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Poszandaromoves epynu HesupooHceHuUT HECKIHYEHHO BUMIDHUL OA0K0680—01020HANDHUL MAMPUUD, Y
KOAHCHOMY BAOUT AKUL (MOACAUBO 34 BUHATNKOM NEPULO20) NOSMOPIOEMBEA 00HA T MA HC HEBUPOOHCEHA
MAMPUUA, G POSMIPU OA0KIE € DIADHUKGMU 0eAK020 CYNEPHAMYPANLHO20 Yucia. OTapaxmepusosaro
opbimu maxuzr epyn npu ix 0 MHONCEHHAM CNPABA HA GEKMOPHOMY MPOCTOPE 6CIT HECKIMUEHHUL
nocatdosrocmeti wad nosem K.

Karwmwosi crosa: cynepramypasvre wucao, opoima 2pynosoi dii, nesupodrcene Ainitine nepemesope-
HHA, HEGUPOONHCENA HECKINUEHHO BUMIDHA MAMPUUA, dinimapre AiHitine nepemeopenis, (3aiuwKkoso)
nepiodunHO GUHAMEHE NTHITHE NEPEMEOPEHHA.

Groups of non-degenerate infinite dimensional block—diagonal matrices, each block of which (possi-
bly except the first one) has the same non-degenerate matriz, and sizes of blocks are divisors of a super
integer number are considered. Also are mentioned groups, generated by such groups and by the group
of all non-degenerate infinitely dimensional block—diagonal matrices with not more than one (first)
nonidentity block. Orbits of such groups with their actions by multiplication on the right on the vector

space of all infinite sequences over field K are characterized.

Keywords: super integer number, orbit of group action, non-degenerate linear transformation, non-
degenerate infinite dimensional matriz, finitary linear transformation, (residual) periodically defined

linear transformation.

CratTio npejicTaBuB JOKTOP (izuko-maremaTndnux Hayk, npodecop B.B.Kupuienko

1 T'pynu mepioguvHO BU3HAYEHUX Ta
3aJIMIIKOBO NEPiOANYHO BU3HAYEHUX
mepeTBOPEHb 1 IX MaTpuYHa peaJsiizalis

Hexait K — dikcoBane mosne, V — 3jivenno
BUMipHUIT JiHiiHIHA npoctip Hax K, B = (€;)ien
— nesika ioro 6aza. Koxkna mocsimoBHicTb HATY-
pasbHuX uncesa Y = (N;)icN 3aBIa€ X—pO3OHTTs
basu B Ha CKiHYeHHI JacTUHU

61,...76n1 ’€n1+1,...,€n1+n2 ’€n1+n2+17... s (1)

SAK1 CKJIaJIAIOThCA 3 Ny, N2, ... BEKTOPIB BIIIOBIJI-
no. Hexait V (I) — nignpocrip npocropy V', nars-
ruyTuii Ha BekTopu [-ro dpparmenty posourrs (1),
l€N,a

V=gV (2)
=1

— poskiaz V uHa npsmy cymy migmpocropis V (1),
KNI HA3BEMO X—PO3KJiajom V.

© 0O.0.Bezushchak, 2014

JliniitHe neperBopenHs f V. — V Ha-
3BEMO y3rojizKeHuM 3 X—poskiajgoMm (2) (abo x—
posburram (1)), sakmo s posinsHoro | € N
cupasepmse Briodenus f(V (1)) € V(I). Ko-
JKHe JIiHiliHe NepeTBOpeHHs f, y3romKeHe 3 X—
poskiagom (2), moxke 6yrun 3amane B 6asi B
CBOCIO MATPHUIIEIO, AKA € HECKIHYEeHHO BUMIPHOIO
6JIOKOBO—TIarOHAJILHOIO 3 PO3MipaMu JliaroHa/Ib-
HEUX OJIOKIB, IO BU3HAYAIOTHCS ITOC/IIIOBHICTIO .

OsHaveHHst 1.  Jhwtine
f:V =V nasusaemovca:

nepemeopeHmA

(i) nepioduuno eusnavenum wodo 6asu B,
ARUO ICHYE MaAKe HAMYPAALHE YUCAO Ty U0
| yseodorcene 3 posbummam eudy (1) 6asu
B na ¢gpaemenmu dosorcunu n, npuMomy Ha
Kootchomy 3 yux Ppaemenmis f die oduna-
K080, MOOMO MAOMB MICUE DPIGHOCTI

flernti) = fle) (3)
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onsecizi=1,2,...,n mak=1,2,..., npu 3aBIAETHCS TMOCTIIOBHICTIO (1,1, .. .), & 3aJUIIKO-

UBLOMY HUCAO M HAZUBAEMBCA NEPIOJOM SU-
3navenocmi nepemeopenns f, a MIHIMAAb-
HO MOHCAUBE MAKE HAMYPAADLHE N HA3UBC-
EMBCA MIHIMANDHUM NEPIOJOM GUSHAYEHO-
cemi f;
(ii) 3aauwK060 NEPIOOUNHO BUSHAMEHUM U000
6a3u B, Axwo icnye maxe HamMypasdbHe Y-
CA0 M, ULO NIONPOCTID, HAMAZHYMUT HG 8e-
KIMOPU €1, . . . , €y, € IHBAPIGHMHUM GIOHOCHO
nepemeopents f, a na nmionpocmopi, wamas-
2HYMOMY HG BEKMOPU €mi1,€m42,y .- 5 UE
nepemeoperts € nepiodudHo BUSHAYEHUM 3
desaxum mepiodom n, mobmo dic na ui ee-
Kkmopu 32iono 3 pienocmamu (3), npu yvo-
MY HUCAO M HAZUBAEMBCA nepednepiodom
susnavwerocmi f, a wucao n — tio2o nepi-
0dom 6u3HAMEHOCTE (AKWO nepednepiod m
i nepiod n Y3200HCEHO BUOPAHO MIHIMANALHO
MOAHCAUBUMU, MO 2080PUMUMEMO NPO MiHi-
Maavhutl nepednepiod i Minimasvrull nepiod
nepemeopenhs f);
(1ii) cmpozo  3aAuwKo80 NEPIOOUNHO BUSHAME-
HUM, AKUWO BOHO 3AAUWKOBO NEPIOOUUHO GU-
3HaveHe, NPUuYoMY 1020 MIHIMANDHUYT nepe-
onepiod euaHaerocmi AUMBCA HG 610N0-
BIOHULL MIHIMAAOHUT NEPIOd GUSHAMEHOCTIV]
bes ocmai.

Jlema 1. 1) Yei nesupodoiceni nepiodusmno eu-
3naueri u0do basu B Ainitini nepemeoperms
npocmopy V' ymeoproroms nidepyny 6 epyni

GL(V).

2) Vei nesupoodorceri cmpozo 3a4uuwKk060 nepio-
Junno susnaveni uodo b6aszu B aimiting ne-
pemsoperHs npocmopy V. ymeoproromy nio-
epyny 6 epyni GL(V).

3a3HAYNMO, 0 HEBUPOJIZKEH] 3aJIUIIKOBO I1e-
pioIMYHO BU3HAYEH] JIIHIWHI ITepeTBOPEHHS T'PYITY
HE YTBOPIOIOTH, 60 MT0OYTOK IBOX TaKUX ME€PETBO-
peHb MOXKe § He OyTH HePioJUYHO BU3HAYEHUM.
['pymy Bcix HEBUPOZKEHUX CTPOTO 3aIUIITKOBO TIe-
pioanmyHO BU3HAYEHUX M0N0 6a3n B JiHIfiHUX me-
perBopenb i3 GL(V) nosHagaTuMemMo CHMBOJIOM
GLyp(V,B), a rpyiy BCiX HEBHPOIKEHHX Iepio-
JIMIHO BU3HAYEHUX MO0 6a3u B JiiHIHUX 1epe-
TBOpPeHb — CUMBOJIOM G Ly, (V, B).

3a BU3HAYEHHSIM [EPIOJIUIHO BU3HAUYEHE 1010
basu B jinifine mepeTBOPEHHs 3 MEPIOIOM BU3HA~
9EeHOCTI N € Y3TOKEeHUM 3 po3buTTsiMm 6asu B, ake

10

BO TEPIOANTHO BU3HAYeHe oo 6a3m B iniiine
IIePeTBOPEHHS 3 TIePeJINEPIOJIOM M, 1 TIepiojoM n
— 3 po36UTTSIM B, 10 BU3HAYAETHCST MOCIiTOBHI-
crio (m,n,n,...). A romy Taki meperBopeHHs B 6a-
31 B 3a/Ial0ThCsl HECKIHYEHHO BUMIpHUME (BIIPABO
i BHU3) GJIOKOBO—[IarOHAJBLHIMI MATPUIAME, sTKi
JIJIsI TIePioJINYHO BU3HAYMEHUX MEPETBOPEHb MAIOTh
BUTJISAT

w
a®a®a®---=a?, (4)
a JIsl 3aJIUIIKOBO ePIOJINYHO BU3HAYEHUX Iepe-
TBOPEHb — BHIVISLT

bdadad-- =bda™, (5)
e @ — 3HaK KPOHEKEPIBCHKOI CyMU MAaTpHIlb, d,
b — mesaxi marpumi HaJ mojgeM K IOPSIAKIB 1 Ta
m BignosigHo (m,n € N). IIpu npomy, sKIo 1e-
perBopenHsi () € CTPOro 3aJUIMKOBO IIE€PIOIUITHO
BU3HAYEHUM, TO TOPAIOK MATPUI b TiUTbCA HA
MTOPSIIOK MaTpuIll a 6e3 ocradi. s cumerpuaHOl
rpynu S(N) moHsiTTst (3aIMIIKOBOI) MEPiOJAUTHO
BU3HAUEHOI IijicTanoBKu OyJio BBejeHo B [1]-[2].

Jliniitwe meperBopenns f : V. — V HasuBae-
Thesl d—obMexkeHuM 11010 6asu B [3], skuo npu
Ooyap—sikomy ¢ € N obpa3 BekTopa €; basu B € Ji-
HIMHOIO KOMOIHAINEI0 BEKTOPIB €;_g, - .., €y « ..,
€i+q. JliHiitne neperBopenHs1 f OOMekeHe IIOJIO
6asu B, gKmo BOHO € d—0OMeKeHUM IIPH IesIKO-
my d € {0,1,2,...}. HeBupopkeni obmerxeni mo-
1o 6asu B tiniitHi nepeTBOpeHHS YTBOPIOIOTH ITiI-
rpyny B GL(V), sKy mO3HAYATHMEMO CHMBOJIOM
GLpy(V, B). Koxue d—obmexkene o0 6a3u B ji-
HiifHe MTepeTBOPEHHS MOXKe OyTH 3a/aHe HECKiH-
YEHHOIO 0OOMEXKEHOI0 MATPHUIICI0, TOOTO TAKOIO, 110
puHOIO 2d HABKOJIO T'OJIOBHOI JliaroHaJi. Yci ma-
TPHUIl TAKOI CTPYKTYPH, JJis IKUX ICHYIOTb 00ep-
HEHi, IPUIOMY TaKOXK 0OMEKEHI, YTBOPIOIOTH I'PY-
1y, siky nosHadarumemo G Lyg(K). HesasnexHo Bijg
6asu B rpymu GLy(V, B) ta GLpi(K) € isomop-
dbHUME, & TOMY MOXKHA PO3TJIAJATH JIUIIE OJIHY 3
HUX.

Yci 3auIIKOBO TIEPIOIMIHO BU3HAYEHI ITI0JIO
6a3u B mepeTBOpeHHS OUEBUIHAM UMHOM € 0OMe-
JKEHUMU 1010 1iiel 6a3u, TooTo rpyna G Lyg(V, B)
(BignoBinHOo G'Lpg(K)) MicTurh pisHOMaHITHI I
IPyIH, SIKi MOXKHA yTBOPIOBATH 3 TAKUX HEPETBO-
penb. /lo HUX HajeXKaTb HE JIWIIE BBEJCHI BUIIE

miarpymu GLper(V, B) i GLyy(V, B), a it rpyna
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G Lgtqp(V, B) Bcix HEeBUpOJZKEHUX JIHIHHUX Tepe-
TBOpeHD mpocTopy V| gki maiizke crabiizyiors 6a-
3y B, To6ro takux g € GL(V), mo g -v = v ns
Maii>ke BCix eseMeHTIB v 6a3u B. Yci Taki miarpy-
I MalOTh MaTPUIHI aHAJIOTH, sIKi He 3aJIeXKaTh Bil
BubOpy Oaszu. Besrnocepeanbo 3 BU3HAUEHHST IUX
MiAPYIT BUILTUBAE

Jlema 2. /Jlas 6ydv—saxoi 6aszu B npocmopy V' epy-
na GLyy,(V, B) nopodosicyemuvca ceoimu nidepyna-
mu GLgap(V, B) ma GLper(V, B). Biavw mozo,
MAE MicUe DIBHICTb

GLup(V, B) = GLyab(V, B) - GLyer(V, B).

3 i€l geMu, 30KpeMa, JiCTaeMo, 10 LIS Bij-
MOBIITHUX MATPUIHUX I'PYIl TAKOXK BUKOHYBATHIME-
ThCst PIBHICTD G Ly (K) = GLgtap(K) - GLper (K).

2 TI'parku; poauH miarpym GLS;,)(V, B) ta
GLJ(DZ% (V, B), napameTpu30BaHUX

CyriepHaTypaJIbHUMHU YUCJIIaMU

Ilpu dikcosaniit 6a3i B B rpymi G Lpe,(V, B)
BUJILIIETHCS KOHTUHYaJIbHA POJUHA TPy, gKi
[PUPOJIHAM YMHOM I1apaMeTPHU3YIOThCs CyIlepHa-
TYPAJbHUMU TUCTIAMU.

