3NEeKTPo
/ 0 X
Z
C,, 6‘2 €,
Puc.l
B otux ypashennsax P, =0, € =¢\;, € =€, ¢ =C\), i =1,2— quonexrpu-

YCCKUC, MBE303JICKTPUYCCKUEC U YIPYTHUC MOCTOAHHBIE COOTBCTCTBYIOIIUX IIbE30-
QJICKTPUUYCCKUX TMOJTYHOPOCTPAHCTB y>0 u y<0, a p; — INIOTHOCTb MAaTCpHATIOB
2 2
0 N 0
2 2"
ox~ oy

Pemennst ypaBaenuii (1) TODKHBI YAOBICTBOPATD CICIYIONINM YCIOBHIM Ha

9THX TOIYIPOCTPAHCTB, A =

miockocta Y=0:
®,(x,0)=D,(x,0) =0,
G(ylz) (x,+0) = G(yzz) (x,-0), 2
W, (X,+0) =W, (x,—0).

3nech c(ylz) (xy), c(yzz) (X,y) — aMIUIITY A6l HANPSKEHUIT B COOTBETCTBYIOIIMX

MO TIPOCTPAHCTBAX
' =c—+e—, i=12
8 2y

Pemenne 3agaun. [Ipumenss naTerpansHoe npeodpaszoBanue Dyprwe o me-
peMeHHOU X K ypaBHeHHsM (1) u ycloBHSM KOHTakTa (2), MOJIyYuM ypaBHEHHUS
OTHOCHUTENLHO TPaHC(HOPMAHTOB UCKOMBIX (PYyHKIIHIA:

0 0

W = J.Wi (x,y)e™dx, @ = J'tbi (x,y)e™adx,

—00
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2
i y>0 ®
-0, +1¢ 1, = 2Q8(y-b),
dy € €
2
(o -k, =0,
dzy&) y<0 (4)
2 -c"®, + ki 2W, =0,
dy 2
u crexyromye ycuous npu Y =0:
6W1+ela®1=czawz+ga®2’51:62:0"’_"1_"_\’2:0' (5)
oy oy oy oy
3neck k =0/C, C, , x =€ / Cg, i=12 — COOTBETCTBEHHO BOJIHOBOE

YHCJI0, CKOPOCTh PACIIPOCTPAHEHHUs CABUTOBOM 3JIEKTPOYIPYTOd BOJHEI U K03 du-
IIUEHT 3JICKTPOMEXAHNYECKOM CBsI3H B moynpoctpancTBax Y>0 u y<O0:

C =@+ x)/p . Q=R /cL+1).

TpanchopmanTsl GpyHKUNI aMIUIUTYA IEpPEMELIEHHS U OTEHIUaa 3JIeKTpU-
YECKOTO I0JIS1 UMEIOT CIIeIYIOLIHNA BU!

W (o,y) = Alc)e " Y —Q (o, y),

B,(c,y) = B(o)e™ + 2w,
&

y>0, (6)

o?—kZy
)

W,(c,y) = Alo)e

_ <0, 7
B,(0.y) - L1 B(o)e" + &, ” v
€ee €

2 2
rlIe U3-3a KOHTAKTHBIX yCIIoBHH (5) nmeeM
_ (@ p)Qe
(6) - K (O') !
B(0)=—2 A(c),

&
Ql(o-' y) = %(eﬂl?kﬂy?b{ — ef‘/Tklz()“b))l
20" -k
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XapakTepuctuueckas (GyHKIHMS JaHHOH 3a1a4i UMEET BUJI

K(0) =K, (o) %Kz(a),

K (o) =1+ Zl)\/ of - k12 - Zl|o'|1 9)
Ka(0) =1+ 1)y o’ —k; = 1, |G|

Penrenue 3amaun (1), mpeacraBisioiiee yXo sy BOJHY, IMEET BUJI

V\/l()(' y) :2_]7-5 I A(G)87 szlzye—ioxdc_z_];.c J‘ Ql(Gl y)e_iGXdG,

- (10)
y(x,Y) = = [ Blo)e e do+ L,
27'[ e 81
_ 1% o?-k2y _—iox
W, (X,y) =— _[ A(o)€e e '"do,
2n
. (1)
D, (% y) = 2% [ B(o)de " do + 2w,
2neg, 7, €,
Brimonaas YCI10BUA yxo;unueﬁ BOJIHBI, IIPUHUMACTCA, qTo

o’ —k? =—i\Jo® -k*,i=12, \ /6" —K? —)|G| pH |c5| — 00, T.€. ICUCTBUTEIIbHAS

0Ch KOMIUIEKCHOH IIOCKOCTH 0L = G + iT 00XOANT TO4YKM BeTBieHus —K, ,—K, nBy3Had-

HBIX QyHKIMH ¥, (0) = /6 —k* cBepxy, a k , k,— cauzy [2,3].
B ciydae yacTHOI 3a1a4H, KOrja MEXIy MbE303ICKTPUYECKIMU MOTYTIPOCTPAH-
CTBaMH OTCYTCTBYET aKyCTHYECKHH KOHTaKT B IUIOckocTH Y =0, Xapakrepucru-

YCCKOC YpaBHCHUEC IJIA OMPCACIICHUSA BOJHOBOI'O YHCa HOBGpXHOCTHOI‘/'I BOJIHEI IIpU-

met Bun [1-4,7]
@+ )y o’ - k12 - Zl|0_| =0, (12)

KOTOPO€E MMEET €TUHCTBEHHBIN MOI0KUTENBHBIN KOPEHb!
_ 1+ y

= k11/1+ 2y,

T.€. B IIBEC303JICKTPUICCKUX ITOJIYIIPOCTPAHCTBAX BO3HHKAIOT IMOBEPXHOCTHBLIC CABU-

>k, >0, (13)

. )

rOBBIE DJIEKTPOYIIpyrue BoiHbl I'ynsgesa—bmocreiina co ckopocteio — < C, .
c
1

157



PaccmoTpuM BOJHOBOE MOJE€ B COCTABHOM IBE303JEKTPHUECKOM MOIY-
npoctpancTBe X< 0. IIpencraBum ¢yHkuuu ammautyn W (X,Y), W,(X,Yy) B BHuIE

HUHTCrpaioB

w(X,y) = 1 _[ A (c)e " e d +
2n

—00

(14)

L T Ry or Y io 17 i
+50 | B0 e do - [ Qla.y)e do,

W, (X, y) = 2_1;5 I AD (g)e'” Keldg +2—:|;t I BY ()6 “e'do,  (15)

rae

B 1+ Zl)Qe7 o?-kZb

@ _
A (o) = K.() :
B®W () =— 1+ Zl)(clll + CZZZ)Q(|G| B 6) o az—kfb’ (16)
cK(o)K, (o)

KO(O') = (1+ Zl)\/ o’ - k12 _}(10-"'%((1"' Zz)\j o’ - 22 —}(20').

Oynkuus K (0) MIMeeT HyJI1 TOJIBKO B ToUKax +0, [4], 0,— equHCTBEHHBIH

HOJIOKHUTENBHBINA KOpeHb ypaBaerus: K (6) =0npu c=0,>k, >k >0, ecnu

(1+ CoX2 j (17)
G

[Mpeobpazyem unTerpaisl (14), (15) MeTonoM KOHTYPHOI'O MHTErpUpPOBA-
HHSI B KOMIUIEKCHO# TIOCKOCTU ¢, = G + it . JleficTBUTENbHAs OCh O0XOUT KaK TOUYKH
BetBNenus Gyukumii v, (c) =+/o’ —k* , Tak u Hymu Gpynxuuu K (o), npencrassio-
IIKE TOJFOCHI COOTBETCTBYIOIIMX TOIBIHTETpaIbHBIX (pyHKIMi. ObecneunBas ycio-

BUSL yXOJISILIEH BOJHBI, IEHCTBUTENbHAS OChb KOMIUIEKCHOW IUIOCKOCTH OOXOIUT
TOYKYy O =—0, CBEpXY, a TOUKy O =+0, — cHu3y. Jlna BeiOopa BeTBeil 1By3Hau-

HBIX (QyHKIMA ,(ct), 7,(a) cremyer mpoBecTH B KOMIUIEKCHOM IIOCKOCTH pa3pe3bl
10 OECKOHEUHOCTH OT To4eK G =K , 6 =K, B BepXHEil MOIYILIOCKOCTH U OT TOYCK

oc=-k , 6 =—k,— B HmWKHEH NOIYIUIOCKOCTH, NPHHUMAs 32 OCHOBY INPHUHIINI
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yXOIAIIEi BOIHEI [2,3]. AHAIUTHYECKOE TPOIOIKEHHE (PYHKITHH |0'| B KOMILJIEKC-
HOM TUIOCKOCTH TMPEJICTABISIETCS B BUJIE |a|:a npu Rea >0 u |0{|=—0{ npu
Rea < 0. IlyTe uHTErpUpOBaHUS 3aMBIKACTCS B BEPXHEH IMOIYIUIOCKOCTH KOMII-
JeKCcHOM miockoctH (puc.2) [2,3,5].

AHaNMTHYECKHE TPOJOIDKEHHS TOIBIHTErpaltbHBIX (yHKimi AY (o-) ,
B® (a) MIpY TaKUX pa3pe3ax B KOMIUIEKCHOM IIOCKOCTH BHYTPH KOHTYpa UHTETpU-

POBaHUsA MMEIOT EMHCTBEHHYIO 0COOYIO TOUKY G = G,— IpocToii nomoc K. (c,)=0.
3amaya cMMMETpHUYHA 110 X, CIIEJ0BATEIBHO TAKUE K€ MPECTaBICHUS (yHK-
1M aMIUIMTYT KIMEIOT MECTO U B cocTaBHOM monynpoctparctee X>0. Iyt un-
TErPUPOBAHUSI 3aMBIKACTCS YIKE B HIKHEH MOJTYTUIOCKOCTH KOMIUICKCHOM TIOCKOCTH.
AHanUTUYECKUE MPOJODKCHUS TOBIHTETPAIbHBIX (DYHKIIMI BHYTPU KOHTYpa HH-
TETPUPOBAHUS B 3TOM CIyuae UMEIOT €AMHCTBEHHYIO 0COOYI0 TOUKY G = —G, .
Cyl11ecTBOBaHHE CIIBUTOBBIX TOBEPXHOCTHBIX BOJH B TMOJYIPOCTPAHCTBAaX
00ycIoBIeHO The303(h(EKTOM, M HATHMINE HUCTOUYHNKA MEXaHMUECKUX KOJICOaHWH TpH-
BOJIUT K PAaCHpPOCTPAHEHHIO ITUX DJICKTPOYIPYTHX BOJH. Ha KOHTAKTHOM IIOCKOCTH
pasjiena aMIIuTy 1a MOBEPXHOCTHON BOJHBI MPUHUMAET MAaKCUMAITbHOE 3HAYCHHUE.

‘T

e E -

Puc.2

IMocte koHTYpHOTO MHTErpHpoBanus [2,3,8] moaydunm mpezncTaBieHus (yHK-
U aMIUTUTYT B BHE CYMMBbI MOBEPXHOCTHBIX BOJH, €CJIM UMEET MECTO YCIOBHE
(17), u peryJspHBIX HHTETPAJIOB MO Oeperam pa3pe3oB, XapaKTePH3YIOIIUX 00beM-
HBIC 3aTyXarouiue BOJIHEBI. B IMPOCTPAHCTBE MOABIIAIOTCA OGYCHOBHCHHBIC HaJIM4YnueM
mbe309¢hexTa 00BEMHBIC BOJHBI, PACTIPOCTPAHSIONIHECS OT KOHTAKTHON MOBEPX-
HOCTH TIO HANpPABJICHUIO Y M UMEIOIINE HEBOJHOBOM XapakTep MO X HAa KOHTaKTHOM

MMOBCPXHOCTHU.
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DYHKIUY aMIUIUTY ] TOBEPXHOCTHBIX BOJIH, PACIPOCTPAHSIIOIMXCSA B COCTAB-
HoMm nonynpoctpanctee X< 0, umeror Bua

W (X, Y) = AV KYeriox y >0,

- o (18)
Wo(x,y) = At Vet VST
rae
A) _ I(1+ Xl)Q e cgfkfb, Ko, (G) _ dK(G) ,
Ko, (5) do
U B COCTABHOM MouympocTpanctee X>0:
_ 7V637k12y iGpX
Xl - e e ) > 0,
Wo(X,y) = A, y (19

W,y (%, Y) = A€ ci-kiygox Y < 0.

AcUMOTOTHYECKOE mpeaACTaBJICHUC HGpeMC].L[CHI/Iﬁ Ha I‘paHH‘lHOﬁ IIJIOCKOCTH

y=0 npu |X| —> 00 MMEET BH/

w,(x,0) = A" + e‘klxo(|klx|*3’2) + Xlo(|k1x|*2). (20)

3akaouyenne. HeoqHopoaHocTh cpenpl, mbe303(GdexT 1 Hamgie TOHKOTO
METaJTUIYECKOTO IEKTPOIPOBOASIIETO CIIOSI IPHBOJAT K CYIIECTBEHHBIM H3MEHE-
HUSIM 3JIEKTPOYIIPYTOTr0 BOJHOBOTO MoJis. ICTOUHMK MeXaHMYeCKHX KoleOaHuH B
cpene, obmamaromieli mbe303(pPeKToM, IPUBOIUT K PACITIPOCTPAHCHUIO CABHUTOBOM
MOBEPXHOCTHOM BOJIHBI, JIOKAJIM30BAHHOW Y IUIOCKOCTH IMOJTHOTO 3JIEKTPOMEXaHU-
YEeCKOro KOHTAKTa IPU HEKOTOPBIX ONPEAEICHHBIX 3HAUYCHUSX JIIEKTPOYNPYTHX Ma-
pameTpoB. [ToBepXHOCTHBIC AIEKTPOYIIPYTHE BOIHBI MMEIOT (pyHIaMEeHTAILHOE 3HA-
YeHHE B MHUKPOJICKTPOHHOMH, aKyCTORJIEKTPUUECKOH TeXHHKE. Pe3ynpTaThl paccMoT-
PEHHOM 3a/lauél O PacIpOCTPAaHEHWH CABHUTOBBIX KOJICOAHHWH B COCTABHOM IThE30-
AJEKTPUIECKOM TPOCTPAHCTBE MOTYT OBITH UCIIOJIb30BAHbI IPH H3YYSCHUH TIPUKIIA]I-
HBIX 3371a4 O CUCTeMax 00pabOoTKH MHPOPMAIIHH.
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U.U. Uureusuu

UUZLP ELEUSMUUNU2AUUUL SUSULNRULEST UBSUNUUUL TELSNY,
MPEGRNELBUS/UYUL FUNUYCSUL SULUONRE3NRLART

Yhunwplynud E whhgnhEjupuut tpint jhuwnwpwsnipjut ;phy hydwb phw-
pnud HEjupuljut b dbjpwthjuuit quonbph thnjuwqpbgnipjut juunhpp: putg pu-
dutidwt hwppnipjuip wlpulgdus b dbnmwunulijut pupuly skpun: Yuynitwugyuws vwh-
puyhlt nwwnwinudubph wnpniph wapbgnipjudp pununpu) mupusnipniind wpws-
ynmud ki uwhph HEjunpuwnwdquijub wihpubtp: Uthpught nupwnp tkpuyugdnid £ §ndy-
ipu hwuppnipmiunid Lenptph Ypw ntgnijup hunbqpujubph wbkupny: Yhpwunynwd ku
Ynuytpu thnthnjuwfwh $niuyghwtph b Yntnnipught htnbgpdwt dkpngubp: Uhow-
Juynp EEjupuwunwaquljui punipuqphstibph npnowlh wpdbpubiph ghypnid nwpusynud
i hypdwtt hwppnipjut Unin nbnuytugyws vwhph wihputn:

Unwbgpughl punkp. tiEhnpuunrwdquljuiinipiniy, gpgenudubph wnpnip, uwhpw-
jht mwwnwinidutp, dwltpbnipughtt whpubtp, whtgnkEyuphl:
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A.S. SARGSYAN

ELECTROELASTIC SHIFT VIBRATIONS IN COMPOSITE
PIEZOELECTRIC SPACE WITH A METALLIC LAYER

The problem of interaction of electrical and mechanical fields at the full contact of
two piezoelectric half-spaces is considered. On the separation plane of the contact, a
metallic thin layer is glued. Under the action of a linear source of the stationary shear
vibrations, electroelastic shear waves propagate in the composite space. The wave field is
represented by regular integrals on the cuts in the complex plane. The methods of the
theory of functions of complex variable and contour integration are admitted. At certain
values of the electroelastic parameters of the medium, shear waves localized at the contact
plane propagate.

Keywords: electroelasticity, source of disturbances, shear vibrations, surface waves,
piezoelectric.
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UM YUNNRSYUOLNY 2ULRUYUSC BN UTUYUUL CLSMHNMUYUL
20uNk3Eh LA SEuNLNTPU QUULAYUOUSHEL MUSEESUUUR

Puipy Junnigyuspny hwipwjuyptph dowlnidu ninkjgynid £ oqgunuljup hwtiwén -
nuunwpl wywp hynidwjhtt vwhdwbwgsnid wpynitwhwiyny hwipwpwph Ynpniuntk-
nny b wppuunwugdwdp: Ujpuyhuh hwtipwduyptpnid tygquunujuhwpdwp b hpuwubwugut)
hwupwpwph ptnpnquljut hwinyp, npp wupg kb hwdkdwnwpwp hipn hpujwiwgyny:
Uwljuytt puipy E, Epp dowljynn hwipwpunpop sninth dhdjuighg uvwhdwbiuqungus Ynunh-
ghnt b ny Ynunhghntt hwipwpwph nknudwukp, hiyp yuhwbenid k tdnipwpuwi dhen-
gny wpyynibwhwtdwb Eupwlju pinljh Yntinhghnt nknuwdwubph vwhdwbwqunnid:

Ushuiwnwipnid wrwewnplynid E yuyphgdut wowwnwupttnh jupgquynpdwi unp

nbkutuninghw, npp Juywhnyh dhdjuighg quindus (Enttught wmywputph qyguspubp:
Unwigpuyhl punkp. hnpunwgp, hwipwpup, hwipuwunhdwl, wuypnighly Wynip:

Ukpwbmipni: Fwpn Epjpupwtului junnigyuspny hwpwpwpughy
hwlpwuypbph dpwlnidt minklgnid £ oqunnuljup hwhwdn-nunwupl wuwnp
hynidwjhtt vwhdwbwgsnid wpynitwhwiynn hwipwpwph Ynpniunibpng b
wnpuinugdudp: Llwt hwipujuypbpnid tyqunuljuhwupdwnp £ hpujubwuguty
nunpnnuiut hwinype, nptt wywhnymd £ htwpuynphtiu thnpp Ynpniunbbpng b
wnpuinugdudp hwipwpwph thwupdtp wpynibwhwinid: Gpt pupny hwupwhinp-
onid hunwl] E oqnujup hwbwén-nuunupl wywp vwhdwbuquunidp, wyw
hwupwpwph punpnquljuw hwtnypep yupq t b hwdkdwnwpwp hton hpulw-
twgynn [1]: Uwluyt jutghpl wy £ tpp dpwljynn hwtpwpinpop smth dhdjutighg
uwhdwiwquunywé Ynunhghnt b ny Ynunpghntt hwipwpuph nbknudwutp: Ujh
wwhwbonmd £ tdnpwpluwt dhongny wpmynibwhwtdwb Bupwlw pinlh Ynunh-
ghnt mEnuuwubph vwhdwbwquunnid:

Ukpluynidu phy skt wytt hwupwyuypkpp, npnup mubkt Jhdjughg sumhdw-
twquunjws, ogunuljup pununphsubph hwdbdwwwpwp gusdp b pupdp yuwpnt-
twlympjudp hwipwpwiph qutgdus, b hpujuwwgynud E hwiipwpwph hwdwpownt -
hwinyp' gpuung hul hnppugubing oqgunuljup pununphsh wwpnibwlnipmiup
wpynibwhwidws hwipwpwpnid, hst k) hwighginid E hwipwhwpunwgdw
wpuunpipjut wppnibuybnnpput tJuqlduip: Uo yguypdwbwdnpws E §nugh-
ghnt mknudwubph ghon vwhdwbwquundwin b hnpunuyuypigdut wyuunwp-
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utph hpwljwtwugdwt ndjupnipnitubpny: Uh swpp wohiwwnwtuptbpmd [2-4] phip-
Jus bt wuyplgdws (Entwghtt quuqush tjuqugnyt nbknuthnpudwt (bjuqu-
gnyjt hydwsdph (uytp vnnwbiwnt) htwpuwnp (nisnwdubipp, npnugnyg b htwpuyn-
nhtu jywhywudkt wuyplgws (Entuyhtt quuquénid hwtipwdwpduh dup b
uljgpwut ghppp: Uwjuyt wyu wnwewnpyus nusnidubipp skt jupnn hpwn-
Yt wytt hwipwuypbkpnud, npnug Ynunhghntt mknudwubpp hwipwhinpoh wquin
dwbplinyph tjundudp niubt muppbp pguuwdnpmipintt b ywhwbynid B niuk-
tw hdjuighg quunjus wuyphgqus (Enttughtt quuqush thydusputp: Zknbw-
pup’ wuypkgdwt gnpéniubnipjul jupquynpdwt inp dkpngubph jud bnutwl-
ubph dowlnudp, npp Juwywhndh dhdjwbighg quujus wyuypkgus (Entught
wwupbph tywsdpubp, wpghwlub pbnhp

unnh npduspp b hknmwgnunmpjwt dkpnnubpp: Zwipwpwph twhpwywun-
npuuwnnidp hwunyph hhdtwljuinmd hppujubugynd E yguyptkgdudp, hEnbwpup
b punpnpuljub hwinypp puntpugpymd £ yuypbgus (Entughtt quiugush
thjudph yuwpuwdtnptpny nu hyjuspnud pupdp b gudp wupnitbwlnipjudp hwt-
pwpunh pupfududnipjudp: Niunh quigusuyhtt wuyptgdwdp hwipwpwph pln-
pnnujut hwinyph tnp wkuuninghwjh dowlnidp yuwhwbend k.

- yuypkgdwt hnpuwwnwugpbph Yhpundwdp hpuljubwgul] hwinyph Gu-
puljw pinYh Yntnhghnt b ny Ynunhghntt mknudwubph vwhdwbwqunnd,

- npuputisymp kqpugdjus mEnudwuh hudwp uvnwtwy wthpudbown dwb-
nugyubsnmipjut nt Uhdjutighg nvwhdwbwquungws Ynunhghnt b ny Ynunhghnt hw-
Upwpwph yuyphgwsd thfuspubp,

- wuyphgnuhg htwnn hwiipwjunponid muktuy npdws yupudbnptpnyg wuy-
phgyws (Entuyghtt quugwsh thydusp, npp juwwhnygh punpnpuljui hwinygpe
hpuwjuwtwgunng dklotpbthwuh Epujuduunnph phpdhl wohiwnwpn:

Zwunyph upulw pinlh §nughghnt nknudwuh tqpugdnidt hpulwiwg-
Ynud £ hkwnlju) uljqpniupny:

Zudwduyt wuypbkgdwt twjuwgsh' punpynud b wuypkgdwi hnpunwig-
ptph guugp (axb), wyuhuptt’ hwpduplynid Eu hnpuwnuyuyplgdut yupudkn-
ntpp, npnup hwbinhuwinid Bu wuypkgnid hpujubwgubint hwdwp uknuht
gniguthpbp hwipwpwph hwdwpiwnt hwtnyph nhypnud (wr. 1):

1.Zudwduyt twhiwgsh, yuypbgdwt upwliw pninid hnpwwndnid Bu w.
1-nud pipdwé de=250 /i, axb=6,5x6,51/; 1a=17,8 1/, ne=6 Auwn i na=11 Auwrn yupu-
dbkwnpbtpny hnpuwnwigpkn, b juwnwpyly)  phpdws yupudbnpbph tdniowplnid:
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Unniuwly 1

Znpunnunyuypbglwl woprunnuwbphbph yupudbnplpp hunfwpnuni hwbnygph pkupnid

Nuwpw- Nupudbwnph Jud
h NMwpuwdbnph Jud gnigutihoh dbwnnh Jud gniguithoh
wiuinudp,swthdwl vhugnpp gniguithoh hwpqunluyht
wpdtpn puwiwdlip
Bluytwnuyght
1 |Zwbpwunh&wih pupdpnipmiup(Hy), o 15
2 | Znpunwitgph npwidwqhdp (de), 12/ 250
3 Zubpwunhgwth phpdwt wljniip (ay), 80
wun. -
4 Znpuwnwbgptph phpdwh wulniiup (o), 90
wu.
Uwwpp swjwjuyhtt quiqyusp(yn), v/t 2,8
NMuypnighl] yniph (ML) phinntugdwi 4000
wpugnipniup (Dws), 4/
Znpunnwiigpiph pwppliph php (ne), Aurn 6
znpuwwnwbgpbph phip swppnid (ne), Auzwn 11
NU-h hwpqupluyhtt nkuwljupup 0,61
suilup(q). §g/if
10 | MU-h (hgph mwnnipniun (kes), g/uf 0,8
11 |1 d hnpwwnwbgpnid NM'U-h 1hgph 40
wnwpnnnipiniun (p), g/
Zwpyupljuht
12 | Znpuwunwbgpuht gubign (axb), o a=b=
_ 28XmXdy X f Xkpp
gxm
6,5x6.5 =65,
La
f= Fy" =08
13 | Znpunwiigpbph Uninkgdwl gnpswlihg 0.7..0.9 )
(m)
14 | Zwupwunhgwih hhuph phdwnpnipjut 80 W= a
qhdp (W), « m
15 | QEphnpundwi swthp (lep), & 2,8 lnep =05 %X g xwW
16 |Znpwwnwigph junpnipjniup (), o 17,8 lo = Hy + Liep
17 | vguiyniph tplupnipniin (L), o 6,0 li06 = 0,75 X w
18 | MU-h (hgph tpYupnipniup (lap), o 11,8 Liap = Lo — Lias
19 | MU-h 1hgph pwtiwlp hnpuwnwigpnid 479 Que =P X Loy

(Qe), 4g
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Snipwpwsinip hwdwpwlwjws hnpuwnwbgph tdnwpydwubt wpnnit-

pmid npnoyb] E oqunuljup pununphsh wupnitwlnipinitp, b hpujubtwugymd k
nuwn ykpghthu mknudwuh vwhdwbwquunnid (ly.1):

Ul 1. Uwhdwhuquunyws nknudwukph wihpudbon wuypbgdwi ujnbdwikpp.
A-oqunuljup pununphsh pupdp wupniinugnyepudp mknudwukpp, B- ogunulup
punugphsh gudp wupnimlnippudp wknudwukpp

Uwnpl tly. 2-nud tkpuyugus b jupd puununbgdudp yuyphgdut upab-
duyh uvmpdwt Yupgn:

U2 Qupd nubnunbguundp wayplbglul ufubduyh vwpnidp® dulkplhnipuyhl
(ArmdetHTD) i ulpphl hnpunnwbagpuyhlr (ArmdetMS) nknnbuwwnnpiabph fhpundudp.
1, 2, 3....66- hnpununwligpkph hunlwpbkpp,

42, 84, 126....714 - jupd nubnunkgyus quypbgdui huwwgnidakpp,

1-B, 2-A, 3-B, 4-B, 5-A-wuyplguul hkppwlwinipmniip ' puwn wkpudwukph
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NMuyptguwut hwtpwpwph punpnquljuwt hwinyph mEutunnghwh ywhwi-
onid E jupquynpl) yuyplkgdwt Eukpghwt jpipupwtymp vwhdwbwqungus nk-
nuuwuh hwdwp, wyuhpt® wyn nbnudwubpnud niukbw) withpwdbon wupw-
dbunptpny wuyptgdws (kntwjht quiuqdus: Uwhdutuquujus nknudwubpnud
wthpwdbon wuwpwdbnpbpny yuyptgus wuwywputph {usp uvnuwbtunt hw-
dwp wihpwudbown  hpuljutwugul) gquypbgdwt Eukpghwt jupquynpnn gqupu-
dtwnntph thnthnpunipni:

Sy wuwpuquymy wuyphgdwt Fukpghw jupqudnpnn gqupudbnpbp ju-
nnn ki hwinhuwbw) Yhpwoynn yuypnighl Wyniph ghnntugdwi wpugnipniup,
1hgph Jupnigwspp b wuypkgdwt ujubdwbbpp:

NMuyptgus (Entughtt quiqush thiwdph wqupwdbnpbph jupgquynpnudp
httwpuynp t wuypnighl niph nphnntugdut wpugnipyu hnthnjudwt nhupnd
[5]: YEnntwgdwt wpugmipjut thnppugnidp hwuqkguh 1hgph junpnsh wwwnbkph
Jpu ququgnjugdut vwhdwbught Lupdwt tjuqbgdwt b Jukdwugh wuypnighly
Wniph wlinhy gnpéniubnipjut nbnnnipniup, npt hp htppht Yukdwguh (Entw-
1htt quuqush dwipugdwi Ypu swjuuyny Lukpghwt, ptwjutwpup, tuqtgub-
1nY wuyplkgdusd wywpubph nknuhnjdwt ypu swhiuyny tubpghwi:

NMuypnighy Wniph phnntugdwt wpugnipniup upkih £ thnppugub]® thn-
thnjubny tpuw jonnipmiip jud hnpunwigpnid 1hgph Junnigduspp: Ujy hul yjun-
Swpny uwhdwtuquujus nbknudwubph hynidwht hnpuwnwigpbpnid npybu
wuypmghly Wnie fhpunkjh E Udntuhn 6KB-h b 3...104/ nnpudwgdny, 0,020...0,030 ¢/
hunnipjudp hwnhlwynp thpthpuwnihunppnih (ITII) jpwntunipgp:

(1) wpunwhwynnipyudp npnoynud £ Jipnhhojw) pwntnipnnud pununpu-
dwubph dwduutph hwpwpbpnipiniup, hulj wy. 2-mud phpdws o gpuig mkath-
Julwt punipwuqpbpp.

Vi anro = (0,6Vanro + 0,4V ) 1
Uniniuwly 2

Ghpwming MU-Eph nkuahulwh pinipugnpkpn

Muwypnighl Wniph whyp vnnipinitp, g/ul? | Yhnntwugdwb wpwgnipinip, &/ipf
Udnthwn 6XB 0,9 4200
Udnuhwn 62KB + IIT 0,55 3200
Armex 1,2 5000
ANFO 0,8 4000

Unwbdtmgqud nbnudwubph hyniduwghtt dwubpmud punpynud £ hnpw-
wnwtgptiph kqpugduyhtt (gduyht) thgph Junniguspp, b oqunuugnpdynid k Udnithin
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6KB + IIII fnwnunipnp: Znpunwgptph géuyht |hgpwynpnid hpujwbwgynud £
ANFO-ny b thuptpunpjus Armex (140 x 520:/2/10000¢p.) uwjuypnighly yniph h-
ongny’ vhwugdws nnntiwughnt pninny (A1) (by. 3):

II-11

P)

Ul 3. Zwlipwipuiph pupdp b gudp hynidughl dwukpnid fhpunyng MU-p mpwbpp (w) b
NU-h jhgph Jupmgyuépp (p). 1-POWER (hpuwhphs M), 2 - MS lEnpunbunbunnp,
3 -ANFO, 4 - Uunbipin 62KB +I111 pruunbinipn, 5 - JII nkwnnliuguwl pniy, 6-Armex
(140x520udf 10000)gn 7 - HTD EjEnpunbnnbunnn

Gppwonn wuypenighly tynipbpp U hgph juenguspp” puin hnpuinwtg-
ptiph hwdwpubph, pepdws b wr. 3-nud:

Ugjniuwl 3

Znpunnuligpbpnid fhpuwming MU b jhgph Jupnigjuépp

Yhpwnynn wuypnighy Wniptpp

Stnuulwukpl Nuyphgdwh
nuuuwukpt pun wjptgum 1 1hgph Junnigqwspp NMuyphgdwul

wuyphgdul hwwywnnid- 1 TR bttt
ufubidw
htppuljwunipjut ubipp, 43/4/ | ANFO rmex nufun e
Eqpugduyhtt 6,XKB
1 2 3 4 5 6
1,2,3
42
4 2wppbph hw-
5,12 I
1B 84 gnpruljut
13, 14 wlpniiwgsw-
126 15 6 1htt wuypkgnid
168 16 17

168



Unyniuwly 3-h pupninulinieiniiip

1 2 3 4 5 6

168 24,25

210 26 35, 36

252 46, 47 37 23,34 utuqudh

ukphwwnwyh

2-A 48,57

294 58 45 wuyphlgnid

336 59 49 56

378 60

252 28

294 39 29 27 utgual

ubphwwnuyghtt

3-B 336 40,51 38

378 50 wuyphgnid

420 62 61

420 8

462 19 7,9

504 31 18,20 ubywdl
5A 546 42 30, 32 ukphwwnwyht

588 54 41, 43 wuyphgnid

630 53, 65 44,55

672 64 52

714 63, 66

168 11, 10 owppkph
4-B 210 22,21 hwonpruljui

252 33 wuyphgnid

Muypnighly Wniph thgph Epjupnipjut ptnpnipnitp, jupuws Yhpueynn
wuypnighl Wniph nhyhg b thgph Yunnigwdphg, ppquws & wn. 4-nud:

Uniniuwly 4

NU-h jhgph pulnulp hnpunnwibgpnid

Muypnighy yniptph whujtpp
ANFO | ANFO+Armex Udnthwn 6JKB+IIII
NU-h 1hgph pljupnipnilp, o 11,8 13,8 13,3

MU-h thgph pulilyp
hnpuwinwbigpnid, g

8niguithoubph wujunudp

472 164+196 386

Yupd guiiqunbgdudp yguypbkgdut ujubdwibph puupnipyut dudwiwly
wuhpwdbown £ hwoyh wntk] hwipwhunpoh dipljugws dwljtpbnyph tjundudp
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wuypkgyny Uhewuyph qpuntgpus nhppp dbwynplint hudwp wwhwbgng
wupudbnpbpny fhydwsp b wquun dwljbplinype (wuy. 4):
NMuyphgdwt hwwywnmuubph nbnnnipniip npnoynid k (2) pwbwdling [1].

_ ((a2+4><w2))E

t=——— )

v
nputn v-ut wyupnud Epjuytufui whph nwwpusdwb wpugmipnii k, v=500 74/
Stnuypbny hwdwywunuwupuiwb desnipnitubph pduyhtt wpdtpubpp (2)
wpuwhwpnnipjul Uk’ junwbwp.