Haramaemo, 1o cynepHaTypaJibHUM YUCIOM
(imaxmre, — uncsom Creitnina [5]) HasuBaeTbCs
dopmanbunit 100yTOK BUIJIAILY

I1».

peP

ne P — MHOKIHA HPOCTHX 4Hcel, oy € NU{0, 00},
Ha mMuOXuHI cynepHarypaabaux gucea SN BBO-
JIUTHCS BIJIHOIIIEHHS TTOJILIbHOCTI:

YUCJIO U= H p*P € MILHUKOM YHCTIA U= H pﬁp,
peP peP

SIKINO Jyist Beix p € P maemo oy < B, (IpH Ipo-
My BBaskKa€Mo, IO OO0 € OLIbIMMM BiJ yciX HaTy-
panbHUX uucest 1 Hy/st). JacTKOBO BIOPsIIKOBAHA
muoxknua (SN, |) € MOBHOIO I'PATKOIO 3 HaibiIb-
MM 1 HaIMEHIIIUM eJIeMeHTaMu, $IKi, BIJIIIOBLJIHO,
JOPIBHIOIOTH

Izl_[poO

peP

1:Hp0.

peEP

Ta

1T KOXKHOTO — CYIEepHATYPAJBHOTO  THCTIA

U BUBHAYUMO TIJATPYIY GLI(DZL%(V, B) B rpymi

2014, 2
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GLper(V, B) sk Taky, IO CKIAJAETHCH 3 TUX 1 JIH-
IIe TUX JIHIHUX [IepeTBOPEeHb 3 PO3KJalaMU BU-
sty (4), muist skux MiHIMAJIBHI TI€piojn € b
HUKAMU IHCTA U.

Migrpymy rpymu G L, (V, B), sxa mopomKye-
hest GLgan(V, B) i GLY
GLW (v, B).

up

(V, B), nosHadarumeMo

Jlema 3. Ilpu ¢hixcosaniti 6a3i B xoorcna 3 podun
nidepyn
{GLY(V,B)|u e SN} (6)

(u)

per

{GLper (V. B) [u € SN} (7)

Ymeoproe JSpamry wodo 8KAMOUEHHA, AKA 130MOD-
Pra Spamui cynepraMypPasbHUT HUCEA.

Zosederins JIETKO BUILIUBAE 3 TOTO, IO PI3HUM Cy-
IIepHATYPAJIBHAM TNCIaM Y KOXKHIN 3 POAWH Bif-
HOBIAI0TH Pi3HI MiArpyIY, & BiJIHOMIEHH S U | v [t
CynepHaTypaJbHUX UHUCEN U, U BUKOHYETHCS TOII
i JiIe Tojl, KoJau

GLY(V, B) < GLY)(V, B),

(v)

per

GLt

per (Vs B) < GLyer(V, B).

O

Enementn rparok (6) Ta (7), skuMm BigmoBi-
al0Th cymnepHarypasbhi quciaa 3 SN\N, yTBopro-
I0Thb BepxHi HamiBrparku. MiHiMaJIbHUME eJleMeH-
TaMU B TaK BU3HAYEHUX HAIIBI'PATKAaX €, BIIIIOBII-
HO, TiATPYIU BUTJISLY

GLE™)/(V,B), GLY)(V,B), p€ P,

(u)

Marpuuni  anasorn migrpyn  GLyy (V) B)
1 GLI(,Q(V, B) 1no3HauaTHMEMO  CHMBOJIAMHU
GLS};,)(K ) Ta GL};;%(K ) Bimmosigmo.
3 Opbitu rpyn GL%) (K) Ta GLS;%(K) Ha

npoctopi KY¥

Hexait K% — MuOXKWHA BCIX HECKIHIEHHUX 10~
ciinosHocTeit Ha rtosiem K. Ha 1iiit MHOXKUHI 1TpH-
POJIHO BU3HAYEHO JIil 0/ aBaHHsI IOCJIiI0OBHOCTEH 1
MHOKEHHsI ITOCJIIIOBHOCT] Ha CKaJisip, TOOTO BOHA
Ma€ CTPYKTYpY JiHiflHOro mpocTopy Ha noJjeM K
KOHTUHYaJbHOI po3MipHOcTi. I'pyna JiHIHHUX Te-
PEeTBOPEHb 1HOIO MPOCTOPY /i€ HA HHOMY (3a BU-
HSITKOM HYJILOBOI'O BEKTOPA) TPAH3UTUBHO. [ pyrm
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GLJ;,) (K)i GLS;}(K), u € SN, gitors Ha K“ MHO-
JKEHHSIM MaTPUIlh (CIpaBa) Ha BEKTOD, OCKIIBKA ¥
Bupasi T -a, T € K¥, a € GLpg(K), 106yTOK psiji-
Ka T Ha KOXKEH CTOBIYNK MATPHUIN ¢ Ma€ ceHc, 60
B CTOBIYUKY JIUIIE CKiHUYEHHA KiJbKICTh €JIeMeH-
TiB, BinMiHHUX Bix Hysisa. Binobpaxkenusa & — T -a,
T € K%, e niniitnum jyist josinbaoro a € G Lpg(K),
a ToMy GL%)(K )i GLI(féz, (K) MoxxHa po3riisiaTu
AK MArPYIH IPYNU JiHITHAX TTepeTBOPEHD ITPOCTO-
py K“ (u € SN). KoxkHa 3 1ux rpy1 Jii€ Ha 1po-
cropi K“ IHTpaH3UTHBHO, TOOTO BHHUKAE 33189

Mo criodaTky opbitu rpymu GLgap(K) Ha K¢,

Osnauvenns 2. [locaidosnocmi T = (x1,22,...),
g = (y1,vy2,...) € K¥ nassemo xonginarvrumu,
AxuLo npu deaxomy m € N 0aa 6cix © = m euko-
HYNOMBCA PIBHOCTL T = Yj.

TBepaxxkenns 1. [locaidosnocmi T = (xy,xa,. . .),
= (y1,y2,...) € K¥ micmamovcsa 6 00niti opbimi
epynu G Lgap(K) npu @i i muoorcennam cnpasa
na eaemernmu KY modi G auwe modi, xoau ui

NOCAI008HOCE € KOHPIHAALHUMU.

osedenna. Hexait T, ¥ HasteskaTh 10 OHIET OpoOi-
i rpynu GLgqp(K) na K. Toni icuye Taka ma-
rputis @ € GLgap(K), m0 Z - a = §. Marpuns a €
diniTapHOiO, TOOTO Mae BUTJISII

a 0O
(8)

[Mpunycrumo, mo a’ — marpung nopsaaxy m. To-
i JIiF0 @ Ha MOCJiIOBHICTD T MOYXKHA 300pasuTh y
BUTJIATI

T-a= ((xl,...,a:m) . a',xm+1,xm+2,...),
TOOTO MOCJIJIOBHOCTI T Ta Y = X-a — KOH(IHAJIbHI.
3 iHmoro 60Ky, MPUITYCTUMO, IO ITOCJIiT0BHO-
cTi T Ta Y — KOH]IHAJIBHI, TOOTO IPHU JIETKOMY Ha-
TYPAJIBHOMY 11 MAEMO T = (T1, .. .y Ty Tt 1s - - -)s
7= (Y1, Ym,Tm+1,--.)- I'pyna GL,,(K) nie na
K™ MHOXKEHHSIM CIIpaBa, MPUYOMY IIs Jlisl TPaH-
3UTHBHA HA MHOXKHWHI HEHYJIbOBUX BEKTOpIB. A
tomy icuye marpung o € GLp,(K) Taka, 1o
(X1, xm) - d = (y1,-..,Ym). Toni dinirapua
MaTpHIlsd a, BU3HAUYeHa piBHicTIO (8) 1151 TaK BU-
6paHol MaTpHUIl a’, IepeBOUTH IIOC/IIIOBHICTE T Y
MTOCJTIJTOBHICTD . O]
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CUMBOJIOM ¢ IO3HAYUMO OIIEPATOP 3CyBY Ha
esleMeHTax IocjijioBHocreit & = (x1,x2,...) €
K%, 10670 0(z;) = xi41. Toni

oM (@) = iy, (ol (i) = oM (2)

st poBiabHEX 4, k, I € N. OKpeMo IOKJIaJIeMo
o%(z;) =z, 1 € N.

Osnauennst 3. Hexati u — @ircosane cynepha-
mypaavhe wucao. Iocaidosnocmi T = (x1, 2, .. .),
7= (y1,y2,...) € K¥Y mazsemo u-nodibhumu,
AKWO ICHYIOMb HAMYPAALHE HUCAO T, M| U, Mma
nesupodocena mampuus a € GL,(K) maxi, wo
npu 6ydv—axomy k = 0,1,... mae micuye pienicmo

(" ). 0™ ()= (0" @0)s. - 0" (@) - 0.

9)
Jlema 4. Bidnowenns u—nodibrocmi € exeisanet-
muicmio na K<,

Jlosedenns. PediekcuBHicTb 1 CUMETPUYHICTH
BiIHOIIEHHST U—TIOAIOHOCTI BUILINBAIOTL OE3II0Ce-
PeIHBO 3 HOro BU3HAYEHHs. JaJIUIIAEThCs IIepe-
CBIJIYUTHCS, IO e BiTHOIIEHHS € TPAH3UTUBHUM.
Hexait z, 4,z € K¥ — taki nocimoBHoCTi, 1m0 T i
y Ta § i Z € u—noxioaumu. Ilokakemo, mo T i z
TaKOXK U—TIOJIOHI. u—TIoAibHICTD X 1 ¥ o3HadYaE, 110
JUISE JIESTKOTO HATYPAJIBHOTO 4HCaa M, n|u, i Ma-
tpuii @ € GL,(K) mators micie pisrocri (9), a
U—TIOMIOHICTD ¥ 1 Z O3HAYAE, IO JJIsT JeSIKOTO HATY-
pasbHOrO "mcaa m, mlu, i Mmarpuni b € G Ly, (K)
MalOTh MiCIle aHaJIOTiuHI PiBHOCTI

<Ukm(zl),. N ,Ukm(zm)>:(akm(y1),. N ,akm(ym)> b,

k =0,1,2,.... 3 Toro, mo n|u i m|u BurMBaE,
mo s = HCK(n, m) rakox € pinpaukom u. Hexait
r1 = §/n, ro = s/m. Po3risgHeMo MaTpuI mopsi-
Ky S :

Jutst HUX MaeMo:

(). 0™ )= @)

Ta

(o—’“(zl),. N ,Uks(zs)>:(aks(y1),. N

3 nux piBHOCTEH J1icTaEMO

(aks(zl),. . ,aks(zs)):<aks(x1),. .

TOOTO Z 1 Z € u—TOI0OHIMU. O

Q
=
v
—~~
<
w
N—
j=all
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Teopema 1. Hexatd uw € SN — d¢ikcosane GL,(K) Taka, mo g koxuoro k = 0,1,2,...

HeCKiHYeHHe cynepramypaavre wucao. Iocaidos-

wocmi T = (x1,x2,...), § = (y1,Y2,...) € K¥ mi-

cmAmbeA 8 00HIG opoimi epynu GLI(;Q«(K ) npu it

017 MHodHCcERHAM CnPasa Ha nocaidosnocmi 13 K<
modi i auwe modi, Koasu T ma Yy € u—nodioHumu.

Jlosedennsa. 1) Hexait T ta § micrarbes B opmiil

(w)

opbiti rpynu G Lper (K) na K¢. Toni icuye maTpu-

ud a € GLJ(DZ,)ﬂ
a€ GLS;Z«(K

n|u, 1T MOXKHA 3aIICATH y BUTJISI

(K) Taka, mo §y = T - a. Ocklibkn

), TO IPU [IEBHOMY HATYPAJILHOMY 7,

a=c (10)
st gestkoi marpuri ¢ € GLy, (K). diroun MmHOKe-
HHSIM CIIpaBa Ha IOC/IIJIOBHICTH T (x1,2,...)
marpurero (10) micraemo mocainoBHiCTH

. 7x2n) -G,

). (11)
3rijgHo 3 BU3HAYEHHSIM (3] OCTaHHS PIBHICTH O3HA-
4ae, IO IMOC/IIIOBHOCTI T Ta ¥y € u—IOMiOHMU 3
MaTPHIIEIO TTOI0HOCTI C.

2) Hexaii T ta § € u—nogioaumu. Toxi npu me-
SIKOMY 7, M|, ICHY€ HEBHPOJKEHA MaTpUIls ¢ €

zZ= ((xl,...,xn)~c, (Tnt1, -

(l'2n+1, e ,:L‘3n) +Cy ..

Crircok BUKOPHUCTAHUX J2KepeJt

Hasapyx B. I'pynn mnepiogndno BU3HAYEHUX
nizicranoBok / B. Hazapyxk, B. Cymancbkuit
// Homnosini HAH Ykpainu. — 2003. — Ne 3. —
C. 26-30.

Haszapyx B. I'pynmsl mepuouydecKu orpeie-
JIEHHBIX TOJICTAHOBOK CYeTHOW crenenn / B.
Haszapyxk, B. Cymancekuii // Marem. Cryuii.
—2003. —19. — Ne 2. — C. 115-126.

Holubowski W. Groups of infinite matrices /
W. Holubowski // Groups St. Andrews 2005,
vol.2, Cambridge, Cambr. Univ. Press. — 2007.
— P. 491-496.

Phillips R.E. The structure of groups of fi-
nitary transformations / R.E. Phillips // J.
Algebra 119 (1988). — P. 400-448.

Steinitz E. Algebraische Theorie der Korper /
E. Steinitz. — New York: Chelsea Publ. — 1950
- 176 p.

13

BUKOHY€ThCsI piBHicTh (9). Ils HeckinueHHa cucTe-
Ma piBHOCTell piBHOCHIbHA piHOCTI (11). A TOMYy

(u)

per
(10) micraemo, mo § = Z - a. OTxke, T, § MicTs-
(u)

per

B3aBIM MaTpuio @ € GLper(K) sik y piBnocti

(K) i Teopemy
U

')7

HA3BEMO 3AAUWKOBO U—

Thesd B OfHINA opbiTi rpyrmu GL
JIOBEJIEHO.

Osnauennsi 4. [locaidosnocmi T = (xq, T, ..
y=(1,y2,...) € K¥
nodiOHUMU, AKWO ICHYIOMD HAMYPGADHL YUCAA
n ma m, nlu, nlm, i nesupodorceni mampuyi
a € GLy(K), be GLp(K) maxi, wo eukonyro-
MbCA PLEHOCMNI:

1) (y17y27"'7ym) (l’l,l’Q,...,J]m)'b;

2) @ (1), ..,0" (yn)=(""(z1),. .. 0" (2y))-
a, daa k=m/n, m/n+1,....

Teopema 2. [locaidosnocmi T = (x1,x2,...),
7= (y1,92,...) € K¥ micmamovcsa 6 00nit opbimi
epynu G’L%) (K) npu i 0ii mmoorcennam cnpasa
Ha esemenmu i3 K modi 1 auwe modi, xoru T
ma Y € 36AUWKOBO U—N0JIOHUMU.
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TBepKeHHAM (1] Ta Teopemoro (1l
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VY pobomi susHaemsCs acumMnmomuyta noeediHka HeasmoHOMHOT KOAUBHOT Cucmemu, AKxa ONUCy-
emves JudepenyiasvHum PIBHAHHAM MPEMBO20 NOPAIKY 3 MAAUMU NEPIOOUMHUMYU HEATHITHUMU 306-
HIUWHIMU 30ypeHHAMU muny bazamosumiprozo “6inozo” ma Ilaycconiscorozo wymis. Posessdaemovces

PE3OHANCHULT BUNGIOK.

Karomwosi caosa: memod ycepednenna, HEABMOHOMHG KOAUSHA CUCTEMA, CMOTACTUYHE Judeper-

YLaADHE PIBHANMHA, PE3OHAHCHUT 8UNAJOK.

The asymptotic behavior of non-autonomous oscillating system describing by differential equation

of third order with small periodical non-linear external perturbations of multidimensional “white noi-
se” and “Poisson noise” types is studied. Every term of external perturbations has own order of small
parameter . If small parameter is equal to zero, then general solution of obtained non-stochastic third
order differential equation has an oscillating part. We consider given differential equation with external
stochastic periodic perturbations as the system of stochastic differential equations and study the limit
behavior of its solution at the time moment t/c*, as ¢ — 0. The system of averaging stochastic di-
fferential equations is derived and its dependence on the order of small parameter in every term of

external perturbations is studied. The resonance case is considered.
Key Words: averaging method, non-autonomous oscillating system, stochastic differential equation,

resonance case.
Communicated by Prof. Kozachenko Yu.V.

1 Introduction

The averaging method proposed by N.M.Krylov,
N.N.Bogolyubov and Yu.A.Mytropolskij ([1], [2])
is one of the main tool in studying of the
deterministic oscillating systems under the acti-
on of small non-linear perturbations. The case of
small random "white noise" type disturbances in
oscillating systems of second order is considered
in papers of Yu.A.Mytropolskij, V.G.Kolomiets
([3]). The autonomous and non-autonomous osci-
llating systems of second order under the acti-
on of "white noise" and Poisson type noi-
se perturbations are studied in the papers of
O.V.Borysenko ([4], [5]). Particular case of the
third order oscillating systems are investigated in

© O.. Bopucenko, O.B. Bopucenko, 2014
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articles of O.D.Borysenko, O.V.Borysenko ([6]),
0O.D.Borysenko, O.V.Borysenko and I.G.Malyshev
(7], [8]). Limit behavior of autonomous and non-
autonomous (non-resonance case) third order osci-
llating system under the action of external small
nonlinear random disturbances such as multidi-
mensional "white noise“ and "Poisson noise” was
studied in (]9], [10]).

This paper deals with investigation of the
behavior, as ¢ — 0, of the general type third
order non-autonomous oscillating system driven
by stochastic differential equation

2 (t) + ax” (t) + b?2' (t) + ab’x(t) =

= 5kof0(/‘0tv SC(t), x/(t)7 x”(t))+
+fe(t, (1), 2'(t),2"(1))

(1)
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with non-random initial conditions z(0) = Then
/ _ / " _ 1/ :
zo,2'(0) = z5,2"(0) = /arol,, v'vhere e > 0is a b (t) + 2 (1)
small parameter, f.(¢,x,2’,2") is a random functi- N(t) = @1
on such that “ sin bt
Ai(t) = cosacos(bt + a)x(t) — 2 (t)—

t A

fo fe(s,2(s),2/(s), 2" (s)) ds = Yi ) ¥ x sinasin(bt + ) , ;

X fg fi(pis, x(s), 2/ (s), 2" (s)) dw;(s) + eFm+1 x - b2 (1),

. cosbt ,

. As(t) = cosasin(bt + a)x(t) + 2 (t)+
< [ J Frt (s, 2(),2/(), 27 (s), 2) v{ds, d2), s cos(bt +0)

0 R b2 ’
k; > 0,i = 0,m+1; f; are non-random functi-
ons, periodic on w;t, i = 0,m + 1 with period 2; where o = arctg(b/a). We can apply Ito
wi(t),i = 1,m are independent one-dimensional formula [11] to stochastic process §(t) =

Wiener processes; v(dt, dy) is the Poisson measure
independent on w;(t),i = 1,m, Ev(dt,dy) =
[I(dy)dt, v(dt,dy) = v(dt,dy) — I(dy)dt, TI(A) is
a finite measure on Borel sets A € R, a > 0,b > 0.

We will consider the equation (1) as the
system of stochastic differential equations

dz(t) = ' (t)dt,

da'(t) = 2" (t)dt,

da"(t) = [—az" (t) — b2 (t) — ab’z(t)+
+ e fo(pot, z(t), 2 (t), 2" (t)) + eFm+1 x

2)

X é St (et x(t), &' (2), 2" (1), 2)1(d2)]dt+

+ > ek (it w(t), 2 (8), 27 (t))dwi () + 51 x
=1

X [ fmt1(Bmaat, z(8), 2 (), 2" (t), 2)v(dt, dz),
R
z(0) = xo, 2/(0) =z, z"(0) = zf.

In what follows we will use the constant K > 0 for
the notation of different constants, which are not
depend on .

2 Main result

We will study the possible resonance case: p; =

Z—;b for some j = 0,m+1, where p; and

qj are relatively prime integers. Let us consi-
der the following representation of processes

x(t), 2 (t), 2" (t):
z(t) = C(t)e™™ + A1 (t) cos(bt) + Aa(t) sin(bt),

2 (£) = —aC(t)e" — bAy (t) sin(bt) + bAs(t) cos(bt),
2" (t) = a®C(t)e™ " — b2 A, (t) cos(bt) — b* Ao (t) sin(bt),
N(t) = C(t) exp{—at}.

(N(t), A1(t), A2(t)) and obtain for the process £(t)

the system of stochastic differential equations

1
dN(t) = —aN(t)dt + mdﬂ(t)
sin asin(bt + «)
dA(t) = — B dH(t) (3),
sin av cos(bt + o
dAs(t) = b2( )dH(t)
bzg +
YO g,
a*ro —x
A0 = T
A,(0) = azf + (a* + b?)zf + ab®x
2 b(a2 + b?) ’

where
dH (t) = [" fo(pot, N (t), A1 (t), Ag(t),t) 4 ehm+1x
« / For (imsnt, N(£), Av(£), Ao (), £, 2)TI(d)]dt+
R

3R Fiit, N (1), As (1), As(t), t)dwi(t) + P+ x
=1

x / Fnr (g1t N (1), Av (), As(t), , 2)5(dt, d2),
R

fi(,u,it,N,Al,Ag,t) = fi(MitvN + Ajcosbt +
Ay sinbt, —aN — bA;sinbt + bAjcosbt,a®?N —
b?Al cosbt — b*Agsinbt), i = 0,m,

fm-}-l(ﬂm—‘,—lt,N,Al,AQ,t; Z) = fm+l(Mm+1t7N +
Aijcosbt 4+ Agsinbt,—aN — bAisinbt —+
bAs cosbt,a®? N — b? Ay cos bt — b? Ay sin bt, z).

Theorem 2.1. Let II(R) < oo, t € [0,t], k =
min(ko, 2k1, . .., 2km, kmy1). Let us suppose, that
functions f;,7 = 0,m + 1 bounded and satisfy Li-
pschitz condition on z, x', x". If given below matriz
52(A1, As) is non-negative definite, then

1. Let p; = %b for all j = 0,m + 1, where
pj and q; are some relatively prime integers. If
ko = 2k; = kma1, 1 = 1,m then the stochastic



Bicnux Kuiscvko20 HauionaibH020 YHIGEPCUMEMY
iment Tapaca Illesuenxa
Cepia: $iszuro-mamemamusni HAYKY

process & (t) = £(t/e¥) weakly converges, ase — 0,
to the stochastic process £(t) = (0, A1(t), Aa(t)),
where A(t) = (A1(t), Aa(t)) is the solution to the

system of stochastic differential equations

dA(t) = af ())dt+0(ﬁ(t))d@(t),
A(0) = (A1(0), A2(0)),

where a(A) = (@ (A1, Az),a? (A, Ag)),

d(l)(Al,Ag) =
21 27

1
" 4m2b(a2+4b2
b ) pon+qol=0 0 0

x(asint + beos)e ") de dip+

2m 2w
+ Z ffffm+1(¢7A17A27¢7z)X

Pm+1n+gm+11=0 0 0 R

X (asin ) + bcos @b)e_i(”wﬂ‘b) I(dz)do dy| ,

a? (A, A) =

1 27 2w

= | 2 ) fo, A Ay ) x
pon+q0150 00

x (a costh — bsiny)e = M H®O) 4 dap+

21 21 .
+ Z f fffm-i—l(w’Al’A??(z)’z)x

Pm+1n+qgm+11=00 0 R

—i(ny+ld)

X (acost — bsin)e II(dz)dody |,

1
_ 2
o1, 42) = { B 40) ) = (b

B(w) = (Blj(w)vlm] = 1)2)7
B11(%) = (asint + bcos )2,

Bia(¢) = Ba1(¢) =
—(asiny + beost)(acosth — bsin ),

Bas(1h) = (acostp — bsiny)?,
f:j(¢aAlaA2a¢) =
fnr1(¥, A1, Ag, ¢, 2) =

w(t) = (wit),i = 1,2),
independent one-dimensional Wiener processes.

2. If k < kg then in the averaging equation
0; if & < 2k; for some
1 < j <'m, then in the averaging equation (4) we

(4) we must put fo =

(4)

Z f ffo(w7A17A2,¢) X

f:j(d}aOaAlaA2a¢)a j = W

fm+1(¢707A17A27¢7z)7
w;i(t),i = 1,2 are
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must put fj =0 for all such j; if k < kp41 then in

the averaging equation (4) we must put fing1 = 0.

3. 1If uj # ‘%b for some j = 0,m+1 and any

relatively prime integers p; and q;, then in averagi-
ng coefficients in (4) we must put | = n = 0 in
corresponding sums containing f;.

Proof is the similar to the proof of the

Theorem 3.1 in [10].
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Hpyra noxigna siorapudmivyaol pyHKIT Second derivative of the log-likelihood in
BiporizgHocTi 11st mozeni 3aganoi CP the model given by a Lévy driven SDE’S
KepoBaHuM nporecoMm Jlesi
'KuiBcpkuit  HalioHAJILHMH — yHiBepcHTeT !Taras  Shevchenko National  Univer-
imeni Tapaca Illesuenka, dakynabrer pagio- | sity of  Kyiv,  Department of Radio
di3uKU, eJeKTPOHIKM Ta KOMII'IOTEPHUX CH- physics,  electronics and computer sys-
crem, 01601, Kwui, Byn1. Bomomummupcbka 64, tems, 01601, Kyiv, Volodymyrska str., 64,
e-mail: ida@univ.net.ua e-mail: ida@univ.net.ua

Memodamu wucaenns Manssena ompumaro npedcmasaenhs Oas Opy20i noridnol no napamempy
N02aPUGMINHOT GynKuLi 8ipo2idnocmi nobydosaroi Ha QUCKPEMHUT CNOCTNEPENCEHHAT NPOUECY 3a0aHO-
20 NMHITHUM CTMOTACTUYHUM JUPEPEHUIAALHUM PIGHAHHAM, KEPOSAHUM npoyecom Jlesi.

Karmosi caosa: MMB, ¢ynkuin eipozidnocmi, CUP, pezysaprut cmamucmuyhud excnepumen,
JIAH.

By means of the Malliavin calculus, integral representation for the second derivative of the logli-
kelihood function are given for a model based on discrete time observations of the solution to equation
dX; = ag(Xy)dt + dZ; with a Lévy process Z.

If we have a logarithm of transition kernel for Markov chain and can calculate two its derivatives
w.r.t. parameter, we can find the maximum likelihood estimate (MLE) and its asymptotic normal di-
stribution. But in our case the support of transition probability density depend on parameter and we
can’t, in principle, to obtain a precise formula for the logarithm of joint density and its derivatives.

The likelihood function in our model is highly implicit. In this paper, we develop an approach which
makes it possible to control the properties of the likelihood and log-likelihood functions only in the terms
of the objects involved in the model: the function ag(x), its derivatives, and the Lévy measure of the
Lévy process Z.

Key Words: MLE, Likelihood function, Lévy driven SDE, Reqular statistical experiment, LAN.

Crarrio upeacrasus 1.¢.-m.H. Kozauenko HO.B.
Introduction (iii) there exists Cp such that

Let Z be a Lévy process without a diffusion

component; that is, o' (u)] < CO|U’_IU(U)a
! ! o (w)] < Cou™?(u), |u] € (0, uol;
Zy = ct+/ / uu(ds,du)+/ / uv(ds, du),
0 Jul>1 0 Jul<l
where v is a Poisson point measure with the . 1
intensity measure dsp(du), and (ds,du) = (V) (log 1) N({U Hul = 5}) — 00, £—0.

v(ds,du)—dsu(du) is respective compensated Poi-

sson measure. In the sequel, we assume the Lévy
measure 4 to satisfy the following: Consider stochastic equation of the form

H. (i) for some x > 0,

dX? = ap(X0)dt + dZ;, (1)
/ T pu(du) < oo;
lul>1

where a : ©® x R — R is a measurable function,
(ii) for some ug > 0, the restriction of ;1 on @ ¢ R is a parametric set.

[~uo, uo] has a positive density In [1] it was proved that under conditions

o € C% ([~up,0) U (0, ug)); of smoothness and growth of ap the Markov

© 1.0. Isanenko, 2014 18
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process X given by (1) has a transition probabi-
lity density pf w.r.t. the Lebesgue measure. Besi-
des, according to [1] this density has a derivati-
ve 9ppl(x,y). The extension of the asymptotic
methods of mathematical statistics is used as a
key tool the second derivative of the log-likelihood
ratio w.r.t. parameter. The purpose of this paper
is to give a Malliavin-type integral representation
of this derivative.