(6.52+ 4x8.0 2)1/2
t=
500

= 34,6 U}t/ pigmitn]mud & 42 e

Urn. 5-nuid phpdws L hnpuwnwbgpbph yuypbgdwt hippuljwuiunipmiup b
dvhwdwdwbwl wuypnn 1hgptph wpwybjugnyt pubtwlp:

Ungyniuwly 5
Znpunnubgplph wuypbguwl hkppulwinipmniap b dhwdudwinnl) wuypnng jhgpbph
wnuykjugny i pulnulp
=
= = 3 =
:_|ES ey
= =
5|22 Nuypnn (hgpbph Nuypnn hnpunnuigpkpp ER ]
= .—5 E’; g wnwybjugny pubwlp 3 g “§
5.2 |23 B = g A
=) g = =
3 & 3
2 S
- 2 4 7
1 2 3 4 5 6 7 8 9 10 11
Uhwdwdwbwl yuypenn
hnpunnwligptiph 1 2 3 4
1 42 | hwdwpubpp
Znpunnwigpnid 1hgph 472 | 472 |472 |472 1688
pubwlyp, 4g
Uhwdudwbul ujuypnn
hnpwwnwiigptph 5 12 | 13 | 14 | 15
2 84 hulwpubpp
Znpunnwigpnid 1hgph 472 472 (472 |472 |472 2360
pwibiyp, §g
Uhwdwdwbwl wuypnn
hnpuwnwigptph 6 16
3 126 |hwuwpubpp
ugpnud
Znpuntnubgpnid {hgph 360 | 472 832
pwibwlyp, 4g
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Unyniuwly 5-p pupninulinijeiniiip

1 2 3 4 5 6 7 8 9 10 11
U
prdunfwlinl wuypnn 10 | 11|17 | 24|25
4 168 | hnpuwwnwugpkph hwdwpubpp
Znpwwnwbgpnud (hgph pwtwlyp, g | 360 | 472 | 360 | 386 | 386 1964
Uhudunfutiul uypnn 21 | 22| 23| 26 | 35 | 36
5 210 |hnpuwwnwbgpkph hwdwpubpp
Znpuwwnwbgpnud (hgph pwtwlyp, §g | 360 | 472 | 386 | 360 | 472 | 386 2436
Uhwdulwmir
pundunfulinl wuyprn 28 |33 | 34|46 | 47 | 37
6 252 | hnpuwwnwugpkph hwdwpubpp
Znpuwnwbigpnud (hgph pwuwlp, g | 472 | 360 | 386 | 472 | 472 | 360 2496
U
hudunfutil yuypnn 27 | 29 | 45 | 48 | 57 | 58 | 39
7 294 | hnpunwiigpkph hudwpbpp
Znpunwuigpnid |hgph pwtiwlyp, g | 386 | 360 | 472 | 472 | 472 | 472 | 472 | 3106
U
hudunfubil yuypnn 38 | 40 | 49 | 51 | 56 | 59
8 336 |hnpuwwnwgptph hwdwpubpp
Znpunwuigpnid |hgph pwtiwlyp, g | 386 | 360 | 360 | 360 | 386 | 472 2324
Uhwdwdwwl wyuypnn
50 60
9 378 |hnpuwwnwgptph hwdwpubpp
Znpuwnwugpnid (hgph pwuwlp, g | 386 | 360 746
Uhwdwdwbwl] wuypnn 8 61 | &
10 | 420 |hnpuwwnwbgplph hudwpubpp
Znpuwnwugpnid |hgph pwuwlp, g | 472 | 386 | 360 1218
Uhwdwdwtwl wyuypnn . 9 19
11 | 462 |hnpuwwigptph hwdwpubtpp
Znpunnwugpnid |hgph pwtiwlyp, g | 386 | 386 | 472 1244
U
hwdwdwtwl wuypenn 18 20 | 31
12 | 504 |hnpuwnwbgpbph hwdwpubpp
Znpunwbigpnid 1hgph pwbiwlyp, §g | 386 | 386 | 472 1244
1)
hwdwdwtwl] wuypnn 30 3 | 42
13 | 546 | hnpunnwigpbph hwlwpukpp
Znpunwbigpnid 1hgph pwbiwlyp, g | 386 | 386 | 472 1244
1)
hwdwdwtwl] wuypnn 4l 3 | 54
14 | 588 | hnpunnwigpbph hwlwpukpp
Znpunwbigpnid 1hgph pwbiwlyp, g | 386 | 386 | 472 1244
U
hwdwdwtwl wuypeny 44 53 | 55 | 65
15 | 630 | hnpunnwigpbph hwlwpukpp
Znpuwnwbgpnid hgph pwtwlp, §g | 386 | 472 | 386 | 472 1716
Uhwdwdwbwl] wuypnn 64 5
16 | 672 | hnpunnwigpbph hwlwpukpp
Znpuwnwugpnid (hgph pwuwlp, g | 472 | 386 858
Uhwdwdwbwl] wuypnn 63 66
17 | 714 | hnpuwwnwbgptph hwdwpubpp
Znpuwwnwbgpnid (hgph pwbwlyp, g | 386 | 386 772
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Znpunuyuphgdut yupudbnpbpp b wquypbgdwt wpyniipubpp’ puwn
Jhpwunynn wuypnighly Wyniptph b thgph Yurnigusph, pipdus L wn. 6-nud:

Unniuwl] 6

Unwpunpyués yyupudbnplph plypnid wuyplbguwl wpyniGpakpp

Unwownpywsd gniguthy
Bulknuhl gnguithy Yhpwnynn wuypnighl Wympbpp
Udnuhwn Armex
ANFO
6KB+IIII (140%520 u)
Zwipwunhdwih pupdpnipniip, o 15 15 15
Znpunwigph npudwghdp, 42/ 250 250 250
Znpuwnwbgph phpdwh whljniup, wuwn. 90 90 90
Uwuph swjwuyht quiquédn, v2/8 2,8 2,8 2,8
NU-h phnnbugdw wpugnipniup, 4y 3200 4000 5000
MU-h mbkuwwpwup Swhuup, §g¢/1P 0,50 0,61 0,46
N'U-h (hgph fwnnipniup, ¢/ulf 0,55 0,8 1,2
N'U-h |hgph nwpnnnipiniup 1 d hnpunwugpnd, ¢4/ 29 40 _
Znpuunwbgpuyhlt guitigp, 6.5 x 6.5 6,5%6,5 6,5%6,5 6,5%6,5
Zwbipwuwnhdwth hhdph phdwnpnipyut ghsdp, 8,0 8,0 8,0
Znpuwwnwugph junpnipntup, o 17,8 17,8 17,8
uguiyniph tpupnipniup, o 45 6,0 4,0
N'U-h 1hgph Epyupnipiniip, « 13,3 11,8 13,8
NU-h (hgph pwbwlp hnpuwwwtgpnd, o 386 472 360
Nuyplg]us quugiush thyjusph yupwdbupbkpp
Stnudwukpp 1-B |2-A | 3-B | 4B 5-A
Unwghti swpph wuyptgnidhg Aiwnpyws 328 | 195 | 217 | 306 | 233
thiqwdph jwympynitip, &
Oyusph pupdpnipniup, of 8,4 16,4 | 17,6 | 10,2 | 17,0

ZEnwgnuinipjut wpyniipubpp: LY. 1-nud phpud jnipupwbsnip wnwbd-
twgyué minudwuh hwdwp, juppjws wmquun dwljbplinyph tjundwdp Jipeht-
ubphu wknunpdw nhpphg, punpdb) Bu wuypigdw tnp nkjuninghw b jupg
nubnunbgdudp wuyptkgdut vjubdw: Unwounpjus yqupudbnptph b wuyptg-

dwt ujubdugh Yhpundwt ghypnud, hwdwduwytt wnwewpyus wuyptgyus Entw-
jht wywpubph mEnuihnpdw b yduwsph dbwdnpdwt hbnwgnundwt dkpngh-

Yuyh [5], npnoyky k.

¢ wnwbdht mknuuwubph wuyptgnidhg uvnwgws thiuspubph dup (uyy.4)
b wupwdbnpbpp (wpnuubndwdp mEknuihnpudws mnudwuh juyunmpniop b

pwpannipjnilp),
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o wuyphgniuhg htinn oquuuljup pununphsh pwpdp b gusp wupnibwlnt-
pjwudp hwupwpwph npuuwynpnipniup thiduspnid (uy. 5)

o nknupuwohujws oqunuljup pununphsh pupdp b gudn wupnibwlnipjudp
hwupwpwph thiJuspubinh wupwdtnpbpp (wr. 6):

Zunl k k), np hwinipughtt wphiwwnwipubtpp whwnp £ junwpdb pun
hwupwpwph wnwdimgqus thijuspubph (uly. 6), wyuhtipi® hwinipwpwpdnn b
nbknuthnjunny vwppuynpnidubipn whwup L wnbknunpdu tydusph dpuw, b pupddut
niL nbnuihnpudwt wphtwnwipibpp whwp L junwpgtu tydwspubtph dhidjubg qni-
quhtn pupwgputpny’ wuwhwwukng (3) wpnwhwpnnipyudp thpuyugus wuy-
dwiip.

Li—L,=T+Z+C, 3)

npunbkn Li-p wpnwibndwdp mEknuthndws thidusph juyupt t 1-B wknudwup
yuypkguut nkuypnud, L' wpnuwtbndwudp nknuthnguws thiqusph jwytpn 2-
A nbnuuwuh yuypkgdwt nhypnud, T-u" mputuynpunughtt gnunnt (wytpp, Z-u°
thJudph b mpwbuynpuuhtt gnint dhol mwupwébnipniip, C-u° widunwtqgnt-
prut phpuwt’ Li-Lo= 7,5+2,8 +3,0= 13,3 i

o

Ul 4. Unwidhl mknudwukph wuyplbgnidhg unwgyus hpjudplbpn
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35 46 56

ét
i
2
wi
)

1-ANFO
2-Uunthwn 6KB+IIIT

U5, Muyplbgiws pinlh wnwbdnugyus nkpulwubph yjudph dbp b nknupuppinudp

hjudpnid

Uy 6. Mugplgyws hwbpwpuph qubgyuéh pupddwi b nkpuhnpnlul nkpininghwlui
ufuluhul’ pun wnwid iugyws pyjudpalph

Bapuljugmpynii: Muyphgdw gnpéniibnipjut jupquynpdwb unp wkun-
Inghwl pny £ tnwjhu.

1. Quiuquduyhtt yuypkgdwdp vnwbw] withpudton dubipugdusnipjudp
b Uhdjwughg vwhdwtmquungus Ynunhghnt b ny Ynunhghntt hwipupwnph mpjus
wupwubnnpbipny wuyptgdws thidwsputp, npu i pupdpuginid £ hwipuhwpunwg-
dwt wpunugpnipjul wpynibwy knntpiniin:

2. Onppugil] wuypnighy Wniph nbtuwlwpup sSwhup ndyupuyuypkh
wwwpibph niypnud® 10...20%, htion b dhohtt yuyphhntpjudp wywpubph nhuy-
pnid” 20...30%:

U ULNLE3UL 8ULYU

1. Aumncrpatos FO.M. TexHOMOTHS OTKPHITOH HOOBIYM PYA PEAKHX M PATHOAKTUBHBIX Me-
tajuioB. - M.: Hexpa, 1988. — 430 c.

2. Bbapanos E.I'., Tanraes U.A. OnbIT ceneKTUBHON pa3paOOTKH CIIOKHBIX MECTOPOXKIIE-
Hui. - Opynze: Wi, 1969. - 188 c.
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3. IOmaroB B.I1., Baiikos b.H., CMupnos B.II. OtkpbiTas pa3paboTKa CIOXKHOCTPYKTYp-
HBIX MECTOPOXKICHUI I[BETHBIX MeTauioB. - M.: Henpa, 1973. — 394 c.

4. BborayeB A.®@., Canmmanos O.1., BoBkoTpy6 H.H. IIporaosupoBanue mupHHbI pa3Ba-
Ja B30pPBAaHHOW Macchl B Kapwhepax // MexBy3. ¢0. Hayd. TpyZA0B MarHUTOrOPCKOTO
TOPHOMETATyPrU9YecKOro HHCTUTYTa.-1974.- Brin. 4. -C. 19-27.

5. Araponsin I''A., Araponsin A.I'. MoaenupoBanue npouecca nepemerieHus u Gpopmu-
pOBaHMs pa3Baja B30PBAaHHOM TOPHOM Macchl IPU B3PBIBE B TPELIMHOBATON cpenel//
Bectaux HarmoHanpHOTO MOJIMTEXHUYECKOTO YHHBEpcHTEeTa ApMEHHH: Meramryprus,
MaTepHalloBeIeHNe, HepOoToinb30Banue. - Epesan, 2018.— N. 1. - C. 84-95.

Zujuutnwth wqquyhtt wnhnbkjpuhjujwt hwdwjuwpwi: Unipp thplw-
jugyt) k hudpugpnipini 10.04.2019:

I''A. ATAPOHSIH, AT. OTAHECHH, JIL.T. ETUA3APSH, A.T. ATAPOHSIH

HOBASI TEXHOJIOT'MSI CEJIEKTUBHOM PABPABOTKHA
CJIO)KHOCTPYKTYPHBIX MECTOPOKJIEHUIT MACCOBBIM B3PHIBOM

Pa3paboTka CI0KHOCTPYKTYpPHBIX MECTOPOXKICHUH CONPOBOXKAACTCS MOTEPSMH H
pasybokuBaHHEM T00BIBAEMOW PY/Ibl HA KOHTAKTHOM JMHHUH (TPaHHUIIE) MOJIE3HOTO HCKOTae-
MOTO ¥ ITyCTOW MOpOAbl. B MOZOOHBIX MECTOPOXKIEHHIX IielecooOpa3Hee OCYIIECTBIATh
CEJIEKTHUBHYIO BbIeMKY. OIHAKO B CIIOXHBIX 3a005X BCIICICTBHE OTCYTCTBHSI I'PAHHILIBI MEXKIY
TIOJIC3HBIM MCKOIIAEMBIM H ITyCTOM TOPOOH pa3paboTka moTpedyeT pa3meneHust KOHIUIHOH-
HBIX yJacCTKOB OJIOKa, MOJUICKAMINX JOOBIYE, IMOCPEICTBOM OMPOOOBAHUS TEOIOTHICCKUX
CKBaXKHH.

B pabore mpeznnaraercst HOBasi TEXHOJIOTHS IIPOBEAEHHS B3PBIBHBIX Pa0OT, KOTOpast
obecrieunT pa3Baibl B30PBAHHOM TOPHOIM Macchl, OTACJICHHBIE IPYT OT JIpyTa.

Knroueegwie cnosa: ckBaxxuHa, pysia, yCTYI, B3pbIBUATOE BELECTBO.

G.A. AHARONYAN, A.H. HOVHANNISYAN, L.G. YEGHIAZARYAN,
A.G. AHARONYAN

ANEW TECHNOLOGY FOR SELECTIVE DEVELOPMENT OF COMPLEX-
STRUCTURE DEPOSITS BY MASS EXPLOSION

The development of complex-structure deposits is accompanied by losses and
dilution of the mined ore at the contact line (boundary) of the mineral and waste rock. In
such deposits, it is more expedient to carry out selective excavation. However, in complex
mines, due to the absence of a boundary between the mineral and the waste rock,
development will require to limit the conditional sections of the block to be mined by
testing the the geological wells.

The paper proposes a new technology and a short control scheme for blasting
operations, which will ensure the collapse of rocks separated from each other.

Keywords: hole, ore, ledge, explosive.
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Puguhwynynud ki hnpwndwt npulh ghwhwndwt wpwyt) pinhwinip b hhu-
bwljut uyqpnibipibpn: Gluljknught plq E pugniudl] wyt, np hnpundw nkuininghwljut
qnpédpupwgh npulp Yupkih k opnot) npybu wyy qgnpépupwugh hwdwywinwuuwingpyui
swth hnpundwt woluwnwiipubph tywnwlh hwdwp: Munidbwuhpyly Bu Epjpupubw-
Jui opijnnukph mbintjuwnduijut swjwjutph puwbwljuljuu punipwqptpp, nponup hhdp
i hwinhuwgl]® wnwewplbnt Ynuyptin Epjpupubulwi junnigquspubpnh htnwni-
quijut hwnndubph nmbntjunujut dupbtdwnhulut Ungb), npp hwodh b wntunud
Epypupwtufui opjijnutiph nrunidbwuhpjudmpjui wunhfwp, npuig junnigusph
puppnipiniip b iphpupwtulwt hbnwgqnuinnmpnibtiph tywnwlyp:

Unwmbgpughll punkp. tpjpupubuljut opjin, hnpunnud, nknkynipjut putwljw-
i suth, mbnEjupwibiuy, hnpunwigp, hnpunwhwinty, wkthlw, tnkjutininghw, nnynnpn-
Jwd hnpunnud:

Ubkpwbnmpynit: Gpipwpwtwhbnwiniquljut wppiwnwipubph wpnynibiw-
Jhnnipjut b ogunudbnnipjut bwjwt pupdpugdut hwdwp wihpudbon b pui-
nEpwyt] hnpuwwnwtgpbph hnpundwt npulp: Uy tyquunwljh ppugnpsdwb hw-
dwip uljqphg whwnp k hunwljkgut] hbnwpuniqulju hnpundw npwl) hwuljwugni-
pintup: Cun npnud, hwdwju hnpundw gnpspupwgh wwppbp punugnighs dw-
ubph b mmuppbph (hnpuwnwgph thnnh mynnipjut junwjupnd, hnpuwnwhw-
unth vnugmd b wdnipwplnud, (Jugnid, hnpunwpunpoh wmwywpubph puypuynid
1 hnpunwigph wnwewugnid, hnpunwigph thnnh wdpuwuynid b wyjt) hnpun-
dwt npuljh Ypw mubkguws wqngmpmitutph dEpnsnipjut dadwtiuy hwpgh sku
wniynud npuig hopjuyuljgyudnipniuttpn, tipwuljuynipmniuubpp b hwenp-
nujwuntenibitbpn:

Znpunwiigph hnpuundwt npuljh wpwy b punhwing b hhdbwljw ulqpniip-
utph quwhwwndwt hwdwp npybu twpbwlwb yuydwb yhwnp k pugniuk), np hn-
puundwt nkjuninghwlwb gnpépupwgh npwlp Yupkih £ npnokp nputu ndyuyg
gnpépipwugh huduyunwujuuiinipntt hnpundwt wpltwnwbiptbph npuiljhin [1]:

buswtu huyunth k hbnwnmquijui hnpuundwi tguwunwlja B unwbug
nbnkinienit hbnwgnugnn opjkjnp Epjpupwtuljut jupnigyusph dwuht:
Cun npnud, hnpuwwndwt wpyniipmd vnwgws mknkjunynipmitp jupudws k
hsytu Epypupwbwlu opkljinhg (unnigyusph pupnnipniihg, wju jud wjb
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Epjpwputuut wpwtdtwhwwnlnipmittiph wejuynipniihg jud puguljuynt-
pintuhg), wyiygtu k) Yhpunrynn hnpundwt wnkjuuninghwjhg b wkjuhjuw vh-
ongutinhg: Ujuinknhg htnlind t, np hbnwjiniqujut hnpundwt npuljp npny-
Ynud E nputiu htnwjuniqynny Epjpuputuljut opjjnh nknkjunduijut punt-
pugptph hwdiwywinwuwinipyut swhwithy hnpuundw nkjeinnghwljub plnt-
pwugpbnph b mkuhjuljwb dhongubnh nbntjunjuljut puinipwqgptph dhel: Cun-
hwunip wndwdp, Jupkih t k), np hnpuundwt mkuuninghuyh b wkjuuhjuljut
dhongubph mEnkjunjuijut pumpwugpbpp whwnp L wywhndtu tpjpupubulut
nbnkjunynipjut ynipulub Yphsutiph (wyu jud uwt tbpjuyugnigsuljuiinipyui -
hnpunwhwintljh vnugdwl, hopwnwhwiniyh thonh nignnipjut Wuwhywidw
b Epypuwdbhqhujwmi Bnwgnuumipinitubph hpwjwbwgdwt htwpwynpnipjui)
wwywhnynudp, hsyhu twb suhmdubph hpugnpénid (hwtnitjwswhnud, upn-
nwud, phpwsuthnid b wyt) wytyhuh swjuny, npp Jhudwywnwupuwith ndyuyg
opjtjnp mbnkjunduljut swjwiht: Cun npnud, nkjuthjulw dheongubnh nbnk-
Juunuljut punipugptph ghpuquugnudp Epjpuputuljut tdwb opiljnh punt-
pugptphg hwtghgumd E wohwnwtputph putjugdwip® wnwbg npuljh punpk-
[wydwl, hul wyy pimpugpph wipu]wpupnpemniip wknkmpjut winupiugh
Ynpunnht b hnpundwt npulh tJuqduiin:

Stnklnipjut pugupdwl] pwbwljh npnodw dwdwwly gnnipnit nitkl
wnuydd wthwnpwhwpbih dkpnpuljut ndupnipmniutbp’ qujdwbtudnpdws pu-
Jupup wunhdwih Upuljus mbunipjut puguljuynipjudp, hugh wunjuwmipniup
Py Juup hwoyh wnuk] mbnbnipjut pdwuwnt nt wpdbpp [2]: SEnkinipjut
dhwnpubpp wwppkp Eu hpkg hdwgwpuwiwjub nt wpdipuyhtt pimipwqptipnyg
nt nnwppkp wgpkgnipnitbp niubt JEpgttwljwts wpynipubph Jpw, hbnbwpwp
b UEjuwuhlynpku sk jupnn hwjuwuwpkgyby:

Zpp plynitikyny Jkpngpuyp’ kipwgpupup jupbih Enpngl) hwpupbpuo-
Jut mbnkmpjut punipwqpbpp, wyuhptt’ Euipunpynud £ pun hdwunh b wp-
dtiph hwdwnnpt) vhwutwlwi (hwdwubn) nknkinipniuubpp’ hwjuuwpkguting
wnwudht pununphsubpp hnpdwghnwljut gowhwndw Enutwlny, hwpdh wn-
ubny nfju] mbuwlhh nbnkinipjut jupbnpnipnip:

Stnkynipjut pwbhwlwlwb suthp npnokup npybu winpny hpwunpnipub
Ut tyyurnulhlt hwubitym Yh&wjugpuljui hujwbuljubm pyub pupdpugnid [3]

I=log, E—: 1
npunnbkn -t wbgbynipjut pwbwluwlwi suwht £ bpinuwljut dhwynpubpny,
N;u N,-n' hwjwuwp hwjwbwlwb Epbph pwbwlp nbnkynipjut unwugnidhg
wnwyg U htwnn (Ul btywunwynp bjph wnjuwmpjut nhypnid):

Ujuyhuny, nbnknipjut swdwip jupdws b hwtpwduyph ntunidbwuhp-
Jusénipjut munhdwihg, npt wpunwhwynynid £ Ny Epipunpubpught Gjpughte
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pYny, hsytu bwb htnwgnundwt ywhwbeynn Lonnipjudp Ny: N; Eplptunpub-
puyhtt Ejpuyhtt phyp Jupkh E ubpuyugit] npuytu hbnwpimqujut hunnodubph
(hnpunwugptp, hbnwpuniquhnptp, hnpwubkp b wyjt) junnigquspuyht hhyn-
phqubtph wjpmpkl, pun wknkynippul ppupubymp puqugphsh Ephpupabu-
Jut Junniguéph nmwpuwdwlwi Ynndunpnodwt htwpwynp wwppbkpuljubpp,
wwwpbbph dhukpuwjupuwpughnwlwi juqup, hwipwpwph nbuwfp b wp:
ZEnwugnuinipjub Lounnipniup N, Jupng b upnwhwpngb] nknbynipyut pnui-
nuljuyht puquuquinipjut dhwynpubpny, wjuhtptt' pnjuinuljuyhtt wytyhup
nwuppuljut thnthnjunipiniiibpny, npnp nwwpplpynid b ypuljunhl oqunugnps-
dwt dudwtiuly:

Opjtjnnh htnnwgnundwt wpyniupnid mbnkjnipjut wdp upkh £ npnoty
htunlyuw] yuydwbwlwb Eupunpnipjut hhdwt Jpu. mbknkjmpjut pnduwinulne-
pjut thnthnjunipjut wunpnonipmitt nith tnyh wknbkynipemiup, hy np twpibw-
Jut (fpubnnwghtt) wunpnomipinin Ny [3]: Ujuyhuny®

AX;
Al = log; Tt V)

npunbn Al- mbnklnipjub pugupdwl] wdh £ pun i pugungphsh, AX;-' wbinkyne-
pjut yupnibwlmpjut thothnjuntipnibp i-pg pununphsh ntibgush tjundwdp:

Swppbkp pwnunphsubph hwdwp AX dbdnipjut npnonidt nith wnwbdbw-
hwwnlnipniuibp: ZEnwpuniqujut jupjusputnh nbknkjunynipiut jurnigws-
pnud Jupkih £ wpwbdtwguly kpbp pununphsubp. Luwinnuljuhtt (nwbqudnp-
Jws) wjuuhuh wqquywiwght punqunphsh jmpupwismp wpdtp upbh k obp-
Juywgubt] npnowlh dkdnipjudp b hwdwywunwupuwb wy] wpdbpubph htn npn-
owljh umtinnuljh vwhdwuubpmd (ophtiwl, junnigqusputph wuljuwt wulmniu-
tkph wqhununibph dkdnipntttikpp), 2.uybnpught’ wqqubywbught punwnphs-
ubph wpdbtpubpp thnthnjuynid Gu juhun hwenpyupwp (ophtiwly, pupunhtwdh-
Juluwi pwpph wnjuynipintt tunduspugnugdui dudwbwly), 3wilju wqnu-
owliwghtt pununnphsh jpipupwbsnip wpdbkp Juydws sk wyp wpdbputph htwn:
Zhwnlwpup® AX wipdbplbph wupplpnipmibp” npubu whnkmpmt jupnigyusph
wnwpptp pumumppstpp qEpuptpyug, Yapngyh nwpptp ubpny nubquifnpubd-
ubph hwdwp pugupdwly wpdbpubph mwppbpnipjudp (wghuninp Ae = a,_a;),
uykljnpughh hudwp' uybljunph pwjondwt wunhgubng, jud wgpuiswih nk-
uwluwi b hwuwnwgh wpdbpubph wthwdwywnwupwintpjudp: Uhwjn punun-
nhsutiph nhwpnid npnoynid E Ljuljinnught (uljqpiiwjutn) winpnonipjutt wuwnh-
Lwiuiny:

Stnthun]ulwi Junnigdusph ungbih Aiunfnpdwb kppopn wwydwip nk-
nhlnipjut putwh jupudusnpniub k ipjpupuiiulut hbnwgnundwt btyyunwljh
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punyphg b Jupnn b syl wyddbwwinipjut thnpdwpupuut gnpsulgh k
ubpunisdwt vhongny: Puguhwynduws &, np kpp Y, k=1, tpwbwlnud k, np nk-
nkynipmniut nith wytyhuph hwdwihp wpdtp, npt hp hwdpughwipnipyudp wd-
ponontpjudp wywhnymd k juugnph nusnudp: k gnpswlygh vhongny thnpdwghwnw-
Jut quuwhwndwt Enuwbwlng Jupnn b hwunwnygl] jurnigusph hbnwpniqu-
Jut hwinndubph pununnphsubph nntjunuljut putwlp m b wpdbpubpp:
Ujuyhuny, htnwpuniquljut hwnnidubph nbnkjunuljut junniggusph
dwpbdwnhljuljut dnglp [3], hwolyh wntkny tppupubuljui opjjinutiph niunid-
twuhpubnipjut wmunhdwp, gputg junnigusph puppnipniip b Epljpupw-
tuljut hkwnwgnuinn pinibitkph bugunulp k), jupkph b abpuyugit] hnbyug dind

AX;
Ny

Iy = S0, 3 (kilog, Y4 + ki log,

N
Nai

+ oo+ kylog, 2 ), 3)

Nai

npunkn Is-p hEnwpniqujut hwnnidubpny hwenpupwnp dbwynpynny nbnklni-
pjul pumtwlu £, M-p° uljqpiwljut wunpnonipjut tmwuppkp wpdbputp nitkgnn
hwwnqusubph pwbwlp, n-p* jpipupwbynip hwndwsnid yupwdbnpbph hwenp-
nupwnp hwnnidubph pubwlp, m-p* Jurnigusph hbnwiniqujwt hwnnduk-
ph nntjunjulub pununphsubph pubwlyp:

znpuundwl npuljh swhwhoh npnodwt hwdwp wthpuwdtown E uwhdwuby
wnwppbp nbuwh nbknkynipniuubph swdwh pwbwulw puntpwqpbp wwuppbp
wnbkuwlh ogunuljup hwtwsdnubph hwupwduypbph JEpupbpyuy.

1) mwpplp mkuwlh ogqunnuljup hwhwsnubph hwiipwduypbpnud npningw-
htnwjuniqujutt wpuwwnwupubph mwpplp thnybph GuljEnught pupbwulut
punipuigpbpp,

2) opikunubkph Epjpupuwtwjut hbnwgqnunnipniuttph jpugnighs wohuw-
nwpuyhtt Swpuubiph hwdwywnuwupiwiinipniip b nkjpthjuwt dhongutpp,

3) (tntwwnbthulwb wuypdwbubph wkuwlp, punypep b nbuthjuljut
dhongutiph hwdwywnuupiwinipjut wunhdwip wy yuydwiuubph:

Epjpupwtwlut opjijinutph wbntjunympjuit Swjuh pwtwljuljut
pumipugnpbnh (wjuptptt’ opjjinh wytt pumipwgptph npnodwt dwdwtiwly, npniug
niuntdbwuhpnudp bwwinpbt jupdws E wbkuthjulwt dhengutnhg nt Yhpun-
dwb tnwbwlhg b wgymd £ wpjuwnwbpubph juwnwpdwy Jepotwpnnitputph
Jpw) npuybtu hbnwpmiqulijub hwnndibph nknEjun]ulub pugunphs fupng
Et hwinbu quj wywpubph dhubpujupuuljub punipwuqpbpp, Epjpuputuljut
Jurnigquspubph mupwswlub Ynndunpnodwmt yupwdbnpkpp, hwtpwpwph b
gpgunhurlnn wuyuplikph nkputmnghwljwt pinpwgptpp b wyb, ul hpgpntpy-
puputwljut hbnmwgnunipmitubph dudwbwl opkph ubphnuph pubwjului b
npuljulub punipwuqpbpp nwppkp dwjupnulubpnid: 8nipwpwbymip punwun-
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nhsh uyuuynn wbnkynipmniup npnoymd £ Gjuljinughtt winpnonipiniithg, gni-
guuthoutph thnhnjuwluwinipniihg b hwnntly dkpngnyg hknwgnundw gounnt-
pjul withpwdbownnipniithg:

Yhpwnyny mknthjulwi vhongubph b hwdwywnwujuwt nkjutuninghuygh
Uhongny unugws nbnkjupwiwlh npnodwt dudwbwly jupny tu ghunwpldtg
wnwpphkp gniguwithpubp.

- Epjpupwiwlut jupduwsph wdpnnowljuwt wpwnwgninidp (Wjuwnp tu
wnbymd pug ponudus spnbpp, Eipwotpntpp, gninhubpp b wyt), dwjkptnie
pupdpugjus tinigh (hwimyp) pujupup Swjwip, npp Ypujwpuph gpu
nuntfbwuhpdwt pnjnp wuwhwbetbphl, vnwugyué hwinifh $hqhljudbwtih-
julwi Jpdwlp b hbnwgnundwt hwdwp gpuinid wnju pujut juqlh b pw-
nunppsubph pujupup Swjup,

- oqunujup hwiwdngh tdniop Jhpgubne (wdnpwpllnt) Lonnipniup -
npuénipjull Uke (Wjwwnh t wniynud tdniph thwunnwugh Ynnpphtiwnubph hwdw-
yuwwnwupwinipjul wunmhdwip phwlut gnjugnidubph ghunwplynn Ynnpnh-
bwwntbphtt hnpwnwigph wpwewtgdwt dudwbwy b hp htpphtt' wyny nhunwply-
nn Ynnpphtwntbph hadwyunwupputin eintip twpiwgswghtt Ukdnipiniutitphi),

- okpwnkph, gnnhubph, hyquunbntph, pwuppnndubph b wyjth mupuswlut
nhpph &hpnn wpiugninudp (mupwsdwb b wjdwt whlnibubpp),

- hnpuwnuwhgph hnpunyus mknuwdwuh thnnh Jhdwlp, npp poyp junw wd-
pone Swywyny hpugnpst) twhiwugdny htwppwntuws Eppudphghjujuis b hhgpn-
Epypuputuljut hbnwgninnipniiibpp, nudynbiwduyhtt wphtwnwpubpp b wyi,

- puntpph Eupwhnpunwbgpuhtt (kupwhnnuyjhy) mupwsnipjut phwlwu
Jhdwlh thnthnpunipjut wunhguip' wuydwiwynpgus hnpundwt wpluw-nwip-
ubpny (Wjuunp niubup wnnpghniyu opkph wiwppbp hophgnutkph ptwljut dk-
yntuugdwt kpuwljuiqudwut htwpwynpnipniup, hnpunwugp dnynn (ugnn ht-
nnijukpny, ndnyputpny, nudynbwdwht puntnipyubpng b wy dkawthljw-
Jwl, dhtukpwjuyht, phuhwlwl, opqutmljut yniptph b dhugnipmiutiph wqnk-
gnipniup Eipwhnpunuigpwhtt mupwsnipjut Ypw):

Sthuthjuljut vhongutiph nbnkjunduljut puntpuqptnh quuhwnnudp ju-
nnn k hpugnpsdt) ppug wbidwgpuyht wdjuubph hhdwt pue: Cung npnud, wnkju-
uninghuyh b mkuthjulwt dhongutnh nmbkntjupwtwlp (hupnpdunhynipmniin)
npnoynid £ punn jnipupwisinip punungphsh wpwtdhtt' hwdwduyt (1) putwdlih,
hulj puinhwiunipp® (3) puwbwdling: Stnkjupwwlh hwodupydwt dbpanp juudws k
AX dbdnipjut hwpqupuut tnutwyhg: AX jupkjh £ unnpupudwl) uwinnu-
Juyhuh (AX hwdwywwwujpwunid E swihhy uwpph donnipjutp), uybjnpuyhih
(AX YwhuJws E hyuwnbnbph unpmipjut swhdw &onnipinitihg, mqpuywuttph
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dwqtiph hEppuljuinipjut b mbnnnipjut ywhywinidhg) b wiljujuh (AX juju-
Jws E idnpwupydwt tymbwlhg):
Bqpuljugmpinii: Gpypuwpwbwhbnwjuniquljut hnpuwnwugptph hnpuwn-
dwt npulh swthwuthop Junptjh Ewpnuwhwjnt] hwduywnwupwt gnpswuljgny”
Iq

r
Ky, =%,
=75

npunkn Iy, —p opjkjnh nnjunduljut swduyt E J,- & nkuthjuyh b nkun-
Inghwyh nknkjwpwbuyp:

Ky dbdnmipjut npnonudp hwdwywinwupowinud £ npuljh npnywljh wuwnp-
Swuwynpdwi: Unwewplyny dbpngp Jupnn k oquugnpéyl) twpuiwgduyht, gh-
nwhbnwgnunuljui b hnpdupupului §nbunpmlpinnpuljut wyhunwipibpnud
guwhwwnbknt hnpundwt Enuwbwlubph b dhongutiph mbEuthjulwt htwpuyn-
pnipmittbpn muppbp yuydwbbbpnud:

znpundwl npulh pupbjuddwi pughwunip ujubdwgh guwhwwnnidp, oph-
twly, ninnpnyus hnpuwndwt Jhpundw nhypnid Junpth E ubpjuyugib] hbnb-
Jui Ypuy.

1. Npnoly Eppupuibiuljut opjnh wuydwbwlut nbntjupwwlp: dhpeht
hwoyny nfjuy Jipnidmpjut wpyniupp hnpunwugph htwnwgsh pniyjunpkh
otinUut uwhdwbph npnonudt E, wiyjuhtptt® obnudwt wyu sunhp, npt bujub wgnk-
gnipntl sh nitbw Epjpupwiwlwt wpnniuph ypue:

2. Npnot) ninnnpnwé hnpundw nkjthjulwt Jhongutph b wkhuinn-
ghuwh nknEjunjuljub punipuqptpp: Nbnnnpydws hnpundwb hwdwp, hwdw-
twpwp, wynuhup punipwghp Jhudwpgh dky dhwynp wpwewtgdmt nhypnid hn-
npuwnwtgph hkwnwgsh hupunipny sbndwt punypn:

3. Nunnnpnus hnpundwb mkhtninghuyh b mkuthjulwt dhongubph
nunpnipjut hwdwyuwunwupwinipjut gnpswuljgh b oyynhdwnipjut quuthwn-
dwlt npnonidp:

4. Mnynppdws hnpundw mkuninghuyh b mkthjulwt dhongutph Yh-
pundwb hbnbwiupny npulh pupbjudduw ypu junwpjuws swhutkph quuwhw-

wnnudp:
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P.3. AKOIISIH

CIIOCOBb MOJEJIUMPOBAHMUS ONEHKN KAYECTBA BYPEHUSA
I'EOJIOTOPA3BE/IOYHBIX CKBAKUH

JlanHas paboTa MOCBsIIeHa BEISICHEHHIO HanboJiee 00IMNX W OCHOBHBIX MPHHIIUIIOB
OLICHKH KadecTBa OypeHus. VICXOMHBIM MPUHAT TE3HC O TOM, YTO KA4yeCTBO TEXHOJIOTH-
YEeCKOro Mmporecca OypeHHss MOXKHO ONPEICIUTh KaK MEpPY COOTBETCTBHS ATOTO IMpoIlecca
1enu 0ypoBbix padot. MccnenoBanbl KOIMUECTBEHHbBIC XaPAKTEPUCTUKU HH(DOPMAIIOHHOM
€MKOCTH TEOJIOTHYECKUX OOBEKTOB W IpeyIaraeTcs MareMaTHyeckas Mojenb HHpopMa-
IMOHHOW CTPYKTYPHI pPa3BEJOYHOTO IMEPECEUCHUS C YIETOM CTETIEHH M3YYCHHOCTH T'e0JI0-
THYECKUX 00BEKTOB, CJIOMKHOCTH UX CTPOCHUS M IEJI TeOJIOTHUSCKUX UCCIICTOBAHHHA.