1 Main results

We denote by PY the distribution of this
process in D([0,00)) with Xy = z, and by EY
the expectation w.r.t. this distribution. Respecti-
ve finite-dimensional distribution for given time
moments t; < --- < t, is denoted by PZ,{tk}Zﬂ' On

the other hand, solution X to Eq. (1) is a random
function defined on the same probability space
(Q, F,P) with the process Z, which depends addi-
tionally on the parameter € and the initial value
z = X(0). We do not indicate this dependence
in the notation, i.e. write X; instead of e.g. X%t,
but it will be important in the sequel that, under
certain conditions, X; is Lo-differentiable w.r.t. 0

and is Lo-continuous w.r.t (¢, x,0).

In the sequel we will show that, under
appropriate conditions, Markov process X admi-
ts a transition probability density pf(x,y) w.r.t.
Lebesgue measure, which is continuous w.r.t.
(t,z,y) € (0,00) x R x R. Then (see [2]), for every
t > 0,z,y € R such that
(2)

p!(z,y) >0,

there exists a weak limit in D(]0, ¢])
PLe, = lim P2 (- |1X; — ] <)),

which can be interpreted naturally as a bridge of
the process X started at x and conditioned to arri-
ve to y at time t. We denote by ng’; the expectati-
on w.r.t. Pi«’?y

In what follows, C' denotes a constant which
is not specified explicitly and may vary from place
to place. By C*™(R x ©),k,m > 0 we denote the
class of functions f : R x ® — R which has conti-
nuous derivatives

o o
ozt 0 07

[, i<k, j<m
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In [1] it was proved that under the conditions
of following Theorem Jpp!(z,y) has a Malliavin-
type integral representation

(3)

Opp) (,y) = gl (x, y)p (2, y)

with

gf (z,y) —{

t79 ’:‘1
T, Y=t

i (z,y) >0,
otherwise.
(4)
The goal of this section is to obtain the same
representation for second derivative, i.e.

dglogpl(z,y) = E
0,

()

Ogop} (z,y) = GY(z, y)p] (z,y)

with
Gi(z,y) =
929 log pl (z,y) + gf (x,y)* =
.0 —
= Ex,y:t27 p?(xvy) > 07
0, otherwise.

(6)

The functionals =} and =2, involved in expressi-
ons for g and G, will be introduced explicitly in
the proof below; see formulas (19) and (21).

Theorem 1. Let a € C32(R x ©) have bounded
derivatives dza, 02,a, 8%9@, 02 a, 8399(1, 8219(1,

a9t pa and for all 6 € ©, z € R

|ag()| + |pag ()| + [95pas ()] < C(1 + |z]). (7)

Then the transition probability density has a
second derivative 8929]9? (z,y), which is continuous
w.r.t. (t,z,y,0) € (0,00) x R x R x O, and (5)
holds true.

Remark 1. By statement of Theorem, the logari-
thm of the transition probability density has a
second continuous derivative w.r.t. 0 on the open
subset of (0,00) x R x R x © defined by inequali-
ty pl(xz,y) > 0 and, on this subset, admits the
integral representation

(mi=t)

Remark 2. For every v < 1+ k/2 there exists
constant C' which depends on t and v only, such
that

=EY =t — (EL =]

ag@ logp? (xv y) T,y—t (8)

‘” <C(L+z).  (9)
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2 Proof of Theorem 1

We need to repeat some notations and
statements defined in Section 3 [1]. Fix u; €
(0,up), where uy comes from H (ii), and introduce
a C%-function p : R — Rt with bounded derivati-
ve, such that

w?, |ul
u) =
o(u) {0, "

< uyg;
= U

Denote by Q.(x), ¢ € R the value at the time
moment s = ¢ of the solution to Cauchy problem

q'(s) = ola(s)),
Then {Q., c € R} is a group of transformations of
R, and 0.Q¢(x)|c=0 = o(x).

Definition 1. A functional F' € Lo(2, F,P) is
called stochastically differentiable, if there exists
an Lo (Q, F, P)-limit

q(0) = x.

DF = lim -

C—)C

(QCF F) (10)
The closure D of the operator D defined by (10)
1s called the stochastic derivative. The adjoint
operator 6 = D* is called the divergence operator
or the extended stochastic integral.

Remark 3. dom(D) is dense in Lao(Q2, F,P),
hence § is well defined. In addition, dom(d) is
dense in Lo(Q2, F,P), hence D is closable. The

operator  itself is closed as an adjoint one; e.g.
Theorem VIII.1 in [3].

Denote x(u) = —%i()u))/, u # 0.

Proposition 1. 1. Let ¢ € C'(R%YR) have
bounded derivatives and Fj, € dom(D), k = 1,d.
Then p(Fy, ..., F;) € dom(D) and

M&

D[SO(Fla"'v 7Fd)DF/€

(11)

2. The constant function 1 belongs to dom(d)

kaO Fl, e
k=1

and
/ / p(ds,du).  (12)
3. Let G € dom(D) and
E(6(1)G)* < . (13)
Then G € dom(8) and §(G) = §(1)G — DG.

20
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The proofs of this Proposition and Remark 3
can be found in [1].

Lemma 1. Under the conditions of Theorem 1
X? is thrice stochastically differentiable and

Jj=1 .. j—i+l gt
I / D (&€

|

/R o(u) (o(w)) V v(ds,du), j=T,3; (14)

where & = exp {fg 8xa9(Xf)dT},

n—1n—k—1

>. > ¢©

k=0 j=0
t
/ Di (aﬁxag(xf)) D" k=i XPdr, n =1,2.
0
(15)

D"& = _p_1DFErx

Remark 4. The expressions for D™ (82,a9(X?))
and D" (gtggl) can be found by the first statement
of Proposition 1 (and formula (15) respectively).

Remark 5. Under additional conditions about
smoothness and growth of ag the formulas (14) and
(15) are equitable if j is more than 3 and n is more
than 2.

The case j = 1,2 and n = 1 was considered in
[1]. The proof of (14) as j > 3 provides by inducti-
on using the argument of proof of relation (27)
[1], and based on Theorem I1.2.8.5 [4]. The same

arguments that in Section 3.2 [1] give (see details
in proof of relations (27), (31) and (32) [1]):

t
D2699Xf :/ D? (gtggl) 8@@9(X§)d8+
0
t
2 / D (&&;1) 82pao(X?)DXEds+
0

t
& [ &7 (han XX
0

02a0(X)D2XY) ds, (16)

t
0! =& [ & ([BRgeol X2+

2(02a0) (X) D0 XE + [0%,00) (X)(0X0)? ) s,
(a7
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t
DOZ,X? — 26, / £ (200X X0+
0
[ageag](xg)) DAy X ds+
t
& [ & (200glan(XDOX I+
0

ao(X2)(09XE)? + [03ggas) (X?) ) DXV ds.
(18)

83

TTrx

Similarly to proof the moment bounds for
0o X7, D(0pX;), DX?, D2X?, proved in Section
3.3 [1], we get the same one for 92,X/, D(02,X}),
D?(9yX?) and D3X?. Note that the assumption on
the derivatives 0,a,02,a,02,,a is used in Secti-
on 3.2 [1] to get the existence of the derivati-
ves DX;, D2X;, D3X;. The addition assumption on
aggag similarly gives the existence of derivative

D (9pX7).

Proof of Theorem 1. In the theorem 1 [1] it was
proved that the transition probability density has
a derivative 9gpf(x,y), which is continuous w.r.t.
(t,z,y,0) € (0,00) x R x R x O, and functional
=}, from its representation given by the formula

=1 _ (0eX7)5(1)
! DX/

(OpXP)D2XY
(DX?)?

D(85X{)
DX!
(19)
Note that X; is twice Lo-differentiable w.r.t.
parameter 0, see (17) for its derivative. In additi-
on, DX?, D2X?, and D9y XY, are Lo-differentiable
w.r.t. 6, and all these derivatives satisfy moment
bounds similar to (35) [1] (moment bounds for
DX?). Now it is easy to prove that =] is Lo-
differentiable w.r.t. 6 (the explicit formula of the
derivative is omitted). One can just replace DX,
in the denominator in the formula (19) by DX;+e¢,
prove that this new functional is Lo-differentiable
w.r.t. 6 using the chain rule, and then show usi-
g (36) [1] (negative order moment bounds for
DX?) that both this functional and its derivati-
ve w.r.t. 6 converge (locally uniformly) in Ly as
e — 0, respectively, to =} and to the functional
0=} which comes from the formal differentiati-
on of (19). This argument also shows that =}
and 0p=} depend continuously (in Ly) on z,t,6.
Therefore, we can take a derivative at the right
hand side in (3), which gives

Oaop (. y) = p (x,y)ELL 002} + pf (x, y) g} (z, y)*.
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This function is continuous w.r.t. (¢ z,y,60)
because p!, ¢¢, and 9p=} depend continuously (in
Ls) on x,t,0, and relation

PO(X: =)

0eO
(20)

0, z,yeR, t>0,

holds true (by representation (3)).

To prove (5), we use moment bounds for
X, 02,X0, D(0pXy), D(02,X7), D?*(9pX7),
DX?, D2X!? and D3X{ to get, similarly to the
proof of (37) [1] (integral representation for pf),

that
(5 ( ) n 839)(5’)

belong to dom(d) and
DX/?

ey
_ D;(fD(s((antQ)z
(

DX/!
D2X?
with
(9pX7)?

o) (0
f(5xr)

(0o X7)%0(1) | (9pX7)*D2X]  2(9pX7)D(8pX7)
DX/ (DX/7)2 DX/

D5< >:

0
20X (5)D(0sxY) — D0 X)) +
Dp XY

DX/
2
3y 2y 6
+<Dxf> (DPxf - 5(1)D2x?)

~ 2(D(9pX]))?
DX/
49pX{D(9pX])D*X]
(DX)?

1
DX/

(0pX7)?
DX/

(0 X7)?
DX/

1 (0pX7)?

bxi) rot))
n DI, X7
DX/!
(8pX))*
Dith + 05 X7 ),
(21)

5(1)
DX?

)

(9 X7)?
DX/?
(95 X7)*D4(1)
DX/

2(9p XD X 1)
(DX?)?

The expressions for 9 X7, Dy X! and D(1) can
be found in [1], the other one given by the formulas
(14) — (18). Therefore, for any test function f €
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C?(R) with bounded derivatives we have
OaeELf (X)) =
EY (£"(XD)@0XE)? + /(X)) 5B XY ) =

aXG)Z
E9 D/XG(G t
! (mren -

e (ot (5 (G

i f’(Xf)azgxf) _

)

DX/

o (Df(X?) (B9 X7)? 2 w0\
Ex( DX} <5< DX/ >+399Xt>>_
ECF(XP)= = ELF(XD)GY (x, XP); (22)

see (6) for the definition of GY(x,y). Because the
test function f is arbitrary, the integral identity
(22) proves (5). O

Remark 6. From (22) with f =1 it follows that
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for everyx e R,0 € ©,t >0
ECGY(z, X0) = 0.

Proof of Remark 2. By the moment bounds and
formula (21), we have

RSP < C(1+ |2 (23)
for every p € [1,2 4+ k), with the constants C
depending on ¢, p only.

Combining relations (3) — (6) we get

Ol (v, Xy) = EY [E?

Xi| — gl @, X0,

Moreover, inequality (9) follows directly from (23),
(45) [1] (moment bounds for gf) and Jensen’s
inequality. O
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OpauH mero moOy 0BU IIPOIIECIB THUILY
Jlesi

On a method of the Lévy-type processes
construction

'KuiBchkuit HaIioHAILHII yHIBEpCHTET iMe-
ui Tapaca [lesuenka,83000, m. Kuis, np-1. ['my-
MKOBa 41,
e-mail: tanya.kosenkova@gmail.com

ITaras Shevchenko National University of
Kyiv, 83000, Kyiv, Glushkova st., 4d,
e-mail: tanya.kosenkova@gmail.com

Onuc npouecie muny Jlest ax pose’asxic CHP e kaacunwnoro 3adavero ma bepe ceiti nowamox 6id
pobim A.B. Ckopoxoda nowamxy 60-mux poxie. 1des, wo aezaa 6 ochosy to2o memoda noaszac y npeo-
cmasaerti 006iavrol mipu Jlesi ax obpasy ¢irxcosarol mipu 3a donomozor CneuiasbrHo nodydosaHUT
61006pasicenn. Ymosu meopemu npo ichy8aHHA Ma EQUHICTb P03 A3KY HAKAAIAIOMbBCA Ha 61000pasice-
HHA, 3adani Heaeno. Memod, sanpononosarutl 6 Uit pobomi A0360AA€ 3HAMHO CNPOCMUMUY N06YAI08Y
maxur 6i10o6pasicetdb 3a AONOMO2010 NPABUALHO20 6UOOPY Pikcosanoi mipu. Lla xoncmpyruyis dossoane
bydysamu npouecu muny Jlesi y sunadkax xosu sadpo Jlesi npouecy posnadaemuces y cymy adep cne-
Yiaavrozo0 muny ma adep obmesicernoi inmencusnocmi. Hasedeno nobydosy npouecie muny x2,zama-
ma o-cmiliixozo munie.

Knomosi crosa: npovec muny Jlesi, npouec muny x2, npouyec a-cmitixozo muny ma npouec muny
Tamma.

The construction of a Lévy-type processes as a solutions to an SDEs is a classical problem which
comes back to the works of Skorokhod in 1960s. His method was based on the representation of any
Lévy measure as an image under some transform of a fived measure. Our method is based on the same
idea but due to the choice of reference measure leads to transparent set of conditions for the uniqueness
and existence of the strong solution to a correspondent SDE. This method appeared to be applicable in
the case where the Lévy kernel can be represented as a sum of the kernels of proper form and kernels

of bounded intensity. As examples, we construct x>-

process as a strong solutions to an SDEs.
Key Words: Lévy-type process, x>

Communicated by Prof. Kozachenko Yu.V.
Introduction

Consider (a(z),0?(z),II(x,-)) where a : R —
R, 02 : R — [0;00) and II(x, dy) is a Lévy kernel,
which is a measurable function w.r.t. x and a Lévy
measure for any x € R.
The Lévy-type process is such a Markov process
that it’s generator on the functions of the class
—{f [ EC2 f(z) =0, f(x) >0, as || —

oo} takes the form

Af(z) = a(@)f (z) + o*(x) [ (z)
+/R flz+y) — f(z)

f’(ﬂ?)y1|y|<1) (z,dy), x€R.

(1)

It was observed that many physical, biologi-
cal, chemical and econometrical models are well

© T.I. Kocernkosa, 2014

type process, Gamma type process and a-stable like

-type process, Gamma type process, a-stable like process.

characterised by Lévy-type processes (see [2| and
list of references therein). A classical way of a
Lévy-type process construction comes back to
works of Skorokhod [7] and Strook [8]. In these
works Lévy kernels are represented as images of a
fixed measure under some mappings, and respecti-
ve existence and uniqueness theorem is formulated
in the terms of the latter mappings. This leads to
a highly implicite set of conditions on the symbols
under the consideration. By means of the choice of
the reference measure we are able to obtain a strai-
ghtforward procedure of the mappings constructi-
on, which leads to the transparent set of conditions
in terms of symbols itself.

As an application of this result we consider the
case where a Lévy kernel is represented as a
sum of kernels. Our research is motivated by the
recent work of Kolokoltsov [6]. He considered the
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generator represented as a sum of multiplicative
operators multiplied on Lévy generators. For such
object he proved the existence of the unique soluti-
on to a martingale problem. Our approach can be
used in the case of non-multiplicative operators
and approves to be useful in construction of y2-
type process, Gamma type process and a-stable
like process.

1 Method description

The main idea of the construction is based
on the fact that any Lévy measure II can be
represented as a transformation of the fixed Lévy
measure Iy = du/u? by the function ¢ : R — R. In
addition, this function is uniquely determined by
the requirement II = ITpoc™! and the following list
of properties: ¢ maps R~ on R™, and R™ on R™; ¢
is monotone; c is left continuous on R~ and right
continuous on R*. Here we denote R™ := (—o0; 0]
and Rt := [0;400). For any Lévy measure I we
denote by crr the corresponding function c¢. Now
we represent a Lévy kernel II(z, A) in the form
I(z, A) = p({v : en(z,v) € A}), A € B, and
consider an SDE

dX (t) =a(X (t))dt + o> (X (t))dW (t)

J

_l’_

+/RCH(X(t_)vv)lcn(X(t—),v)|>1V0<d57dv)'

(2)
Here 1y is a Poisson point measure with the
intensity measure Ily, 7y is the compensated Poi-
sson point measure, and W is an independent of
vo Wiener process. For any z,y € R we denote

p(x,y) = v —y| AL

Theorem 1. Assume that the following conditi-
ons hold true.

1) The functions a and o satisfy the Lipschi-
tz condition w.r.t. p, there exists a constant
L1 > 0 such that
|a(x1)—a(xg)|+]o(z1) -0 (22)|< Lip(e1, 22).

2) There exists a constant Ly > 0 such that

1/2
f]R p?(cni(z1,v), eni(za, v))HQ(dU))

< Lop (wy,22), a1, w2 € R,
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3) There exists a constant L3 > 0 such that
(2, {w = Ju] > 1}) = (2, {u : [u] > 1})|<
LSP(:an)a T,y € R.

Then there exists a wunique strong solution to
equation (2).

The proof is analogous to those of Theorems
2 and 5 Chapter 4 [4]. O
This theorem shows that under the classical Li-
pschitz continuity condition on the coefficients and
square integral Lipschitz continuity of the functi-
on cip we can construct a Lévy-type process as a
strong solution to the SDE (2). If for the Lévy
kernel II(z, -) the function crp(z, -) does not satisfy
the condition 2 one can extend the range of appli-
cations of the method using the following corollary.

Corollary 1. Let us assume that for the functi-
ons a and o condition 1 of Theorem 1 holds.

Let TM(z,) = Y5 T(e,) + iy (e, ).
Assume that the representation is such that for
g (z,-), k 1,...,1 conditions 2 and 3 of
Theorem 1 hold and sup,cp i(z,R) < oo, k =
I4+1,...,n. Then the corresponding process can be
constructed as a unique strong solution to an SDE

dX (t) = a(X(t))dt + o*(X(t))dW (t)

+3 [ nx-).0)

X 1|cnk (X(t—),v)\glﬂ(](dvv dt)

+ [ e (X0

(3)

X 1|cnk(X(t),v)>1l/0(d87dv)] ~

2 Examples

2.1 The Gamma-type process

Let us consider Gamma process with the intensi-
ty measure II(du) gdu, y >0, v, >
0. Here parameter v can be interpreted as a
rate of jump arrivals and A as a size of jump.
The Proposition below gives the estimates for
Jg P (e, (v), ey (v)) o (dv) between two Gamma
measures, with one of the above parameters being
fixed and other one varying.

Proposition 1

1) Let II;,j5 = 1,2 be two Gamma measures
with the same parameter A and different
parameters 0 < 71 < 2. Then there exist
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a constant D > 0 such that the following
bound hold true

/ o (e (1), ety (v)) o (dv)
J (4)
<2 (72 — 1) (logy2 — log 1) .

2) Let II;,j = 1,2 be two Gamma measures
with the same parameter vy and different
parameters 0 < Ay < Ag. Then there exist
a constant D > 0 such that the following
bound hold true

/ o (e (v), ety (v)) T (dv)
R

) L(1 1 (5)
DQT—M)<M+A2+Q
The proof of the first statement
First let us denote the function v (z)

oo r_ “du. Note that function ()
—El( ), x > 0, where Ei(z) is the well-known
exponential integral (see for instance Ch.VI [5]).
Also by ¢,(y), y > 0 let us denote the inverse to
Y (x). It can be easily seen that
e, () 3ou(G) oy > 0, 1,2.
Using the fact that |z — y| = p(z,y) we
get the following [i p*(cir, (v), e, (v)) o (dv) <

0+°° (e, () — e, (y))? z—g. Making a change of
variables in the integral in the r.h.s. of the
last inequality we get f0+°o (¢ () — ey (9))? %:

— ¢,,(v))? dv. Consequently

o

9071
/ P2 (e, (v), ety (v)) o (dv)
R

. (6)
/0 (o3 () — ()2

1
S

To bound the expression in the r.h.s. of (6)
we need some properties of the function ..
First note that v (z) y1(z) for any
v > 0 and =z > 0. Consequently ¢,(v)
1(v/v). We have that 0,¢,(x) = v¥1(x) and
Yy (py(u)) = u. Differentiating both sides of the
latter equation we immediately obtain 0,¢,(u) =
éww(u)eww(“)u. Now the integral in the r.h.s.

2
of (6) equals fo ( o * 0y (v )d'y) dv. By the
Cauchy-Schwarz inequality we get that the r.h.s.
of the last equation is not greater then (y; —
)% [o° 71 74% v)e2#7(y2dydv. Changing the

order of integration we have (y1 — 72) Jf W%
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I @%(v)e%"v(“)vzdvdy. Using that ¢1(v/7)
¢~(v) and changing variables in the inner integral
we obtain

g

Using the well known asymptotics of the functi-
on Y (see Ch.VI [5]) we get the asymptoti-
cal behaviour for the function ¢ : there exist
constants B1,By > 0 and 0 < a < 1,b > 1
such that ¢1(u) < Bilog &, u € (0;a) and
p1(u) < Bge™, wu € [b;+00), here C is the
Euler-Mascheroni constant. Using this we obtain

I cpl )e2#1 (W2 dy, < g; o (logu)?du
+f )21 (Wyldy 4+ By f7 e e Mutdu.
Every mtegral in the r.h.s. of the last expression
is finite, thus there exists a constant D > 0 such
that the integral at (7) is bounded from above by
—72) 312 ?dv Thus we obtain (4). O

The proof of the second statement
Now we consider the function ¢*(x)
f;oo %du = ;;OO € du. Note that ¢*(z)
1 (Azx), where 91 (x) —El( x),x > 0. Thus the
v1(y)/A, where ¢y is the
N(55), 0<

inverse function ¢*(y)
j = 1,2. As in the previous part we

(71— 2)

/ ©? (u)e* Wy dud-y.
0

72 ]

v

(7)

1

inverse to 1. In this case cr, (y)
y < 1
reduce the calculations to the estimation of the
integral f0+oo (e, (y) — e, (y))? j—g Analogously
to (6) we obtain

/R P (et (0), ety (0)) Mo (do)
< [ (P -ehe)

Using the same argument as for the 9,9, we get

that Oy (u) =
for (7) we obtain

A2 1
)\2—)\1/ / cpl w)dud.
A1

Using the asymptotics of 1 we conclude that
there exists a constant D > 0 such that the
integral in (9) is not greater than

(8)

A
£*. Making the same steps as

(9)

~ 1 1
DX — A —_—— — . 10
Oa =20 (5 - 35 (10)
Using this we immediately get (5). O

The Gamma-type process has a Lévy kernel of
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Az)u

the type II(z,du) Ldu u > 0. If we
assume that only the size of jumps varies, i.e. the
parameter A = A(x) and the parameter vy is fixed,
then one can get the correspondent SDE directly:

1

dX; =
TAX)

dXt ]

here X! denotes the Gamma process with the
same parameter v and A(x) = 1. Meanwhile the
case where the intensity of jumps v = «y(z) is vari-
able is not so easy to treat because one should
provide the change of time in the Lévy-Ito formula.
Nevertheless using Theorem 1 this case is also
manageable. If A(z) is Lipschitz continuous, then
all the conditions of Theorem 1 are verified. For
condition 2 this follows from (5), the condition 3
is easy to verify straightforwardly. Thus Gamma-
type process in this case can be written as a soluti-

on to equation (2) with ¢(z,v) = ¢ (ﬁ(@) :

2.2 Noncentral y2-type process

The noncentral x? distribution with

k> 0 degrees of freedom and noncentrality
parameter A = Zle (i/03)? corresponds to a
sum of independent random Gaussian variables

Zle fi/()'i, éz ~ N(,ui,ag), 7 = .,ki. ItS dl—
stribution function is
/\ 2 E’ T
F(x;k; \) = _’\/22 / gkz),xER,
I'(3)
where A > 0 and y(k,z) = [; z*"'e *dz. If the
noncentrality parameter A = 0, then the distri-
bution function is
k oz
F(x;k;0) = V(Q}CQ), zeR
I'(3)

and the corresponding Lévy measure is

k 6—u/2

II(du) = 5

,u>0, k>0.

This is the Gamma measure with parameters A =
k/2 and v = 1/2, consequently we can obtain y?2-
type process with A = 0 as a Gamma-type process.
If A > 0 then the distribution function F'(z;k;\)
is infinite divisible (see Chapter 9.2 [1]). Its Lévy
measure is

k 6—u/2

II(du) = 3

A
du+§e “/zdu u > 0.
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If we consider a correspondent Lévy-type process
with the Lévy kernel

k —u/2
(2x) e du

u > 0, = € R and assume that the function A(z) is

bounded then we can use the Corollary and obtain

noncentral Xz—type process as a solution to equati-
on of the type (3) with

II(z,du) = + )\(21:)6_“/2du,

c1(z,v) =

and ca(z,v) = 2log(A(zv)).

2.3 a-stable like process

Recall that for a symmetric a-stable process, its
Lévy measure has the form
H(du) :(a/\_’u‘_a_ll(—oo;()) (u)
+ a/\+u*a*11(07oo) (u)) du,

where a € (0,2) and A~, A" > 0. Analogously to
Proposition 2 in [3| one can obtain

(11)

Proposition 1. Let Il;,j 1,2 be two
symmetric a-stable measures with the same shape
parameter o and different scale parameters )‘1i,2 €
[a,b], a,b> 0. In this case

/R o2 (e, (v), e (1)) To (do)
<( - )()(M)”“(&)”“a

2—a«
|0 =0

2. Let 11,7 = 1,2 be two symmetric o-stable
measures with the same scale parameters \*,\~,
but different shape parameters oy € [c,d], ¢,d >
0, say. In this case there exists a constant D > 0
such that the estimate is as follows

/R o (e (v), ey (v) o (dv) < Das — ]2
(13)

(12)

Note that these estimates do not provide
condition 2 of Theorem 1 for the kernels but one
can still get the a-stable like processes as a soluti-
ons to SDE’s. Consider damped a-stable processes
with the Lévy measure

II(du) :oz)\_]u|_°‘_11(_170)(u)

14
+ a)\+u_°‘_11(0,1)(u) du. (14)
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Proposition 2. 1. Let II;,j = 1,2 be two greater than
symmetric, damped «-stable measures with the
same shape ipammeter a and dzjferent scale /p2(cH1(v),CH2 (v))Ho(dv)
parameters A\ € [a,b], a,b> 0. In this case there R
exists some constant D1 > 0 such that +oo 1\ Ve
< / I+ —
0 ALY
_ —\2 — 2
/ P2 (e, (v), ey (0)) o (dv) < Dl((Al — A7) oy ey
R e, 2 (19)
+ +1\2 2y Yy
+ (=297,
+o00 1 —l/a
(15) +f (1 i +)
2. Let 11,7 = 1,2 be two symmetric, damped o- 0 ALY
stable measures with the same scale parameter AT, ~1/a\ 2
. 1 dy
but different shape parameters oq o € [c,d], ¢,d > |1+ -
0, say. In this case there exists some constant AzY y

D5 > 0 such that )
Note that we can estimate only one of these

integrals. To do this we consider

[ P @en o)) < Dy (1 =) e
g ()

1 —1/a—1
The proof of the first statement - _y ()\+)2 (=1/) (1 + )\"‘y) ’
It can be straightforwardly verified that (20)
Rewriting the r.h.s. of the last inequality we get
- 1 1 -1/« .
Cr1, (y) =— - 7)(?/ y<0 1 ﬁ 1\ Ve 1
+ 1+ . 1y>07 J=12 (21)
)‘j Y Using this and Cauchy-Schwarz inequality we
obtain
Using obvious estimate p(z,y) < |z — y| we get +o0 1\ Ve
L 5)
0 1Y
/pQ(Cl_h (U)7CH2 (v))o(dv) 1 ~1/a Qdy
R o 2
0 1\ Ve 2Y Y
</ (Q‘xﬁ et o
- 1 <O = AT / / d\tdy.
L\ e\ %y A=) o Jar (aAty)? Y
(o) YE e
A2y Yy Thus we get estimate (16).
+o0 1\ Ve The proof of the second statement
+ / <1 + )\Jr) It is now clear that estimate (15) can be obtained
0 1y after estimation of the following integral

1\ Y\
_ <1++ > =4 oo L\ Ve
0

Aty
Can\ 2 (23)
Making a change of variables in the first integral (1 1 dy
we get that the r.h.s. of the last expression is not Aty y?
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Or after a change of variables

e 2
)\+/ (U_l/o‘l — U_l/a2) dv. (24)
1
The r.h.s. of the last equation equals
AL f(j? (0/0av=Y*)2dadv. By  Cauchy-

Schwarz inequality we get that this is not greater
then

051—042 / /
aq

As the integrand in the inner integral is integrable
we get estimate (16). Let us now consider the Lévy
kernel

v (log v)?dvda.