Knroueswie cnosa. reoornueckuii 00bekT, OypeHue, KoMMmdecTBeHHas Mepa uHpop-
MaIu, HHOOPMATUBHOCTh, CKBOKHHA, KCPH, TEXHUKA, TEXHOJIOTHs, HATIPABJICHHOE OypeHHE.

R.Z. HAKOBYAN

THE QUALITY CRITERION OF DRILLING GEOLOGICAL- EXPLORATION
WELLS

This paper is devoted to clarifying the most common and basic principles for assessing the
quality of drilling. The thesis that the quality of the drilling process can be defined as a
measure for the compliance of this process with the purpose of drilling operations is
adopted as the initial one. The quantitative characteristics of the information capacity of
geological objects are investigated, and a mathematical model of the information structure
of an exploratory intersection is proposed, taking into account the degree of knowledge of
geological objects, the complexity of their structure and the purpose of geological studies.

Keywords: geological object, drilling, quantitative measure of information,
informativity, well, core, equipment, technology, directional drilling.
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8nyg L mpyl), np wspuwstwghtt jpinwiyniph® NaCl wqnuiynipny (Unwn 800C%) pin-
pugdwt gnpépupugnid b wpnniipnid gnjugus knujudusph dpwljdwdp unwugus wp-
quuhpubpp pnduquitijhu (920...960 C?) mbnh ki niukunid wquhy dknwnubph Ynpniunbbp:
Uy wugwulujh bplunypubtpp Yupbih b juijel) wswstughtt punwiympp twppuwybtu
ppdtnt (Uhtsh 600CY), phthwljub ppniutpny nwppuynistint nt unwugdws wpquuhpbpp
NaCl-h hpupny nynipwhw) wnuyhtt fpuntnipyny vhwhwibne (450...560CY) Smuwuyuphny:
Pugwhwynyby | twl, np pjnpugdwi gnpépupwughg whgwndws uhjhjuhnnuyhl tungus-
phg wquhy dkwnwnubpp Ynpglnt hwdwp bywnwlwhwpdwn  jhpunt) peotibpny wwp-
punisdwt hhppndbinwnipghwjut tnubwlp, pwth np hwpwynpmpnit t ptdbnnd
YEpwljuuiqit] hnwdpnid wupniiwlynn nulnt nt wpbwiph thwnpdtp b yjunhtughtt Ukwnwn-
ubkph dnwn 80 % Ynpgnud:

Unwbgpughlr punkp. wshwduuyht fpnwiynip, wnuyhtt pinpugnud, Enwlup]usp,
wquhy dknwnukph wpquuppubp, yjunhtught jpdph dknwnubp, Ynpgoud:

Lhpwbmpmnii. Uquhy dknwnubph yqupnitulnipjudp wsuwdtught bjw-
wyniplph dowljdwt hhypndbnwnipghuljut gnpépupwugutpnud Ynpgqdnng nuljhte
(Au) b updwpp (Ag) juqunid ki hnidpmid wyn tmwuppbph wuwpnibwynipniaubph
uhtgh 80 %, hul] wymwnhuh padph dbnwnubph (MU) JEpupbpyu) tidjuibpp hhu-
wluind puguluynid Eu [1-6]: Zhppndbnwnipghwljut inuwbwlih hwdbdw-
nnipjudp wybh wpynibwdbn B wyn fpuiynipbph douljdubt hwjdwt’ hwpw-
unpuyht n1 pupdpobpdwunhfwbiughtt huptwwnmwpwsynn uptiptqh (FPU) hpudk-
nwnipnghwlub gnpépupwugubnp, pwtth np odnjwé L hntdpnid wwpnibwljynn
wquhy dbnnwunubpp hwdwhp Ynpghnt nttwlnipjudp: Uujuyt nbnbuwulub bljw-
wnwnnidny yhdwlt wjunkn pujupup sk, puth np pun [7-9] wppwwnwpubph
wnjuubph’ wyy gopdppwugubpmy gnjugus pupuditpnud wWiunhtught dhnwn-
ubkpp juqunud B hnudpmd qupnibwlnipjut dnwn 40 %-n:

zupl b pungst) twl, np tpdwsd qnpdpupugubpp punipjut b dwpgluig
wnnnenipjul hwdwp juhun Juwuwlup By, putih np npuiigmy gnyuimd B whtin b
wdpwstwghtt quqtiph wbupny pottwynp wpquuhpubp, npnip wpunnund b
Ephhp unnpulh JEpglntym ni winnpglntyu dhpunuypbpp: Lygws atghpubpp
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nuSknt tyywinwlny wpunwunpnipjub Uke ogunugnpsynid L pujupdtp ququi-
thnobljjutthy vwppuynpnidubp, npnup, hhdbwlwinwd, skt wyuwhnynid opowljw
Uhowduyph dwppnipjut wuwhywidwit wihpudbown swthnpnohsbpp b byywuwnnid
El wpynibwhwynn wquhy dbnwnubph huptwupdbph pupdpugdwiin:

PtpJws ndjuubpp gnyg L g hu, np wquhy dknwunutp qupnittwlnn ws-
huwstught Gpuynipbph wpynibwdbn dowlnudp htwpwynp £ wupphwljub wkju-
uninghwtbp tkppubint puinphhy, pwtqh gnpénn dbnwnugnpswljmu gnpépupwug-
ubpnud hnudph phthujutt wpwbdbwhwnlnipniubpp pujupup hwydundus
sk, Jud wnlw B whwdupun pojnpuppowtiuntipn: ‘Uodud pugpnnnulubph wpynit-
pmid gnjugus aunhpubpp (nwsknt hwdwp dbp hblnwgnunnipmiinid byunulw-
hwpdwp E dpull dbnunuijhp wshuwsttuyht bjuiyniph hwdwihp ogunuhwtdw
uljgpniupny gnpénn nkjuuninghw, nph wpwetwhbppe tywwnwlp hnudpnid ww-
pniuwljynn wqupy dknwnubph Ynpgnudi b

unph ngpuspn b dbpnpyupuinipyjut hhdtwynpnudp. Loqus tyunwlh
hpuwljwiwgdut hudwp wohtwwnwipnid npybu Ejuiynmip oqunugnpsyk] £ mnbnu-
Jut swguwt wshuwmpkp wnwewgnidukpnh, gpuyhnnwugdwb gnpspupwugny unwug-
Jws wquhy dknwunubph wspwstughtt pnwiympn: Zudwdwg [10,11] wnpmnip-
utph nbintjuwnynipyut’ Au-h yupnibwlnipmiiap wyn Gpuiynienid juqund |
9,5 ¢/un, Ag-hup® 48,0 ¢/, yjjuunhthup (Pt) nt yujunhnwhtp (Pd) dhwutwpwp®
1,0 ¢/in, hulj pnnp NVU-hup' 8,0...10,0 ¢g/vr NPhungktwdwquyhtt b phuhwlul
Jtpnidnipniutpn gnyg ku gk, np wshiwsuhg (C) b uhihuhnnhg (SiO2) htwnn
Ejuiynipnud pupdn ku FeSe, CuFeS:, FexC, SiC, TiOz, FeRe, FePt 1 FeMo' phuihwuljult
Juynitt dhwgnipmniutibiph wupnitwnipniuubpp: Zknbwpup, wquhy dbnwngubph
wnwyk] Ynpgnudp htwpunp & Bjwiynipp hupdtp pugpuybint yuydwbubpnid,
hul] wshuwshuip withpudbown b twpuwytu hinwguk), puth np, hwighuwbwnyg
dbwnwnutph JEkpuljuiiqhs, tywunnid t peduyhtt jnudnyputpnid welju wquhy
dbkwnwnubph' uhjhjwhnnh hbwn Ynpunpt [5,6]: <Epp phipdus wjuukpp gnyg B
) hu bwl, np Ejuiynipp odndws E phdhujut dowlnidubph tjundwudp uynt-
umipjudp, nph hbwnbwipny hhdtwlwt gnpéplpwghtt twjuwwywwnpuwunbne
tywwnwulny skqnpugnidp yuhwgnid k jpugnighs gnpénnnipiniuubp:

zhdugbny wspuwstuyght Lpuiyniph Jbpp tkpjuyugdus phthwljub punt-
pwugpbph nt mEnthjuwlwb gpuljwinipiniithg unwgynn wnyjujutph Yypu' wqihy
Ubnwnubp npgliint tyyunulng unyb thnpduwlut hknwgnunipmniind btwhow-
wuwwynipniip wpydk) Ehnwdph' wwppkp dbnwnubph pinphnubph htin obpduyghe
Uwljdwdp pinpugdut dbkpnnuwpwinipjutp [12-15]: Cuwn tpdws wnpnipubphg
unwgynn nbkntjuunynipjul’ wnkpny pinpugdwt gnpdplupwugp, sunphhy pinp
wnwpph wuppbp dbnwnutph htn pnintt hnjuwgpbnt wnwdtwhwnlnipjuip,
Juywuwnp hnidpnid yupnitwlynn wquhy dknwnubph hwdwihp Ynpgdubin:
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®dnpdtph puapwgpp b wpynibpubpp. Linpugdwi hopdbpnud, Guiymp 80 ¢
quiquény wbshwstwhlt junwiyniphg pugh, thnpdwuplyt] o npu’ dplunnp-
nujhtt Supdwb yuydwiunid ppénudny (500...800 °C, Unwn 2,0 dwd) b mgnuujuite
prUnY (HNOs) nt wnuppryny (HCl) muppunisdwdp (60...80 °C; 1,0 dwd) unnwug-
Jwsd phpuypnijutpn: Loyws thnpdwbdnipubph’ phihwljut dwpnip wntph (NaCl,
KCI b wy) wuydwbbkpnud pinpugnudp Juwnwpyty E500...800 °C ohpdwunhgu-
tuyghtt mhpnypnud” 1,0...1,5 duddw pupwugpnid: Linpugdutt thnpdtipnid gnjugus
EnwljwJudpp mwuppwnisyl) £ wnuppeyh 200 o /; onnipjudp (nwsnypny (PH=
=1,0...1,5), nphg htwun |ndnyp wiguws wquhy dknwunubpp Jepujuiqudl; Bu
(60...80 °C, 3 dwd)) wshuwduny ubpddws Lplupny’ ghdkinwgdwi tnuwiwlny:
Yhpuluiqws wmquhy dbnwn yqupnmibwlnn btunguspubpnid (wjunithbn® wg-
uhy dbnwnuliwb wpquuhp) wnlw Au-h, Ag-h b MU-h Jbpnisdmt [16,17]
tyuinwny oquiugnpsyty ki hwpgnpnohs-gpuifhdbnpuljwi, phn npnid” dhnw-
nulw §nrnwlhsh htn vhwhwjdwdp pnuquiui Enutwljuabpp: @npdbpnid og-
nuqnpdyus thnpdwbdnipuitinh, nputg pinpugdwtt wuydwbibph nt wpynitpubph
Jhpupbkpu) wjubpp pEpdws b wnnruwlynud:

Unyniuwml

Onpdkpnud winwgiws wqpy] knunpulnt wpguuppbbph wupn wlnyebbkpp
qupnjwé ppnpughng hnpdwindniph I wqnulyniph nkuwlabphg n gkpduwumpdwihg

L1npugynn thnpdwidnipiikp o il Uqupy
nbuwy wlig- Lpgt Ubtnwunuljut
dnpd ¢ e ymipbkpp b
o N wpquiuhppp,
h/h g otpdmunhdwiughtt g
e -
whpnypp i

1 | Ushuwstuyght pnwuiynipe 80,0 56,5/706,0

2 | Ushwbstught hunnwiynip 80,0 NaCl (700...800) 57,2/715,0
nwiymph HNOs-ny

3 33,6 35,6/ 445,0
Upwlj]ws, phpuypniy

4 |vunuiyniph phpuypnly 65,0 87,6/ 1095,0

5 |unwiyniph phpuypnty 64,0 87,5/1094,0
Tvnwiyniph HCl-m 5, NaCl+KCl (600...700

o |utnph HCEnupulidue, ) o NaGLKCL( ' 88711090)
phpuypnty

7 . 51,0 | NaCl+KCl+uy wnkp | 89,8 (1121,0)
nwiyniph HCl-ng dpwljus

8 | Y 52,0 (450...500) 89,6 (1120,0)

wypnt
g |PrrHr 50,0 107,0 (1337,0)
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Uquhy dbwnwnubph dwuhl njujubp vnwbwnt bgunwlnyg twp hbnw-
qnuyk) & 3, 4, 5 b 6 thnpdtiph wpquuhpubpp: 3 b 5 thnpdbpnid unwgdus wquhy
Ubknwnuiut wpquuhpubpp dowlyk) kb jupin wnuppeyny, nphg hkwnn tpliupp b
w] gubpwpdlp dbkwnwnutpp (Unwn 70 %-n) nbknuthnpuyk) G (nisnyype, wpyniupnid
unwgyl] t Au-ny, Ag-nJ & NMuU-ny dnwnn snpu wbuqud hwpunugus bundusdp:
dtpohtiu dowljyt] E jhin mgqnunuljuitt ppyny, npp wpyniupnid Ag-p b Pd-p nis-
yb ku: Lowsnyph hinwgnidhg hbnn wnwdiugus Au+NuvU dbinwnubph hhdpnyg
tunywdpp Juquly £ updus thnpdbpnd JEpujuiqius wquhy dbnwunuiju
wpquuhph quugwsh Unwn 7,5%-n: 4-py thnpdnud bowluydusph wnupeyny
nwuppunisyud 87 g quigudny tunusdpp dhwhuyty k (1000...1100 °C) opuh-
numshy wmpkph b juwwph opuhnh htan, nphg gnjugus Juywph hpdpny
JEpypiuyh pnduqudwi (920...950 °C) mjupwnht unnugyt) k 2,35 #g quugyuény
wquhy dbnwnubph dnywén: dkpohuhu’ wgnuuljub ppedh ndnypny nmwppu-
nwsdwt wpmynitputpn gnyg kb tmwhu, np hopdnid uvnwugdus Au-h gupnibw-
Ynipniup Juqunid £ 8,6 ¢/, Ag-hup' 23,6 ¢/, hull yyuwnhtwjht dknwunubpp
anqudngh Juqunid gnpdtwljuiinplt puguluymd ku: 6-pry thnpdh bowlwyywsph’
wnuppyny nuppunisyus yhtn wpquuhph pnjuqunudp junwupydty £ dbnw-
nuljut juwywpny dhwhwjdwi (920...950 °C) tnwtwlny, nph wjwpwnht hwpwu-
unph hwwnwlht tjunynid Eu wpdwph thuwynyg dbknwnh hbnpbp:

3 b 5 thopdbpnud vnwugdus wquhy dbnwunuljutt wpquuhpubph hwpmnop
wbquud funpnpugyus yuwnybpubpp pipusé Gu .1 b 2-nud:

Ul 1. PEpugpniyp pinpugdwll Enwluyyudph winuyppeyny nuppuyméul jnidnijphg
Yepulwagiws wqhpy dEnwunulumb wpquupph dwbpulunnigudpn

186



L. 2. Unuppyny dpwljwé plpuypnih pinpugdwt kralwyjwdph wywppdng
nwppuym sl jnidnijphg YEpulmbqinjués wqhpy dknunwlul wpgquupph
vwbpuljunnigywdpp

Ul 1-nud yqunljipdus wpquuhpnid wjuthwyn Eu nulne b wpswiph mwppbp
swthtipny dwutihlukp, hul ulf.2-nmud” phhubph mbupny yuwnhbtuwght Uknwntbp:

Uppnitbwbnmpiniup pupdpugubnt tyyunwlny 9-py thnpdwtdnish pin-
pugdwt gnpépupwghg htiinn wnwtdtiwgdws upjhjuwhnnuyhtt tunduspp mwp-
punisyt) E wgnunuljut ppyny, nphg htnn nisnyph juqd nknuhnjujwsé wp-
Swpn Yhpujuiquyt] E wunuppdny’ AgCl-h wnkupny: dkpohtthu wipwnnithg htwnn
Au-h yupnitbwlmpjudp (nwsnypp dhwynpyby b Epwljudusph nuppunisdu
|nwdnyph htn: Anjugus Jhwgyuy nusnyph Epjupny ghdbtnwgdwi wpynipnid
JEpulwiquyty £ 107,0 dg quuqudng wquhy dbnwnuljub wpquuhp, nphtt hundw-
wuwwnwuppwbnd £ 1337,0 ¢/mr yupnitwlmpiniup: YEpghtiu pnduquudwt tyyunw-
ny oqunugnpédws Yuwwph htn hwdwwntn hwnidhg unwgyt k3,22 g quug-
Jwény Au + Ag +NMuU-h nlinht Epwigny dntyjwén, nph yupnibwlnipmniip Jug-
und £ 40,3 ¢/ Ujy dnyudnih juquhg wpswpn muppunisyl] £ wgnuuljut
pryh tnup mdnypeny, nphg htiinn unwgyty £ 1,38 g quuquény n1 17,3 ¢/mn
wuwpntbwnipjudp Au + MVU-h tundwsp: Gluiynip punwiyniph juqunid wnljw
9,5 ¢/in, Au-h hupgunnidhg htimlinid k, np wju thnpdh Jhppiwljut wpgquuppnid
MuU-h punhwinip wupnibwynipniup juqund £ 7,8 ¢/

Upyyniupubph wdthmphnid b hbnbmipyniutikp. 1, 2 thopdbph wpyniupubpp
JYuynud L, np wshwstughtt pnwiyniph’ NaCl-h htwn dnwn 800 °C obpdwunh&w-
unid «snp» pponudp puguuwpwn E winpununiunid wqhy dbknwnubph hnpquut
gnpéppwugh wpnyniupubph ypu: Ushwstwght Gjuiyniph nidtn ppntutpny dow-
Ynudp unyuybku dkntwnnt sk, pwtth np hwbgkgunid £ wqupy dbwnwnubph qquh
Ynpniunukph (thnpd 3): Ujn wbugwuuwih Epbnyputpp qquh b, hwnljuyby,
thnpdtph wpquuppubph pnjuquuiwt’ dbnwnuluwt juywpny dhwhwdwb
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gnpépupugubpnid: vunwiynip ptpuypniyh, NaCl+KCl wnujht pwnbnipnny®
600...700 °C obpdmunhdwtiwghtt howljuyypnid pinpugdwt 4, 5 thnpdpmd uinnwg-
Jws mqupy dbnwunuljut wpquuhph yupnibwlnipniip juqut) L dnwn 1095 gAn:
dtpohtihu hwdbdwwn® 6...8-nud thnpdbpnid unwugqws wquhy dknwunuljui wp-
puupplitiph wykjugh] ki hwubbjm] 1121 ¢/4a. npuigmu kyulynip phpugpmlukph
pinpugnidp juwnwpydby E NaCl-h hhdpny pynipuhuy (450...560 °C) wnuyjhtt juwn-
unipnny: ®npdbph wpyniuputph wdthnthnidhg hbnbnd E, np.

o inujuyJubph’ wnuppyny b wqnunujub ppyny nuppunsdudp wunwbd-
twgws Au+Pt-h hhdpny tunduépp Juqunmd E pinpugdwit qgnpépupugnid
JEpuljuiiquws wquhy dbnunuljut wpquuphph dnwn 7,5 quiig. %,

e bnujuJuéph wnuppyny nmuppunisnidhg hinn wnwtdtug]ws upthjw-
hnnnid Au-p b Ag-p juqumud b Bpuiynipnid yupnibwlnipniiubph hwdwww-
nuwupiwbwpup® 80 1 50...60 %,

e oinphhy NaCl-h hpupny pynmipwhuwy (450...560 °C) wnujhtt fprwnunipnny
pinpugdwipn’ gnpdpuipugnid Ynpqus wquhy dbnwnuljut wpquuhpp wybjw-
unud £ hwutkny 1121,0 ¢/ -h:

Uljtuhuyun £ twl, np wnwyl) pupdp wupnitbwlnipniiubpny (1337,0 ¢/w)
wquhy dbnwnulijub wpquuppubph vinugnudp htwpuynp E wshwstuyhtt Ejw-
ynipp twhwywnpuuntne b vnwugduws wpquuhpbph pnipuhw) wnuhl pwn-
unipnny pinpugdwt hwdwljgyus hhppndbnwnipghwljut tpubwlnyg dowljdw
yupwqujnid, pwth np wywhnyynid t hnwdpmd wwpnitwlynn Au-h b Ag-h
1hwpdtp Ynpgnidp, hul wpnynitwhwynn MU-h pwbwlp hwutnd £ 80%-h:
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C.I. AMPATIETSIH, A.A. IETPOCSIH

HNCCJIEJOBAHHME ITPOLECCA U3BJIEYEHUS COAEPKAIIINXCS B
YIJIEPOJUCTOM KOHIEHTPATE BJIAI'OPOJHBIX METAJIJIOB
METOJOM COJIEBOI'O XJIOPUPOBAHUSA

[TokazaHo, 4TO B Tpolecce XJIOPUPOBAHUS YTIIEPOJUCTOIO KOHIIEHTpaTa C pearcH-
toMm NaCl (~800°C) u npu kymnesmposatruu (920...960°C) npomykTa, MOIYyIEHHOTO B PE3yIlhb-
Tate 00paboTKM 00Pa30BaHHOTO CIIeKa, UMEIOT MECTO TIOTepH OJaropoJHBIX METAJUIOB. DTH
HEXXeJlaTeJIbHBIE SIBJICHUS] MOXKHO MPEIOTBPATUTh MyTEM IPEIBAPUTEIBHOTO OTXKHUTA yriie-
poaucroro koneHnTpara (1o 600°C), pa3noxkeHuss XUMHYECKUMH KHCIIOTAMH U CIUIABICHHS
(450...560°C) nony4eHHBIX MPOJAYKTOB CO CMEChIO IIaBkux cojeil Ha ocHoBe NaCl. Beisis-
JIHO, YTO JJIs M3BJICUYCHHUS OJIarOPOJHBIX METAIUIOB M3 COCTaBA KPEMHE3EMHCTHIX MPOAYK-
TOB TIpollecca XJIOPUPOBAHMS [IEJIECO00Pa3HO NMPUMEHSATh THIPOMETAILTYPTHUECKHI METO
KHCJIOTHOTO BBIIIEIAYUBAHMUS, YTO TO3BOJISIET BOCCTAHOBUTH IOJHOLIEHHOE H3BIICUYEHHE
30J10Ta U cepedpa, a U3BJICUCHHUE IJIATUHOBBIX METALTOB oBecTH 110 80% .

Knrwowuesvle cnoea: yrieponucTblii KOHIEHTPAT, COJIEBOEC XJIOPHPOBAHHE, CIIEK,
IPOAYKTHI 6HaFOpO[lHI)IX METaJlIJIOB, ME€TAJ1JIOB IJIATHHOBOM T'pyIIibl, U3BJICUCHUC.

S.G. HAYRAPETYAN, A.A. PETROSYAN

INVESTIGATING THE PROCESS OF EXTRACTING PRECIOUS METALS
CONTAINED IN THE CARBON CONCENTRATE BY THE METHOD OF SALT
CHLORINATION

Studies have shown that in the course of chlorination of a carbon concentrate with a
NaCl reagent (~ 800°C) and at cupellation (920 ... 960°C), the product obtained as a result
of development of a formed cake, losses of precious metals take place. These undesirable
phenomena can be prevented by preliminary annealing of a carbon concentrate (to 600°C),
decomposition by chemical acid decomposition and alloying (450 ... 560°C) the obtained
products with a mix of fusible salts on the basis of NaCl. It is also revealed that for
extraction of precious metals from a structure of silicide products of the process of
chlorination, it is expedient to apply the hydrometallurgical method of acid leaching that
allows to restore the full extraction of gold and silver, and to bring platinum metals to 80%.

Keywords: carbon concentrate, salt chlorination, baked, products of precious metals,
metals of platinum group, extraction.
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H.V. GUMROYAN, T.K. KAPLANYAN

IMPLEMENTING THE SENSOR FUSION OF THE GYROSCOPE AND A
COMPASS BASED ON THE KALMAN FILTER

This paper presents the accuracy enhancement of the observed magnetic declination
by applying a sensor fusion algorithm. Sensor fusion is executed based on the Kalman
filter, which uses the measurements of the gyroscope and the magnetometer (compass) and
produces an estimate of the magnetic declination. The latter tends to be more accurate than
the measurement itself. Implementation results of the Kalman filter are presented to verify
the enhancement of the magnetic declination accuracy.

Keywords: sensor fusion, Kalman filter, compass, magnetometer, magnetic
declination, gyroscope.

Introduction. Current MEM S motion sensors generate an output signal with
some undesirable disturbances mixed. The presence of disturbances can cause
unacceptable issues in the embedded systems. To reduce those irregular
fluctuations from the observations, sensor fusion agorithms are used. Sensor
fusion is a software, which combines data from several sensors to achieve more
accurate and reliable system performance than it could be obtained by using only a
single, individual sensor [1].

This paper produces a sensor fusion algorithm based on the observations of
the gyroscope and the magnetometer (compass) to enhance the accuracy of
magnetic declination. The implementation of the sensor fusion is done based on the
Kaman filter. Kalman filter is an algorithm, which uses measurements from
sensors acquired over time, and produces estimates of unknown variables that are
considered more precise than those based only on a single measurement [2]. The
main advantage of the Kalman model is that it is a recursive filter, and that it does
not need to keep the measurements history other than the state obtained at the
previous time step [3]. Kaman filter is suitable for high-speed sensors, which
makes it convenient for real-time problems [4].

The simulation of the real-time Kalman filter algorithm is executed in the
system design platform LabVIEW, and the obtained results during the simulation
procedure are presented in this paper.
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Subject of investigation. The filtering operation of the Kalman model is
based on LDS (Linear dynamical systems) discretized in a time domain. During
each time step, a linear operator is applied to the previous state to compute the
output state, with some disturbances mixed in, and optionally some information
from the controls on the system if they are known [5].

CMPS2 anisotropic magneto-resistive digital compass is selected for
magnetic declination measurement. With the three-axis Memsic’'s MM C34160PJ
magnetometer on it, the sensor provides accuracy from 1 to 3 degrees. For the
acquisition of yaw axis angular velocity, L3GD20H MEMS motion, a three-axis
digital gyroscope is chosen. Both sensors are controlled by ATSAM3X8E 32-hit
ARM core microcontroller. The microcontroller queries the observations from
sensors and transmits them to the LabVIEW interface within a 10-millisecond time
period. The Kaman filter is implemented in the LabVIEW environment for
estimating the true state. The graphical software of the Kalman filter is presented in
Figure 1.

Fig.1. Implementation of the Kalman filter in the LabVIEW interface

The algorithm of the Kalman filter consists of two phases. The first phase
called “Predict” phase, produces a prediction of the true state based on the previous
state. The state of the Kalman filter is presented by two matrixes: the state estimate
matrix Xy, and the error covariance matrix P«. The Kalman filter model supposes
that the new state estimate at time k is obtained from the previous estimate (at k-1
time) by the equation below [6]:
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Xk = Fka—l + Bkuk + Wk, (1)

where

e Xy isthe current state estimate (at time k);

e X1 isthe previous state estimate (at time k-1);

o Fyisthe state transition (prediction) matrix;

e Uk isthe control vector;

e By isthe control input matrix;

e W is the process noise, which is assumed to be drawn from zero mean
multivariate normal distribution with covariance Q.

The state estimate matrix Xy contains two variables. The first variable is the
magnetic declination value presented in degrees and the second variable is the
angular velocity of yaw axis presented in degrees per second:

Based on thea;, = ay_; + w,dt kinematic relation between the rotational
angle and angular velocity (time period dt = 10 ms), the state transition matrix,
which is applied to the previous state X.1, will be:

1 dt]_ 1 0,01
F= [0 1] B [0 1l

Control-input matrix Bx and control vector ux are set to zero matrixes by
disregarding the control input variables. The virtual instrument (V1), which predicts
the current state estimate according to equation (1), is presented in Figure 2. The
Fi, Xk-1, Bk, Uk and wi matrixes are declared as inputs and X is declared as an
output matrix.

Fig.2. “ Current state prediction” VI

The error covariance matrix at the current state (at time k) is obtained from
the previous state (at k-1 time) according to [7]
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Py = FyPy_1Ff + Qy, (2

where
e Py istheerror covariance matrix at the current state (at k time);
e Py istheerror covariance matrix at the previous state (at k-1 time);
1 0]_
0,01 1r
e Qisthe covariance matrix of the process noise.
Covariance matrix Qis obtained during the testing procedure of the system:

« FTisthe transpose of Fx matrix, F = [

var(a) cov(a, w,) _[0,00022 0 ]

= |cov(w, @) varw,) | =1 0 0,00006

The virtua instrument, which predicts the covariance matrix based on
equation (2), is presented in Figure 3. Fx Px1, Qk matrixes are declared as input
variables and Pk is declared as an output variable. The initial value of error
covariance matrix Py is set to the identity matrix.

F cseseseselzmres

Ple-1) S AL Pk

error in (no error) ===

Fig.3. “ Covariance matrix prediction” VI

After the accomplishment of the prediction phase, the current state is
computed, and the Kalman filter obtains the observations from sensors. At time k,
the observation matrix Z is made according to [8]:

Zk :Hka‘l‘Vk, (3)

where

e Zisthe observation at the current state (at timek);

e Hy isthe observation model;

e Vi is the error observation noise which is assumed to be zero-mean The
Gaussian white noise with covariance R.

The observation matrix Zy consists of magnetic declination acquired by the
compass and the angular velocity of the yaw axis measured by the gyroscope:

AMD|k|obs.
k= [ Wz|k|obs ]

The Hi observation matrix is established as an identity matrix, due to the

observation matrix Zy and the current predicted state X« are on the same scale:
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During the second phase, which is called “Update” phase, the predicted state
is fused with the current observation information to produce the best estimate of
the state [9]. The information flow of the Kalman filter during the one time step is
introduced in Figure 4.

Previous State (attime k-1) | Prediction Phase Current Predicted State (at time k)
X1, P Xi, P
Observation (at time k) \/\f\Updallng Phase Qutput Estimate of State
Z W Xk, P

Fig.4. Kalman filter information flow

Xk and P are respectively the updated (best) state estimate and covariance
matrixes. These matrixes are considered to be the output state of the Kalman filter.
They are considered to be the output results of the current time step and,
correspondingly, the initial variables for the next time step. They are computed by
the equations below [10]:

Xy = X + K'(Z, — HiXy), (4)
P];:PR—K’HRPR, (5)

where K’ isthe Kalman filter's gain which is cal culated according to:

K' = P HT (HeP HY + Ry) ™. (6)
R« is the covariance matrix of the observation noise. Since the observations from
the sensors are uncorrel ated, the covariance of the measured MD and angular
velocity will be zero. The variance of the measured magnetic declination and the
variance of the measured angular velocity are obtained during the system testing
procedure according to the sensor’ s accuracy:

[ vartew)  covtamann) 022

0
7 cov(wapm am)  var(wgpm) 0 0,06]'

The virtua instrument, which updates the state estimate based on the
equation (4), is presented in Figure 5-a. The Zx, Hix, Xk, and K matrixes are
declared asinputs and X is declared as an output.
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The updating process of the covariance matrix is done by “Updating
covariance matrix” VI (Figure 5-b) based on equation (5). Hk, P« K are declared as
input variables, Px is declared as an output variable.

Zk reacacacacacay
H soererenexmren 3 esesesesc[ R rmTEn
O g )
Kond [ = ermor out K ¢ e MU e 10T OUL
: =
error in (no error) - error in (no error) s
a) b)

Fig.5. “ Updating current state” VI (a), “ Updating covariance matrix” VI (b)

Results of investigation. Figure 6 shows the obtained results when the
system does not rotate (a), and the system rotates around the Z-axis (b). The red
plot presents the magnetic declination (MD) acquired directly from the compass
and the green plot presents the filtered magnetic declination value.

e | [ Erwre— ]
-] [ ]

Time fcmnch)

a) b)
Fig.6. The obtained results during the investigation. Red plot: MD value measured fromthe

compass, green plot: thefiltered MD value when the system does not rotate (a), and when
the system rotates around the Z-axis (b)

Conclusion. The sensor fusion of gyroscope and magnetometer (compass)
based on the Kalman filter is implemented in the LabVIEW environment. The
investigation results are presented in Figure 6. The latter verifies that the Kalman
filter enhances the accuracy of magnetic declination by more than 10 times.

REFERENCES

1. Elmenreich W. Sensor Fusion in Time-Triggered Systems / Vienna University of
Technology. - Vienna, Austria, October 2002. - 173 p.

2. Use of Kalman Update Algorithm for vivid enhancements of GPS and navigation /
T.N. Mamidwar, N.P. Bandal, K.U. Kanhere, et al // International Journal of
Advance Research in Computer Science and Management Studies. - 2014. - Vol. 2,
issue2. - P. 64 -72.

196



10.

Use of Kalman Update Algorithm for vivid enhancements of GPS and navigation /
T.N. Mamidwar, N.P. Bandal, K.U. Kanhere, et al // International Journal of
Advance Research in Computer Science and Management Studies. - 2014. - Vol. 2,
issue2. - P. 64 -72.

Shyam M.M., Naren N., Gemson R.M.O., Ananthasayanam M.R. Introduction to
the Kalman Filter and Tuning its Statistics for Near Optimal Estimates and Cramer
Rao Bound/ Indian Indtitute of Technology Kanpur. - Kanpur, India, February 2015. - 402 p.
Jitter removal in KUKA KR-5 using Modified Kalman Filter while tele-operating with
Exoskeleton / S. Rawal, S. Kansal, M. Zubair, et al // The 8" Asian Conference on
Multibody Dynamics. - Kanazawa, Japan, August 2016. —
https.//www.researchgate.net/publication/305703431 _Jitter_ removal_in KUKA_KR-
5 using_Modified Kalman_Filter_while_tele-operating_with_Exoskeleton

Jitter removal in KUKA KR-5 using Modified Kalman Filter while tele-operating with
Exoskeleton / S. Rawal, S. Kansal, M. Zubair, et al / The 8" Asian Conference on
Multibody Dynamics - Kanazawa, Japan, August 2016. —
https://www.researchgate.net/publication/305703431_Jitter_removal_in_ KUKA_KR-
5 using_Modified Kalman_Filter_while tele-operating_with_Exoskeleton

Jitter removal in KUKA KR-5 using Modified Kalman Filter while tele-operating with
Exoskeleton / S. Rawal, S. Kansal, M. Zubair, et al // The 8" Asian Conference on
Multibody Dynamics. - Kanazawa, Japan, August 2016. —
https.//www.researchgate.net/publication/305703431 _Jitter removal_in KUKA_KR-
5 using_Modified Kalman_Filter_while_tele-operating_with_Exoskeleton

Jitter removal in KUKA KR-5 using Modified Kalman Filter while tele-operating with
Exoskeleton / S. Rawal, S. Kansal, M. Zubair, et al / The 8" Asian Conference on
Multibody Dynamics. - Kanazawa, Japan, August 2016. —
https://www.researchgate.net/publication/305703431_Jitter_removal_in_ KUKA_KR-
5 using_Modified Kalman_Filter_while tele-operating_with_Exoskeleton

Use of Kalman Update Algorithm for vivid enhancements of GPS and navigation /
T.N. Mamidwar, N.P. Bandal, K.U. Kanhere, et al // International Journa of
Advance Research in Computer Science and Management Studies. - 2014. - Vol. 2,
issue2. - P. 64 -72.

Jitter removal in KUKA KR-5 using Modified Kalman Filter while tele-operating with
Exoskeleton / S. Rawal, S. Kansal, M. Zubair, et al // The 8" Asian Conference on
Multibody Dynamics. - Kanazawa, Japan, August 2016. —
https://www.researchgate.net/publication/305703431_Jitter_removal_in_ KUKA_KR-
5 using Modified Kalman_Filter_while tele-operating_with_Exoskeleton

National Polytechnic University of Armenia. The material is received 04.03.2019.