(2, du) = a(x) A~ (w)\ul “Mucodu
(w)ﬁ(w)u 11u>o du
a(@)A™ (@) |u| M e 0y du

+a(a:)/\+(:v) —® 1 () 9.1y du
+ a(z)A” (w)lul e (Coo-1)
+ (@)t (2)u™ "D (1) ooy du

2
:ZAk (x,du) —i—ZAk (x,du).
(25)

If the functions A~ (z) and A (x) are bounded the
kernel satisfies the Corollary and thus also can be
obtained as a solution to an SDE of type (3).
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Double equivalence of Morse functions
and gradient-like vector fields on
3-manifolds

Iloasiiina ekBiBasieHTHICTHh DYHKITiN
Mopca Ta rpagi€eHTHO-IOZIOHUX
BEKTOPHUX II0JIiB HA TPUBUMIipHUX
MHOTOBHUAX

L State University of Telecommunications,

Kyiv, Solomenska st., 7, e-mail: lukova@ukr.net

L Jeporcasnuti  ynisepcumem menexomymina-
yit, Mm. Kuis, eya. Coarom’ancora, 7, e-mail:
lukova@ukr.net

JlaroTbcst HeoOXi/IHI Ta JTOCTATHI yMOBHU TOABIHHOT €KBIBAJIGHTHOCTI HAPH, MO CKIATAETHCS 3 (PyH-
k1ii Mopca Ta rpa/iieHTHO-IOAIOHOr0 O/ HA TPUBUMIPHOMY MHOTOBHI, TOOTO iCHYyBaHHSI TOMEOMOP-
dizMy, 110 € OHOYACHO TOIOJIOITYHOIO €KBIBaJIEHTHICTIO PYHKIH 1 eKBiBaJIEHTHICTIO 1TOJIiB. BymyeThest
IIOBHUU TOIOJIOTIYHUI 1HBApiaHT Mapu.

Kiouosi cioBa: dyukiis Mopca, TomoJsoridaaa eKBiBaJeHTHICTD, I'Pa/IiEHTHO-TIOAIOHe ToJIe, Jia-
rpama Xeropa.

Necessary and sufficient conditions for the double equivalence of pair consisting of a Morse function
and a gradient-like field on the 3-manifold, i.e. existence of a homeomorphism, which is also the topologi-
cal equivalence of functions and equivalence of fields are given in this article. A complete topological
invariant of the pair is constructed using generalized ordered Heegaard diagram. The existence of a
Morse function with given generalized ordered Heegaard diagram was investigated. Topological classi-
fication of MS-pairs, which cosist of a Morse function and gradient-like vector field for it, on closed

oriented 3-manifolds was obtained. It was demonstated on some examples.
Key words: Morse function, topological equiva-lence, gradient-like field, Heegaard diagram.

CrarTtio upeiacrasus 1. ¢.-M. H., npod. Kupudenko B.B.

Let M be a smooth manifold, f : M — R is
smoosh function. A vector field X is gradient-like
if the the set of singular points of X coinside with
the set of critical point of f In this case we call
pair (f, X) as gradient-like pair.

Two vector fields X,Y are called topologi-
cally equivalent if there is a homeomorphism A :
M — M, which maps the trajectory of X in the
trajectory of Y, keeping their orientation.

In different ways topological classification
of Morse - Smale vector fields on surfaces was
obtained by E.A.Leontovych and A.H.Mayer,

M.Paiksoto, V.V.Sharko, H.Vonh, H.Flaitas,
E.Hiryk and others.
Topological classification of Morse-Smale

vector fields on 3-manifolds without closed orbi-
ts was built by H.Fleytas [1], Ya.L.Umansky [2]
and O.0.Pryshlyak [3].

The functions f,g M — R are called
topologically equivalent if there are homeomorphi-
sms h : M — M, h : R — R, for which

© N. V. Lukova-Chuiko, 2014

foh = h' og and homeomorphism h’ preserves
orientation of the line.

Global topological classification of Morse
functions on surfaces and 1-connected mani-
folds of dimension greater than 5 was obtai-
ned by V.V.Sharko and A.T.Fomenko. Topological
classification of Morse functions on closed three-
dimensional manifolds constructed in [3].

Definition 1. A pair (f, X) is called MS-pair if f
is a Morse function and X is gradient-like vector

field for f.

MS-pairs (f, X) (g, V) are called double equi-
valent if there exist a homeomorphism h : M —
M, h' : R — R for which foh = h/og and in addi-
tion homeomorphism h maps the trajectory of X
on the trajectory of Y.

The main aim of this paper is to obtain
the classification of MS-pair on closed 3-manifolds
with respect to double equivalence.

To solve this problem we apply the method of
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Heegaard diagrams.

The grateful A. Prishlyak,
V.Sharko, S.Maksimenko, I.Vlasenko for providing
advice on the topic of this work.

author are

1 MS-invariant

Let H|JH' = M be a Heegaard decomposition of
3-manifold M, F = 0H = OH' be the Heegaard
surface.

Definition 2. A set u = wuqi,us,...,u, of closed
curves on the surface F' which do not intersect each
other called a generalized system of meridians of
H, if they restrict disks D; C H, after cutting whi-
ch wrom H we obtain union of three-dimensional
disks.

Let v = vy, ve, ..., v, other generalized system
of meridians pretzel H'.

Generalized Heegaard diagram (GHD) of the
manifold M is a triple (F,u, v), consisting of closed
surface and two generalized system of meridians

Diagrams (F,u,v) and (F',u/,v") called
homeomorphic if there exists a homeomorphism
h:F — F' that h(u) =/, h(v) ="

Let Uy,Us,...,U;r are the areas on which
the meridians w1, us, ..., u; break surface F', and
through Vq, Vs, ..., V; — those areas for meridians
V1,02, ...,U].

Definition 3. An ordering of the diagram is a map
g {Ul, ceey Uk, Uui..., Un,’l)l, cees Umyy Vl, veey W} —
{1,2,...,N}. The diagram with odering is called
ordered diagram.

For MS-function we construct generalized
ordered Heegaard diagram ( GOHD ). Heegaard
surface F' is the boundary of the union of handles
index 0 and 1.

Meridians are the intersections of the surface
F with unstable manifolds of critical points of
index 1 and the intersections of the surface F' wi-
th stable manifolds of critical points of index 2.
Let y1, ..., yn are the critical values of functi-
ons that are organized by increase (y; < y2 <
.. <yn). We set o (y;) = i. Each critical point
of index 0 corresponds to the area U;, the point
index lcorresponds to meridian u;, point of index
2 corresponds to meridian v; and the point of index
3 corresponds to region V;. Thus, the performance
mapping o the set {Uy, Us, ..., Uy, u1, ug, ..., Unp,

V1, V2, ..oy Um, Vi, Vo, ..., Vi } into the set { 1,
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2, ..., N }. Thus, each MC function GOHD sets.
This GOHD we call GOHD that generated this
MS function.

Two GOHD are called equivalent if there is a
homeomorphism of GHD that keeps ordering.

Theorem 1. Gradient-like pairs (f, X), (g,Y) are
double equivalent if and only if their GOHD are
equivalent.

Proof. Nessersaty follows from the constructi-
on.

Sufficiency. Due to the fact that we can
change the function by homeomorphisms of the
line, without limiting the generality, we assume
that the critical value functions coincide with the
function . Homeomorphism of the chart defi-
nes a bijection between the trajectories of field
gradients. Equality of values of functions at each
homeomorphism between the sets of trajectories
trajectories that collectively define the desired 3-
manifold homeomorphism.

2 The implementation of invariant by
MS-pair

Let M is a n-manifold with boundary M.

Definition 4. n-disk H is called handle of index
A (or A - handle) if there is a homeomorphism
¢ : D* x D" — H such that p(0D* x D" ) =
HNOM C OM. piscalled characteristic map and
restriction ¥ = @|gprypn—xr attaching map. We
say that the manifold M' = M JH = M, DA x
D™ obtained from M attaching A-handles and
write M’ = M |J, H®W . The set o(D*x0) is called
core, (0 x D" is cocore. p(OD* x0) is a-sphere,
©(0 x 9D ) is b- sphere.

Handle decomposition of manifold M  is
decomposition M = Hol|JHi1 ... Hm, where
Hy is n-disk and H; is handle on M;_; =
U;<; H;. Two handle decompositions of manifolds
M and M’ are called isomorphic if there is a
homeomorphism M — M’ which maps handles
to handles, cores and cocores in cores and cocores,
respectively.

For MS-pair uniquely up to homeomorphism
can be build a handle decomposition: 0-handle
is a regular neighborhood of critical points of
index 0. Then by induction k-handle is regular nei-
ghborhood of stable manifold of the critical point
of index n in the complement to handels of smaller
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indexes. Heegaaard surface is the boundary uni-
on of handles of index 0 and 1. Meridians u is b-
spheres of 1-handles and meridians v is a-spheres
of 2-handles.

We describe some properties of the function o.
If u; C OU; then attaching area of Hi1 intersects
the cocore of H JQ. This means that the handle is
H} is attached after H;-J. Hence, o(u;) > o(Uj).
Similarly,

1) if u; C U, then o (u;)> o (Uj);
2) if v; C 9V}, then o (v;) <o (Vj);
3) if u; (v; # 0, then o (u;) < ( i);

5) if u; V; # 0, then o (u;) <o ( 4);

)
)
4§ if U; N, # 0, thenaEUz) o (v));
6) if U; N V; # 0, then o (U;) <o (V).

Definition 5. A function o, which satisfies
properties 1) - 6) will be called admissible.

The order of each meridian of the first type
less order of any meridian the second type.

Theorem 2. For each admissible GOHD there is
a MS-pair that generates this GOHD.

Proof. GHD sets the handle decomposition
of the manifolds as in [3]. Function o defines
the procedure for gluing handles. After gluing
each handle will stick collar. As a result, we get
handle decomposition with the collars. Compressi-
ng each handle in the ( critical ) point, we obtain
a manifolds and a function on it that is defined
by the projections collar to segment in sum with
constants such that these functions were agreed
at the edges of collars. Any MC-function, which is
topologically equivalent to the constructed functi-
on is search, because the inverse construction leads
to the desired GOHD.
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3 Examples

A) Suppose there is a meridian of the first type and
a meridian of second type on Heegaard surface of
genus one.

1) Suppose there is a point of intersection
between the meridians. Then o(U) =1, o(u) = 2,
o(v)=3,0(V)=4.

Thus, there is only one (up to double equi-
valence) MS -pair with Heegaard surface of genus
one and one point of intersection between.

2) Similar to 1, there is one MS-pair with
Heegaard surface of genus one and with three poi-
nts of intersection between the meridians.

B) Suppose there are two meridians uj, ug fi-
rst type and one meridian v of the second type on
the Heegaard surface of genus one. We consider the
case of two intersection points between the meridi-
ans (ie v intersect each meridian wuy, ug), then the
function o is one of:

1) 0(Ug) = 2,0(u1) = 3,0(u2) = 3,0(v) =4,
2) 0(Ug) =2,0(u1) = 3,0(u2) =4,0(v) =5,
3) 0(Ug) =2,0(u1) =4,0(u2) = 3,0(v) =5,
4) 0(Uz) =1,0(u1) =2,0(uz) = 3,0(v) =4,
5) 0(Ug) =1,0(u1) =2,0(uz) =2,0(v) =3
o(Uy)=1,0(V)=0(v) + 1L

Thus, the number of double non-equivalent
MS-pair with genus 1 and two points of intersecti-
on between the meridians is 5.

Summary

Topological classification of MS-pairs on closed
oriented 3-manifolds was obtained. It was
demonstated on some examples. The author hopes
that this result will be generelized to functions and
vector fields with isolated critical points.
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Jas npouecis, NOpoOAHCEHUT CMOTACTMUNHUMUY OUPEPEHUTANOHUMY PIBHANNAMU 31 CMPUOKAMU MG
HEMNUWUUEB010 QUPYZTIEI0, 30 YMOBU 3010CHOCTIE KOCPIUIEHMIE BCMAGHOBAEHO 3DINHCHICTND MOMEHMIG
00CASHENHA NPOUECAMU MEHC CMY2U.

Kmouoei crosa: dugysitinut npouec 31 cmpubkamu, cmoxacmuyhe oudeperuiarvbte pieHArHA, Mo-
MeEHM QOCALHEHHA, NYACCOHIBCHKA MIPQA.

For the processes modeled by stochastic differential equations with non-Lipschitz diffusion and jumps
generated by Poisson measure in the case of convergence of the coefficients we study limit behavior of
hitting times. The Yamada condition on diffusion coefficients together with condition of continuity of
the distribution for jumps of the process are assumed. We have established the convergence in probability
of hitting times for the pre-limit processes to the hitting time for the limit process on both finite and
infinite time intervals. As auxiliary result we have shown the robustness of the hitting times with respect
to the bounds of the interval. The example which shows the necessity of the condition of continuity of

the distribution of jumps is given.
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CrarTio tipejcraBuB 1.¢.-M.H., npod.Kosauenko HO.B.

1 Bcryn

B pob6oti myist porieciB, nmopokennx CP 3i
cTpUOKAMU Ta HEJIMIIHUIEBOIO udy3icio, 3a yMo-
BH 30iKHOCTI KOediIlieHTIB Ta ITOYATKOBUX yMOB
JOCTIKYEThCs 30iKHICTD MOMEHTIB TOCATHEHHS
IIpoIlecaMu MeK JIesiKol cMyTu. B siKocTi JtormoMi-
JKHUX Pe3yIbTaTiB BCTAHOBJIEHO CTIMKICTh BiTHO-
CHO M€XK CMYTU MOMEHTIB JIOCATHEHHS ITPOIIECAMU
Mexx cmyru. HocsigkeHHss poOOTH JIOTIOBHIOIOTH
Ta IPOJIOBKYIOTH JIOCJIJIZKEeHHsI, IpoBejieHi B |1, 2|

2 OcHOBHIi O3HaAYeHHsI Ta YMOBU

Hexait (2, F,{F;,t > 0}, P) — noBHwuii iiMo-
BipHiCHUI TIpocTip 3 iabTpaliiero, Mo 3aI0BOIb-
H{€ CTaHJAPTHI yMOBHU. POBIVIsTHEMO IIOC/IiIOB-

uicte C/IP

t
X (t) = X (0) + /0 by (X (s))ds+

© B.B. Tomammmuk, 2014

+ /0 o (X (5))dW (5)4+

+f t [ 651,000, )

ne n > 0,t > 0, nouarkosi ymou X, (0) € Fp-
BuMipHnMH, Koeditientn b,, o, : R — R — Bu-
mipui, {W(t), t > 0} — BinepiB nporec BiHOCHO
dinbrpanii {F;,t > 0}, mipa pu(df, dt) e nyaccono-
BOIO Mipoto, st sikol Eu(de, dt) = v(df)dt, upu-
qomy v(R) < o0.