197



1.U. TULRSUL, U.U. UdNhT3UL, U.U. UNULSUL, L.U. TNRh3UL,
249. aNhUrN3uy, S.u. YWUNLUL3uL
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Uknjuyugdws b swihdws dwuqhuwljui hwljdwb wpdtph donmpjut judupynudp®
Yhpwoking wdhsutph dhwanydwb wygnphpd: SYhsutph dhwdnynudu hpuljubug]us b Quy-
dwih qunhsh Yhpundwdp, nptt oqunuugnpstiny ghpnulinuh b dwqhuwswthh (Yonduwgnygh)
suhnidlibpp . Juwnwpnid b dwqihuwfwi hwldwd hwpwpl: Shpohtiu huljjws b wityh
Uks Sognunnipyuily, pul uljqpiwljwt swthnidp: Ywjdwh quupsh hpuljubwgdw wpgniip-
tbpp tbpjuyugdmu ko' hwuonwnbm hudwp dugqihuwlub hwldw dogpumpyut u-
Juplynudp:

Unwigpuyhl punkp. vjhsutinh dhwanynud, Gudwih qunhy, §nnuiimgnyg, dwquh-
nwswith, vwgqithuwlw hwlnud, ghpnuynwy:

JA.C. TAJIIKAH, CA. ABYHISH, AM. MOMJIZKAH, H.C. ITYXSH,
P.B.T'YMPOSH, T.K. KAIINTAHAH

CJIMSTHUE U3MEPEHUI THPOCKOIIA 1 KOMIIACA HA OCHOBE
OUJIBTPA KAJIMAHA

PaccmaTpuBaroTCs BOIPOCH MOBHIMICHNS TOYHOCTH U3MEPEHHOTO MAarHUTHOTO OTKIIO-
HEHUS ITyTeM MPUMEHCHUS allTOPUTMA CIUSHUS HaTIUKOB. CIHSHIE JAaTIYMKOB BBITOTHICTCS
Ha ocHOBe (mpTpa KanmaHa, ¢ MOMOIIBI0 KOTOPOTO, MCIIONB3YS U3MEPEHHUS THPOCKOMA U
MarauTomerpa (KoMraca), IPOU3BOAUTCS BHIYUCIEHUE MArHUTHOTO OTKIIOHeHus. [locienHee
UMEeT TCHIICHIIMIO OBITh 00JIee TOYHBIM, YeM caMo u3MepeHue. [IpencTaBiaeHbl pe3yabTaThl
peanmzanun GuipTpa KanmaHa Iy MONTBEPKACHUS MOBBIIICHUS TOYHOCTH MAarHHTHOTO
OTKJIOHCHUS.

Knrouesvie cnoea. cnusuue nataukoB, Guiasrp Kanmana, kommac, MarHUTOMETP,
MarHUTHOE OTKJIOHEHHE, THPOCKOIL.
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A SYSTEM FOR TRANSFORMING IMAGES TO SYMBOLIC PRESENTATION
FOR COMBINATORIAL DEFENSE AND COMPETITION PROBLEMS

We aim to develop tools for regular transformation of combinatorial defense and
competition problems situations to their symbolic presentation by machine learning
solutions. Asit is proven, that RGT class problems are reducible to each other, in this paper
we demonstrate a developed ANN model to detect the chess board from an image and
classify the chess pieces. Two models were developed — a simple one which provides high
accuracy as some complex models worldwide, and the second approach (based on a new
method), which correctly fitsfor other RGT problems with a bit lower accuracy.

Keywords: neural networks, image classification, object detection, systemic
classifications, algorithms.

1. Introduction

1.1. Background of the research

Cognitive Algorithms and Models research directions include the ones in
Artificia Intelligence and aim to develop constructively regularized models of
human approaches in solving combinatoria problems.

There are different lines of researches in this area, e.g. machine learning
solutions, such as neural networks, that concentrate on modeling of biological
nature of the human brain.

Following the line of Cognitive Algorithms and Models research directions,
we concentrate on the development and applications of cognitive functions to a
class of combinatorial problems defined as problems where spaces of solutions are
Reproducible Game Trees (RGT) [1-3].

1.2. RGT class

RGT class includes important problems like computer networks intrusion
protection, optimal management and marketing strategy elaboration in competitive
environments, defense of military units from a variety types of attacks,
communication problems, certain types of teaching, chess and chess-like games|[2].

In the continuous researches of our team, a class of problemsis defined as a
class of unsolved combinatorial problems|[3].

The class named RGT is a subclass of Optimal Strategy Provision (OSP)
problems. The RGT problems meet the following requirements:
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o there are (@) interacting actors (players, competitors, etc), performing (b)
identified types of actionsin the (c) specified types of situations;

o thereareidentified utilities, goals for each actor;

e actionsfor each actor are defined.

Actors perform their actions in specified periods of times and do affect
situations by actions in time t by transforming them to new situations in time t+1
trying to achieve the best utilities on that situations (goals) by regularities defining
these actions.

1.2.1. Achievements in RGT and some open questions

There are certain achievements for the RGT class, some of which are listed
below:

The proposed in [4,5] theory of mental doings provides ways for
constructive and adequate models of various cognitive functions, e.g. classification,
explanation, etc. We have implemented a knowledge-based expert system, RGT
Solverl8, which is able to utilize those cognitive functions.

The developed software can examine the developed models for systemic
classifiers of RGT problems: algorithms and structures have been developed to
provide an adequate description of systemic classifiers and to ensure their
correspondence [6], and their adequacy were demonstrated by experiments[7].

RGT class combinatoria problems are reducible to each other [8].

The results of the work are applicable to the actua problems of real-time
detection of means of attack and protection of the enemy with the help of
autonomous drones and making the best decisions of counteraction (attack, retreat,
investigation) in such situations. In [9], the defense of navy from air threats is
described as a RGT class problem and certain solutions are provided.

The natural situations of different problems are presented differently, while
the transformation of natural situations (images) into software-presented ones
(symbolically) is another widely discussed topic of the study with frequently
provided solutions of machine learning [10, 11].

Particularly, in [11], the author introduces a new method of object detection,
which can be useful for some RGT problems situations' processing and ensures the
effectiveness and fast-working process. It also detects the hidden objects, which
cannot be detected adequately by a human without any tools. However, the solution
is provided for sequential frames processing and not for single images.

We consider the transformation of a situation to Solver as a computer vision
problem, particularly, image classification and object detection. Since Neura
networks are the leading method of solving such problems all over the world, we
have also chosen them as atool.
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Currently, the first layer of Solversis a symbolical input (Fig. 1), which is

done by expertslprogrammers [ha™ B, “cyls 8, EcTE 35 "FrENE Al
1 {"CK": @, “cy": :|.J e 2, g 3 3},

‘ .The natgral presgntatlon of il B e ik G QR
situations are different (Fig. 2) and, {"cx": @, "cy": 3, "fc": @, "ft": @},

. TexTy gy TeyTy &, NFey 9, #7310

currently, there is N0 Way t0 pass the  frcx.. o woi: o wicrt 3 wise: o))
image presentations of situations to the  {7<x": @, "ey™: 6, "fc": 2, "ft": 6],
. . {Mexy 85 Yey": T, "fc”y 0, MFt': B,

Solver in a regular way. Thus, in the {"cx": 1, "cy”: @, "fc": @, "ft": @},
current work we am to develop an U T L TR 2 T 2,

interface for regular transformation of
natural presentations of situations into Fig. 1. Symbolic presentation in the Solver
Solver environment. The problem can be divided into two subtasks:

Fig. 2. Natural Presentations of Stuations. Battles (Left) and Chess (right)

a. Detecting the situations from the given image.

b. Modifying the situation to acceptable for the Solver form.

1.2.2. Battle Field as RGT class problem

The Battle Field can be considered as a RGT problem by the following
interpretation (Fig. 3):

1. The battling sides can be
considered as interacting actors;

2. Military units movements,
attacks can be considered as actions;

3. The battle field area
including the military units can be
considered as situations;

4. Different situations can
be considered as goas. capture
objects, destroy enemy units, push
frontline.

Fig. 3. Actorsand Actionsin Battle Field Problem
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1.3. Related Works

During our research several works to detect the chess board and do piece
classification were considered. In most researches (3D objects) the board,
detection is done via image processing and not machine learning by using the
aready developed model from opencv. (canny edge detection and Hough line
detection) [12].

In [13], the author describes the developed model for 3D objectsimages,
using the mentioned opencv model for board detection and Caffe deep learning
framework and pre-trained AlexNet [14] and achieved pretty high 99% accuracy.
The shortcomings of the model are a few: a) the model is too dependent on certain
construction of the board and pieces, i.e. it works badly for the pieces and the board
of other construction than the training set does.

The Chessify project, launched by Fimetech LLC ([15]) in 2016 provides a
solution for chess board detection and piece classification for 2D objects with
pretty high accuracy. However, Chessify is the best among similar solutions
worldwide by universalization, it still supports only 2D detections and is not open-
source.

In [16] the model described by the author for the chess board detection
avoids using the opencv module but includes the manual selection of the four
corners of the board in the specified order, which we also aim to automatize since
in other than chess situations it might be hard to specify boundaries of the situation
manually. However, the model uses SVM for training and is simpler than other
models, the accuracy of the pieces classification is much lower (~85%), and it is
till dependent on certain shapes of figures (training dataset).

All the described models and others researched have several disadvantages
that we aim to avoid, if possible, while building our own model — @) dependence
over certain shapes of board and pieces (the most common issue); b) complex
models; ¢) low accuracy.

1.4. Current work

Currently, the input layer in the RGT Solver is provided by expertsy
programmers in a symbolical way.

We aim to develop atool for regular passing of natural (image) presentations
of RGT situations to symbolical onesin the RGT Solver. For this purpose, we are
using ANN.

Asit is proven, the RGT class problems are reducible to each other, we are
providing experiments for chess, so the current work concentrates on the chess
situations and pieces.

The existing models offer a classification for certain types of pieces —
training of NN was done on the exact board and pieces. Its achievement is 99 % by

202



the test (same types), but if we change the figure shapes somehow (take another
board and other pieces with different shapes) the result will be lower. We aim to
enhance the classification to be universal for detection of different shapes of
figures.

For the users’ convenience, we have developed models both for 2D and 3D
images. For experimenting we concentrate more on 2D objects.

We discuss the paralels and the possibility of transmission of the achieved
results of chess to the battle field problem in this paper as well.

We provide two algorithms for our purpose — each of them will be described
in separate sections.

2. Simple Algorithm

Thetask is as follows: Given the image of the chess board, it is necessary to
classify each field as an empty one or a certain figure depending on its color and
type (black rook, white pawn etc).

In other words, this task can be stated as follows. to classify nuclear
classifiers from the situation, which are attributes of pieces for chess: color, type
and coordinates.

2.1. Chess Piece Classification

2.1.1. 2D images

2.1.1.1. Dataset

A dataset of around 300 images of chess boards with existing figures on
them was collected. A Python script was written to split the board into 64 equal

squares (8 rows, 8 columns). The pieces
constructions are of various types which insures
universalization of the model. Each of the 64
received images of every picture includes either
an empty square or afigure with certain color and
figure type, which was annotated. The dataset was
split randomly into training and testing sets by a
3:1 ratio. There are overall 13 classes numerated
from O to 12, where O corresponds to an empty
field, 1 to 6 is for white pawn, bishop, knight,
rook, queen and king and from 7 to 12 for black
pieces with the same order. Some samples from

Fig. 4. Samples from Dataset of the dataset are shown in Fig. 4.
Chess Pieces
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2.1.1.2. Learning

Keras was chosen as the neural network library for our model, which was
trained to classify the pieces on images on the described dataset. VGG-like ([13])
convolutional network of the following construction is selected:

e 2 convolutional layers with 32 neurons and kernel size of (3,3),

e Max-Pooling layer with a pooling size (2,2),

e 2 convolutional layers with 64 neurons and kernel size of (3,3),

e Max-Pooling layer with a pooling size (2,2),

e Flattening the 2D arraysfor fully connected layers,

¢ 3 Dense layers with 256, 128, 64 neurons correspondingly and with RELU
activation,

e The last layer is dense layer with 13 classes (for each of classes of our
classification) and Softmax activation.

2.1.1.3. Results

The accuracy of 97.3 % on the test dataset of plece classflcatlon was
achieved. The corresponding confusion matrix Shisket
is provided in Fig. 5.

2.1.2. 3D images djsa

[13] was taken as the base for this work.
The dataset was collected as combination of
datasets provided in [13], [16] and manually
collected dataset of various constructions,
which ensures some universalization of the
model. As long as all our models are built in
Keras, and there is no built-in model for
AlexNet there, we choose the VGG-16 as our
model. Accuracy of 94.2 % is achieved.

3. Enhanced Algorithm Fig. 5. Confusion Matrix of

The algorithm includes several steps Piece Classification

3.1. Detecting Pieces

The dataset of chessboard images including the chess pieces and empty
fields was collected. All chess figures were marked and labeled in each of these
images using Labellmg [18]. We have built ANN based on the collected dataset to
detect the chess pieces from the board.

3.2. Coordinate Comparison

After detecting the pieces, we have a set of pieces with coordinates (x1; x2;
y1, y2).

For farther simplicity, let’s denote the following:
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F — set of received figures
X,Y — set of received coordinates (both from R? dimension)
coordinates(x;; y;; x;'; y{") correspond to the figure f;
Ay =avg(x" —x"), for(x';x") € X — the mean side of field (horizontal)

Ay, =avg(y" —y'),for(y';y") €Y — the mean side of field (vertical)

The next step is to understand how many rows or columns are between
certain two figures. Aslong as al the fields dimensions are nearly equa (the more
the angle of shooting differs from 90°, the less equal they are), we use the
following equation to determine the number of the rows between figures f’ and f"
with coordinates[y1', y2'] and [y1l’, y2'']:

r

_ -y 05’ - y1) (1)
2xAy ’

where r is the number of the rows between the figures. In the future we will
research how this equation should change if the angle of shooting is higher or
lower than 90°. Here we just round the received number to the nearest integer (it
can also be negative, negative rows mean movement to the left and negative
columns mean movement down).

The sameis done for columns and the equation is analogic.

3.3. Creating Initial Board

Now it is time to merge the received figures together. The algorithm works
as follows: one of the piecesis taken as an initial point with the row index and the
column index equal to O; on each iteration, the program chooses a not yet
considered figure and counts the number of rows and columns by equation (1) and
saves the results as a tuple (f, r, ¢), where f is the figure type (black bishop, white
rook etc), r and c are the indexes of row and column correspondingly (can be
negative).

After al iterations, the program gets the minimum number of all column
indexes, if it is negative, it sums all the received tuples third element by the
absolute value of the minimum number. The same thing is being done for rows.

At the end, we receive coordinates for each figure.

We fill the missing values with empty fields — for example, if we have some
figures on coordinates (0;0) and (0;3), but there is nothing in (0;1) and (0;2), wefill
them with empty fields.

3.4. Extending Board by missing lines/rows

If the initial board had an empty corner row(s) or column(s) they would be
missing after these steps and we would have a matrix with dimensions 7x8 (8x7) (if
only one row (column) was empty). The task is to find on which of 2 sides the
empty row must be added.
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Actually, thistask islocal for chess and probably would not appear in other
RGT class problems. For instance, in the Battle Field problem, after detecting all
military units, all ‘fields’ or ‘areas around (maybe with some limited range
depending on zone where it is possible to hold fights) can be considered as empty.
Of course, this brings about another task, to detect, for example, afield, aflatland,
or which parts of the area are plateau, which can affect the possible movements
there, but this is also a local problem and would be considered in future in more
detailed researches on the Battle Field problem.

We take al empty fields we have in our received board and compare the
images (currently we use histogram comparison, but this approach has to be
improved and will be researched in future) of those fields to each of 8 parts of a
new line from top. If dl the 8 parts match (more than the parts of the other line) with
some empty fields in our board, then we consider the line as searched. We do the
same for each side and we make as many iterations as many lines are missing.

4. Application in the RGT Solver

After both modules for board detection and piece classification are ready, the
already classified figures and empty fields are processed to JSON format as it is
described in the picture below. The Solver receives a list of 64 JSONSs as an input
(Fig. 1) each of which refers to a certain field and contains nuclear classifiers
values. For example, the first raw of this image corresponds to the field with
coordinates (0, 0), which is a8 on chess board, figure color on that field is black (2)
and figure type is rook (4). Finally, the chess situation in the usual for the Solver
format is achieved and systemic classifications are processed.

Table1
Comparison of the Results
Criterion/Method Simple Enhanced Chessify ChessID ChessVision
Algorithm Algorithm
Accuracy 97.3% 95.1% Unknown 99% 85%
(high)
Universalization Yes Yes Yes No No
Open-Source Yes Yes No Yes Yes
Costly Training No Yes Unknown Yes No
Used Model or VGG-like Mobilenet Unknown AlexNet SVM
Method ANN SSD
Automate Board Yes Yes Yes Yes No (needs
Detection (openCV) (openCV) marking)
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5. Parallels with Battle Field Problem

5.1. Classifying Units

For the Battle Field problem, tanks, rockets etc can be considered as units.
Military unitsin the given image should be classified similar to the unitsin chess.

5.2. Difficulties

Some difficulties appear at transforming the chess advances to the battle
field:

1. Quality data — if the chess piece constructions are the same all over the
world, the weapons are different in different countries. Anyway, the most popular
types are of the same construction (e.g. tanks)

2. Classifying the actor/side — for the chess it is simple — the actor can be
classified just by the piece's color. For the battle field, it is harder because battling
sides’ military units of the same type difference is sometimes even harder to detect
by ahuman. Thisis still possible to redlize, it is just harder than the corresponding
task for chess.

Fig. 6. Military Units of Different Countries: Armenia (left) and Azerbaijan (right)

3. Angle — Angle of unit in an image and camera was not much an important
task for chess, as long as it is not hard to change the angle for the photographer,
while for the battlefield it is sometimes possible to shoot only from a limited
number of placesangles. These also makes the minimal required quality of the
dataset higher.

Conclusion

Methods for the situation’s natural presentation transformation to Solver's
symbolic presentation are proposed. Algorithms use Neura Networks for
classification/detection of units and are described for certain RGT class problem —
chess. The first algorithm includes classification of chess pieces, the second one —
detecting the chess pieces from an image and detecting board by them. The
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discussed models were integrated with Solver 18. The possible applications of
solutions for battle field problems are described and some difficulties over battle
field interpretation by chess solutions are listed. Implementation of the model for
Battle Field problem, including dataset collection, researching ways for solution of
described difficulties and ANN training are considered as the future steps.
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LA Z0UNe3UL

NUSYErUGLC UPUYNLPY LEMYU3SUSU UL ONUMYGLNAR ZUUUYUN S
NUCSTULNRESUL &Y Urduudushu uNULRLUSAL MUY LULEE ZUU U

Unwownlyt) Eu hpughdwlh phulwi tkpjuyugnudp Solver spwugqpuyhtt wuywhny-
dwt uhdynihl ubpuyugdwudp thnjuwltpybnt dkpnputp: Ujgnphpdtubpnid, npnup ulju-
pugpymu ki RGT quuh npnowhh igph’ swhidwinh hudwp, Yhpunynid b akpnbughi
guiighpn] numgnid’ opjljnibph fwhwsdwb b hwyntwpkpiwt hwdwp: Unwght wign-
phpup Ukpuenud £ pwpidwinwghtt punwpuptph quuwfupgnud, Epypopgp” wunltphg
oujudfwnwhtt jpunqupuwntph, hulj Ykpohutkphu dhongny' wnmwpinwlh fwbtwsnid: dbpn-
tpju) Unnbjubinp hinkqpyt) ku Solver18-hu:

Lwpugpdnud E unnugqus (nisnidutph htwpuynp Yhpwenipniip nuqldwljub npon-
owjh juinhpubtpnud, b puttwplynud Eu wyy ppughputiph dijuwpudw hbn juuws npny
ndjupnipinibibp: Npybku hbnwqu puy ghnwplynud £ unnbjh hpujubiugnudp nuquuljui
Jutiphpikph hwdwp, wyg pynd wfjuyiiph hujupugpnid, Wjwpugpius gddwpnipgnih-
utipp hwnpwhwpbnt ninhutph hwywbwpbpnd b tpnuwghtt gwugkph dhgngny nwquw-
Juwit dhwynpubph ntunignud:

Unwagpuyghl punkp. ubjpniughtt gmughp, qunlph dwbwsnid, opjkljnh hwjnbw-
pbpnud, uhunbuhl nuuwlupghsutp, wgnphpdutp:

H.II. AKOIISIH

CHUCTEMA IEPEBOJIA U30BPAKEHHUI B CHMBOJIBHOE
NPEJACTABJIEHUE JJIA KOMBUHATOPHBIX 3AJAY 3AIIIUTHI U
KOHKYPEHIIUU

[IpemmoskeHsI MeTOABI TIpeoOpa30BaHUs €CTECTBEHHBIX MPEACTABICHUN CUTYAINA B
CHMBOJIBHOE mpezcTaBicHne SOlVer-a. ANrOpUTMBI HCMONB3YIOT HEHPOHHBIC CETH IS
pacrio3HaBaHus1/0OHapyKeHUs OOBEKTOB W OMKMCAHBl Ul ONpENCNICHHOH 3amayd Kiacca
RGT - maxmar. [1epBbIii anropuT™ BKJIIOYAET paclio3HaBaHKWE MIAXMATHBIX (HTYp, BTOPOH
- oOHapyXeHHE IIaXMaTHBIX (Uryp IO H300paKEHHI0 M HAXOXJCHHWE JOCKH IO HHM.
O6cysxaaeMbie MOJIETN HHTErprupoBaHbl ¢ Solverl8.

OmnucaHbl BO3MOKHOCTU TPUMEHEHHS TIOJNyYEHHBIX PEIICHHH B BOCHHBIX 3aJadax
(battlefield problem) u mepeurcienb HEKOTOPbIE TPYIHOCTH, CBSI3aHHbBIE ¢ MHTEPIPETAIUEH
JaHHOHU 3a7aud NOJIy4YEeHHBIMH PeLIeHUAMU. B kadecTBe CieqyromuX [1aroB paccMaTprBaeTCst
peanuzaiss Mojenu i npobiaeMsl Battle Field, Bxmouas cOop gaHHBIX, TOMCK ITyTeH
pEeIIeHNs ONMMCAaHHBIX TPYAHOCTEH 1 00y4YeHHEe TOCPEACTBOM HEHPOHHBIX CEeTeH.

Kntouesvie cnosa: HelpoHHBIE CETH, paclio3HaBaHHE M300pakeHHUs, OOHApyKEeHHE
00BEKTOB, CHCTEMHBIE KIIACCH(PUKATOPHI, aITOPUTMBI.
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IMPLEMENTATION OF D FLIP-FLOP FOR ULTRA-LOW POWER
SYSTEMS

In this article a new circuit technique to reduce the dynamic mode power of the D
Flip-Flop is proposed. An enhancement over well-known Flip-Flop circuit is presented to
reduce the number of transistors and hence to reduce the power consumption. The circuit is
implemented and tested in SAED32nm library. An example of the circuit usage and method
efficiency is provided in this paper.

Keywords: low power; dynamic power; d flip-flop; pipelining.

Introduction. Modern IC circuits require both Low-power and at the same
time high-speed solutions. The performance of the circuit is aways determined by
timing elements such as latches and flip-flops, thus even a small improvement in
the flip-flop design may have a huge impact on the design. Timing constraints and
power usage are the main concerns that IC design faces nowadays. Due to the
robustness and tolerance under the deterioration of operating conditions, the
conventional D flip-flop (CDFF) [1] is widely used as a digital standard cell,
notwithstanding the more power dissipation.

Many efforts have been made to enhance the DFF performance. A sense-
amplifier based flip-flop (SAFF), which can employ reduced clock-swing
techniques, is proposed for low power achievement [1]. Based on the conventional
SAFF, many improved schemes have been presented in [2-6].

It is also well-known that the DFF design proposes [3] an N-C2MOS output
latch to reduce the transition delay. And New SAFF is reported in [5] with better
power-delay-product (PDP) performance than that of other published SAFFs, but it
will cost much more.

A semi - dynamic flip-flop (SDFF) and hybrid latch flip-flop (HLFF) are
known as fast flip-flops, and yet more power dissipation is induced because of the
redundant node transitions [7].

Low swing clock double-edge triggered flip-flop [8] and ultra-low power
flip-flops for MTCMOS circuits [9] suffer from higher process cost which limited
their applications.

In this paper, a master-dave flip-flop which achieves lower power and higher

speed by reducing the clock capacitance load and discharge time is proposed.
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Traditional D Flip-Flop and its uses. D flip-flop (Delay/Data flip-flop) is
one of the basic elements for storing information. It can store one-bit data. Flip-
flops, on the other hand, have their content change only either at the rising or
faling edge of the enable signal. This enable signal is usualy the clock signal
itself. It is used in al digital applications where it is required to hold certain data
The basic circuit of D Flip-Flop is presented in Fig 1.

Fig. 1. Traditional CMOS DFF

The circuit has 4 Transmission Gates and 4 Inverters. Transmission Gates
are required to make the master slave logic possible. They operate in away that the
entire logic of the circuit is divided into two parts and one of them is always
“closed”. Two stages are Sample and Hold.

In Fig 1, TG gates 1 and 3 operate with the same clock edges while 2 and 4
operate with an opposite edge. Let’'s assume that the clock signal has logic 1, in
that case TG gates 1 and 3 are open and data are pulled into the circuit. When the
clock triggers, TG gates also Trigger, resulting in closing the TG 1 and 3 and
opening the 2 and 4 TGs. This kind of architecture is used to the prevent the
metastable value from passing through the flop to the output of the circuit. Thisisa
traditional CMOS trigger circuit. The circuit also provides the inverse of the actual
output signal named QN, but in some applications it is not used remaining as a
floating port. That is the exploit that the proposed circuit is taking advantage of.

Two inverters inside the single stage of DFF are used as a memory cell. It is
also used to provide both straight and inversed outputs in the output stage. But as
mentioned above, output is not aways used. The inverter uses both PMOS and
NMOS transistors to make sure that the output swing is the biggest possible.
Sometimes that is not required.
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The proposed circuit is built, considering that internal signals may have a
lower voltage than outputs. NMOS transistors of the 2™ inverters have been
removed in the proposed circuit. That does not have an impact on the cell
functionality. Doing this has a disadvantage that the inversed output of the circuit
losses in full swing and has a swing of Vg t0 Vai-Vin. In the path of those signals
there are full inverters which fix the swing decrement issue. Hence, it does not
affect the circuit functionality. The proposed circuit is shown in Fig 2.

Fig. 2. Proposed DFF circuit

The digital design is carried out by Electronic design automation (EDA)
tools. Hence there is no control over what kind of cells the tools will use to create
the logic, that is why, libraries include many cells of the same cell. DFF has many
variations, including DFFs with only a straight output. The proposed circuit may be
used as alow power version of such acell.

Another application that single output DFFs are used in is Pipelining.
Pipelining is a well-known method to fix timing violations. The idea of Pipelining
isto split the combo logic into two parts. Put off the correct output by one cycle but
make the circuit operate at a higher frequency. Fig. 3 illustrates the idea of

Pipelining.
X Comb. Comb. | f,
Logic ‘ Logic

> > P>
Clk r I\
i)

Pipelining Register

Fig. 3. Pipelining picture
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Measurement Results. The DFF circuit has been simulated with SAED 32
nm technology using Hspice[11]. The results of the simulation for traditional and
proposed DFFs areillustrated in Fig. 4 and Fig. 5.

Fig. 4. Smulation Results of the Traditional DFF

Fig. 5. Smulation Results of Proposed DFF

To test the circuit efficiency in Pipelining, an 8-bit logic has been designed.
Although there are no cells between the flops, this illustrates the real pipelining
technique that is used in production. It isshown in Fig. 6.
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Fig. 6. 8-bit Register Pipelined by 1 stage

The simulation result for the Pipeline circuit with Traditional DFF and the
Proposed one are shown in Fig. 7 and Fig. 8.

Fig. 7. Smulation Results of the Pipeline circuit with the Traditional DFF

Fig. 8. Smulation Results of the Pipeline circuit with the Proposed DFF
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A final comparison has been made between the proposed circuit and the
traditional DFF in the face of the area and power parameters. It is shown in the
table.

Table
Comparison of the Proposed circuit and the traditional DFF

Traditional (UW) Proposed (UW)
D flip Flop 161,62 41,489
8-bit bus Pipelined 1 stage 641,43 489,79

Conclusion. An improved DFF circuit has been presented. The number of
components in the circuit is decreased, resulting in lower power consumption. The
circuit has been tested separately both in a real-world application and in cases of
the proposed circuit. The proposed circuit had an advantage in power consumption.
The disadvantage of the design isthat it limits the cells' functionality to only single
output type, or the implementer should take care of fixing the voltage value of the
Inversed output before usage. As a result of such implementation, power
consumption has been reduced by up to 20%. This circuit may be used in other
DFF heavy applications.
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Y.C. UEBLPL3UL, U.U. ZUrNkE3NHRLEUL, U.2. UUDUNEUL, U. Y. AULPUSUL
QEr8uor z2oNrNhEe38UUR 2UUTUTYUN AEGMNRU D SCPGECP UTUUNRUT

Unwowplynid t inp ufubdwnhly dbpny D wphgbiph nhtwdhly nkdhunmd swhuws
hgnpmipjut ijuquipjuwt hwdwp: Zuynuh D iphgbiph vjbdugh pupbjudnudp poy b nw-
1hu tjugkgul] npuwiqhunpitph putwyp, wpyniipmd twl hgnpmpyul Swheup: Upab-
dwl douldud b uniniqqus kE UUNRY 32 4/ wnkuunnghuyny: Znnpduénid ubpljuyugus
twl ujuiduwyh Yhpundwib b dkpnnh wppnibwybnnipjut ophiwy:

Unwigpuyhli punkp. gudn Lukipquuuywnnud, nhtwdhy hqnpnipini, D wphghp,
Ynuytytin:

B.III. MEJIUKAH, C.A. APYTIOHAH, K.I'. CA®APAH, M.B. BASBUKSAH

PA3PABOTKA I TPUITEPA JJI51 CUCTEM CO CBEPXHU3KUM
SHEPTOIIOTPEBJIEHUEM

[pemnoxena HoOBasi cxeMma Ul CHH)KCHHSI MOIIHOCTH JAMHAMHYECKOTo peknma D
Tpurrepa. YiydlleHHe M3BECTHOM cxeMbl D Tpurrepa mo3BosisieT COKpaTHTh KOJIHNYECTBO
TPaH3UCTOPOB U, CIEJOBATEIbHO, CHU3UTH HCIOIB3yEMYI0 MOITHOCTE. CXeMa peann3oBaHa
U TIPOTECTUPOBaHa ¢ Ucroib3oBaHueM Oubimoreku SAED 32 nu. B cratbe Takxke mpen-
CTaBJICH NPUMEP UCIIOIb30BAHMS CXEMBI U MOKa3aHa d(p(PEeKTUBHOCTb METO/Ia.

Kniouegvie cnosa: Hu3Kas MOLIHOCTh, JMHAMHUYECKasi MOIHOCTh, D Tpurrep, xoH-
Beiiepu3zanus.
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UuNrUSPY EUPURNL UMULTULLELE &L ULSUUL BY UTUUUUL
20Uu4ure

Upwljyk) k hdyniyuuyhtt wniunhly tdhupnt (UE) wqnutpwbtph qpuugdwi, Yhp-
[nwdnipju b punipwgphs wwpwdtupbph npnodwt hwdwlwupg: Zudwlupgh thnpdwpl-
dwb bywnwlny dowldt) b Yhpwndty k Eplne wwpptp UE hdhnwwnnp: @npdupyniudik-
pny hwunwwnyly k, np unbndjws hwdwljupgp htwpwynpnipniu £ tnwwhu npnoty UE wqg-
nuipwiutph punipugphy 8 wwpwdbwnpkpp: Zudwlwupgp Yupnn k oginuugnpdyty thnpdw-
pupului hknwgnnnipnibtph hwdwp, dwubu]npuybu’ dknwnh Jh§ulh spagpugng
unnigiut Ukpnnh dpwljdwb wphiwnwtpttpnud:

Unwbgpuyplr punkp. UEY, wlniunhy bdhuhw, Zuni-Uhjukuh dbpnn, UE wqnpu-
upwh punipwqphs yupuwdbwnpkp, whkqnbEunpului dbwthnhihy, spuypuynn uinnignud:

Ukpwdmpymiit: Fukpghnhlwih npnpunh wpynibwpbpulwi opjljunubpmd’
wunndwljuyutibpnd, obpdwljuyutitbpnid, ququuiuwunuljupupdut guignud b
Uniu Juplnp ywbwlnipjub opjijnntpnid swhwgnpdynny vwppwynpnidubph b
dbnwnuliwb Yntunpnijghwbph tymipnud wnwowgnn wpuwnibph hwjnbwpk-
nnudp, nEnujtugnudp b qupqugdwt nhtwdhuyh ntumdbwuppnipniip wpnhw-
Jwt hhpdtwhiinhputphg Eu: Uy munnmipjudp UE Eplnyph oginuugnpédwt hhdwt
Ypw duwngkih b wpyniiudbn spugqpunbthuljut vhongubph unbnsdwb wy-
hnwwnwitputiipp hwdwpynud ku jupbnp b hkpwuupughtt' vwppwynpnidubph
dbunwnh wipunhuwnmpjut huljdwi b, hknbwpwp, npuig wtdunuig puwhwgnps-
dwl inkuwlyjnithg:

Ulniunhly tdhuhwt ubpjuyugumd b whun dwupduh npblk (nuwy wppny-
poud Ubjuwthjuljwt jupnudubph puwshidusnipjui Jupnty pwpindwt hbnbw-
pny jupdw wihpubph wowpdwh kphinypp: Unwpynn wihpubpp wowy G phipnud
dwpduh dwljiplnyph mknuowndtp, npnup fupnn tu gpuugdt] UE dbwthnjuhsh
Upgngny: UE ulqpiwunpymplitp kb pmpbnuyhtt gutigh ghuinljughwbpp, npntg
Ynityunpy wknwpwpdtpp jupnn tu wowy ppkp Upypndwptp, huly npubg
htwnwqu qupqugnidp Yybkpwusdh Lwpknph [1]:

Utwnwnh yhdwlh spuwypuynn uvnniqdub UE dwdwbwlwulhg dbkpnnubph
Upwljdwt hwdwp npnohs bk spugpuntjuthjujut hwdwljupgbpp: Yputp w-
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hpwdtown tu UE LiEjunpuljub wqnubpwbbph wipunhwn gpubgdwl, pyujiiug-
dwt b punipugphs yupuwdbnptph vnwugdwt hwdwp: UE hdyniuh gpubgdub
U dpwljiwl pyughtt hudwljwpgbiph wowknipymubtph ko wpuqugnpsnipniip,
puqUudniuljghntiwnipniup, thnpp swthbpp b hwdwlwupgswyht spugqpuyght dh-
ongutph Yhpwndwt hbwpwynpmipiniup [2-5]: Zudwlwpgsuyhtt Spugptpp htw-
nuynpnipinit bt mwhu npnotint hdwynyuwghtt UE wqpuipwbttph punipwuqgphy
wuwpwdtwnpbpp, npnip yupnibwlnud B upbnp hudpnpdwughw UE wqpupwi-
ubph wnpmipubph dhghjuljut punyph Jipuwpbkpuy: Lhipjuniudu dbnwnubph
Jhdwlh uinniquut UE dbkpnnh hhdtwhiunhpt £ wpuwnukph b UE wgnupwutbph
wuwpwdtnptph dhol tnus pwbwljulut juwh puguwhwjnnidp: Updws juunph
nunmpjudp nunidbwuhpmpniubtph tyuwunwlng «<wyunnd> @2 PLRC-nid
unbnéyl) t Uk wqnupwtutph qpuigdwt b dowldwt hwdwljunpg:

Zudwlupgh tjupugpmpeniip: bdyniuh Uk wqpqubpwibph punipugptph
htnwgnunuut tyunwlnyg dowljus sSpugqpuunbthjuljut hwmdwlupgh puy-
hwnip $nruhghniiw) ujubdw tbpjuyugyus k uly.1-nud: Zuwdwlwupgp punjugus
k 30...300 44g hmdwjunipniuubph mhpnypnid winiunhl wqnupwuubph wht-
qnb Ejuipuljut dbwthnhihshg, Ejupujut wqqubpwibph twpjpbwlwb nidk-
nupuphg, wqnupwiikph gpuigdwt b dpwljdwt pinhg, npp tkpunmd k-
puut wqpupwibph mdbnugdwl, $hynpdul, wiwnqupduyhtt Abwthndwt
(U.0Q) b hwndwljupgsh htwn juuyh wywhndudwt hunbtpdptjuuyhtt dngnyubpp:

Ul 1. Opuwgpuunbnbhlulwi vwupph pnialghniuy uubdwi. 1-UE wqnubowbikph
dlunhnjups, 2- hwjuinulul nidknupup, 3- pdynyjuuyghl wepuibowhbbph qpuagdui b
wllul pynl, 4- wgnubpwbhkph nidknugdwi, pppnpdwi b whuyngquyejuyhl
Adlhunpnpnful unnpmy, 5- pyuyliugyws UE wqnuilipwhbbph hudwlupgsh hln juwh
wwwhnyuwi hiinkppljuughl Ungnyy, 6- hwdlwlwupghs, 7- hwdwlupgsughl Spughp

Ugqnuipwutbtph nidbnugdwt, dhjnpdwt b U6Q dnnnijh $nrulghntiug
ujubdwt ubpuyugdws b ulf.2-nd: ULQ-h ujubdwb hwjupywsé t Analog Device
dhpdugh AD7983 hwgnpryuljutt Ununnupljuwt (SAR) dtwthnjuhsh hhuph Ypu: Unin-
puyhtt wmgpuiowuh pnibbpugdwtt hwdwp oquuwugnpdyt) t AD8615 owytipuughni
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nidbqupupp’ 5 4 jupdwi dhwplibn ubimigdwdp: Gplplte wqquiiywih dbwthnju-
dwb byuwwnwlny oykpughnt mdbtnupuph gpujub dninphtt tipdky E obndut
U,= 1,84 ¥ hwuwnhwwnnib jupnid, hul] nidbnuguwb gnpdwljhgh hwdwp ptunpyby £
0,224 wipdtipp: Uninpuyhtt jupdwit juyunyph phy pugdusph Up= 20 4 wipdtiph
ntypnid Ejpuyht jupnudp juqund £ 4,5 o T tpwbwynd £ np oykpughnt
nidbinupuph dnunpht -10 7 jupdwt jhpundwt nhypnid Ejpuyhtt jupnidp hw-
Juwuwnp t qpoyh, huly Ununpughtt +10 o jupdwh nhygpmd’ 4,5 < Ubdwgh wpuw-
wnwtph hwdwp wiuhpwdbown htupuyht 1,84 o jupdwt Abwdnpdwt hwdwp og-
nwgnpsty E ADR391 gsuyhtt jupquiynphsp tntnph 2,5 o jupdwb b jupdwb nk-
qhuwnnpht (1:2,8 §Od) pudwtwpwuph Yhpundwdp: Zwpdh wotubny, np U6G2-h
hEupwjhtt jupnudp uqunid £ 4,5 o, toqus qgéwghtt jupquynnphshg 2,5 ¢ jupnidp
AD8615 owhkpwghnt nidbnupunph dhongny nidbnugymd k dhtsh wuhweynn
dmjuppuljp: Unbnddws UEQ-u niuh htnbjw) nkuuhjuub wdjujabpp. mmwp-
pupmsnudp’ 16 g, nhuljpbnwgiui hwfwpmpmip 106 ghly/4/pl, huununnt
hnuwbph uinigdwi jwpnidp 2,5 4, uyundwi wowybjugnyt hnuwbpp' 10 /T
Untnpuyhtt pnipbpugdus wqnupwin vhwlghsh dhongny wipynud t UEQ-h
Untnpht: Ainljnid oqumugnpdynn tpkp dhynptpp dowlyty ke 50...300 42g hwgw-
Juwghtt whpnyph hwdwp hudwywnwuwbwpup 10, 50 b 100 nidkqugdub
qnpswilhgtpn:

FLLUSH, LU
ey LT
1844 454
~ T
unkse A 16 Fhe Benbuh SPI >
L o | I N R S—— | o ¥ e 1
f- 10 | o m—— - ghiaghdnly
% " prirseruar, | i — | =
T T | —_
ShLSr
Luapwuls Smhnfuby
Sdngnp 2541334

Ul 2. Puynijuughl wgnuipwbakph gnubguwi b dowldwl pinly - ujulbdwl
Pnlh dhongny pduytugdus wgpuiowup SPI hwenppuljwi hunbkpdtjup
vhongny Juyynid £ myRIO-1950 htuwnbpdbjuughtt dnnnijht: UEQ-hg unnwugynn
hwonpnuljwt Ynnp wnipynud k dpugpuynpynn npudwpuujub pinkqpu upuk-
dugh Uninpbpht: Upjpkdwymd wmknh £ nitkunud hwonppuljwb Ynnh dbwthnpnid
16-wlwl qniquihtin Ynyh b thnjuwbgnd hnnbp$bjuwghi tngnijh Jpht dwlupnul
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DMA1 hhonnnipjutt uvwpph htwn minhn juwh dhengny: bPunbkqpu) upubduwynid
Juwnupymd | wqnubpwih dkdnipjub hwdbdwwnnipinit okdwjhtt wpdtph hbw:
Chdwghtt mpdtipp gipuquugnn wqnutpwith wpjuynipjubt yupuquynid gnpswnply-
Ynud £ wiphgbpp, b wqpupwh tdnipundws (sampling) wpdtpubpp thnpuwmbgynid
kb nhwh Jbpht dwlupyul;’ DMA2 hhonnmipjut uwpph htn ninhn fuugh kplpnpy
jwbwyny: Opwghpp htwpwynpnipmnit b nwhu bwb thnjowtgl] nphgbipught
wpdtpubphg gubn wpdtpubpny wqnupwkn:

Pluymgdus LEjunpuljut wqputpwtubph juyp hwdwljupgsh htn wyw-
hnybnt tyuwwnwlny oquuugnpéyws E myRIO-1950 puquwdniuljghntiw) dnnnijh
pny (upubdwt phpdws k uly. 3-nud): Ungouyp punlugus b 667 UZg nmuljnughl
hwdwjunipinit niikgnn ARMContex tpljuhonijuyhti, Spwgpuynpynn wpngkun-
nhg b Xilinx npudwpwtmut htnnkqpu) ujubdughg: Unnniyj niuh tub wnwb-
&ht Spugpuiynpnn shy Zyng-7010: Zwenprwljub hnkpdbjup qniquhbnh thnjuw-
Ytpybknig htwnn hudnpdughwtt hwdwlupgsht £ hwnnpydmd USB uniwinph
Uhongny: UE huuynijuughtt mqnubpwtubph Jbpnsnipjut hwdwljupgsughte spw-
ghpt wopuwunmid £ LabVIEW dhowjuypnid:

use use
Host Dev e —— Status LED
Corn Conn
use uss
-.
e L c
Processor PO (M)
s OO R L : i T
NaND | oy i p 3 Osc
Flash i Processor Subsystem (PSS) | i
: H i +5EV <33V
FRCIET W NPT N I TR SR ' il
2 Xilinx 77616 [
s =
Lol o= o §
i . 3
18, x1,
User | a4 - IO |et'S,
LEDs
ie2 -| UART |
1 -
i BV =33V
FPGA Fabnc (PL) 3 - '  Smmm—
[ =
R Y= H]
40.0 Mhz Os< - iqme oo Jext] &
- .u| UART |

Ul. 3. myRIO-1950 hwnbpplyuuypl unnnijh pinl - upukdwi

Opwgph hunbpdtjuh Jpu jub swihynn wqpuiywtibph dudwbwluht
Inruljghwipp tkpjuyugung 4 qpupphjuljutt yunnthwubbp: Unwehtt ywwnne-
hwup ubpjuyuginid £ uyquudw npkdhup b wpnwwywwnlbpnd | pingh Gpnd
wnluw UE hdynjuwiht wqquiipwih hpwlub dudwiwlughl $niiyghwi’ ikpun-
jup dnttuyghlt pununphsp: Uniu 3 wuwnnithwbtbpnid dwdwbwluyghtt nitiljghw-
ukptt wpnuyuwnlbpynd Eu Spwqpuyhtt npny thnthnjunipnitubph Gupwuplyb-
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inig htinnn: Ujuwgtu, 2-pn qpudpljuljut wuwnnithwip akpjuyuginid t spuqpny
uwhdwugws jupdwb obdhg pupdp wpdbpubphtt hwdwywwnwupwing dudwiw-
Juyhtt $miulghwi, hul 3-py wwwnnithwip' hudwniup, nph ujhgpp hwdpulund
npu §nnuhg odh wnwohtt hwndw yuhhg htwnn tnws dudwtwljuyght pwppht:
Yhpohtt yyunithwinid wpnuwuwnbpynd £ dhwyt hdwyniuh obdhg pupdp wp-
dtiputiphtt hwlwywnwupiwng whpnypep: Opughpp htwpwynpnipint £ winwhu
wyunndwwn Jipuyny huwpupytjnt hdwynijuh puntpugphs wupudbupbpp:

Onpdwpliwt dkpnnubpp: Zudwlupgh wojuwwnnitiwlnipmniip thopdwp-
tnt hwdwp Yhpwndl) bu whtgnk Ejupujut b Zunt-Uhjukh dkpngutpp: Mhk-
qnb Ejunpuljut dkpngh jhpwodwt hwdwp ywnpwundb) £ UE-h whtqnkun-
pulub hdhnwnnp oguugnpstny juwwph ghpynbwn-nhnwbunh (LZT) whh-
qnijtpudhjulju muppp: @npdupymudubph dudwbwl hdhinmwwnnpp thuntpht
Jhpunyty b prhspwdl wann jupnidutp, npnug wdyyhnninh wpdbpubpp thnthnhu-
yby 2 0...200 o nhpnypenud: UL wqnupwbtiph nwpwsdwut dhowuyp k swunw-
161 930x430x3 /2/ swthkp niukgnn sdwignunynn ynnuuwnhg hupp duljkpbkuny ph-
phtnn: Ulgntunhl fntnwlnh wywhnddwdp phetnh Jpu mbnuljuydt) tu LZT
huhununnpp b gpuithg npnowlh hkpwnpnipyul Ypu' UE wqnuiipwibiph whbqn-
EEjupulut pungniuhsp, nph fEjunpujut wqpqupwbttph nidinugdwi hudwp
oquiuugnpdyty Eu 26 pA dhohtt mdtnugdwi gnpdwlhgp b 50...300 4Zg hwdwjunip-
miuubph poqupldwi pbkpun niikgnn gnpdwpwitughtt wpunwunpnipyui ITA3O-014
wnbuwlh HEjupujut wqpqubowbtbph twpbtwujuwt nmidbnupupp: Ynndowlh
wljntunhl wnumubph dEniuugdwt byuwnwlny phebnp nbnunpus £ hw-
wntl] nknpuk pupdhyubph ypw, huly HEjnpuljuwt undnjubph dwljuppulyh tgu-
qigdwt hudwp Juwnwpgby k phptnh hnnuignud: Unniqyty L uuppuynpdwt wp-
juwnwiipp UE hdwyniyuught HEjunpujut nunuunidubph wnpniph hqnpnipjut
thnthnjudwt nkdhunid:

Onpdwpuutt Zuni-Lpjukth dbpnnh fhpwndwt hwdwp unbnddt) L qpu-
dhunk pupuly dnnh Ynnpdub uljgpniipny wohtwnnn dkuwthjuljuwt hdhwnwnnp:
Qpudhunp b dhowduyph hydwb Yhwnnwd, wpunwphtt nidh wqpbgnipjui nwl,
wnwy b quihu whiy dwpduh dwibplingph niw) gdnpdughuw: Spudhunk dnnh
yninpdwb wwhhg ujuws [nlwy nE$npuwghugh whpnypep Jbp wsynd hdyng-
uughtt UL wihpubph wnwpdw wnpmniph, npt hp punypny bdwb t Lwuph wnw-
owgdw nhypnd phwfwt UL wowpdwt wnpmipht [6,7]: Zuni-Uhjukuh dbpn-
nnud punnitws i hknlbju) nkpthjujwt yupudbnpbpp. gpubhnh nownnt-
pmilp’ 2 A, pugqusph kpljupmipnip® 2...3 ¢4 npudwughsp 0,5 /i

Onpdwpliwt wpyniipubpp: Pnpdwpldwt dudwiwl unniqyly L Spugqpu-
nkthjulub hudwlwpgh pighwbnip wolwnnibwlmpiniap, wyy pymd’ Uk
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wnyhsh wpdwquiipp UL wqnubipwbubpht, Uk whsttph hdwnyuughtt EEYnpu-
jut wqnuuowbtbph dowljuwt pinlih wohmwnnibwynipiniup, hwdwlwupgsught
Spwgnh woumwnwbpp: MhhgnkEjunpuljut hdhnwwnnpny junwpjwsé thopdwp-
ynuwlutph dwdwbwl whkqnuupphtt hpundws jwpdwt wpdtpp thnthnjudby &
6..72 9 mhpnypmd: Uju nkdhunid «wnwphs—punnitthy» hbnwdnpmipiniup tnky &
900 «/i£ Ul.4-mid yuunltpdws b hdhnnwwnnph dhongny unwugdws Uk-htt hwdw-
wuwnwupwing hdyniuuyght fEjupujut wqnupwup b okdhg pupén gpubg-
Jws hdwynyuwghtt mqpuipowih dudwbwluyhtt yunlbpp:

Alarm & Threshold

0,750000

10, 500000
0,250000
£ 0,000000
£ 0250000

-0,500000 -

-0, 750000 -3
0

2000 4000 6000 8000 10000 12000 14000 16000
Samples
HE@=

wIT

el

Ul 4. UF B Eunpulwh pdynyuayhl wgnulowanp b uyny wqpuibowiah sklhg pupdp
whpnyph dunluiimluyhl unnlkpp

Un. 1-nud ubpuyugyus b whtignkkjnpujui pdhnwnnph jupdwt thn-
thnfudwt phdhunid hpujuwbwgus hopdwupdwb wpyniipnid vnugdus punt-
puqnhs yupudtnpbpp.

— N- hdwyniuny skudh hwwnnidukph phip,

— Vmax, - hduynijup wpwybjugnyt juyinypen, @,

- T - hdwynyuh mbnnnipiniup obdhg YEpl, wyjuhptt® huwnijuny okdh wnw-
ohti b Jipohtt hwwinnudubph dhol pujws dudwbwljwhwndusdn, 47/,

—Tmax - wdyjhunninph wnwybjmgnyt wpdbphtt hwubtbm dudwbwlju-
hwwnqubdp, 47,

- RMS, V- 1nhy hdwnijup vhohtt punwlniuwghts wpdtipp, 4,

— RMS (v/t)- otdhg ytpl huwnijuh dhoht punwlniuwghtt mpdtpp, 9,

— Int- hdwynyup punhwunip dwibpbup, 447

— Int (v/t)- hdynijuh obdhg JEipl puyws nhpnyph dwlbpbup, o df

Un. I-nid phpdws wndjubphg hunnwly tpinud £ RMS wipdbpubph géuyght
Jupunudp hdhnwinnphtt jhpunqws jwpnidhg: Un. 2-nud pipdws Bu Zuni-Uhjukth
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huhwnwwnnph wnwewgpws puwynijuuyhtt UL mqnutpwubph punipwugqphs qupu-
dbkwnpbph wpdbputpp, npnup unwugyty Bu 10 swhnudubph dhohttmugdwdp: Unni-
uwlnud ukpluyugqus wpyniuputphg tpbnwd E, np Zuni-Uhjukth hdhnwnnph
nhwpnid Uk wgnuiipwbtiinh yupwdbwnpbph wpdbptbpp dnin & whkqnkkln-
pujut hdhinmwnnph phypmid uvnwugyus wpdtpubiphi:

Unniuwly 1

Dhkgnly Eunpului plphunwwnnph UE wgpuipwbbbph wupudbuplbpn

U, 9| N Vowo @ | Toi tff | Tow tff | RMS, 9 RMS{;V/ 0 ;:; : I“f[(;l/;)
12 596 0,235 6,297 0,035 0,028 0,020 118 21,5

24 958 0,502 7,410 0,034 0,058 0,042 236 70,0

36 |1215 (0793 (9026  [0.038  |0089  |0.062  [368  [1231

48 [1348  |1,003  [10242 |03 0119  |0077  |484  |176

60 [1488  [1343  |11,143 |0283  |0154  |0,101  |627  |242

72 |1583  [1.650  |11,46 |0173  [0185  [0119  [755  |291

Ungniuwly 2

Zuni-Upjukap pdpununnnph GE wqpuibpwbiabph yqupudbupkpp

N Vmax, t.[ Tpuls, l[l[ Tmax, l[I[ RMS, ‘[ RMS (V/t), t.[ Int, r‘[l[l[
1012 0,701 11,13 0,34 0,096 458,3 128,7

Bqpuljugnipiniuubp.

1. Uowjqwd hdynyuuyht UE wqpuuowtubph qpuugdut hwdwlwupgp
htwpwynpnipmit £ wnnwhu wlnrunhl wqpupwiibpp puyiugub; b gputp
Ybpnust] hwdwlwupgsuyht Spugpny:

2. Unbnddws hwdwlupgh dhongny Jupkih £ unnwtw UL hdyniyuwhb
wqnuipwtiubph punipwugphs hhdbwljwt yuwpudbnpbpp:

3. Zwdwlwupgp Jupny E ogunnugnpédyt) whuy dwpdunid nidnpdughwkph
wipyniupnid wnwgwgnn UE wqnutipwiibph hbnwgnundwt hwdwp:

Upjnuunwipl ppulpubnugyly F 22 92U ghunnippul Indpwnkh ppinuiuw-
yYnpuudp:
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Uunndwjht Ejunpujuyububph swhwgnpsdwb hwjjuljwt ghnwhbinwgnuinuljui
htutnhwnnin OLC: Uinipp tkpliuwywugyt) k mdpugpnipini 11.03.2019:

B.I'. HIETPOCSIH, T.O. OBAKUMSH, A.I'' MAWUJISIH, A.3. COI'OSIH,
I'T. MAPTOSH, A.Il. IETPOCSAH

CUCTEMA PETHCTPALIMU 1 OBPABOTKH CUTHAJIOB
AKYCTUUYECKOUW DMUCCHUHA

PazpaboTaHa cucrema perucTpaiyy, aHajdu3a M ONpeAeIeHHUs XapaKTepHBIX Iapa-
METPOB MMITYJIbCHBIX CHTHAIIOB aKyCTHYecKoi smuccuu (AD). [ UCTIBITAHHS CHCTEMBI
pa3paboTaHbl U NPUMEHEHBI JiBa Pa3HBIX uMHuTaTopa AD. VcnbITaHUs MMOKa3ajiH, 4TO CO3-
JIaHHasl CHCTEMa TIO3BOJISIET ONPEIENUTh 8 XapaKTepHbIX MapameTpoB curHanoB AD. Cucrema
MOJKET OBIThH MMPpUMEHCHA IJIA OKCIICPUMEHTAJIbHBIX HCCHGHOB&HHﬁ, B YaCTHOCTH, B pa60Tax
0 pa3paboTKe METOo/a Hepa3pyLIaroIero KOHTPOIIs MeTaia.

Knroueswie cnosa: aromuas snexrpoctannus (ADC), akycTHuecKast SMUCCHS, METO
Cy-Hunbcena, xapakTepHbIe mapaMeTphl cuTHaima AD, MbE303JEKTPUICCKUN Tpeodpaso-
BaTeIb, HEPa3pPyIIAIOMINN KOHTPOJIb.

V.G. PETROSYAN, T.H. HOVAKIMYAN, D.G. MAYILYAN,
A.E. SOGHOYAN, G.H. MARTOYAN, A.P. PETROSYAN

AN ACOUSTIC EMISSION SIGNAL REGISTRATION AND
ACQUISITION SYSTEM

A system for registration pulse signals of acoustic emission (AE), analysis and
determination of the characteristic parameters has been developed. For testing the system,
two different AE imitators have been developed and implemented. The testing has shown
that the developed system alows to determine 8 characteristic parameters of the AE
signals. The system can be implemented for the experimental research, in particular for the
development of the non-destructive testing method of the metal.

Keyword:. NPP, acoustic emission, Hsu-Nielsen technique, AE signal characteristic
parameters, piezoel ectric transducer, non-destructive testing.
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Unwowpquws t pyuyht hntigpuay uubdwbkph (PU) pinljutph $hghjuljub junnig-
Jusph wyunndunugyus vnwugdwt dbpny hhdudws ujubdugh wpwwnwuph mpudwpu-
unipjut hwyqundwdp dhghjului «hwhnil» pinyh Junnigdwi b ngpuithg «4now» pinyh
utnugdwb Ypu: dShqhului «hwthnil» pinyh vnwugnidp hpdtdus b wpudwputuljut
ufubdwgh nwquynpdwt Ypu: Shqhuljwut «thwthnil» pinlhg «Ynpnptr mbhgdwu tyunw-
yny Yhpwunrydt) t vwupptph Jipuntnupwodwt tnp dbpny hhdudws puphktnpniuwght
Unnhdhlmgyus wignphpup Ypw: Upwlip]t) i puphltiunpnirghlt wignphpuh Yhpumbodp
dhqhjujui «hwthnily» pinljhg «ynow» pinh Junnigdwi wignphpd b hwdwywnwuhiwh
Spwgnpuyyht hpwgnpdnd: Upmynitplbpp gnyg bu gl wnwowpjws dkpnnh wpynitwyk-
nnipmniin bhghjuljut hwhwgsdw thoynud upbdwgh wpupwnwph npudwpwbinipjut
hwydundwt mbuwlnihg:

Unwbhgpuyhlr punkp. hinkgpu) upbidw, dhqhiuljub hwpwugsnd, puphlkunnpn-
tuyhtt wgnphpd, dyngw> piny:

Lhpwdnipini: UhipnkEjunpniughtt wkininghugh qupgqugdwi htin dky-
ntn wdmd k hU-tph $hghjuljui tujuwgsiwi thoymu wyiughuh $hqhluljub G-
pniguspubph unnwgnidp, npnup hwodh Junubt vjubdwnbjpuhjuljut wnwtd-
twhwwnlnipmbutpp b jpadupupbh vjubdughtt tbpuyugdnn $nituljghniwg-npu-
dwpwtwlul ywwhwietbpp: Upw jupbnpnipiniip yquwydwbwynpjws k wyb hwb-
quiwipny, np dwdwtwljuljhg PU-Eph dhodhugnidubtpnid hwwunnidutpp gbpw-
Juyniud Bt mpwbighunnpubph hwywnnidutpht b qquihnpkt wgnmd Gu ujubdwgh
wphumnwph Ypu [1,2]: PU- nuid mbnkjuwnynipyut dpuljdwb ghljjh dudwbwlp
Alwynpynud £ ujubidugh nupptipnud b dhodhwgniduipnud hwmwyunmudubphg: Gph
wnwunppbph hwyunmdubpp hwpnth Bo guniinud vpidwnbuthjujuwt twhwgsdut
thnynud, wyuw thodhwgnidubpnid hwwwnnidubpp npnoynid B dhuyt $hghlju-
Jut twhwgsdwt wpyniupnid, wyjuhtipt' Spugdnidhg htnn: Uwljuyl, hwpdh wn-
ukny, np dpugddwt wpnyniupubpp qquihnpbt uwhidws & mwuppbph mbnupwsy-
hunidhg, wjuthwyn E quninid nbnupuppudwt thnymd wqnuiowth hwwwunnud-
utph hwpwndwb juplnpnipinip:

Suppbph mbnuwpwoudwt dudwtwl dhodhugnidubpnid hmwywunnidukph
hwoJunuwt juunph ndnudp hhdudws b ujubdugh dninp-Lip ninhukph dudwiw-
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Juyht Jbpnidnipjut b dwdwbwlny ninnnpnjus nbknupwodwt dbkpnnh Yh-
pundwi Jpu: dudwbwlny ninnnpnus mnupwppuidwt gnynipinit niikgnn db-
pnnubkpp Jupnn tu jpdpuynpyty Gpint quuny’ munnt Jpw hhdtgws b onpuygh
Jpw hhuuuwsd [2-4]:

Minnt ypw hhdudws dninbgnudp Eupunpnud | ujubdwgh dnunp-tip Ynphwnh-
Julwb mnhubph hwynbtwpbpnid b mwuppbph wjtyhuh JEpunbnupwsunid, np
Ynhnhjuljut ninhubph Jpu qnidnn muppbpp nknupuuykt dhdjug htwpw-
Ynphtu Unn: Uw wpynibwpbpujut wnnduwnugjus twhpwgsdwut hwdwljup-
glipnud tkpuynudu oquugnpéynn hhdtwljut dninkgnud b Uju dnnkgdwl ph-
poipnitl wy k, np ujubdugh npnohs ninhubph Jpu hwwyunnufubph tduqup-
ynidp hwgwpe hwigkginid £ tnp npnohs ninhikph wowewguwl b wkih Uks
hwuyyunnidubpny:

Cnpwjh Yypw hpdtwsé dbkpnnubpp Gupwunpnid b jmpupwbsnip onpuygh
Epyupnipyut junwupmd widhgwljutnpkl muppbph nknupwoudwt pipwg-
pnid puwnn upubdwgh wpuqugnpénipjut ypu nputg wqntgnipu swithh: Uju Un-
nbgdwt phpnipniup nknupwydwt thoynid onpwttph Epupnipmnitubph ju-
nuwjupdwb b dpwugpuyhtt hpugnpsdw pupgnipmiut b

Upjws phpmpnibibph hwnppwhupdwt tyuwnwlng wowewplynid k
npudwpwbwlwi pnlubkph Phghjuljut junnigqusdph uhtiptgh tnp Uninbkgnid,
npp hhdudwsd £ npudwpwbuljut uvjubdugh nubquynpdwt fwbwyuphny uinwg-
Jud $hahluljut ahurpmls paljhg dngws pnljh Aol dpu b dhogus ©
Uhouhwugnidubph Gpupnipiniutbph b, hkwnbwpwp, npuugnid hwywnnidubph
tjuqbkgdwp: Lokup, np dhghjuljull «huthnil» pinlj wubkny hwuljubnud Gup
Epypusuhwlwi swthubph wenudng syyupudbnpugdus jurnigyusp, nph nku-
phtt ubpjuyugynn vwhdwbtwhwynidubp sfub, hull «ynow» pinjh phypmd wyy
vwhdwbwhwlindubptl weju Gy, b, npybu juint, gputp nippuiljubt nkup
ikl Swippbp onpwttph wonbkgnpmin vubduh wpuqunpsnipyut Ypu hwoyh
wnubknt tyuwunwlny wonwewplyuws b puphkunpnuwghtt Unphbhljugqus wign-
nhpd, npp wwuppbph wknupwojdwi dudwiwl hwyyh b wninud onpwubph
Junpunpnipnibp:

Utpnyh tjupugpnipniip: BJuwht ujubdwiubph wpnwnwiph npudwpw-
unipjul hwyyunduwdp nmwupptph nknupuojudwt wnwewnplynn pupwuguljupgp
pEnyus E uy. 1-mud:

vunph nsdwtt wnwehtt pkp thnykpp thpupnd B npudwpwbwlut
upubdwynid wqnupwbtph hnuph qpudh (U29) junnigdwb, npuiunud phiwp
npnudwt puyutiuwynpdus swnh Jhpundwdp npudwpuujut wuppbph nwb-
quynpduwi b punn quyunipyut hunpdwt wignphpdh jhpundwdp pwbiquynpjus
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npudwpwbwljut ujubdughg Shghjujui «huthnily» pinljh jurnigdwt jutnhpubpn:
vunph musdwt hwdwp npytu dntnp sSwnwynid £ mpudwpwbwlut upubdugh
thuubuyht dwljupnuyh Verilog tjupwghpp, nphg b vnnwugynud £ U2% —u: Quu-
unpkt U298 - wpwdwpwiwul ujubdwgh gpubughts tbpuyjugnidi £ G(E,V),
npntn V={vi, v2,...,vm} —nuppbph pwqunipinit k, hulj E=fei, e,...,en} -p° onpuw-
ubkph: Munph nsdwt wyu hnybipp wdbh dwbipudwuot tbpuyugdws B [5] -nud:

Ul 1. Pyughl ujubdwbbph wpjiunnwiiph npufwpuiinipyul hupyunnidp wnupplph
unknupwppnlnl dudwinul
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Uju thnybph wpynmitpnid vnwgynid £ «hwithnilyp» dhghjuljun junnig-
Jusépny pinl, npu pungpynud E ujubdwyh wdktwdts nwightt hwjwuwp hnphqgn-
twlwb ywwpnulutp, npnighg jnipupwtynipp yupnibwlnd £ ndju) nwtght
hudwywnwuhw mupptph putulny ninnuhwjug dwujupnuljabn:

Zwgnny thnynid wthpwdbon k wjtiyybu dbwhnjuby «hwthniy» $hqhjului
Yupnigqwsph pinyp, np pujupupybb pngh Ephpuywihwiut ywihubpht bbplw-
jugynn vwhdwbwhwlnudubpp, npntp, npybu jubnt, nigquuljjub x b y Ynnkph
hwpwpbpnipjut pngjunphh vwhdwbibpb bU 7, < Y/% < ey, hish wpn-
jntupnid jabwynpygh «Yynown» hghjujus jurnigquspny pinlp: Uju thnynid ju-
nnn b thnpudby hisybu mmwuppbph hnphgnuwluwt dwljupguljubph puwbwlyp, wyb-
wku k| muppbph jnipupwtynip mynuwhwyug dujuppulh juqup:

znphgnuwljut dwupnuljutph ninnuhwyug Ynduy Ejunwdnpnidp unwp-
Ynud £ uluws wowght Ri pwiighg Uptisk Ytpghtip: Chn npmu hppuljwl i-pr R;
nwigh Yndy Ejunynpdwd dwdwbwly Yupnn b hul] Epyne ghwp. jud R;- @ wd-
pongulmb 3k b whhpwdbtyn b wwppbpp wybjuguty R, nubghg. j < i, jud
hwljunulp (ul. 2):

UG.2. Zophgnbwlwl dwluppulobph mppuhuyug nduyEjuunpnidp, npunky dwiju
puwbgh nwppkpp 'w) gkpuqubgnud ki, 1) phs ko we mubgh nwppkphg
Nput i-py wwppp kY nwghg dniup mbnuhnhbint jupgp hhdadws k
nbknuihnpuynn nwupph §ndyy Ejunugnpynn nwigh wuppbph Eipupuqunipjut hbn
wnuybjugnyt b plinbu shndyEjunuynpjus nwugh mwpptph Bupupuqunipjub
htwn Wjuqugny juwbph Ypw, hugp hudwyuwnwupowbinud | hbnbjuy wuypdwihb.

Bi = min(Yjer, Aij — Xjer, Aij)- 1)
LER,
nputin Vi bV, hwduywnwupwbwpwup §odyEunwdnpdus b syndubunwdnp-

Jwd wupplph puqUmpniibph kb, 4;5-0° i - py b j -py nwppbpp jugnn onpugh
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Juplnpnipjut gnpswljhgp: Ywupbnpnipjub gnpswlihgp hwoyh £ wntimd onpuwjh
dudwbwluyht wwpwdbnpkpp b npnoymd £ kukny onpugh dudwiwlh ww-
hntunh tjundwdp huljuwowl hudbdwnwlwimpjut tjunwnnidubphg [2,6]:
dJudwiwluyhtt whdiwbtwihwlnidubph vnnigdwt tywnulnyg oquuugnpdynud k
onpwikph Epupnipniup quwhwnbint jhuwwywpugsuyht dkpnnp, npp npny-
Jnud | wjuqugniy nignuljjut nupgws onpuyh Ynbnnwljnibpt puggplng wdw-
qugnyi dwlbpbuny nippubljjui jhwywpwugsny [2]: rubquynpdwt hhdw
Jpu ninupurdut dudwbul Jjhuwwywpugdsuwhtt dkpngp juungugyh wndyuyg
onpuyh htwn juydws mwuppbph wpwybjugnyt b tJuqugnyt nwgkph b niypu-
huyug dwjupyuljutph dholt tyws mmwuppipnipniuibph gnidwph htiwn:

dudwtwlh vwhdwbwhwlnudubpp hwpdh wetbne hwdwp tyuwnwlu-
hwpdwp b Jkpubugl] nuppbph qswihl jupgp jmpupwismp hnphqniulub
dwjuppulnud, snpwibph Epupnipmibubpp tduqugnyuh hwugubnt hwdwnp,
hwoyh wnubny nputg Juplnpnipnitp: Cunhwinip wedwdp, wju juunhpp NP
pupnnipjul k, U gpu £ogphwn (nusnudp Gupwunpnid b pojnp tmuppbpuljutph wd-
ponowljwit hwoyunly, hisp whpunnibh b Zuynuh Bu wju pugph wpug nusdwi
uh owpp dbpnnubp, npnughg pwphlbtunpntughtt dbpnnt wpwtdtwund E hp
wpugnipjudp b oqginuugnpsdwt hwpdwpuwdbnmpudp [7]: Uju wohiwwnwtipnid
wnwowpnlynid b puphltunpntughtt dbpnnh Unphbhljugdws wwppbpuly, npp
hwoyh | winunud ny dhuytt hmphwt dwjuppuljutph npudwpwbwlub muppbpp
Yurygnn onpubipp, wyl gnputitph juphnpnipyut gnpswlhghtpp:

Nput k-py hnppgnuwfuwt Jwjwpnulymd i-pnp wwpph v, € V nunu-
hwjwug Ynnpyhlinp npnoymd £ hbnlyuy Yhpy'

v (y) = ;Zjeﬂk Akij v (¥), )

card(2y)

npunkn O -t wpnkl hnfuwnbnfus wuppbph puqumpenti , huly card (Q)-0 wyy
puqunipjul hqnpnipyniup:

Swppbtph nippuhuyug nknunpdut hippulwinipemniunp ' Vi, npnowlh k-py
hnphgnuwljuwt dujuppulnd npnoynid £ wyn mmwuppbph ninquwhwjwg Ynnpnp-
bunntibph wédwh Yupgny. v (1) < v (v2) < -+ < v (yi): Npnp wwppbph
ninnuhwjug Ynnpphttwnibph hwdpuyubnt phypnid punpynud E gputg nk-
nunpiut judwyulut junpgp:

znphgqnuuljut dwuppulutpnud wwupptph gdwyhtt yupgp Jipujuqiw-
YEpyknt wnwewplynn wignphpuh nwquuyupnipnitp hEnbywgb k.

1. Unwoht dwmjwupnulh wmwwuppkph pun juyduwsnipjut nknupwonidp’
oqunugnpstiny hwonpnuljutt nknupuodwt wdbbwwwpgq wgnphpup pun
JuuyJudnipjui [2]:
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2. Zwgnpn dwljwpnulkph muppkph hwenpyuljwt nknupwpnidp’ pun
npuig wddwb ninnnipjut: Uju nhuypnid npny nwtgnid nbknupwonudp jw-
nwpynid £ hwoyh wolikyng nwppbph Juwp dhwgt bwpenpn pwbgkph wuppbph,
wjuhtpt’ wppbt nknupwoyus nuppkph htw (. 3 w, p):

3. bplpnpy puyh wwppbpwlwb Ypyunpinitp” hwgnpywpwn hhbpupuhw-
ubph Jupgbph wbjugdut b tJuqbkgdwut ninnnipniubpny, dhsh dudwbwulh
uwhdwiuhwlnudubph pujupupnudp:

Snipwpwisinip dwljupguljh tkpunid nmwppbph nknuwpwsidwt hwdwnp,
wnweohtt htppht, vwhdwiynid tu pnjnp wwuppbph nipquwbwjuwg Ynopghtiwn-
ubkpp, U hbnwquynid nwpptph nknupwohunidp junwpynud £ pun §nnpghiwn-
utiph wybjugdw: Zujwuwp Ynnpphtwnttph ghypnid wwppbpp mbqupwypu-
Ynud B judwjwljwinpk:

dhpotwljw mEnunpnudp Gupwunpnid L nknupwoidw wpnyyniupubph (k-
qujugnid’ hwpygh wnukiny twjuwgsh vwhdwbwthwynidubpp (0. 3 p, q):

U.3. Zophgninulpul dwluppu§bkpnid mynuhuyug nippniypyudp vnwppkph
iy klpnunjnpnudp 'w) wjpbwlwd Jhdwl, p) dnphdplugyus puphlykinpnbught
uygnphpdh wppruwnwiphg hlnin, g) wpyyniipikph jEquyugnid

Utpnnh épuqpuhtt hpugopénudp b wpgmiipbibpp: <hpp owpunpjud wy-
gnphprdutph htuph Jpu dowldty E npudwputulut ujpbdugh $hghjuljui «ynown»
pinyh Junnigdw spugpuyhtt thong, nph $ntujghwtpp tkpuyugyus tu uly. 4-nud:

Upwlws spugpuyhtt gnpshph dhongm] «ynows pnljh uhipkqh dudwiayh’
wnwppbph pwtwljhg jupeuénipjut hbnwgnunnudp gpulinply) £ O((E+V)logV) pup-
nnipnil, htshg b hknbinid £ wnwewpldws dkpnnh pupdp wpuquqnpénipiniup:
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Uy 4. Upwlpjué Spugpuyhls dpongh wipjuunnwbipp phnipwgnng puyibph
hwonppulwinipiniip b jhpunyws $nibajghwbkpp
Uwnnpl tEpuyugdus bu dniuljghwtiph tpwtwlnipniuaubpp.