IIpumnycrumo,
YMOBHU Ha KOeIli€HTH Ta MOYaTKOBI YMOBH PiB-
HHb (1)

10 BUKOHYIOTHCA HaCTyHHi

(Y1) ma seix v > 0 sup,,»q E[[ X5 (0)]7] < oo;
(Y2,) ymoBa JIiHIHHOTO 3pOCTAHHSI:

|bn ()] + |ow(2)| < L(1 +[z]), = € R;
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(Y3,,) ymosa Jlimmmuig va KoedirieHT by,:

(Y4,) ymoBa fmajna: icHye taka cTporo 3po-
craroda QYHKIUS Pp R* — R™, mpo
Jo+ P2 (w)du = 0o Ta BEKOHyETBCS HEPIB-
HICTD

|on(2) — on(y)] < pullz —yl), 2,y € R.

(Y5,) koediuient f,(z,d) obmexkennii, Herepeps-
HUI 3a T JIs Maiizke Beix 6 3a miporo v(df)

Ta BI/IKOHyGTbCH
/R Ful,0) — fuly, 0)20(d8) <

< L|x_y|27xay € R.

Takoxk chHOpPMYTIOEMO HACTYITHI YMOBH IIOJIO0
3012KHOCTI KOeIIIEHTIB Ta MOYaTKOBUX YMOB.

(Ul,,) s Beix v > 0 mae micie 3612KHICTb OYa-
trkoBux ymoB E[X,,(0) — X¢(0)]” — 0,n —

(U2,) musscix xz € R, 0 € R mae micrie 36ikHiCTb
koedimienTie by(x) — bo(z),on(z)
oo(x), fu(z,0) — fo(x,0), n — oo.

—

3 omomixkHi pe3yabTaTu

Hacrynni pesysabraru moo npomecis X, 3 (1)
BCTAHOBJIEHO B [2].

Teopema 1. Hexall xoepivyienmu cmoxacmuumo-
20 dugepenyianvrozo pishannus (1) sadosorvms-
1omo ymosu (Y1,)—(Y5y,). Todi daa ecizt > 0 ma
v > 0 icnye mawa cmanra C.,, nesanedxcna 610 n,
wo EXn(®)" < [B|Xa(0)]7 +C, - 1] - exp [C, - 1].

Teopema 2. Hexaili dan nocaidosnocmi cmoxa-
cmunnur dugepenyiasvrur pieHans (1) euxona-
wyromocea ymosu (Y1,)—(Y5y,) ma (Ul,)—(U2,).
Todi dna T > 0, € > 0 mae micue 36iocHICMD

d

[Tosraunmo yepe3 L; — mnporec Jlesi, mo Bij-
nosimae mipi u(df,dt). Ockinbku v(R) < 00, TO
L; € ckyamgaum mporiecom Ilyaccona BUTISA LY

sup | X, (t) — Xo(t)] > ¢

— 0, n — oo.
te[0,7)
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t Ny
Li= [ [ outdo.any =g
0 JR k=1

ne Ny = u([0,t] x R) € uporecom Ilyaccona 3 in-
rercusHicTio V(R). Ilpupocru § € HesamexHUMU
OJIHAKOBO POBIOJIIIEHIMI BHUIIQKOBUMH BEJIMIN-
HaMu 3 (PYHKIEI PO3IOILTY

v((=00,1))
v(R)

IToznagumo wepes 7;, ¢ > 0 — ¢-Tuit MOMEHT
cTpubKiB npornecy Ly.

Jdna t > 0,s > 0,z € R nosnaunmo uepes
¢n(t, s, x) suagenns nporecy X, 3 (1) B MomeHT
Jacy ¢ 38 BUKOHAHHA YMOB

(1) nst x € R, 0 € R xoedinienr f,(x,0) = 0;

Fe(t) =

(2) B MoMmeHnT s mMae micre X, (s) = x.
IIpomec X,, mae BuTISAT
Xn(t) = ¢dn(t,0,X,(0)),t € [0,71);
Xn(11) = Xn(11-) + fa(Xn(11—), 1)

Xn(t) = dn(t, -1, Xn(m-1)),t € (o1, k), k = 2,
Xn(Tk) = Xn(Tk_) + fn(Xn(Tk_)vfk)-

4 30i>kHIiCTh MOMEHTIB JOCATHEHHS MeXK
cMyru mnmpomecomM X,, Ha 0OMeXKeHUX
iHTepBaJiax

Beegemo nactynai momentu synuaku. Obepe-
Mo geski [, r € R raxi, mo | < X, (0) < r mas Beix
n > 0 Maii>ke HalleBHO.

ITijy MOMeHTaMH JOCATHEHHS MeXK CMyTH [[, 7] :
I,r € R)l < r 3a ckiHYeHHUI TPOMIXKOK dYacy
[0,T],T > 0 uponecamu X,, 6yseM0O pO3yMiTH Ha-
CTYIIHI MOMEHTHU BUXOJLY

(l7r
Tn,T

)= inf{t > 0: X,(t) € (I,r)} AT,n > 0.
ITijy MOMeHTAME JOCATHEHHST MEXK CMyTH [[, 7] :
I,y € R,l < r Ha BCbOMY YaCcOBOMY ITPOMIXKKY

nportecamu X, OyIeM0 PO3yMiTH MOMEHTH BUXOJLY
U —inf{t > 0: X,(t) & (I,7)},n > 0.

JloBeieHHsT OCHOBHOI'O TBEP/KEHHS POOOTH
6a3yeThCs Ha PE3yJIbTaTi MO0 CTIHKOCTI MOMEH-

L,r) (L,r)

T1B 3YIIMHKN n,T Ta Tp BIJIHOCHO M€K CMYT'H

[, r]-
Mae wicre Hacrynua jema 3 [3].
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Jlema 1. Hexad das npouecie X, 6UKOHYIOMBCA
eaacmusocmi (Y1,)-(Y5,) ma das eciz x €
R.0 € R mae wmicue fn(x,0) = 0.

g 2:72?((;)) dz) dy = 00, mo

(a) wwo [ exp (-

P(sup X, (t) = +o0) =1,n > 0.
t>0

(2)

éJ 2:,2:1((;)) dz) dy = 0o, mo

(6) Sxwo [~ exp (—

P(%I;E Xn(t) o0)=1,n=>0

3)

Tobro, 3a BUKOHAaHHS OJHiI€] 3 YMOB IIOIe-
PEIHBOI JIEeMH Yy BHIQJKY BiIICYTHOCTI CTPUOKIB

(L,r)

T ' < 00 MaiiKe HalleBHe JJisd KoxKHoro n > 0
[4].

Hacrymauit pesysbraT CTOCYeTbCsT CTIHKOCTI
MOMEHTIB JOCSICHEHHS JIjIsI IPOIECiB 6e3 cTpuOKiB.

Teopema 3. Hezat dan npouecy X, 3 (1) suxo-
nyromoea ymosu (Y1l,) — (Yh,) ma odua 3 ymos
aemu 1. Todi mae micue 36io1cHicMs 30 UMOGIPHI-
cmio

i=brd) P o0 5 g

Hbr=d) P o(n) 5o
osedenna. He obMexyrodn 3arajbHOCTI, H0BeIe-
HH¢ IIPOBEIEMO JIUIIE [T ITepinol 30ixkuocTi. Apy-
ry 3012KHICTHh MOXKHA JOBECTH AHAJOTIIHUM YH-
HOM.

OueBnano, 1o Tél_é’H_(s) >
nosijibHOrO € > 0

p (Tél—é,r-i-é) _ To(l,r) - 6) <

Tél’r). Hami, mst

<P (Tél_a’r%) - Tél’r) > g, Xo(Tél’T)) = l) +

+P (Tél_(s’H_(s) — Tél7r) > 6,X0(7'(§l7r)) = 7“) .

Posryisiremo mepriry WMOBIpHICTD, JApyra OITIHIOE-
ThCsl aHAJIOTTYHO.

P (Tél—éﬂ‘-i-é) _ T(gl,?‘) > E’XO(T(SZ,T‘)) — l) _

=P (Tél_‘s’ﬂr&) > Tél’r) +e, XO(Tél’T)) = l) <

<P min Xo(t) =1—0,
te[T(gl,r) T(l,r)+ ]

'To
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Xo(mg ") = Z> -

=P <m1n Xo(t) 2 [ — 5,X0(0) == l> s
t€[0,¢]

Jle BUKOPUCTAHO CTPOT0 MapKOBCHKY BJIACTUBICTb.
3a MOHOTOHHICTIO HMOBIPHOCTI MOXKHA, 3aIlu-
caTn, 1o

lim P ( min Xo(t) >1—6,Xo(0)=1) =
;i (tgég] o(t) 0(0) >

=P ( min Xo(t) > 1, Xo(0) = z) .

te[0,e]
Ockinbku  Koedimienr  gudysili B TO-
ani | € JoJaTHUM, TO 3a  BJIACTUBOCTS-
vy audysiiaux  nporecis - [4]  Mmae  wmicne

P (mingep ) Xo(t) =1, Xo(0) =1) = 0. Teopemy
JIOBEJICHO. O

Beenemo nactyauii Kjac BUMAIKOBUX IIPOIIE-
CiB.

Oszuavennsi 1. Byjiemo ropoputh, mo st mpo-
mnecy X,, BUKOHYETHCsI YMOBa HEIEPEPBHOCTI PO3-
MOMiTy CTPUOKIB, AKIMO mjist BCix ¢ > 0,5 < t,x €
R,z € R mae wmicre

/RP(¢n(tv37x)+f<¢n(t737x>7y) = Z)F§<dy) =0.

Hacrymauit pe3ysibTaT CTOCYEThCS CTIHKOCTI
MOMEHTIB JIOCATHEHHS BIJTHOCHO M€K CMYTH JIJIS
IIPOIIECIB 31 cTpUOKaMU.

Teopema 4. Hexat dasn npouecy X, 3 (1) euxo-
nyromoea ymosu (Y1) — (Ys,) ma ymosa nene-
pepsHocmi poanodiay cmpubkis npovecy Xo. Todi
CNPasediust 3611CcHoCm

(1—=8,r+9) P _(r)

To.r — Tor > 60— 0+.
(I+8,r—9) P _(L,r)

To.T —" T, 6 — 0+.

Zlosedenns. Beranoumo meprry 36ixkHiCTh. [lo-
KaxKeMo, 10

Xo(mx) € I=6,{]U[r,r+46)) — 0,6 — 0.

BeeneMo HACTYIHY OO
Ak,g = {Xo(Tk) € (l -9, l] U [T’,T + (5)} =

={Xo(me—)+f(Xo(m—), &) € (I=6,1]U[r,r+0)}.
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Cnin zasmaunTu, mo &, HE 3aJEXKUTH Bil (a) Basa imdykuii. Jna k = 1 3 reopemu 3
curMa-aJiredpu Ma€EMO TOTPIOHY 3012KHICTB.

(6) Ipunywenns modyxuyii. Ilpumycrumo, o
F._ =oc{{X; e B}n{m; <t}, Be B(R), t > 0}, st k — 1 Mae mice

a Xo(7x—) Ta 7, BuMipni Binnocuo Fr,_—, ne B(R) P(|r (I=4,r+9)

. To,r - To T ’ > €
€ bopeniBchKoio curma-ajredoporo Ha R. Tomy mo-
JKHA 3allnCcaTH flg,TélZp <Th1) — 0, 6—0+.
P(Ags) = E[E[1a, ;|Fr-]] = (B) Indyxmuenut xpox. Ilokazkemo, 1o
1—6,r4+6 [,
Pl =157 > e,

_ E[/RI{XO(Tk—) + [(Xo(m—),y) €

A,T(Z’T)G Th—1,T —0,0—>0+.
€ (I =6, U[r,r+08)}Fe(dy)|. 5:Tor € [Th—1,Tk))

Ha nouii Agﬂ{TO(l{; ) e [Tk—1, Tk) } BUKOHY€ETBCS

Jlerko 6auuru, mo OJIHE 3 JIBOX TBEPJ2KEHb
{Xo(m—) + f(Xo(m—),y) € 1 =6,JU[r,r+6)} | ) — U=drtd)
0,T 0,7 k—1;
L {Xo(m—) + f(Xo(r—),y) € {l,r}}, 6 = 0+. (L) o (=8r+8)

. ) ) -1 < Top < Torp
3 yMOBHM HENepepBHOCTI PO3MOJLILY CTPUOKIB

nponecy X, a Takoxk Teopemu Jlebera mpo MarKo- 3BijICH MAEMO OIiHKY

poBaHy 30i2KHICTH OTPUMAEMO 30iKHICTH I—8,r+6 I
Y P( Té7T r+o) _ b T)| > e, As TéT) € [Th—1,7k)) <
P(Ars) —0,0—0+.
<P —1{P > e, nlp) =7+
Jtst 6yap-sikoro m > 1 MOXKHA 3aIlMCaTH OIIHKY (l _5r46) ) )
-
+P (|7 —Toq | > e T € (Tho1,Th)).

PEk>21: 7. <T, Xo(mx) € (I—0,1]U[r,r+0)) <

OLIeBI/I,ZLHO, 110 TEePIInii JOJAHOK B IIpaBiil YacTuHI
< PBEk=1,2,...m: Xo(mx) € (I-6,1)U[r,7+0))+ OCTaHHBOI HEPIBHOCTI JTopiBHIOE HYIt0. JlJIsT TpyTO-
0 JIOJIAHKY 3 TEOPEMH 3 MAE€MO

m
+P <Y P(Aks) + P(rm < T). (—br5)
k=1 P(lry ™" *70T|>5

Takum arHOM, .
Tor € (Tk—1,7%)) — 0, § = 0+.