1. Uqnubpwbttph hnuph gpubh unwgnid (1 pinly).
e read_verilog file() — Jupnnud E wipdws Verilog duyp b Junnignud U2%

(1.2 pinby),

e make_input_set() - Untnnpujhl onpwlikph swph Junnigmu g_input -h by
(1‘3 P]_nl‘l))

e make_output_set() - kjpuyhti onpulbikph Swnh Jupnigmu' g output -h ke
(1‘3 P]_nl‘l))

o make_wires() - pnnp pnpwlbph wjuiikph Junnignd g wires quiiqyu-
dnud (1.3 pinly),

e read_cells() - wwppbph nfjuyibph Junngmd' g cells quiqusmd (1.3
pInY), g gate_name_to_id phtwip npnudwb pujuwbuwynpdus swnnid gpymd Eu
poinp onpwibpp b ppuig id -Epp (bnybwlwimpjut hwdwpubpp), npyhuqh
Spughpp hEnwqunud hiynnipjudp wyppwnh dhuyi id-Epny:
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o fill_sizes() — pninp wwppbpht YEpugpynid £ pwpdpnipmit b Eplupnt-
pinit. g_cells quugubdnmid Juunwpynid £ wjujubph pupdugnud:

2. Swppkph pwbquynpmd (2 pnly): Ppujutugtnid E wnwpptph nwbqu-
Ynpnid. npnpwljh wignphpdny, npt  tkpuyugynd £ 3 $niuljghmbpnh wohuw-
wnwtpny (2.1 pinly).

e step_1_make_input_wires_ranks_1() - pninp Unitinpujhtt onpwiphtt npynud
k1 nwtg,

o step_2_make_cells_rank_if possible() - wipywué npnowljh yuydwip pudu-
pupbnt gphypnid hwdwywunwuppwt mwuppbphtt Jepugpl] huwdwywnwujuwt
nuilig,

o step_3_break_circle_of 0_rank_cells() — kpt pninp wmwppkpp phn nwbqu-

Unpws skl, hbnlwpup gnipmb mbh wwppkph weuwnwiph ghly, Yupty
htwnwnupd juwp:

3. dunthnily pinh unnwugnid (3 pnly).

e BFS() - hpujubwgunid E pun junpmipjut wignphpuh dnphbhjugus
nwuppbpwlh hwypnbh thonpmd dhodhwgmdubph  hwnndibph  pwiwlh
Epyupnipmniuubph jpdwndwt tyywinwlny, nphg htwnn provide_ranked_cells_Y()
Inrulghuyny wwpptphtt npynud £ npnowlhh Y Ynnpghtiwn (3.1 pink):

4. Unpwn pinlhh Junnignid (4 pnly).

e modified_barycenter_algorithm() — hpwljuwbwgind E wju wojuwmnwipnid
utpuyugfud puphljtinpniiughte Unghdhjugyws wignphpup, nph wpnynipmyd
wnwppkpp winwbnud i npnpwlh X 'Y nnpnhtiwntitn (4.1 pinby),

o legalize_cells() — wyu Pniujghmubt pwgurmid E wmwppbpp hwnnmdubph
pwtwlp b unwtnid k Ybppttwjutt mbkupny Ynown pinyy (4.1 pinly):

‘UpJwd pninp puypnud dpughpp hnkiuhy hwpgnidubp £ winwd 1.2 pinght b
unwinid njuubph JEkpupbpu; guijugws hudnpldughu: Ponp pnlutpnud
ubpjuyugyus Pntulghwbpp hwpunpnipnit nukt gubjuguws wuhh gpubh-
Julwb hutnbkpdbbjunid wpnuwyunbpbnt nyjuy wuhht wuppbph b wmwuppbpp
hpwp juunn pnewbkph pughwinip gpuduyht inkupp (2.2 piny):

Uowljws dpugpuyhtt gnpshph wpgnibwdbnnipjut guwhwndwi hwdwp
Juwnwpyt) k ISCAS85 swipph vh owpp phunuyht ujubdwttph nmwpptph wnknw-
pupfunid [8]: Npuku mwppuyht hkup oquugnpéyk) t «Uhunthuhu-Updkuhugnid»
Uowljws SAED32/28 puhlt unnwtipupn mwupnpkph qpunupwinp [9]: Sknupwphu-
dwbt wpynitipnid npnohy onpwibph hwdwp, wnwbjugnyt dudwbwulh yuhniu-
wnny onpwikph hudbkdwn, wyuwhnyyby k dhohtuinid 45% Jupdwugnid: Sknwpwpju-
dwt wpyniupubpp hwdbdwngl) Bu inygt wignphpduljub puppnipniit nmtkgnn
twputiljutt nknupwphilfutt hwenprpuiljut wygnphpdh b «Uptinthuhus puljipnipjut
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IC Compiler spugpuhti gnpshph twhitwjuwt nknupwpjudwt wpynitpubph htn
[6]: Unwowpljynn wgnphpuh nkuypmid npnohs onpwibpnh hwdwp wyywhndynid k
Uhohtinid 7%, hul wpwbjugny dudwiwlh wwhniunny snpwibkph hwdwp
35% Jupdwgnid: Uhwdwdwbwl tljwwndbk] b dhpdhwugnidubph gnidwpughte
Enpjupnipjut wbkih pub 10% Jupdwugnid:

Bqpuljugnpinii: Unwewpljyl] £ mpudwpwbwljut pinlubph $hqhjuljut
Junnigqusdph uphtiptiqh tnp dnnbkgnid, npp hhdtdws £ npudwpwbwlub upub-
duyh pwbqunpiut Swbwwyuphny uvnwugdus bhghjuljut «hwthnil» pinlhg
«gnow» pinljh Abwthnpudwt Jpuw, npt hpugnpdydty b hopdwljdly b phunughtt upub-
dwubph hwdwp: Gnpdwupynidubpp gnyg ko ndbp dbpnnh pupdp wpgnibowydb-
nmpnip wpuqugnpsnipyull bt dheuhugnudubph bpljupmpymbtph Ypgundul
1, htnbwpwp, nputgnid hwywnnidubph tjuqbgdwt mbkuwlyniuhg:
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A.P. MAPTHPOCSH

YYET JIOI'MKH PABOTbBI HU®POBBIX CXEM IIPU PASMEIIIEHUHN
9JIEMEHTOB

[TpennoxkeH MeTo] aBTOMATH3MPOBAHHOTO TONYYEHHS (QH3MYECKOH CTPYKTYpHI
0510KOB IM(POBBIX UHTETPATBHBIX CXeM. METO1 OCHOBaH Ha IOCTPOCHUH (PHU3NYECKOTO
"MATKOro" 0JI0Ka JIOTMKK PabOThl CXEMBI C YUETOM JIOTHKH pabOThI CXEMBI U TIOJIyYeHUH B
pesynbTare 3Toro "xecTkoro" 6moka. [lonydyenue gusndeckoro "Markoro” 6J0ka OCHOBaHO
Ha paH)KMPOBAaHUM JIOTHUYECKOW cxeMbl. C menpio mepexofa OT (U3NYEeCKOTo “"MATKOro"
0moka K "KecTKoMy" IPUMEHEH HOBBIM METOJ Iepepa3MemIeHus HIEMEHTOB, OCHOBAHHBII
Ha MOIU(UIIMPOBAHHOM alTOpPUTME OapHIEHTPOB. Pa3paboTaHBI adrOpUTM IOCTPOCHUS
"xecTroro" 0J0ka u3 GU3NIECKOTO "MATKOTO" OJI0KA C MCIIONBb30BaHUEM aNropuTMa Oapu-
LICHTPOB M COOTBETCTBYIONIAs TPOrpaMMHas peanu3arys. Pe3ynpraTsl nokasanu 3pQeKTHB-
HOCTb MPEAJIOKEHHOTO METOJa C TOYKM 3PCHHUS ydeTa JIOTHKH PabOTHl CXEMbl Ha JTare
(U3NUECKOTO MPOSKTUPOBAHMUS.

Knrouesvle cnoea: vurerpanbHas cxema, (GU3MYECKOE IPOSKTHPOBAHUE, aJTOPHTM
0apHIEeHTPOB, “>KeCTKUI” OJIOK.

A.R. MARTIROSYAN
CONSIDERING THE DIGITAL CIRCUIT LOGIC DURING CELL PLACEMENT

A method for automated reception of the physical structure of the digital integrated
circuit (IC) units is proposed. The method is based on building a physical “soft” block of
the circuit operation logic, taking into account the circuit operation logic, and obtaining
from this the “hard” block. Obtaining the physical “soft” block is based on the ranking of
the logic circuit. In order to move from a physical “soft” block to a “hard” one, a new
method of element re-placement based on a modified barycenter algorithm is applied. An
algorithm for constructing a “hard” block from a physical “soft” block, using the barycenter
algorithm, and the corresponding software implementation has been developed. The results
have shown the efficiency of the proposed method from the point of view of considering
the circuit operation logic at the stage of physical design.

Keywords: integrated circuit, physical design, barycenter algorithm, “hard” block.
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VERIFICATION OF THE MEMORY TEST AND DIAGNOSIS FLOW
IMPLEMENTATION IN SOFTWARE POST-SILICON ANALYSIS
AUTOMATION TOOLS

With rapidly increasing density and capacity of nanoscale memory devices embedded in
modern system-on-chips (SoC), new design problems are being introduced, as well as the
requirements are strengthened towards test and diagnosis for achieving higher quality and
increased yield. This leads to modification of existing and/or development of new memory
test, fault detection, localization and classification flows that are being implemented in
various software post-silicon analysis automation tools. In this paper, an approach for
verification of those tools is proposed.

Keywords: Verification, Memory test, Memory diagnogtics, Memory faults, Test pattern.

Introduction. The rapid increase of density and capacity in memory IP
cores embedded in modern system-on-chip (SoC) creates new challenges of
preserving test and repair cost while also minimizing time-to-market. The on-chip
infrastructure IP is proposed in [1] to maximize the test and repair efficiency
utilizing the memory design knowledge and providing the analysis on failure data.
Considering the increasing complexity of SoC design, it becomes crucia for silicon
embedded memory test and repair solutions to keep up with the technology
advances in order to consistently provide superior chip quality and yield
optimization [2]. Some aspects of implementation of the corresponding solutions
for post-silicon analysis automation that extend the mentioned infrastructure to
cover challenges of today's designs which are much bigger, faster, hierarchical and
sensitive to area, timing and power are considered in the current work.

With the technology shrinking, new types of memory defects and
corresponding memory fault models [3] for the memory test have been observed
during post-silicon analysis [1]. That posed new challenges in the test and
diagnosis of embedded memories of systems-on-chip (SoC) using all-in-one
solutions [2, 4]. We follow the approach of task distribution between the hardware
(HW) memory built-in self-test (MBIST) engine and software (SW) automation
tools adduced in [2], where the management and control of test and diagnosis flow
is implemented via SW, while the actual at-speed basic test and diagnosis
procedures are performed by the MBIST engine.
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The interaction between SW and HW sides of this mature solution is
managed via creation of test patterns at the SW side, their application to MBIST
engine via standard interfaces [5-7] and analysis of obtained results/chains from the
MBIST engine at the SW side. The proposed mature test and diagnosis flow [8]
comprises three main phases: fault detection, classification and localization, where
each phase requires specific test patterns to be created and analyzed, so that results
can be propagated to the next phase preparation step. Specific march test
algorithms and march-like test algorithms should be developed and used for each
phase for generating the corresponding test patterns, which in their turn, will be
passed to the MBIST engine for further at-speed execution.

Sinceit iscrucia to ensure the correctness of diagnosis flow implementation
before it is applied to areal SoC, afault-prone environment for pattern verification
is required for modeling the test pattern execution on the MBIST engine using
some accurate models of memory faults to be tested by the MBIST engine. It is
also essentia to estimate the execution run time for being time-efficient and alowing a
variety of different scenarios to be quickly passed through the MBIST engine.

The aim of this paper is to build the mentioned environment for test patterns
and obtained chain verification.

With the introduction of FInFET technology, new types of memory defects
have been observed [9-11]. Test and diagnosis flows designed for faults present in
previous designs were not applicable as they were not able to provide the necessary
coverage and required modification of detection, classification and localization
phases. At the same time, solutions elaborated for current designs will face the
same issue in future because of continuous changes in memory designs due to
technology shrinkage. A natural demand for prediction of new fault types and
modifications of solutions required for the test and diagnosis arose. The issue was
addressed with introduction of multidimensional prediction mechanism for
memory fault classification [12], that systemizes all known memory faults in
periodic manner and gives a view on impending new faults that may appear in
memories with new technology nodes. Furthermore, the mechanism offers a
generic flow for efficient new march test algorithm generation for the new faults
based on a test algorithm template. The use of the mentioned mechanism is added
to the generation process of memory fault models for the SW side.

A System Verilog environment [13] is considered as a basis for implementation
of the environment for pattern verification. The existing tools [14] are enriched to
cover the new requirements above. The application of the enriched tools for generation
of several memory faults inherent to modern manufacturing technologies [15] is
also considered.
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The structure of the paper is as follows: section 1 provides brief information
on the approach for building verification environment for test patterns used for
post-silicon analysis. Fault model generation and injection flows are outlined in
section 2. The verification step for test patterns is defined in section 3 along with
the verification step of the output chain analysis of the test and diagnosis flow in
section 4. The experimental results are provided in section 5. The use of the
approach for the predicted faults is proposed in section 6. Section 7 concludes the
paper.

1. An approach for building the verification environment for post-
silicon analysis of test patterns. Throughout this paper, we will consider the test
patterns used for the test and diagnosis flow described in [8]. Each step of the test
and diagnosis flow, when implemented in test automation tools, requires creation
of a corresponding test pattern, application of the pattern on the BIST system and
the analysis of the obtained chains. The analyzed information is utilized at creating
the test patternsin the next step.

However, test pattern creation and chain anaysis are fault-prone for
implementation. Therefore, they require an adeguate environment for being tested
and verified before interactions with manufactured SoCs. Since the test pattern
generation in each phase of the flow depends on the results of test pattern execution
in the previous phase, verification of this flow implementation is essential. The
verification environment is constructed on the basis of MBIST register transfer
level representation (Fig. 1). The process of building the environment can be
divided into 3 parts which will be discussed further, throughout this paper.

Fig. 1. Verification flow for the software post-silicon analysis automation tool
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2. Fault model generation and injection. The fault DFA generation flow
[14] was used in this step which consists of the following major steps:

1. Parsing input files and storing the obtained data as separate congtructs: fault
primitives (FPs) [3], fault injection memory cell addresses, memory configuration
file.

2. Generating a fault description table (FDT) for FP (<S/F/R> for single-cell
and <S; S/F/R for coupling faults>). FDT is a table representation of the DFA
model, where each row of the table contains information on DFA state and
transitions going out from it.

3. Generating the System Verilog code for FDT and including it into the
memory test bench, while considering the information provided in point 1.

The fault DFA isintended to model the memory internal faults. It is shown
how the fault model is extended by increasing the number of the affected cells and
operations in FP [16]. In addition, fault model extension for linked faults that
comprise multiple FPs [17] was derived in [18].

2.1. Fault injection. During the inclusion of fault model in RTL, the test
bench fault memory cell address must be provided. Since memories generally use
words for storage of the information rather than single bits, the memory cell
address can be provided via memory word address and the position of the faulty bit
in it. Fault models with several memory cells require multiple addresses and bit
positions to be specified. Furthermore, memories may consist of multiple banks,
thus the bank index must be provided. Finally, as soon as multiple instances of a
memory device may be present in the MBIST network, the hierarchical path to a
memory must also be provided (Fig. 2).

server |
[processorl [1]]

MEMORY [1]
// Address in range: [1023 : 0], Number of Bits = 133

single cell faults:
ADDR = 3, BIT 2, FTYPE
ADDER = 2, BIT 1, FTIYFE

<R0O/0/1>
<0/1/->

coupling faults:
ADDRA = 900, BITA = 5, ADDRV = 915, BITV = 2, FTYPE = <1W1;0/1/->

[processor2 [2]]
MEMORY2 [1]
£k Address in range: [4991 : 0], Number of Bits = 61
MEMORY2 [2]
/7 Address in range: [4991 : 0], Number of Bits = 61

Fig. 2. Afault injection file example
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Another important issue to be considered is that memory address used for
fault injection is generally alogical address. Thus, two bits logically preceding one
another (within the same word or two words logically neighboring each other), are
not necessary neighboring each other inside the memory device. This behavior is
determined by the memory address and data scrambling that is usually present in
most modern memories [19]. Assuming the data on memory address and data
scrambling information is provided, the second address for coupling the faults is
calculated by providing the logical address of either aggressor or victim cell,
calculating the logical addresses of the neighboring cells (Fig. 3), using the
scrambling information and picking the address of the second cell from the list of
calculated logical addresses.

I Z |3

8 |V |4

7 6 5

Fig. 3. Victimcell V, with potential aggressor cells 1,2,3,4,5,6,7,8

Fault injection or the process of including the DFA fault model in the RTL
test bench requires knowledge of memory device pins for addressing, obtaining and
shifting in the data, application of read and write operations. This information can
be provided with the memory configuration file [14].

3. Verification of test patterns. Since the test patterns command the
MBIST to run march test algorithms/march-like adaptive test algorithms on the
memory devices, away to determine if the test pattern was successfully executed is
to observe the behavior of the fault model injected into the MBIST.

The fault model is traversable through the transition flags in FDT
representation [14]. Each time a transition from a state occurs, the transition flag of
current FDT row for corresponding operation is set to 1. After the simulation is
over, the resulting FDT is compared with a reference FDT which shows what is
expected after the execution of the pattern (Fig. 4). This template is created on the
basis of generated fault model FDT and is traversed separately via the march test
algorithm that is used in the test pattern.
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Fig. 4. Verification of test patterns

4. Verification of chain analysis for test and diagnosis flow. Since the
memory test and diagnosis is time-sensitive, parallel testing of multiple memory
instances is crucid. BIST instructions for multiple memory instances that need to be
executed smultaneoudy are usualy combined in groups during the test pattern creation.

Generally, the test and diagnosis flow implementation in test automation
tools consists of four phases (test, detection, classification and localization) [8]
described below viatest pattern templates. Templates are used to generate a pattern
instance for the corresponding phase. Each phase requires specific analysis of the
MBIST output chains.

Test. Pattern template:

1. SELECT_MEMORY_GROUP

2. LOAD_TEST_ALGORITHM

3. RUN_BIST

4. READ_FAILED_MEMORY _INFO

Description: This pattern loads the test algorithm into the BIST, while
instructing to run it on the specified memory groups. Information on failed
memories is obtained from BIST, which can help to narrow the set of memories for
further diagnostics, by excluding them from memory groups for the next test patterns.

Verification of the chain anaysis: Verification of the reported information
on failed memories is based on the conformity with memories used for fault
injection in the fault injection file.

Detection. Pattern template:

1. SELECT _MEMORY_GROUP

2. LOAD_TEST_ALGORITHM
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3. SET_SONE |

4. RUN_BIST

5. READ_DIAGNOSTIC_INFORMATION

Description: This pattern also loads the test algorithm into the BIST while
specifying the value of stop on N-th error register. This will command the BIST to
stop the test algorithm execution after the N-th error has been encountered (totally
N read operation of march test algorithm have returned the value that was not
expected). Diagnostic information on the last failed memory cell and applied test
operation is obtained from BIST as a binary chain with the last instruction of the
test pattern, and further evaluated by software tools for convenient representation.
The general information provided is:

1. Memory failed word address.

2. Memory failed bit.

3. March test failed operation.

Verification of the chain analysis: The verification of the reported diagnosis
information is based on the conformity with banks, addresses and bits used for fault
injection in the fault injection file.

Classification. Description: The fault classification step uses the test pattern
template which was the described point a, while applying fault classification march
test algorithms specifically designed for this diagnosis phase, n number of pattern
executions need to be made while modifying value | to make sure that n read
operations have been applied on the faulty cell, where n is the number of read
operations present in test algorithm [8]. The test syndrome is generated as a resullt,
which is n-bit signature, where the order of bits corresponds to the sequence of the
read operations in the test algorithm. The faults are classified based on the obtained
signature.

Verification of the chain analysis: The verification of this phase is done by
checking the conformity of the classified fault type with FP used in the fault
injection file.

Localization.

Thetest pattern template for this phaseis as follows:

1. SELECT_MEMORY_GROUP

2. APPLY_ADAPTIVE_TEST_ALGORITHM

3. READ_DIAGNOSTIC_INFORMATION

Description: This pattern is generally used with coupling faults for locating
the aggressor cell. An adaptive march-like algorithm is applied [8] to the
neighborhood of a memory victim cell (Fig. 2), usually determined after execution
of pattern b. Theidea of the algorithmis:

1. Set the potential aggressor cell values opposite to the fault activation
initial value of aggressor for the coupling fault.
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2. Apply the sequence of the fault activating operations to the potential
aggressor or victim cell depending on the type of the coupling fault.

3. Read the value of the victim cell.

4. If the fault is not triggered, repeat steps 1-3 for the next potentia
aggressor.

5. The algorithm stops when the faulty value is finally observed on the
victim cell.

Veification of the chain analysis: The verification is based on the conformity
with banks, addresses and bits of aggressor cells used in fault injection files.

5. Experimental results. Diagnosis flow implementation aong with the
implementation of fault model generation flow were verified with VLP1(26N),
VLP2(26N), VLP3(22N), March FFDD (42N) algorithms [5]. The MBIST flow
was simulated separately for each fault and faults were detected. Using the fault
classification step of diagnosis flow FinFET-specific faults were successfully
determined and classified.

An example of FinFET-specific <RORORORORO/L/1> fault traversed by
March FFDD algorithm is provided in Fig. 5.

R W1 Rt

¥
2" 71 %
= 3 A WiRea

Fig. 5. <ROROROROR0/1/1> fault traversed by March FFDD
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6. Use of the approach for the predicted faults. Asit was mentioned above,
a multidimensional prediction mechanism for memory fault classfication introduced
in [12] alows to predict new types of faults in memory. The suggested verification
approach can avail of the mechanism if several additional changes will be made in
the fault model generation and injection part to reflect the knowledge reflected in
the prediction mechanism.

Conclusion. A built verification environment for test and diagnosis flow
implementation within software post-silicon analysis automation tools is described
in this paper. The test results on the fault DFA model behavior on recently
considered fault types, using the fault classification flow are provided.

The verification environment is implemented in DesignWare STAR
Memory System Yield Accelerator [2] tool that is currently used both in the
development of MBIST and during the test and diagnosis of SoCs with an
embedded MBIST engine. Some further work connected with the extension of the
approach for the predicted new types of faultsis outlined too.
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1.L. 2U3runesSsauL

ZGSUPLPUNULUSPL 46LLNARONRE3UL UdSNUUSUSUUL
Oruaruspu aNrorLLGLNRU 2ZBTNNNREBUL BEUSUYNITUUL B9
urusnrncuuy eNrocueusuerh brtuuuvusuuy USNhanhut

Upnh pmiptnh pu hwdwljupgbpnid (SoC) ubplunnigyus twinguthwlwui hhonn
uwpphph wpugnpk wénn jonnipyudp b hgnpnipjudp wwjdwiudnpyuws b hwpn kb qu-
1hu twjuwgddwt unp juunhpubp, husybu twl, pupdp npulp b wpnugpoqujwinipniup
wwwhnyybnt tyyuwunulny, punwugnud t ywuwhwetbpp phunnwynpdwi b wpwwnnpny-
dwb tjundwdp: Uw hwtigkgunid E hbwnuhjhnbughtt Epnusnipjutt wjunndwinnugdu
Spwgpuyhtt nuppkp gnpshpubtpnid hpuljuwiggwsé hhonnnipjut phunwynpdwb, upiwjukph
hwynbwpbpdwt, nknujtugdut b guuuljupgdut wnw qopépupwgutph thnthnjudwb
W/Yuwd unpkph unbnddwi wthpwdbonnipyuip: Uju hnpdusnid wowewpyynud Lk wyy
gnpshpubph unniquut Uninkgnid:

Unwigpuypli pumnkp. uinnignid, hhonnnipjut phutnwynpnud, hhonnnipjul wpwnn-
nnonwd, hhpnnnipjut ujpwukp, phunwynpiub junuwwn:

N.JI. AMPAIIETSIH

BEPUO®UKALIUSA PEAJIN3AIIMU ITPOLECCOB TECTUPOBAHUSA N
JANATHOCTUPOBAHMUSA TAMSTHU B IPOI'PAMMHBbIX
NHCTPYMEHTAX ABTOMATHYECKOI'O HIOCTCUJINKOHOBOI'O
AHAJIN3A

Peskoe yBenuueHHE MJIOTHOCTH M MOIIHOCTH HAHOMETPOBBIX YCTPOMCTB MAMSTH,
BCTPOEHHBIX B cucTeMbl Ha KpucTamie (CHK), MpUBOIUT K HOBBIM MPOOGIEMaM MPOEKTHPO-
BaHMs, a TAK)KE Y)KECTOUEHHIO TPeOOBaHUI K TECTUPOBAHHIO M JHATHOCTUPOBAHHIO. JTO
BBI3BIBACT HEOOXOIMMOCTD MOIU(HKAIIMHA UMEIOIIUXCS WIIH PEaH3allii HOBBIX IIPOIIECCOB
TECTUPOBAHUSI; HAXOXKACHHS, JIOKAIM3AUUK U KiIacCH(PUKAIMU OUIMOOK B MPOTPAMMHBIX
MHCTPYMEHTaX aBTOMATHYECKOr0 MOCTCHIIMKOHOBOTO aHanmu3a. B crarbe mpemnaraercs
MOJIXO0/] K BepUBHUKALUK ITUX UHCTPYMEHTOB.

Knroueevie cnosa: Bepudukanys, TCCTUPOBAHIE TAMSTH, THATHOCTUPOBAHUE TTAMSITH,
OIIHOKY ITaMSTH, TECTOBBIH I1a0JIOH.
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FUNCTIONAL TESTING SCENARIOS FOR EMBEDDED MEMORIES IN
AUTOMOTIVE SOC

Periodic testing of embedded memory devices in modern system-on-chips (SoC) is
becoming an increasingly common requirement. Automotive is one of the largest
semiconductor markets with the requirement of in-filed testing of embedded memories.
Hardware implementation of test algorithms in memory built-in self-test (BIST) scheme
alows in-field testing only with predefined instructions which restricts flexibility of system
test in mission mode. In this paper, different scenarios for memory testing in mission mode
is proposed, which are controlled and configured by microcontrollers Safety Manager.

Keywords: built-in self-test, in-field test, memory test, automotive.

Introduction. At the moment, the automotive industry is one of the fastest
growing sectors in semiconductors industry. The reason for such growth is the
rapid technological progress and the increasing need of more power systems in
automobiles. The tendency for greater safety and better driving experience is
forcing automakers to continually integrate more and more Electronic Control
Units (ECU) like Advanced Driver Assistance Systems (ADAS) and In-Vehicle
Infotainment (IV1) into their vehicles. Some of the examples of such systems are
adaptive cruise control, parking assistance, automotive emergency braking, lane
change assistance, and so forth. The failure in those systems could damage the
health of people, thus they have very high safety and reliability requirements.

These high demands in the automotive motivated the emergence of the 1ISO
26262 standard [1]. This standard defines the requirements for achieving an acceptable
level of risk for electrical and/or electronic systems intended to be used in the
automotive. The final product can be qualified with one of the automotive safety
integrity levels (ASIL) A-D. In 1SO 26262 ASIL classifications are used to express
the level of risk reduction to prevent hazards. ASIL D isthe highest level and ASIL
A isthe lowest. The ASIL level calculated for the given hazard is then assigned to
the safety goal. ASIL is determined based on a combination of the probability of
exposure, the possible controllability by a driver, and the possible outcome severity
if acritical event occurs.

The automotive industry has a strong need for flexible and reusable test
architectures, which will ensure effective and low-cost solutions for mission mode
fault detection abilities in SoCs. These requirements and the need of extensive
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verification due to safety-critical environments requires firmware development to
happen concurrent with hardware devel opment.

In the next section of this paper testing modes for the automotive are
presented. Section 3 describes a testing strategy for automotive memories in the
field. Finally, section 4 concludes the paper.

1. Testing modes for automotive. In order to have a high level of safety and
reliability of automotive memories, there is a need to have robust test and repair
solutions not only at the production mode but aso in the field. Traditiona
manufacturing tests are not applicable for the field testing, so there are severa
solutions proposed in thisregard [2,3]:

o Power-on Self-test (POST);

o Periodic testing for permanent fault detection;

e Error Correcting Codes (ECC) for transient fault detection.

1.1. Production Mode Testing. One of the conceptual requirements for an
automotive is the supreme product quality, which can be assured with high yield
and low DPPM criteria for the produced chips. During the manufacturing process,
it is achieved with the help of efficient test and repair algorithms. There are aready
efficient test algorithms developed which provide full coverage for each class of faullts,
but they have different complexities and therefore different runtime requirements.

1.2. Power-on mode testing. Enabling the test also in the field is a specific
requirement for functiona safety-oriented applications. In contrast to manufacturing,
in the field, the requirements to the test are more stringent due to humber of area,
power and time-related constraints. Therefore, several alternative solutions are
proposed aimed at meeting them. One such type of an in-field test is POST. The
main goal of POST is to quickly test whether al devices are properly connected
and accurately function before the car is turned on and report if any problem is
found. The other functionality of POST is related to the memory repair. During the
manufacturing, the repair signature is stored in the eFuse array, and that information
must be sent to memory at power-on. Since the POST time is short, there is a
strong requirement to transfer that information faster.

1.3. Mission mode testing. Another type of thein-field test which isused in
the mission mode is Periodic test. Periodic test ensures that the device has not
become unsafe since the POST was performed. The Periodic self-test starts at least
once per safety interval, which is defined by safety-critical devices as a period of
time during which failure can occur. The first difference of POST and Periodic test
is that during the Periodic test, there is no need to have a repair option. The main
goal of Periodic test is to check if there is an issue in a device, and inform driver
about it. The second differenceisthat they have different test flows.
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The other type of testing used in the mission mode is the error correction
code (ECC) [4,5]. The techniques discussed above targeted the testing of hard
faults, nevertheless, in order to adhere safety and reliability requirements there is a
need to address also the soft errors occurring in the mission mode.

2. Memory testing strategy in the mission mode. Automotive industry has
a strong need for flexible and reusable test architectures, which will ensure
efficient and low-cost solutions ensuring advanced fault detection capabilities for
SoCs in the mission mode. The generated Firmware allows to have programmable
test solutions, which should be controlled by the Safety Manager of the
corresponding MCU [6]. The case study in this section demonstrates the proposed
strategy of testing embedded memories in automotive SoCs during Power-on Self-
test mode and Mission mode. The strategy is based on the following instructions:

1. Grouping the memories of the same cluster (e.g., memories for Audio
Player, memories for Engine Control, memories for Advanced Driver Assistance
Systems (ADAYS), etc);

2. Selection of thetest algorithm for the corresponding memory group.

Fig. 1 demonstrates the scenario of testing the embedded memories during
Power-on self-test mode. It consists of the following steps:

1. Checking the safety mechanism:

- Before starting to test the embedded memories, at first, there is a need to
make sure that BIST system is functioning correctly.

-For this purpose, faults are injected into the system and status bits are
verified.

2. Runing Logic BIST to check the circuit logic including MBIST and ECC
logic:

-Thisisthe logical continuation of the first step, where the Logic BIST has
invoked to check whether the logical components of the system are functioning
correctly.

3. Repairing the memories by loading repair information from NVM:

- After the manufacturing test, those memories which had problems are
repaired, and defective rows and columns are replaced with the reserved ones. This
information is kept in non-volatile memory (NVM) (eg., electrical Fuse) and
should be loaded by Safety Manager whenever the car is turned on.

4. Selecting the set of test algorithms:

- Sdlecting the test algorithms means to detect the aging faults which happen
after manufacturing.

- The selection of the group of algorithms may also depend on the time that
passed after turning off the car last time.
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5. Runing memory BIST for the selected group of memories with the
chosen set of algorithms:

- After al these steps, the embedded memories should be tested before
switching to the mission mode.

6. Initializing the selected memories with predefined data:

- In this step memories are initialized with some predefined data before
entering the mission mode.

Fig. 1. A Memory testing scenario for the Power-on Self-test

Fig. 2 demonstrates the scenario of testing the embedded memories during
the Mission mode. It consists of the following steps.

1. ECC for transient faults:

- Faults are classified as permanent when a device has a failure in multiple
intervals. In contrast, transient faults are generating errors only in a single scrub
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interval. Experiments indicate that the majority of the observed SRAM faultsin the
field are transient faults and they are due to single-bit faults. The transient errors
and subset of permanent faults can be detected and possibly corrected by Error
correcting codes (ECC).

Fig. 2. A memory testing scenario for the Mission mode

2. Monitoring and selecting group of memories which are free at the time:

- During the mission mode, some groups of memories are functioning and
some of them are free. Before the test starts, the group of free memories should be
found.
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3. Selecting the set of test algorithms:

-In this mode also, the selection of appropriate set of test algorithms may
depend on different factors.

4. Periodically applying a transparent test for the selected group of
memories [7,8]:

- Since memories are in the mission mode, the content should be maintained,
therefore, here, a transparent test must be applied. The test is invoked periodicaly
(e.g., 100 ms) with a series of short sequence of transactions or bursts.

5. During the test, lock the access to the tested memories to prevent the
functional access:

-When memories are in the testing mode the access to them should be
prevented in order to keep the memory content safe and have correct the test results.

6. Upon the system request, interrupt the test and go back to the mission
mode:

- There may be special cases when access to the memory under the test comes
by the system request. Here the test must be immediately stopped, the memory
must be reverted, and access must be given to the system.

Conclusion. Meeting the requirements of the 1SO 26262 standard becomes
more difficult as the device complexities continue to grow. In this paper, at first,
the introduction to the automotive industry with the overview of its various aspects,
including safety, reliability and testability is introduced. Afterwards, the built-in
test solution demands, and concepts are explained for various operating modes of
vehicles including production, power-on and mission. Finaly, memory testing
scenarios are presented for both the Power-on Self-test mode and the Mission mode
controlled by the microcontroller Safety Manager.
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Unnh poiptnh dpuw hudwlupgipmd tkpjunmgywsé hhonn uwppbph wwppbpuwi
ptunnwynpnudp nuptnid b hhdtwlwt wihpudtonmpiniuutnhg dkyp: Ugundnphjught
hwdwlwupgbpp qgupdt) o jhuwhwnnpphsutp ogunugnpédnng wdkbwdts onitjuknhg dkyp,
npnup wwhwienid b ukpnppdws hhonn uwwppbph phunnwynpnid $niuljghntivy wohuw-
nwtph dudwbwly: Ukpgpus phunwynpiut hwdwlupgipnid punwght wygnphpdutph
wywpwwnwhtt hpuwbwgnudp poyjunpnud | phutnugnpnid $niijghnbiwg woiwinwuph
wuwhht' dhuyl twpwybu spugpudnpius hpudwbkpnyg, npp uvwhdwbuhulnd k phu-
nuwynpdw £Yniuntpiniip: Zopdusnid ukpuyugqus tu tkpgpdws hhonn uwpptph phu-
nuynpdwt mwuppkp ugktwpubp $nituljghntiv] wohtwnwiph pupwgpnid, npnup nhljwdu-
plym Euhypnwypngbunpp:

Unwbgpughll punkp. ubplurnigdus phunuynpiut hwdwlwupg, phutnudnpnid
dniuljghnbiw] wohiwnwuph yuhht, hhonnnipjut ptunnwynpnid, wjwnnunphjuyhtt hwdw-

Jupghip:
A.I'. CAPKUCSIH

CIEHAPUU ®YHKIIUOHAJBHOI'O TECTUPOBAHUS YCTPOMCTB
HAMSATH, BCTPOEHHBIX B CUCTEMbI HA KPUCTAJIJIE
ABTOMOBHWJIBHBIX CUCTEM

Ilepronuyeckoe TecTUpOBAaHHE YCTPOMCTB MaMATH, BCTPOCHHBIX B COBPEMEHHBIE
cuctembl Ha kpucramie (CuK), cranoBuTest Bce 60stee HEOOX0MUMBIM TpeboBaHHEM. ABTO-
MOOMJIbHBIE CHCTEMBI SIBISIOTCS OJHMM M3 KPYHMHEHIINX PBIHKOB MOJYIPOBOJHHUKOB C
TpeOOBaHUEM TECTHPOBAHUSA BCTPOEHHOH MaMsATH B peaJbHOM BpeMEHH. AMIaparHas pea-
JU3anusl TECTOBBIX aJITOPUTMOB BO BCTPOCHHBIX CHCTEMaX CaMOTECTHPOBaHMA obOecredn-
BAaeT TECTHPOBAHHE TOJIBKO C MPEAONPENCICHHBIMI HHCTPYKIUAMHE B (D)YHKIIMOHAIBEHOM pe-
XKHME, 9TO OTPaHNIMBACT THOKOCTh TECTHPOBAHMA. B cTaThe mpeaaratoTcst pasinyHbIe Clie-
Hapu¥ TECTUPOBAHMS MaMATH B (PyHKIIMOHAILHOM PEXHMeE, KOTOpPhIE YIIPABISIOTCS U HACT-
panBaroTCsI MUKPOIPOLIECCOPOM.

Knroueguie cnoga: BCTpoeHHas CCTeMa CaMOTECTUPOBAHUS, TECTUPOBAHUE TAMSATH,
TECTUPOBaHHE MaMATH B QYHKIIMOHAIEHOM PEKHME, aBTOMOOMIIBHBIE CUCTEMBI.
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A MODEL FOR CALCULATING THE PROPAGATION DELAY OF
DIGITAL ELEMENTS CONSIDERING THE RADIATION IMPACT

This paper proposes a model for calculating the propagation delay of digital elements
taking into account radiation-induced single event transients (SET). The main idea of this
work is to determine the propagation delay of digital elements in integrated circuits (IC)
without running the circuit level simulation. Analytical equations are derived to calculate
the propagation delay of logic gates. The propagation delay of NAND gates chain is
evaluated with proposed analytical formulas and with HSPICE simulation. The comparison
of the evaluation results between HSPICE simulation and the model shows that the created
analytical model forecasts the propagation delay of digita elements with a 90.3% of
accuracy. Thismodel can be integrated into the design process of radiation hardened 1Cs.

Keywords: single event transients (SET), Technology Computer-Aided Design (TCAD),
complementary metal-oxide-semiconductor (CMOS), propagation delay, analytical model,
single event upsets (SEU), soft errors, linear energy transfer (LET), radiation effect.

Introduction. Digita integrated circuits (IC) are widely used in electronic
systems which operate in different environments such as aerospace and nuclear
reactors. In such environments, ICs are under the influence of high radiation.
Energetic particles formed in the radiation zone hit the sensitive region of 1Cs and
form new electron-hole pairs. The generated electron-hole pairs may lead to a
transient pulse which can ater several parameters of CMOS digital elements. The
propagation delay is one of the parameters which could be altered by radiation. The
generated transient pulse is known as a single event transient (SET). The SET
formation and propagation through the entire logic may change the states of latches
or other memory elements [1]. This kind of degradation can be masked by several
factors which can eliminate the SET’'s propagation. It is known that there are
temporal, logica and electrical masking factors [2]. Although those masking
factors cancel the SET error, the correct behavior of ICs is not guaranteed in all
circumstances.

The consideration of the SETs becomes more important with the process and
technology scaling. Several researches show that with the scaling of the
technology, eectronic devices will be increasingly susceptible to SETs [2]. Such
vulnerability can cause degradation of parameters of digital elements which may
lead to serious issues. Therefore, the development of new and reliable SET
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sengitivity analysis methods, which will be used in the design process of IC is
crucial. Several SET analysis and methods require circuit level simulation.
However, circuit level simulation and circuit analysis, considering SETs depending
on the amount of the transistors in the design can be time consuming. The number
of transistorsin ICs is growing, which manifests the need for development of new
methods in other abstraction levels of the design flow [1]. The main goal of this
study is to provide an anaytica model, which will determine digital I1C's
propagation delay dependency on the SET effect without using the circuit-level
simulation.

The SET impact on 2-input NAND gate propagation delay. High energy
particles in radiation environment such as neutrons, heavy ions, protons or apha
particles strike the surface of the CMOS circuits forming SET effect. Generally, the
SETs occur on the OFF-state transistors as the generated electron-hole pairs
collected by the drain [2].

In HSPICE, the SET can be represented as a current spike which is
modelled, by using a double exponential current source [3]. The equation (1)
illustrates the current pulse function [4]:

EUSETong SETseart
e T2 -e 71

[spr = Ipeak * c0s(0) ’ 1

Where Ieqx - is the maximum amplitude of the current, 7, - the collection time

constant of the junction, and t,- the time constant of theinitial establishment of the

ion track, tser sat — IS the SET strike moment, tser e — the end of SET, 6 - the

impact angle of a high energy particle to the surface of the circuit in radians. The

total current goes up as the angle of the incident particle rises. The approximate

maximum current is linearly proportional to the energy of the particle (2):
)i Q

peak ™ (,-1,)

)

where Q is the amount of the collected charge.

The equations show that the amplitude of the current pulse Iszr and the
duration of the current pulse Tggr are the maor influencing parameters to be
considered in calculation of the propagation delay. The duration of the SET is
calculated by equation (3):

TSET = USETong — LSETseqre - )
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As an example of impact of a high-energy particle strike, a 2-input NAND
gate is modelled with the above explained double exponentia current pulse
function. Fig.1 presents the mechanism of injection of the double exponential
current source on the sensitive transistors of the NAND gate.

Assume that input A of the NAND gate is set to logic "1” and input B
changes over time. The moment that the input B switches from logic “1” to logic
“0" transistors M2 and M4 are at the OFF state which means they are vulnerable to
the SETs. In Fig 1a. the SET dtrike at the sensitive M2 transistor is shown. The
current pulse generation at the moment of switching from “1” to “0” leadsto rising
of low to high propagation delay Fig 1b.

vdd vdd
SETstrike SET strike
—T—

| ser A A 1
M1 M2 M1 M2
—I I:I out | out
A B — : A
P \_J
“E]

%

@
L

| — out

M3 |
out !
8 B —]
= Lto H Propagation Delay [— Hto L Propagation Delay
— b) — é) Iser d)
Ma ||<j ma |
a) c)

Fig.1. Injection of double exponential current source on a) sensitive M2 transistor b) low to
high propagation delay formation after the SET strike ¢) the SET impact at the sensitive
transistor M4 d) high to low propagation delay formation after the SET strike

On the other hand, when input B changes from logic “0" to logic “1”
transistors M3 and M4 are defenseless against the SETs. In Fig 1¢ SET impact at
the sensitive transistor M4 is presented. In this case high to low propagation delay
rises when input B changes from logic “0” to “1” Fig. 1d. a SET strike on aNMOS
transistor is simulated with a current injected between the drain of the transistor
and out the body of the transistor. The SET impact on a PMOS transistor is
simulated with a current flowing through the body to the drain of the device.

Such behavior of logic gates after they are exposed to SET radiation effect
leads to the increase of propagation delay. If the event occursin the critical parts of
IC, single event upsets (SEU) or soft errors[2] can be formed.

HSPICE transient analysis for different radiation levels is performed to
calculate high to low and low to high propagation delays of a 2-input NAND gate
by injecting a double exponential pulse given by (1) at SET sensitive transistors
M2 and M4. The linear energy transfer (LET) of the energetic particle and current
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pulse parameters are given in Table 1 which are gathered from TCAD simulations
[4] and other redligtic statistical data[5].

Table 1
Current pulse parameters
Qfcl | tlps] | talps] Tsgr[ps] 0 [rad]| LET [MEV cm’mg™"]
8 10 20 12 30 0.25
10 10 20 23 30 1
100 10 20 50 30 10
300 10 20 80 30 14.47
525 10 20 110 30 25.31
801 10 20 140 30 38.62
990 10 20 250 30 47.74
1200 | 10 20 270 30 57.86

HSPICE simulation results of 2-input NAND gate for low to high
propagation delay (T,._,) are presented in Table 2 [6]. T, _, rises with the increase
of the amplitude (Iset) and the duration (Tser) of the current pulse. An example of
such simulation is presented in Fig. 2, when Tser = 80 ps and Iser = 800 uA. The
results show that the T, ,; = 99.814 ps.

Fig.2. HSPICE simulation results for2-input NAND gate low to high propagation delay
when Tt = 80 psand I &= = 800 A
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Table 2

HSPICE Smulation results for 2-input NAND gate low to high propagation delay

Tserlps] Isgr [pA] Ty -ulps]
12 140 16.90
23 677 39.57
50 740 68.27
80 800 99.81
110 1650 143.32
140 1900 177.12
250 1600 283.67
270 1700 304.91

Similarly, 2-input NAND gate’s HSPICE simulation results for high to low
propagation delay Ty _,;, are presented in Table 3. High to low propagation delay
also gets bigger when the amplitude (lser) and the duration (Tser) of the current

pulse valuesrise.

Fig.3. HSPICE simulation results for 2-input NAND gate high to low propagation delay
when Teer = 80 psand Iser = 800 pA
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Table 3

HSPICE Smulation results for 2-input NAND gate high to low propagation delay

Tserlps] Isgr [pA] Ty [ps]
12 140 18.56
23 677 48.99
50 740 77.99
80 800 109.55
110 1650 154.04
140 1900 186.67
250 1600 293.44
270 1700 314.67

An HSPICE simulation example of high to low propagation delay is
presented in Fig. 3, where the delay is equal to 109.55 ps.

The proposed technique to calculate propagation delay of digital elements
considering the radiation exposure. Based on HSPICE simulation results
presented in Tables 2 and 3, analytical equations for low to high (4) and hight to
low (5) propagation delay calculation of 2-input NAND gate are proposed. The
equations are created using Wolfram Mathematicatool’ s [7] “fit data” algorithms.

Tpp,_, = 30.9632 + 0.102407 * Tgpr + 0.00233277 * Ty — 4.77198e76 % * Ty —
_00784258 * ISET + 000128404 * TSET * ISET - 7629586_7 * TSZET * ok ISET +
+1.16931e75 % [2;; — 5.184347¢7 % Tgpp * 1250 — 2.763716e 8 % % I35, (4)

Tpp,,., = —16.5627 + 0.938275 * Tggy — 0.0045319 * Téy + 0.0000113 * * Ty +
0.205052 * ISET + 0.000658129 * TSTE ISET - 2.261096_6 * % TSZETISET -
—0.0002773 * [2;; — 6.81333€ 78 x TspplZer + 1.15608e 7 % x I35 (5)

The Fig. 4 3D plot compares the HSPICE simulation (dotted plot) and the
analytical calculation (4) results (solid plot) of low to high propagation delay. The
results are approximately equal. Which confirms the effectiveness of equation (4).
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Tho_L-=H

Fig.4. The 3D plor comparison of 2-input NAND gate’s low to high propagation delays
measured with HSPICE simulation “ dotted plot” and with analytical equation “ solid plot”

Moreover, table 4 shows the propagation delay results with the SET duration
of Tsgr = 80 ps and the current pulse level with Iz = 800 [uA]. The absolute

percentage error between the results of HSPICE simulation and equation (4) is

1.3 %.

Table 4

The comparison of 2-input NAND gate low to high propagation delay evaluation using

HSPICE simulation and the analytical equation.

Ti-ulps] T, ulps] Absolute
Tserlps] Lsgr[pA] (Analytical (I-ngg’l CE) percentage
Equation) error %
80 800 101.2 99.81 13

Fig. 5 represents the 3D plot comparison of HSPICE simulation (dotted plot)
and the results of high to low propagation delay obtained using equation (5) (solid
plot). The results are ailmost the same which means that equation (5) is effective to
be used in high to low propagation delay calculation as well.
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Fig.5. The 3D plot comparison of 2-input NAND gate’s high to low propagation delays
dependency on T and Iy measured with HSPICE simulation “ dotted plot” and with
analytical equation “ solid plot”

Table 5 shows the high to low propagation delay results with the SET
duration Tgzr = 80 ps and the current pulse level with Iz = 800 [uA] resulting
after the SET the influence. The absolute percentage error is 1.3%.

Table5

The comparison of high to low propagation delay evaluation using HSPICE simulation and
the analytical equation

Ty —ulps]
. Ti-ulps] Absolute
Tserlps] | Lser(pAl (Analytical e 0
Equation) (HSPICE) percentage error %
80 800 108.05 109.55 13

Model validation. To prove the effectiveness of the proposed method,
assume that there are ten 2-input NAND gates connected one after another as a
chain of inverters. The SET strikes on the first NAND gate (Fig.6) with an input
voltage Vin = 1.05 V and Vdd = 1.05 V. Using the proposed analytical equations,
the propagation delay of the entire circuit can be evaluated by equation (6) [8]:

TPy y*TPDHL

Tpp = (f) + 9« Avarage(Tyanp_delay) (6)

SET Strike

2 et o o D ot e

Fig.6. Ten 2-input NAND gates connected to each other as a chain of inverters exposed to a
SET radiation effect
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The propagation delay measurement results of the chain of NAND gates
exposed to radiation are presented in Table 6. HSPICE simulation and analytical
equation evaluation results are presented correspondingly in the “HSPICE Tpp” and
“Analytical Equation Tpp” columns.

—

200 e

Fig.7. 3D plot comparison of chain of ten NAND gates propagation delay, measured with
HSPICE simulation “ dotted plot” and with analytical equation (4) “ solid plot”

Fig. 7 presents the 3D plot comparison of the chain of NAND gates propagation
delay, measured with HSPICE simulation (dotted plot) and with analytical equation
(5) (solid plot).

The results obtained from HSPICE simulation and analytical model are
listed in Table 6.

Table 6

Ten 2-input NAND chain propagation delays extracted from the Analytical Equation and
HSPICE measurements

Tserlps] | Isgrlud]l | HSPICE Tpp [ps] Analytical Equation Tpp, [ps]
12 140 119.62 119.60
23 677 152.53 147.22
50 740 181.51 174.08
80 800 213.67 202.04
110 1650 257.56 294.66
140 1900 290.38 350.89
250 1600 396.95 342.69
270 1700 418.17 350.70

To prove the accuracy of the analytical model the Mean Absolute Percentage
Error has been calculated (MAPE). Using the model proposed in this work, MAPE
is equal to 9.76%. This means that the model provides the necessary accuracy to be
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used in the design of digital 1Cs, considering that radiation induces the SET effects
to the calculate the propagation delay of integrated circuits without the need to run
SPICE-like simulations. Moreover, the machine execution times in case of the
analytical model and SPICE simulation are compared. HSPICE simulations and
modeling of the particle strike at NAND gates chain, takes more than 3 minutes.
While using the analytical equations, the evaluation time of the propagation delay
isless than 30 seconds. This shows that by using the proposed model, the design of
aradiation-hardened integrated circuit can be sped up for more than 6 times.

Conclusion. An accurate and efficient analytical model for determining the
digital element’s propagation delay dependency on the single event transient effect
(SET) is proposed. By using the model, the propagation delay of digital elements
can be calculated without circuit level ssimulations. The SET generation through
logic gates is modelled based on TCAD simulation and statistical data.

The Comparison of the results obtained by the model, with circuit level
simulation results shows that, the delay calculation using the proposed anaytical
model is close to HSPICE simulation results. The accuracy of the model is 90.3%
and the design of radiation-hardened digital IC can be sped up for more than 6
times. The model validation results prove that this analytical model is suitable to be
used in digital 1C design flow for determination of the CMOS circuit sensitivity to
radiation-induced SETSs.
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NURPUSPNL KUNUSUBECUTL U21E3NRE3NRULE ZUTSY P UNrLN1, 09U3PL
SULrh ZUNUNNRULEND ZUCI U UUUL UNTEL

Unwowplynud k htnbgpuy ujubdwibpmd (PU) npudwpwtwlwb wmwuppbph hw-
wunnulubph hwydupldwt tnp dngl]” hwoyh webbing nughwunghnt funuquypdut wpn-
miipnid wnwewgws kqujh yuwwnwhwph dudwbwluyhtt wigdw tplngpep (6MFW): Us-
Juunutiph tyunuya £ PU-nud npudwpubiwt tmuppbph huwunuw dwdwbwlh npn-
onudp” wpwig wpughunnpubph dwjwpnulh dnpbjuynpdwt: Zuyunduwt dudwiuyh
npnodwt bywwnwyny wpnwsyt) B ypniswljut pubwdlitp: TEpnswljut putwdlitbph
b HSPICE wipwuighuwninpubph dwljuppuljh dngljuynpdwb dhgngh oguipugnpsdudp swth-
b k «G9-N2» npudwpwwwb nwuppkphg punugus onpuyh huywunuwi dudwbwlp:
Unwownlyny dnpkih b HSPICE wmpwuqhuwnnpubph dwjwupnuljh dnpbjuynpdwb dhgngh
wpyniupubph hwdbdwnmpiniup gnyg £ wngk) dnnkijh 90.3% goqpuinipiniup: Unphip Ju-
pnn E fhpundl) dudwbiwuwljhg nunhwughnt fwinwquypuut tjundwdp juynit FU-kph
twuiwugddwt gnpsupugnid:

Unwagpughl pupkp. tquljh wuwnwhwph dudwbwljuyhtt wigdwt tplinyp, YUO0Y,
huyunuub dudwbwl, yEpniswuljut putwdl, tquijh wuwnwhwnpph puthwinud, wignnhly
upuwutp, Eubipghuyh gduyht thnpjuwtignid, pwnhwughnt Smpwquypdwt tplinyp:

AA. TIETPOCSH, I''A. IETPOCSH

MOJEJIb PACYUETA 3AJEPKKH PACITPOCTPAHEHMSI CUTHAJIA
UPPOBBIX JIEMEHTOB C YUETOM PATMAIIMOHHOI'O BO3JAENCTBUS

INpencraBnena Monenb Ui pacyeTa 3aJepXKKH PacIpOCTpaHEHHs CHI'Hasla nudpo-
BBIX JIEMEHTOB C YUETOM PaJHAIIOHHBIX KPAaTKOBPEMEHHBIX IIePEXOHBIX MporeccoB. Oc-
HOBHAs LeJIb JaHHOH paOOoTHI 3aK/II0YAEeTCs B ONPENENCHHH 3aePKKH PacIpOoCTpaHEHHs
CUrHaNIa IU(POBBIX 3JIEMEHTOB B HHTErpanbHbiX cxemax (MC) 6e3 moTpeGHOCTH MO -
POBaHUS Ha CXEMAaTHYECKOM YPOBHE. BBIsSBICHBI aHATUTHYECKUE YPABHEHUS ISl BBIYHCIIE-
HUS 3aJIePKKH PaCIpPOCTPaHEHHMS JIOTHYESCKHX 3JIEMEHTOB. M3MepeHbl 3a/iepKka pacipocTpa-
Henus nernouky M-HE ¢ moMompio aHannTHYECKNX YpaBHEHUH W CUMYIISILIUHA HA CXEMAaTH-
yeckoM ypoBHe ¢ nomomnipio nHerpymeHta HSPICE. CpaBrenne pe3ynbTaToB M3MEpEeHUH
HOKa3bIBaeT, YTO CO3JAHHas MOJEIb 00EeCIeYnBaeT pacueT 3aep>KKH PacIpOCTpaHeHus Q-
POBBIX 31eMeHTOB ¢ ToYHOCThIO 110 90,3%. DTa Mozmenb MOXeT ObITh MHTErpHUpOBaHa B
MPOLIECC MPOEKTUPOBAHMS PaANAIIMOHHO-YyCcTOHUMBBIX 1C.

Kntoueswvle cnosa: KpaTKOBpeMEHHbIE NEPEXOJHBIE IPOLECCH, CUCTEMa aBTOMATH-
3upoBanHoro npoekruposanusi (CAITP), koMIuIeMeHTapHas CTPYKTypa METaUI-OKCHI-TIONy-
npoBoauuk (KMOII), aHanuTrdeckue ypaBHEHHS, OMMHOYHBIC HOHM3UPYIOLUINC YACTHIB,
MSTKHE OIIMOKH, JIMHEHHas Mepefadn SHepPruu, 3aIep>KKH PaclpoCTPaHSHUs] CHTHAJIA, pa-
JTUAIAOHHEIA Y PEKT.
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YIK 621.52+511.52 ABTOMATHU3AIUAA U
CHUCTEMBI YIIPABJIEHUS

C.0. CUMOHSH

JU®PEPEHIUAJBHDBII AHAJIOT METOJIA A.H. KPBLTTOBA JJIsI
PELLEHUSI IOJIHOM NPOBJIEMbI COBCTBEHHBIX 3HAUEHHUIA -
®YHKLUI OJHOIMMAPAMETPUYECKNX MATPHI]

Ipemnoxen auddepenimansaeiii ananor meroga A.H. KpeutoBa st pelieHust moaIHOH
mpo0eMbl COOCTBEHHBIX 3HAUCHHUN-(PYHKIUI OJHOMApaMeTpUYeCKuX MaTpuil. [lomydeHo
HEOOXO0JMMOE M OCTATOYHOE YCIOBUE OJHO3HAYHOMN pa3pelnuMocTy 3a1a4u. PaccMoTpeHo
pelIeHne OHOT0 MOZEIBHOTO IPUMEpA, AEMOHCTPHPYIONIEe BEIYUCIUTENBHYIO 3¢ heKTHB-
HOCTbH MPEATIOKEHHOTO MU epeHITnaIbHOTO aHaIora.

Knwouesvie cnosa: monHas mpobiemMa COOCTBEHHBIX 3HaUYCHHN-(YHKLIUH, METON
A.H. KpsuioBa, omHOmapaMeTpudeckue MaTpuibl, AuddepeHnansHbpe mpeodpa3oBaHus,
g epeHIraIbHbI aHAIOT, MOJICTBHBIA TTPAMED.

BBenenmne. M3BeCTHO MHOTO METOIOB ISl PELLIEHHUS TIOJHOM MPpobIeMbl co0-
CTBEHHBIX 3HAUEHMI YHUCIOBBIX MaTpull, Hanpumep [1-4]. Cpemu HUX 0coboe MeCcTo
3anumaer Meton A.H. KppuioBa, obnamarommii mpocToToil M 3QQEeKTHUBHOCTHIO
BBIYMCIIUTEIBHBIX TIPOLENYP.

JuddepennmansHpie aHATIOTH psia METOOB JUIS PELIEHHUS TTOTHOM MPoOIeMBbI
COOCTBEHHBIX 3HAYECHUH-(QYHKINH OXHONMAPAMETPHYECKUX MATPHIl, OCHOBAHHEIC
Ha muddepeHInanbHBIX Mpeodpa3oBanusax [5], mpemioxkensl B MoHorpaduu [6]
(HampuMep, peryJIsipHbINA YUCICHHO-aHATUTHICCKHIA METO/] C SIBHBIMH U HESIBHBIMH
BBIYUCIUTEIBLHBIME cXeMaMu, MeTol JKupapa-Buera st mapamieasHOTo ornpeje-
JICHUS BCeX KOpHEH anreOpandeckux MHOTOUYIECHOB ¢ IEPEMEHHBIMU KO3 UIIMEH-
Tamu, MeTox (hoH-Mu3seca (I peleHnsT YaCTHOM MPoOIeMbI COOCTBEHHBIX 3HAYeE-
Huit-pynkmuii), QRV'-ananor onpeseneHus KOMIUIEKCHBIX COOCTBEHHBIX 3Haue-
HUA-QYHKIUH OJJHOIAPAMETPUYECKUX MATPUIL).

B nacrosineii padbote npemnaraercs auddepeHranbHbIi YUCICHHO- aHATU-
TUueckuii ananor metona A.H. KpbutoBa mis pemenust mojgHol npoodieMbl cOOCTBEH-
HBIX 3Ha4YeHUH-QyHKImMiA onHomapamerpudeckux matpur A(t) mopsiaka N, OCHOBaH-
HbII Ha quddepeHInaIbHBIX Tpeodpa3oBanusx [5, 6].

MaTtemaTuuyeckuii annapar

1. Cornacuo merony A.H. Kpsutosa [3], mus matpuust A Gepércs mpous-

BOJIbHBIH HavasbHbIH BeKTop C, = (Cyy, ..., C,,)' M 0 PEKyPPEHTHOMY COOTHOLIEHHUIO
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C=AC,i=1n (1)

CTPOUTCA KOHCUHAA MOCJICAOBATCIILHOCTD BeKTOpOB-CTOJI6L[OB

G =AC, =(Cll""’cln)T’ 2
G, :A'C12(021’-"7C2n)T' (©)
C,=A-C_,=(Cy,..nCp) - (4

[Hanee cocrapisercs iMHeHasi HEOTHOPO/IHAsA CUCTEMA KOHEUHBIX YpaBHEHUIMA

C.., BR+C ,-B+..+C-P_,+C,-P =C, (5)
C HEBBIPOYXK/ICHHOI MaTpHIIEit
nCX:n =[C.,.C, 5., C, C,] (6)
(.e. Ipu yc10BHK
rangC =n) (7

¥ N-MEPHBIM BEKTOPOM-CTOIOIIOM

P=(R,..P)". 8)

n
HMuaue TOBOps, CTPOUTCA CUCTCMA

C.-P=C, 9)

nxn nx1 nxl

B KOTOpOM, Kak OKa3bIBaeTCs, DJIEMEHTH Bekropa (8) TOoUHO COBMAmarOT C
KO3 GuIieHTaMu COOCTBEHHOTO MHOTOUIeHa MaTpuIlbl A. Takum 00pa3oM, JIETKO
CTPOUTCS XapaKTePUCTUUECKOE YPAaBHEHUE MATPHIIbI 4

P(A)=A"+P-A""+P-A"?+..+P_ -1+ P =0, (10)

3aTE€M HaxoIiATCA KOPHU ﬂl,i yaeey ﬂ’n OTOr0 ypaBHCHUA HJIU, YTO OJAHO U TO

n-1’
K€, BCE COOCTBEHHBIC YHCIIa MATPHUIIHI 4.

Ecnu ipu BEIOOpE HEKOTOPOTo IPOM3BOIBHOrO HadanbHOro Bekropa C, yc-

noBue (7) momHOpaHroBocTH Marpuibl C HapyIIaeTcs, T.e. UMEET MECTO YCIOBHE

rangC<n, (12)
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TO TPU ITOM HUCIIOJIB3YETCs anmnapaT MHHUMAIbHBIX aHHYJIUPYIOIIMX MHOTOYICHOB
[3], mpu kKoTOpBIX perraeTcsi YacTHas MpoOeMa COOCTBEHHBIX 3HAYEHHA. VICmob-

30BaHNE€ HEKOTOPOIroO MHOXKECTBA ITPOU3BOJIBHBIX HAYAaJIbHBIX BEKTOPOB CO B UTOI'C

TaKXKe MPUBOJUT K PEIICHUIO TIOJTHON MPOOJIeMbl COOCTBEHHBIX 3HAYCHUH, OTHAKO
MIPH CPABHHUTEIHHO OONBIIOM 00BEMe BEIYUCIUTEIHHBIX ITPOLIEAY].
Yreepxnenne 1. BHe 3aBUCMMOCTH OT BbIOOpA MPOU3BOJIEHOTO HAYAJILHOTO

Bektopa C;, coorHomeHne (7) siBIseTcss HOOOXOMMMBIM U JJOCTATOYHBIM YCIOBHEM

OJTHO3HAYHOH Pa3pernMOCTH ITOIHON NPOOIeMbl COOCTBEHHBIX 3HAYESHUI MaTPHIIBI A.
2. Tenepp paccCMOTPUM TOJNHYIO MpoOJIeMy COOCTBEHHBIX 3HAaYCHWH-(DYHK-
uii oqHonapamerpuueckux marpur A(t) mopska N. EctecTBeHHO, pH 9TOM IPOM3-

BOJTBHBIH Hauanbhbii Bektop Cy(t) = (Cyy (1), ..., Cy, (t))" 1 cootHOmEHMs (1)-(11)
OCTAlOTCS B CHJIE C TOYHOCTBIO [0 OJHONAPAMETPHYECKHX BEKTOPOB-CTOJOIIOB
C.(t), P(t), i =1,n cOGCTBEHHBIX 3HAUEHMIi-PyHKIIHMiL A),i =1, N u MaTpULLI
C(t) . Hanee, umest B Buy nociejiHee 00CTOSTEIBCTBO U JOMYCTUB, YTO MIPH STOM
UMEIOT MecTo crienytoume nuddepeHuunanbable npeodpazopanus [5, 6]:

(- LAY =0 A - At HAK) K =00), (12)

C =t LCO | K =05 €)= 20t H,CK) K =02),1 =0, (13)

C(K):HTK!.";:K“) L. K=0m@ = C=z(tt, H.CK), K=0),(14)
pe0= " TRO | K=0m = RO= 20t HRK).K=0),i-1n, (15)
()= PO | K =00 = P(K) = g5(Lt,, HLP(K), K =0,%), (16)
A= EAO | K =00 4,0)= 2(tt,H, 4(K) K =000, =10 (17)

(rme A(K) u C(K), K =0, o - matpuunsie quckpersl matpun A(t) u C(t) coorser-
creerHo; C (K) u P(K), K=0, «, i =1, N — BEKTOPHbIE AUCKPETH BEKTOPOB

C(t) uPR(t), i =1, N COOTBETCTBEHHO; A (

K), K=0, o, i=1 n — auckperst
cobcrBennblx 3HaueHui-pynkumit A (t), i=1 n; K =0, © — uerouncnenusiit
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aprymenT; H — macmraOHbiii KO3((UIMEHT, CUMBOI —~— — 3HaK Iepexojaa H3
00J1aCTH OpUTHHAIOB B 00y1acTh mudepeHnnaIbHbIX H300pakKeHU 1 Ha000POT;

X1()s-eus X6 (1) — HEKOTOpBIE anmpokcHMUpYOLHE (HYHKIHH, BOCCTAHABIMBAIOLIHE

opurnnansl A(t), C (t), i:ﬁ, C(t), P(), izil?l, Pt) u A(t) , i:ﬁ
COOTBETCTBEHHO), MIEPEIeM K COOTBETCTBYOLIEMY AU PEepeHIIHATbHOMY aHATIOTY
pelIeHHs pacCMaTpPUBAEMOM TIPOOIIEMBI.

Amnamornyroe (1) ogHOIMapaMeTpUIecKOe COOTHOIICHNE U3 00aCTH OpUTH-
HaJIOB IiepeBeneM B obnacth auddepenumanbubix nzoodpaxenuit. [Ipu stom, cor-
nacHo anrebpe auddepeHanbHbIX Tpeodpa3oBaHuii, OyeM HMETh ITPEICTaBICHNE

K - -
C(K)=> A()-C(K-I), K=0,00, i =1n. (18)
1=0
Touno Tak K€, B COOTBETCTBHUHU C (9) MOJIy4YrM MPEACTABIICHUC

Cn(K):ZK:C(K)-P(K—I), K = 0,00, (19)

1=0

oTkyna, ompenenus Bektopusie muckpersl P(K), K =0,00, B coorBercTBuu ¢

HEKOTOPBIM OOpaTHBIM Jau(depeHIranbHpiM - peodpazoBanueM (16) MoxkHO
onpenenuth U BekTop P(t). B 4acTHOCTH, pH MakIOPEHOBCKOM H TEHIOPOBCKOM
I depeHInaNbHBIX TPeoOpa3oBaHusIX OyJIeM UMETh PeICTaBICHHUS

P(t) = > P(K)-t", (20)
K=0
P(t) = X, P(K)-(t-t,)" (21)
K=0
COOTBETCTBEHHO.
Hanee, umest koddduupento-pyukuun P (t), | = 1,N, B COOTBETCTBUH C (10)

MOJIYY4YUM aHAJIOTUYIHOC MIPEACTABICHUC
P(A(t),t) = A"(t) + P.(t) - A" () + Py (t) - A" 2(t) + ...+ P._, (1) - A+ P,(t) = 0.(22)

Omnpenenenue cOOCTBEHHBIX 3HaYeHHI-QyHKIMI MaTpuisl A(t) (nu kop-
HEl 3TOro XapakTePHCTUYECKOTO YPABHEHHUS) MOYKHO OCYIIECTBUThH TAK)KE HA OCHOBE
muddepeHnnanbHEIX Mpeodpa3oBaHUuid, B YaCTHOCTH, HCIIONB3YS SBHYIO WU HEsB-
HYIO BBIYHCIHTENBHBIC CXEMBI, peIokKeHHbIe B [5, ¢. 130, 131].
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YTBepmeHne 2. Bue 3aBucumMocTu ot BI:I60pa IMPOU3BOJIBHOI'O Ha4aJlb-

Horo Bekropa C,(t) (KoTopblii, B 4aCTHOCTH, MOXeT 00JIaJjaTh U OCTOSIHHBIMU KOM-

MTOHEHTaMH), aHAJOTHIHOE (7) COOTHOIIIEHHE
rangC=n (23)

SBIISIETCS. HEOOXOAMMBIM M JOCTATOYHBIM YCIIOBHEM OAHO3HAYHOM pa3pelnMOCTH
MOJTHOM MPOOJIeMBI COOCTBEHHBIX 3HAYCHUH-(QYHKIMI OJTHOMIapaMeTpHYECKON MaT-

punsr A(t)

MopenbHblii mpumep. PaccMoTpuMm 3amady ompeneneHHs COOCTBEHHBIX
3HAYCHUN — QYHKITUH OTHOTIApaMETPUICCKON MATPHUITHI

nxn *

(2+t+t%)  (-1+1) 0
At =| (1+t)  (2=t) (-1+1) ]
0 (-1+t) (2-t?)

Ipu t, =0, H =1, oueBuzno, oHa 061aKaeT MATPUYHBIME JUCKPETAMH

2 -1 0 1 10 1 0 o0
AO=|-1 2 -1|, A®=|1 -1 1|, A@®=[0 0 o0
0 -1 2 0 1 0 0o 0 -1
0O 0 0
AK)=[0 0 0|, vK>3.
0o 0 o0

IlepBolii 3Tan Bpryucaeuii (i = 1)

Nmeem
At)-Cy(t) =G, (1),

orkyna, nanpumep, Bei6pas Cy(t) = (3,2,1)", nomyqmm:
npu K=0:
C,(0)=A(0)- Co (0) = (4,0, O)T;

npu K=1:

0
G, (1) = A(1)- C,(0) + A4(0)- yu/(;) =(5,2,2)";
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npu K=2:
0 0
C,(2) = 4(2)- C,(0) + A1) - Z, (D + 4(0)- J5(2) = (3,0,-1)";

npu K=3:

0 0 0
C,(3)= A}Z)- C,(0)+ A(2)- % + A(1)- C{(2) + A(0)-C43) = (0,0,0)"

" T.]I.

CrnenoBaTebHO, MAaKJIOPEHOBCKOE TTPECTABICHIE Cl(t) MMEET BU]I

(4+5-t+3-1%)
Ct)=| 2t .

(2-t-t?)

Bropoii yTan Beruucaenuii (i = 2)

Vimeem
C,(t) = Alt) - C,(1),
OTKy/a:
npu K=0:
C,(0)= A(0)-C,(0) = (8,-4,0)";
mpu K=1:

C,(1)=A®D) C,(0+A®0)-C,(D)=(440)+(8-32" =(1212)";

npu K=2:
C,(2)=A2)-C,(0)+ AQD)-C, (D) + A(0)-C,(2) =
= (4,0, 0)T +(7,5, 2)T +(6,-2, —2)T =(17,3, O)T;
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npu K=3:
0 0
C,(3)=4(3)-C,(0)+ A(2)-C,(1)+ A(1) - C,(2) + A(0)- ¢ (3) =
=(5,0,-2)" +(3,2,0)" =(8,2,-2)";

npu K=4:

C,(4) = 7(/; £ (0)+7é C,(1)+ A(2)- C,(2) + A(1)- CA3) + A(0)- /(4) =
=(3,0,)";

npu K=5

G, = 7‘({; G (0)+j(4; G (1)+7é; Ci(2)+4(12)- f/(;JrA(‘) CAH) +

+A(0)- 5) (0,0,0)"

" T.1.

CiienoBaresibHO, MaKJIOPEHOBCKOE MIPEACTaBICHNE C2 (t) HNMEET BU]I
(8+12-t+17-t* +8-1°+3-t%)
C,()=| (-4+t+3-t*+2-1%)
(2-t+0-t* = 2t* +t%)

Tperuii dTan Bprunciaennii (i=3)
Nmeem

C.(t) = A®) -G, (1),

OTKy[a:
npu K=0:

C,(0) = A(0)-C,(0) =(20,-16,4)";
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npu K=1:
C,(1) = A)-C,(0) + A0)-C,(1) = (4,12,-4) + (23,-12,3) = (27,0,-1)";

mpu K=2:
C,(2=A2)-C,(00+AD-C,D+4(0)-C,(29 =
=(8,0,0)" + (1313 1)" +(31,-11,-3)" =(52,2-2)";
npu K=3:

0
C,(3)= M3)-C,(0) + A(2)- C, (1) + A(D)-C,(2) + 4(0)-C;(3) =
=(12,0,-2)" +(20,14,3)" +(14,-2,~6)" =(46,12—5)";

npu K=4:

0 0
C,(4)= ﬂd)- G,0)+ '}({)‘ C,(D+A4(2)-C,(2)+ A(1)-C,(3) + 4(0)- C,(4) =
=(17,0,0)" +(10,4,2)" +(6,—4,2)" =(33,0,4)";

npu K=5:

0 0 0
C,(5)= ﬁé;'cz(O)Jrﬂé'Cz(lH ﬂ‘{; C,(2)+4(2)-C,(3) +
0

+A(1)-C,(4)+ 4(0)-(4(5)=(8,0,2)" +(3,4,0)' =(11,4,2)";

npu K=6:

0 0 0 0
C,(6)= %-(&(ony‘{)‘-czan %-cz(zw/:({;-cz(m
0 0

+A4(2)- C,(4)+ A()- G4 (5) + 4(0)- 5 (6) = (3,0,-1)";
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npu K=7:

0 0 0 0 0
(:1(7) = % (‘2(0)"' dé)ﬂ (‘2(1)4' ﬂé Cz(z)"'éé; (32(3)"' 3)C2(4)+
0 0 0

+A(2)- G (5) + 14(1)-9/(;)+ A(0)- ¢%(7) =(0,0,0)"

" T.1.

CrenoBareibHo, MakiopeHoBckoe npecrasiaenne Cy(t) nmeer Bug

(20+27-t+52-t> +46-t> +33-t* +11-t°> + 3-t°%)
C,(t)=| (-16+2-t*+12-1°+4-1%)
(4-t-2-t?-5t°+4-1* + 2.t° —t°)

YeTBepThIi 7TAall BLIYUCICHHAH

IMocTpoum B cootBeTcTBUH ¢ (9) cucteMy ypaBHEHHIA

(8+12-t+17-t° +8-t>+3:1") | (4+5-t+3-1%) | L 3| (R(t)

(~4+t+3-t* +2-t%) 2-t 2 R{t) (=
(2t-2-t*+1%) C@t-t) 1R
(20+27-t+52-t> +46-t> +33-t* +11-t°> + 3-t°%)
=| (-16+2-t> +12-t> + 4-t°)
(4-t-2-t°-5-t° +4.t* + 2.t° - t°)
OTKyZla UMEEM MaTPUYHBIC JTUCKPETHI
8 4 3 12 5 0 17 3 0
C0)=|-4 0 2|, C=| 1 2 0O}, C(2= 0 0,
| 001 2 20 -1 0
[ 8 0 O 3 00 3 00
C(3=| 2 0 0|, C4=| 0 0 0|, C(5=| 0 0 0O},
-2 00 1 00 1 00
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o O O

00 0 -0,25 0,5
c®)=| 0 O , C_l(O) =| 0,25 0,5 -175
0 0 0 0 1
Y BEKTOPHBIC JUCKPETHI
C,(0) = (20,-16, 47, C,(») = (27, 0,-1)7, C,(2)=(52,2, -2)7, C,(3) =(46,12, -5,
C,(4)=(330, 47, C,(5 =114 2", C,(6)=(3 0,-1)7, C,(K)=(0,0, 0", vK>7.
CrenoBaTenbHO,
npu K=0:

C;(0)=C(0)-P(0),
OTKyza

(R(0),R,(0),R(0))" =(6,-10,4)";

mpu K=1:

C;(1) =C@)-P(0)+C(0)-PQ),
oTKya

(RM,RA),R®) =(0,-47)";
npu K=2:

C,(2)=C(2)-P(O)+C(@Q)-P)+C(0)-P(2),

oTKy A

(R(2,R(2),R(2)" =(0,3-4)";
npu K=3:

C,(3)=C(3)-P(0)+C(2)- P()+C(D)-P(2)+C(0)- P(3),
OTKyJa
(RB),RB,RE) =(01-3);

npu K=4:
C,(4)=C(4)-P(0)+C(3)-P()+C(2)-P(2)+C(D)-P(3)+C(0)- P(4),
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OTKyJa
(R(4),R,(4,R4)" =(01-)";
npu K=5:

0
C,(5)=¢A5)-P(0)+C(4)-P()+C(3)-P(2)+ C(2)- P3)+ C(1)- P(4)+ C(0)- P(5),

OTKyJa
(RG),R(O).R(®) =(0,0)";
npu K=6:

0 0

C,(6) = 965') -P(0)+ }4{5') -P(1)+C(4)- P(2)+ C3)- PB)+ C(2)- P(4) +

+C(1)- P(5)+ C(0)- P(6),
OTKyJa
(R(6),R,(6),R(6))" =(0,0,0)"

U T.JI.
CrenoBaTtenbHO, MaKJIOPEHOBCKOE IPEJCTABICHHUE BEKTOPOB K03 (duIeH-
toB P(t) B coorBercTBHU ¢ (20) MMeeT BU

6
Pt)=| (-10-4-t+3-t*+t>+t") ,
(4 +7-1-412-3°-t*+t°)

a XapaKkTepUCTHYECKOe ypaBHeHNE MaTpHIBI A(t):

P(A(), t) = (D3 -[A%(t) —=6- A7 (t) = (10— 4-t + 3-t* +t3 +t*) - A(t) -
—(4+7-t—4t* 3> -t +t°)] =0.

Herpyano ybeauTtbes, 9TO TOYHO K TAKOMY )K€ PE3yJIbTaTy MPUBOJUT METO/
HEIMOCPEICTBEHHOTO Pa3BepThIBAHUS OIpPEACIUTENS pacCMaTpHUBaeMON MaTpHIIbI,

re. det[ A(t) — A(t)- E] =0.
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IIATHIi 3Tan BLIYUCICHUIT
Terneps, wucmonb3yst sBHYyIO cxemy [5,c.131], BBIYHCIAMM JHUCKPETHI

A (K), 4,(K), 4(K),K = 0,2, MCTIONB3YS MOCNEHEE XapaKTEPUCTHIECKOE YPaB-

HEHHE.
Nmeem:

npu K=0:
P(A(t).) |, _,=4°(0)~6-27(0)+10-2(0)~4=0,

OTKyJ1a
2(0)=2, 4,(0)=2+2, 1,(0)=2-/2;
npu K=1:

OP(A(t),t) |
ot

—(-10—4-t +3-1? +t3+t4)-$—(7—8t—9-t2 ~4-t245.t) | =

d/l(t)

=3-2%(t)- 12-/1(t)-$—(—4+6-t+3-t2+4-t3)-/1(t)—

=3-42(0)- A(1) =12+ A(0)- A()) + 4- A(0) +10- A() 7 =0,

OTKyna
A1) =05 A1) =-025-2; 4,(1)=-025+~/2;
npu K=2:
LEPUON | g 0. om(t)+3 20. d2/"t(t) 1920 5 .90 dzm)
2 a ) at
~(6+6-t+12:1%)- A(t) — (~4+6-t+3-1> + 4-1%). dé(t)
d*4)

—(- 4+6t+3t2+4t)d/1§t) (-10—4-t+3-t* +t3 +t)-
—(7-8-t-9-t* - 4-t +5-1%) |tv:0_

=6-1(0)-1(1) +3- 12(0)- A(2) -12- 1(1) -12- A(0)- A(2) —
—6-2(0)+4- 20 +4-A(1)+10-1(2) -7 =
=(3-4%(0)-12-1(0) +10)- A(2) + (6- A(0) - 4) - 1 (1) — (6- A(0) + 7) =0,

OTKyaa

A(2)=-7,5 1,(2)=8,25+3,875-4/2; 1,(2) =8,25-3.875-/2

" T.1.
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OrpaHu4uMcst IEPBBIMU TpeMsl HaWICHHBIME JTUCKPETaMH UISl BCEX COOCTBEH-
HBIX 3HaYeHWH-QyHKIUH. [Ipn 3TOM OymeM HMETh CIeIyIOIIie MPHUOIMKCHHBIC
COOCTBEHHBIE 3HAYCHUSA—(]YHKIIUU:

A()=2+0,5-t-7,5-t*+...,
2,(t) = (2+~/2)—(0,25+/2) -t +(8,25+3,875-4/2) -t* +...,
A(t) = (2-+/2) - (0,25-4/2) -t +(8,25-3,875:+/2) -t* +... .
Takum 00pa3omM, penieHa MoiIHas MpodiieMa COOCTBEHHBIX 3HAYeHUN-(PYHK-
muit Marpuisl A(t) mpu BBEITOIHEHUH YCIOBHS TonHOpanroBoctu MaTpuisl C(0),
t.e. mpu rang C(0)=3. [Ipu HEBBINOJIHEHUHU TIOCIECIHErO YCIOBHUS, T.€ IpU rang
C(0)<3, mpunuiock ObI BOCIONB30BATHCS ANNAPaTOM MHHHMAJbHBIX aHHYIHPYIO-

XX MHOTOWIECHOB, PELIAIONINM YaCTHYIO PoOJieMy COOCTBEHHBIX 3HAYCHUM-PYHK-
uuii. Tak, HanpuMep, IpH BEIOOPE MPOU3BOIBHOTO BEKTOPa C,(t) = (1, (1+t), (1—t))"

MOJTy4aeM MaTpUILy

2 11
c(O)=|-2 0 1
2 11

C PaHTOM
rang C(0)=2<3

1 MUHUMAQJIBHBIM aHHYJIHWPYIOIMUM MHOT'OYJICHOM BTOPOT'O IMOPAAKaA, IMO3BOJIAIOIINM
OMpeaACIATL HAYAJILHBIC TUCKPCThI

2,(0)=2++/2,
A(0)=2-+2,

a nIpu BBIGOpE IIPOK3BONIBHOr0 HauansHoro Bektopa Cy(t) = (L0;—1)" — marpuuy

4 2 1
C(O=| 0 0 o0l
4 2 -1

C paHroMm
rang C(0)=1< 3
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Y MUHMMAaJIbHBIM aHHYJIHUPYIOIUM MHOTOWIEHOM TEPBOTO MOPSIKA, TO3BOJIIOIINM
OTIpEeAETSATh HAYAIBHYIO TUCKPETY

A4(0)=2.

X0 BRIYHCIUTENBHBIX MPOLEAYP IO OMPEISIICHHIO TOCIEAYIONINX JUCKPETOR
U COOCTBEHHBIX 3HAUYCHUI-()YHKIIHIA, €CTECTBEHHO, aHAJOTHYCH y)KE PACCMOTPEH-
HOMY.

3akiovenne. TakuM 00pa3oM, [UTs PEIICHHs MOJTHON MPOOIeMbl COOCTBEH-
HBIX 3HAYCHUI-QYHKIUH OJHOMAPAMETPUUCCKUX MATPHUIl MPEIoKeH nuddepeH-
uanbHeIi anagor meroga A.H. KpsutoBa, Bce omepanuu KOTOPOro 3PQeKTUBHO
BBITIOJTHAIOTCS MCKITOYUTEIbHO HA OCHOBE HCIOJb30BaHUs IH(D(hepeHIINATbHBIX
npeobpasosanuii ['.E. [Tyxosa.
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U.z. UhUNL8UL

U.L. UuxpLOYDP UGENYE YPIETULSPUL LU LUUC UPUNUNUUGSM UYL
UUSrPSLErt UG0UYUL UNdGLLE — DNPLUShULE P LODPY,
ZbULUNULYCh LOROUUL 2UUUL

Unwowplyyly t U.U. Unhjmjh dbkpnnh nhbpkighw) tdwbwlp vhuwyupudbnpu-
Jul dwwnphgubph ubthwuwb wpdbpubp-dniuljghwitph 1ppy hpdtwjuiunph jnwsdwi hw-
dwp: Unwgyty E wunnh dhwpdtp (nwskhnipyut withpwdtown b pudupup wuydwbp: Yth-
wnuplyt) b Uy dnpljughtt ophtialh nidnudp, npp gnigunpty b wnwewpldus nhdptptughuy
tdwbtwlh hwoynnuljut wpynibwyknnpiniup:

Unwmbgpughli punkp. ubthwluwl wpdbpubp-dniuyghwutph phy hhdbwjbghp,
U.UL. Unhinyh dbpnn, dhwywpudbnpulut dunphgubp, ghpbptiughw) diwthnjunipiniu-
ubip, nhdptptughw) tdwtwy, Unpbjughtt ophtiwly:

S.H. SIMONYAN

THE DIFFERENTIAL ANALOGUE OF THE A.N. KRYLOV METHOD
FOR SOLVING THE COMPLETE PROBLEM OF ITS OWN VALUES -
FUNCTIONS OF ONE-PARAMETRIC MATRICES

A differentia analogue of the A.N. Krylov method of for solving the complete
eigenvalue problem - functions of one-parameter matrices is proposed. A necessary and
sufficient condition for the unique solvability of the problem is obtained. A solution of one
model example is considered, which demonstrates the computational efficiency of the
proposed differential analogue.

Keywords: complete problem of eigenvalues-functions, method A.N. Krylov, one-
parametric matrices, differential transformations, differential analogue, model example.
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YK 532.542 I'NAPABJIMKA U THAPOTEXHUYECKHE
COOPYXEHUSA

.11 AIIUSIHII

SKCHEPUMEHTAJIBHOE UCCJIEJOBAHHME ITPOLHECCA
OIMOPOXXHEHUA JIOKEPA

B ruppasimideckoii mabopatopun MHCTHTYTA BOAHBIX MPOOJIEM M THUIPOTEXHHKH HM.
akazn. 11.B. ErunaszapoBa CMOHTHpOBaHA 3KCHEpUMEHTANbHAs YCTAHOBKA JIOKEPA, OAHA W3
BETOK KOTOPOTO BEpPTHKAIIbHA, a Jpyras UMeeT HeOOJbIIOW YKJIOH K TOpH30HTY. BeTkn
JIIOKepa M3TOTOBJIEHBI U3 IMPO3PAaYHOT0 CHIIMKOHOBOTO IIUTAHTa MAjJoro JUaMeTpa, 4To I03-
BOJIWJIO BU3YaJbHBIM IIyTEM BBIABUTH (DM3UKY IPOTEKAaHHS Mpoliecca OINOPOKHEHHUS JIOKepa
U OMPEJeNUTh MPOIOIDKUTENFHOCT €r0 ONopoKHeHHs. [IpoBeieHo comocTaBieHne moTydeH-
HBIX 9KCIIEPHIMEHTAIBHBIX JAHHBIX C PE3yJIbTaTaMU PacueToB 110 CYILECTBYIOIIIM (HOpMyIIaM.

Kniouegvle cnoea: nioxep, yIacTKH Pa3INIHOTO YKJIOHA, SKCIIEPUMEHT, TIPOIOJIKHA-
TEJIFHOCTH OMOPOKHEHHSI.

Brenenue. OnHON M3 COCTaBHBIX YacTel HANIOPHOW CHCTEMBI BOJOCHAOMe-
HUS SIBJISETCS TIOKEP, KOTOPBIN MPEACTABISIET CO00# TpyOOIpoBO I, MPOKIaabIBac-
MBIii TIO CKJIOHaM U JHY OBparoB. B cOOTBETCTBUU C pelibe(hOM MECTHOCTH HUCXOIS-
11asi ¥ BOCXOAIIAsl BETKH JI0KEpa MOT'YT UMETh YYaCTKH Pa3IMYHOrO YKIIOHA.

B nporiecce skcIuIyaraiuy JroKkepa BO3HUKAeT HEOOXOAMMOCTh €0 OTIOPOXK-
HeHus. C 3TOH LeNbI0 Ha JIIOKEPE Y OTMETKH MECTHOCTH, O0CCIICUMBAIOIICH €ro
TOJTHOE OMOPOKHEHUE, MOHTUPYETCS BOJOBBIMYCK C 3aIBUKKOM.

Hecrannonapnoe ABuKEHHE >KMIKOCTH, BO3HUKAIOIIEe B BETKAaX IIOKepa
IIPU €ro ONOPOXKHEHUH, U3YUYEHO HEAOCTATOYHO ISl HAJEKHOTO IPOEKTUPOBAHUS
HAIIOPHBIX CHCTEM BOJOCHAOKEHMS. AHAIU3 CYIIECTBYIOIINX HCCIeqoBanmii [1-4]
MOKAa3bIBAET, YTO B HUX HEJOCTATOUYHO M3yUYeHA IMHAMUKA JABMXKCHUS KOJIOHH KU~
KOCTHM B BETKaXx JIOKEpa IPHU €ro OnopOoXKHEHUH, a PEKOMEHIyEMbIE 3aBUCUMOCTH,
OTIPEACISIONINE apaMeTPhl JABMXKCHUS 3THUX KOJIOHH, HEe 00ECIeYrBaOT HE00XO-
JIUMYI0 TOUHOCTb pacyeTa U HyKJAI0TCsl B YCOBEPIICHCTBOBAHUH.

OTCyTCTBHE COBPEMEHHOTO ONBITHOTO MaTepraja B CYIICCTBYIOMICH TEXHU-
YECKOH JUTepaType HE MO3BOJSET OLICHUTh KOPPEKTHOCTh PEKOMEHAYEMBIX B pa-
6orax [1,2,4] popmy.

IlocTaHoBKa 3agauu U MeToAbl HcciaeaoBanus. llemsio Hacrosmeit pa-
0OTBI SBJISETCS SKCIEPUMEHTAILHOES MCCIICI0BAHUE TIPOIECCa OMOPOKHEHUS JFOKEPa,
OJIHA W3 BETOK KOTOPOTO BEPTHKAIbHA, a APyTas UMeeT HEOOIBIION YKIIOH K TOPH-
30HTY.
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Jli1s pOBeIEHUs] MCCIIEIOBAHMI B THPABIMYECKOM Jaboparopun MHCTUTYTA
BOIHBIX TpOOJIeM W THApPOTeXHUKH WM. akan. WM.B. ErmazapoBa cMoHTHpOBaHa
yCTaHOBKA, CXeMa KOTOpOM MmokaszaHa Ha puc.l. JIfokep COCTOMT M3 HAaKIOHHOM
BeTKH 1, mpeacTaBisiiomeii co00il mpo3padHblii CHITMKOHOBBIN MUIAHT THAMETPOM
d=0,014 u, obmeit mmuoit AC=4,3 u. Yuactok AB 3T0li BEeTKH TPSIMOIHHEHHBIH.
Yron HakI0Ha ero K ropusonty o, = 18°.

Koner Betku AC mocoeIMHeH K MPSIMOYTOJIbHOMY TPOHHUKY 2 ¢ BOJIOBBI-
nyckom 3, nuametp koroporo O, = 0,015.

Komnreroii yaactok Betku AC kpuBonnHeeH u umeet juiuny BC=0,28 u.

Q,

B)

Puc. 1. Cxema nabopamopnoii ycmanosxu (a); nonosicenue c80600HOU NOBEPXHOCMU 800bl
6 semxax okepa cnycms 0,6 ¢ nocie omxpoimust 60006winycka (6); nepemox 600bl U3 1€60l
6emKu OlOKepa 8 NPAgyio ¢ OOHOBPEMEHHBLM ONOPONCEHUEM 800bL Uepe3 60006binYcK (8)
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[IpaBas Betka aroxepa EC mmmHO# 1,5 v umeeT BepTuKanbHbIid yuyacTok ED
ol |, =1,23 m. Ona Tak e, kak u sneBas Betka AC, H3TrOTOBIEHA U3 MPO3-

pavHOrO CHIMKOHOBOTrO nuianra quamerpom d=0,014 v. KpuBoiuHeHbIi y4acTok
stort BeTku CD=0,27 m. KoHer 3Toif BETKM Takke MOJICOCTUHEH K TPOHMHHKY 2
(puc.1l @). B Hawanme BOIOBHINIyCKAa TPOWHHMKA 2 YCTaHOBJIEH INbe3oMmerp 4 aua-
METpoM 3 M.

IIpeBbimeHre cBOOOJHO MOBEPXHOCTH BoAbI H B BeTkax arokepa mpH ero

MOJTHOM 3aIlOJTHEHUU HaJl OCBIO0 BOJIOBBINYCKa 3 cocTaBisuio 1,27 m.

Jnist mpoBeieHHs SKCIIEPUMEHTOB TIPH TIOMOIIHM PE3UHOBOW MTPOOKH BHAYaJe
3aKpBIBANIOCH OTBEPCTHE BOJOBBIMYCKA 3, U IIOKEP MOJTHOCTHIO 3aMOJIHSIICSA BOAOM
(puc.1 a). ITocne ero 3amojHEHHUS MPOOKa OBICTPO yOAIANACh, U OCYIIECTBISIIOCH
BU3yalbHOE HAOJIOICHHE 32 N3MEHEHHUEM YPOBHEH CBOOOAHBIX MOBEPXHOCTEH BOJBI
B BETKax [okepa M B mbe3oMerpe 4. Ha puc.l 6 moka3aHo MOJIOKECHHE ypOBHEH
CcBOOOJHON TOBEPXHOCTH BOJABI B BETKax Jokepa ciycts npumepHo 0,6 ¢ mocne
OTKpBITHSA BOZOBBIMycKa 3. Kak BHHO M3 PUCYHKA, 33 YKa3aHHBIA TPOMEKYTOK Bpe-
MEHHU BEpTHKaIBHBIN yuacTok ED mpaBoii BeTKH JIOKepa MOIHOCTHIO OMTOPOKHSIICS,
a B JICBOI BETKE YpOBEHb CBOOOJHOW MOBEPXHOCTU BOABI, TaK e, KaK U B IbE30-
MeTpe 4, onmycKaics HEe3HAYMTENbHO. 3aTeM HAYMHAJICS MEPETOK BOJBI M3 JICBOM
BCTKHU OIOKEpa B IIpaByl0 ¢ OAHOBPEMCHHBIM YJAJICHHUEM €€ UC€PE3 BOJOBBIITYCK 3 B
atmocdepy (puc.l B). B pe3ynbTare HanpaBieHUE ABUKECHUS BOJBI B TIPABOI BETKE
MEHSJIOCh Ha TPOTHBOIOJIOXKHOE, ¥ yYPOBEHb CBOOOJHOW MOBEPXHOCTH BOJBI B
BepTUKaIbHOM yyacTke ED noBeimancs Ha 26...28 cu.

ITocne BTOPHUYHON OCTAHOBKH JIBWIKCHUS KOJIOHHBI BOJBI B TPABOW BETKE
HarmpaBlieHHE €€ JIBUKEHUS MEHSUIOCh Ha MPOTHBOIOIOXKHOE, B PE3ylibTaTe 4Yero
MUMEJI0 MECTO OJHOBPEMEHHOE OMOPOXKHEHHE BOJBI M3 JIEBOM M NPaBOW BETOK
JIIOKepa uepe3 TPOUHUK 2 U BOJOBBITYCK 3.

OnopokHEHHE COMPOBOXKAAIOCH BHIPABHUBAHHEM YpOBHEH CBOOOTHOH MO-
BEPXHOCTH BOJIbI B JICBOW U MPABOI BETKaX JIOKepa.

3aBepIraromunii 3Tan ONOPOKHEHHUS MPOUCXOANI TP OJWHAKOBBIX YPOBHSX
BOJIBI B BETKaX JIOKEpa.

Crnenyer OTMETHTH, YTO BhIPDABHHMBAaHWE YPOBHEH BOJBI B BETKaxX JIOKepa
BO3MOXXHO TIPH YCJIOBHH, €CJIM CKOPOCTH OMOPOKHEHHsI KOJIOHHBI BOJBI B JICBOM
BETKE IPEBBINIAET CKOPOCTh OMOPOKHEHUS KOJIOHHBI BOJBI B MpaBoii BeTke [2,3].
Takoe yBeJMYEHUE CKOPOCTH OTIOPOKHEHHS KOJIOHHBI JKHUIKOCTH B JICBOW BETKE
JIFOKepa J1a00paTOpHON YCTaHOBKH (puc.l a) MOXHO OOBSCHUTH CIEAYIOLIMMHU
00CTOATETLCTBAMH:
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1. ITepBoHayabHOE OBICTPOE TOJHOE OMOPOKHEHHE BEPTHKAIBLHOTO yYacTKa
ED mpaBoit Betku (prc.16) cosmaio mepemaj HaBI€HUS BOIBI B BETKAX IOKEPA,
YTO CHOCOOCTBOBAJIO MIEPETOKY BOJIBI U3 JICBOH BETKH B IPaBYIO uepe3 TPOMHUK 2 C
OJTHOBPEMEHHBIM yIaICHUEM € Yepe3 BOJAOBBIMYCK 3 B aTMOchepy.

2. B TeyeHune Bcero mpoliecca OMOPOXKHEHUS NIOKepa HalpaBlieHHE JBHKE-
HHSI CKOPOCTH KOJIOHHBI BOAIbI B sieBoi BeTke AC (puc.l a) He U3MEHSIIOCH, B OTIIHU-
4uie OT HaINpaBJICHUS JBHKCHUS KOJIIOHHBI BOJIBI B TIPABOM BETKE, IJIe UMEITU MECTO
€€ OCTaHOBKHU U IMOCJICAYIOMUEC U3MCHCHUS HAIIPABJICHUA ABUKCHHA.

B pa6orax [1-4] BO3MOKHOCTH MEpPETOKa BOJBI U3 OJHON BETKH JIOKEpa B
JPYTYIO B TPOIIECCE ero OMOPOXKHEHHs He paccmarpuBanack. B [1,2] oTrmedaercs,
YTO €CJIM BBITYCK BOJBI OOCIYKHMBAeT OJJHOBPEMEHHO JIBa MPHJICTAIOIINX K HEMY

y4daCTKa C pasHbIMU IJIMHAMU |1I/I |2 , HO C OJIMHAKOBOM BBICOTOM HAIIOJHEHUS
Hl = H2 = HO U OAWMHAKOBBIM JUAMETPOM, TO INPHU YCIOBHU COXPAHCHUA B HUX B

IIpoHecce OIMOPOXKHCHUA OAMHAKOBOI'O YPOBHA XHUIKOCTH UMCKOT MECTO COOTHO-
MCHUA

Q-Q+Q Q={2Q 1 Q=Q+ ) ®

rae Q, - pacxox KUAKOCTH, BBITEKAIOIIEH 13 Boosblmycka;, Q n Q, - coorBercTBeHHO

pacxoj XHUAKOCTH B JICBOW ¥ NpaBoii BeTkax mrokepa (puc.l @); |, u |, - coorser-

CTBEHHO JIJIMHA JIEBOW Y MPABOW BETOK.
U3 puc. 16 BugHO, 94TO B MpoOIECcCe OMOPOKHEHUS BEPTHKAILHOTO y4acTKa

ED npaBoit Betku arokepa paserctBo Q, = Q, +Q, BbimonHsieTcs, a JBa Apyrux

ycioBuHs, yKa3anHbie B (1), He BBITOIHSIFOTCS.
[Mocnie onopokHeHHs BepTHKaIbHOrO yyacTka ED m Bo3HMKHOBEHUs mepe-

TOKa BOJBI U3 JICBOII BETKU [IOKepa B mpaByro pacxon cocrasimsier Q, = Q, —Q,

(puc.1s).

Ha 3aBepriarornieii craaun OmopoKHEHMs IIOKepa CripaBeIuBbI paBeHcTBa (1).

IIpu npoBeeHUN KCIIEPUMEHTOB BpPEMsl OMOPOXKHEHUS] YYACTKOB JIOKepa
OMPECISUIOCh ¢ HEKOTOPO# MOTPEHIHOCTRIO C MOMOIIBI0 cekyHaoMepa. CoriacHo
MOJYYCHHBIM JaHHBIM, CIYCTS mpuUMepHO 1,3¢ ¢ MOMEHTa OMOPOKHEHUS TIOKepa
[IEPETOK BOJBI B IPABYIO BETKY JFOKEpa IpeKpaliajics. B pe3yabTare HMOBBIIIEHHE
ropu3oHTa cBOOOHOI moBepxHOCTH BOABI B BeTke ED cocrarisno 0,25...0,27 u.
3areM MMEN0 MECTO COBMECTHOE OMOPOKHEHHE BETOK JIOKepa, KOTOPOe MPOJIo-
JKAJIOCh JI0 MTOJIHOTO €TI0 OIMIOPOKHEHUS.
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[IponomKkuTeNbHOCTh OMOPOKHEHUS TPsSMOJIMHEHHOTO ydacTka AB neBoi
BETKH JIOKepa COCTaBisuIa mpuMepHO 4,5 ¢, a BpeMs MOJHOr0 ONOPOXKHEHHS [H0-
Kepa M3MEHSIOCh B Tipejenax 5,2...5/4 c.

ComocTaBuM TMONYYCHHYIO DKCIEPUMEHTATIBHBIM MYTEM MPOIODKUTEIh-
HOCTH OITOPOYKHEHUS JAIOKepa KCIIEPUMEHTAIBHOM ycTaHoBKH (puc.l a) co Bpeme-
HEM, MOJYYCHHBIM 0 PEeKOMEHIyeMoi B padboTe [4] dopmyiie, koTopast KOppEKTHA
IIPY YCJIOBMHM BBITOJTHEHUS BCex paBeHCTB (1). dopMyita UMeeT BHI

T oWV @)
Qo

rae W, u W, - 066EMbI BobI B JICBOIT U IIPAaBOi BETKAX JIOKEPa!

Q= :UA%\/ZQHO 3

rae 4 - K09 UIMEHT pacxo/a, BEITEKAIOIIEro 4epe3 BOAOBBINYCK; A - miomaib
OTBEPCTHUs BOJOBBITYCKa; H - BEICOTa HAMOIHEHUS JIOKEpA.

Koadpduument pacxona mis 4 onpesessiercs o Gpopmysie [5]

=1 @ C)E T w2 @
A, d
rae ¢, - KOG GUIHMEHT IHAPABIHIECKOr0 CONPOTHBICHHS IPSIMOYTOIBHOTO TPOii-
HUKA [IPY CITHSHUU [IOTOKOB BOJBI U3 IBYX BETOK JtoKepa: §, = 2,5, A - miomais
JKHBOTO CedeHms TpyborpoBoa esoit Betki: A =154-10°42 A =176,6-107° 1>
A - k05pDHUIHMEHT TUIPABINYECKOTO TPEHHsI TPYOOIPOBO/A JIE€BOM BETKU JIOKEPA!
A =0,028; d - nuamerp tpyOs! neoit Betku: d =0,014 »; Hy =127 m.
[ToacTaBiss BhINIEYKA3aHHbIE YUCIECHHBIE 3HAUEHHS PACUETHBIX [IAPAMETPOB
B (3), momyunm ¢, = 264,4-10°%/c.

OO0BEM BOJIBI B IIOKEPE MPH €0 TTOJTHOM HATIOJTHEHUH PaBEeH
W, +W, = 5,88-154-10° = 0,0009 :°.

Hoxncrasisist uncnennsle 3uadernst W, +W, u ) B (2), nomyunm T/ =6,81 c.

Taxkum o6pa30M, KaK U CJICAOBAJIO OXUAATh, paCUCTHOC BPEMA OIIOPOIKHC-
HUA AOKEpa IMOJTyHdacTCHd Ooublire OKCIICPUMEHTAJIBHOTO.
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Ecmu e uMeTh B BUIY, YTO, COTIIACHO 3KCIIEPUMEHTAIEHBIM JJAHHBIM, 00BEM
BOJIbI B BepTUKAIbHOM yuyacTke ED mpaBoii BeTKH JI0Kepa OIMOPOKHICTCS 38 BpEMs
~ 0,6 ¢ u 3a 3TO ke BpeMsl KOJIOHHA BOJIbI B JICBOW BETKE JIOKEpa MPOXOAMT pac-
crosane <~ 04 m, TO ocraBmmMiics B  JOKepe 00BEM  BOMBI

W =(5,88-1,23-0,4)-154-10° = 654,5-10° > onoposxnseTcs 3a BpeMs

-6
T, = —2 6545 1(_)6 =495 c,
264,4-10

a moiaHoe BpeMsi omopoxkHeHus arokepa Oymer 17 =0,6+4,95=555¢, uro

XOPOIIIO COTJIACyeTCs C SKCIIEPUMEHTOM.

3akiiroueHne. DKCIIEpUMEHTAIbHbBIE UCCIIEIOBAHNUS, IPOBEACHHBIE TIPU OII-
peleNeHHbIX XapaKTePUCTUKAX OIBITHOM YCTAaHOBKH, ITOKa3ajid, YTO IPOAOJIKHU-
TENBHOCTh ONOPOXHEHHS AIOKEPOB, YIJIbI HAKJIOHA BETOK KOTOPBIX B HECKOJBKO
(3...5) pa3 oTnu9arOTCs APYT OT Apyra, 3HAYUTEILHO MEHBIIE, YeM B JFOKEpax, yK-
JIOH BETOK KOTOPBIX CYIIIECTBEHHO HE OTJIMYaeTcs APYyT OT ApyTa.

IIpu ompeneneHnu BpEMEHHM OMOPOKHEHMs BBIICYKa3aHHBIX IIOKEPOB B
pacueTax HEOOXOJUMO Y4YeCTh BO3MOXKHOCTH IE€PBOHAYAIBHOTO CYIIECTBEHHOTO
OTIOPOKHEHUS OJJHOW U3 BETOK JIIOKepa.
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E.N. UC2r3UL3
1BNPYGCh YUSULTUUL SNCOCLEUSE ONMUNULUYUL 2ZBSULNSNRUT

UY. b.d. Bnhwqupnyh wudub opuyhtt hhdtwhwpgtph b hhppnnbkjutthlugh htunh-
uninh jupnpunnphuynmd dnbnwdjuws b £upniduyht opunnwuph gynijkpuyhtt hwndwush
(wpnpuwwnnp uwpp: Yniykph &nintphg Ukyp ninppuwhuwjwug b hnphqnuh tundwdp, huly
Ujniut niuh phpnipjui thnpp wilnit: Uyn hwindusubpp tkpuyugunid ki thnpp mpudw-
gény puwthwighly uhihyntthg wyunpuunjws unnnuljubp, husp pouy £l Jhqnuwg Yhp-
wny ghnwplly gph qunwpldwi gnpsppugp gnijtphg b npnply tpw unwpljwh
wnbnnmipniup: Lipjuyugymu E unwugyws thnpdtwljuin ndyuyubph hudbdwnnpiniup wkju-
thjulwh gpuljutnipjut Uk winwewplynny pwtwdling hwpgunpljws wpyniuph htiwn:

Unwbgpughl punkp. ymljbp, muppbp phpnipjudp hwnjwsubp, qhinwthnpd, nu-
nupuub dudwbwludhong:

E.P. ASHCHIYANTS
EXPERIMENTAL INVESTIGATION OF EMPTYING THE SIPHON

In the hydraulic laboratory of the Institute of Water Problems and Hydraulic
Engineering after Academician J.V. Eghiazarov, an experimental plant of siphon is
installed one twig of which is vertical and the other has a small gradient to the horizon. The
twigs of the siphon are made of a transparent silicon pipe permiting to observe the physics
of emptying of the siphon, and to define the duration of emptying.

The comparison of the experimental data with the results of calculation by the given
formulais carried out.

Keywords: siphon, section of different gradients, experiment, emptying time.
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