51_1,r(l)l+ PEE>1: 7 ST, Xo(m) € TakuM 9UHOM, 1HIYKTUBHHIT KPOK BCTAHOBJICHO.

Tenep zamminemo i JoBLILHOTO Kk > 1:

e(l—=06,JUlr,r+90)) < P(tm <T),

(I=o,r+0) (l r)
3BIJIKM, CIIPSIMYBABIIN 1M — 00, OJEPKUMO IIOTPi- P OTO,T ‘ >¢) <
Oy 30i>KHICTb.
) (I=6,r+6) (Lr) A (Lr)
Tenep BBeIEMO IOIIIO < P(|n To,T —Tor | > €, A, Tor < k)t

P(Aj) + P(m, < T).
As={Fk>1: 7, <T, Xo(m) € +P(As5) + P(r < T)

e(l—60Ulrr+6}=J ks
k>1 hm P(]r, (ZTM—H;) b 74)| >e)< Pl <T).

3acToCyBaBIN MATEMATHIHY IHIYKINO 3a iHe-
KCOM Kk BCTAHOBMMO, IIO

IlepeiimoBmm 10 TpaHUIL

CupsaMyBaBm kK — 00 OJEP:KHMO TBEpPIZKCHH

MEPINOTO MYyHKTY TEOPEMHU.

P( SU=dr+8) T(l,r)‘ S e Jpyruit IIyHKT TeopeMu JI0BOJUThCs aHAJIOTi-
b

0,7 0,17 .
YHUMU MIPDKYBaHHAMU.

14_15,7'(5%) <T1)—0,5—=0+. (4) O
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CdopMymoeMo OCHOBHII pe3ysIbTaT JaHOI PO-
ooru.

Teopema 5. Hezati dan npouecy X, 3 (1) suxo-
wyromocea ymosu (Y1,)-(Y5d,) ma (Ul,)—(U2,),
YMOBA HENEPEPSHOCTNT PO3NOJLAY CMPUOKIS Npoe-
cy Xo.

Todi maromsd Micue HacMyYnHi MEePINCEHHA:
(a) das eciz T > 0,e >0

l,r lr
P<TT(LT)_T(§T)

>€) — 0,n — oo.
(6) dasn scix T > 0,6 >0

P(|rin -

(70077')

0.7 >6>—>O,n—>oo.

() das eciz T > 0,e >0

P

Zosedenns. BecramoBuMo meprinit  IMyHKT TBEp-

Jokennsi. Hexait § € (O,TT_Z). Bsenemo macrymmi

nomil

(1,00)

(l,00
Tn,T

—Tor

‘>5)—>0,n%oo.

56—{’ (l (5T+(5 l’r)’ 5}ﬂ
I+6,r—9) lr
NI — 7 < e},
By ={ sup |X,(t) — Xo(t)|] < d}.

t€[0,T]

Ha nogii B, 5 BUKOHYIOTbCsI HEPIBHOCTI

Téf}”s”"_‘s) <r (l 7«) élT(Sr-HS)
Toni, oueBuIHO
(Lr)
ndmAs(SC{‘ T_TOTISE}'
Orxe,
(lvT) (l,’l‘) D, 1
P(|Tn,T — To,r ‘ > 5) < P(Bn,5> + P(As,é)-

Ba Teopemorto 2 maemo P(B,, 5) — 0, n — oo. Toxi

nh_}m P(|7’” 770T|>6) P(A.5).
[Tepeitmmosmmm o rpanuti § — 0+ Ta BUKOPUCTAB-
I TeopeMy 4 OJIePKUMO TIepIlie TBEPJIZKEHHST Te-
opemmu.

[Tyt (6) Ta (B) JOBOAATLCS AaHAJIOLI-
THO. O
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5 30i>KHICTh MOMEHTIB JOCSATHEHHSI ME>K
CMyTH IIporiecom X, Ha BcCiil umcJoBiii
oci

Jloci Bci mporecm Ta MOMEHTH JOCSTHEHHST
PO3IIAIAJNCH HA CKIHYEHHUX IPOMI2KKAX dYacy
[0,7],0 < T < oco. Iomupumo pesysbrar Teope-
MU 5 Ha BUIQJIOK HECKIHYEHHOI'O IPOMIXKKY Yacy
[0, 00).

[Moznaummo vepes X — PO3B’d30K piBHAHHHA
(1), B sxkomy mast Bcix # € R,6 € R wmae wi-
cue fo(z,0) = 0 ta Bukonyorscs ymosu (Y1,) —
(Y5,).

Teopema 6. Hexat das npouecie Xy, n = 0 suxo-
nyromoca ymosu (Y1l,)—(Y5,) , (Ul,)~(U2,) ma
YMOB8a Henepeperocmi po3nodiay cmpubkis. Todi
MA0Mb MICUE HACTYNHE MEEPOHCEHMA:

(a) 3a suxonarnns das npoyecy X§ odniei 3 ymos
aemu 1 das ecix € > 0 mae micue 30i0cHICMD

P (]T,(Ll’r) pC

(6) 3a eukonanma daa npoyecy Xg ymosu (a) ae-
Mmu 1 das ecix € > 0 mae micye 36iocHicmb

P (i -

)| >€> — 0,n—o00. (5)

|>€) — 0,n — o0o. (6)

(6) 3a euxonanna dan npovecy X§ ymoeu (6) nae-
Mmu 1 das eciz € > 0 mae micue 36iocHicMb

P (|rftes) — oo (7)

)]>5) — 0,n — oo.
Zosedenns. OCKiIbKYU IPOIEC JIOBEICHHS IIYHKTIB
(a), (6) Ta (B) amasoriunuii, JOBEIEHHS HABEIEMO
qmre JUis myHKTy (a). st BusHadenocTi npuiry-
CKAEMO BUKOHAHHS MyHKTY (a) jemn 1.

O6epemo craii € € (0,1),6 > 0. Beranosumo,
110 Tél’r) < oo P -maitzke namnesne.

JIJ1s1 bOT0 3aIMIIEeMO OIHKH

7 = o0) = P(Vk > 1,Vt € [To1, 7k) :

¢o(t, Tk—1, Xo(Th—1)) € (I,7)) <
g}\}im PWk=1,...,.M 3z € (I,r)

YVt € [kal,’l'k) : gbo(t,’]’k,l,z) S (l,?“)).

NmoBipHOCTI 1Mi/1 3HAKOM T'DAHUII MOXKHA 3aIUCA-
TU HACTYITHUM YUHOM, BPaXyBaBIIIN HE3aJIE2KHICTD
BiAMMOBiIHUX TIOMIHl /1T KOXKHOTO K

Ay =PNVk=1,...,M 3z € (I,r)

36
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(I,r) =

Vt € [h—1,Tk) : Go(t, Tk_1,2) €

E|Z€ l?“ VtE[Tk 1,Tk)

||’:]§

¢0<t7 Tk—1, Z) € (l7 T)‘FTk—l)'

[Toxist min 3HAKOM HMOBIPHOCTI B OCTAHHBLOMY
BUpa3i 3aJeKUTh JIUIIE BijJ MPUPOCTIB BiHEPOBO-
ro uporiecy W Ha [Tk_1,Tk), sIKi B CBOIO 4epry He
3as1eKaTh Big Fr, | Ta He 3ajexkaTb BiJ 7. OTxe

AM_H

k=17%

do(t,a,z) € (I,r)) - Nexp{—A(b — a)}db|g=r, ;s
ne A =rv(R).

Takork 3 ogHOPiAHOCTI KOEMDIIIEHTIB 38 4aCOM
MOXKHA 3aIIMCATH

1

P dz e (I,r) Vt € [a,b) :

P(3z e (I,r) Yt € [a,b) : ¢po(t,a,z) € (I,r)) =

=P3ze (l,r)Vte[0,b—a): ¢o(t,0,2) € (I,r)).

Tomy

P(T(gl’r) =o00) < lim Ay =

M—o0

= lim
M—o0

(/OO AP(3z € (I,r) Vt € [0,T) :
0

M
oo(t,0,2) € (l,r))exp{—AT}dT) := Byy.

st nosenennst Toro, mo P(7, () 00) M.H. IIO-
TpibHO moKazaTh, mo By < 1. s mboro inTe-
rpaJi iy 3HakoM crenenst M 1oBuHeH OyTu MeH-
muit 3a 1. 3a3HavueHuil inTerpaa mMoxe OyTu pis-
Huii 1 Jjmrie Tojii, Koau

Tlim P3ze (I,r) YVt €[0,T) : ¢o(t,0,2) €

= P(3z € (I,r) Vt € [0,00) : ¢o(t,0,2) € (I,1)) =

3a TeopeMoIo MOPIBHAHHSA JJIsi CTOXaCTUIHUX JIU-
bepennianbHUX piBHAHB HpoIEC ¢o(t, 0, 2) 3pocTae
3a 3MIiHHOIO z. MOXKHa 3aIiCaTH OIHKA

P(3z € (I,r) Yt € [0,00) : ¢0(t,0,2) € (I,7)) <

<P(Bze(l,r) : sup ¢o(t,0,2) <r) =

te[0,00)

=P(3ze(l,r)Vy e (l,z]: sup ¢o(t,0,y) <7) <
te[0,00)
P@Eye (1,r)()Q: sup ¢o(t,0,y) <r) <

te(0,00)
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< P( sup ¢o(t,0,y) <r) =0,
vetrnQ el
Je 3 nyHkry (a) jemu 1 jyist npornecy 6e3 crpub-

KIB (g KOYKEH €/IEeMEHT OCTAHHBOI CyMHU JIOPIBHIOE

(L,r)

Hymo. Takum 9uHOM, BCTAHOBJIEHO, IO T
P -maitzxe namnesue.

< 00

OTke

M\o«.

Ir>0: P >T-1) <

Teopema 5 rapaHTye, IO iCHy€ Take ng, IO JJIsd
BCIX M > N Ma€ MicIiie

P (\T(l )

o

— <
TOT’ €> %

TakuM 9UHOM, CIIPABIKYETHCS OIIHKA

(Lr

(|TnT _TOT)’ <g,

(8)

OnianMo 3ropu IMOBIpHICTH B TpaBiit 1acTu-
ui mepisuocri (8). Ha [0,7 — 1) mMomeHT BHXOY
1 . I
Té TT) 36iraeThbCs 3 MOMEHTOM BUXOILY T(g r)

HalleBHE. TOMy MOXKHa 3allCaTHhu

P (Il -

Tél”)<T—1)>1—5.

Maiizke

|<5 (”)<T—1>

=P <|T1§l’777;) p( r)] < E,Tél’r) <T— 1) )

(L,r)

Takok MOMEHT BUXO.LY T T

(L,r)

TOM BUXOJY Tp  ~ Maiizke Hanesre Ha [0,7 —1+¢).
Omxke Mae Micrie piBHICTH

30iraeTbCcs 3 MOMEH-

P (1l = <o rl < T —1) =
=P (|7’7(Ll’r) lr)| < 6’7_(51,7«) <T— 1) )

Taxkum duaOM, 3 (8) OTPHUMAEMO OIIHKY st
BCIX N = Ny

1-0<P (]T,(Ll’r) — T)\ < 8,7'6”) <T- 1) <

l'r)|<€>’

110 3aBEpPIIy€E AOBEICHHA TEOPEMU. O

<P (|T7(Ll’r)
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6 IIpuknan HeoOxigHOCTI yMOBHU
HenmepepBHOCTI po3MoAiJTy CTpUOKiB

Hagenmemo mpukiaj, 1o ocrpye HeooOxi-

JHICTH YMOBU HENEPEPBHOCTI PO3IIOJIIY CTPUOKIB
(o3Hauenns 1).
IIpuxnad 1. Hexait mst Beix n > 0 mae micrie b, =
on = 0, f, = 1. lIpunycrumo, mo v(df) = §;(db)
ta u(d, dt) = 61(df)dt, ne 61 — ToukoBa Mipa, 30-
cepekena B Touni {1}. Toni nponec Jlesi L, mo
Bimmosimae mipi p, € mporecom Ilyaccona. TobTo

L(t) = /0 t /R 0u(do, ds) = N(t).

Jlerko 6aunTH, 1m0 3a MOCTABJIEHUX YMOB IIPO-
rec X,, Mae BULJIsI,

Xo(t) = X, (0) + L(t),n > 0.

[Mokmamemo X, (0) = —%. OueBuiHO, 1O 3a
36izkuocTi (Uly,) mae miciie Xo(0) = 0.

Hexait | = —1,r = 1 Ta mocmianMo MOMEH-
T JTOCATHEHHA T,(ll’r)
M3 TKOBI TTOYATKOBI yMOBHU 1 mepIiima 3MiHa 3Have-

HH¢I TIPOIECY BiIOyBa€ThCI B MOMEHT T CTPUOKA

. Ilporecu X,, MaroTh HEBU-

JlitrepaTypa

1. Tomamuk B.B. 36ixkuicTs MOMEHTIB BUXOIY
qudysiinnx nporecis 31 cmyru. / Mimypa
10.C., Tomamuk B.B. // Teopis iimoBipHo-
creit Ta mar. craructuka. — 2013. — T. 88.

— C.95-105.

2. Mopos A.I. CxoauMoCTh pellennii 1 MOMEH-
TOB BBIXOMa perreHuil u3 mosockl B auddy-
3MOHHBIX MOJIesIsAxX co ckaukamu / A.I.Mopos,
B.B.Tomamuk // Kubeprernka u cucreMHbIit
anajn3. — 2014. — T.50,Ne2. — C.144-152.

3. T'uxman n.n. CroxacTudeckue
muddepeHnnaIbHbIE ypaBHEHUS /
N.N.T'mxman,A.B.Ckopoxon. — K.:Haykosa

ayMKa, 1968. — 354c.

4. Ito K. Diffusion Processes and Their
Sample Paths / K. Ito, H.P.McKean. —
Berlin:Springer, 1965. — 321p.
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nporecy Ilyaccora N 3 npupocrom 1. Ockinbku
X,(0) = =2, 10 X,(r1) = 1 — 2 < 1, npore

n
(Lr)

Xo(r)=2-1>1 Tomy 7" = 1.

IITo cTocyeThess rpaHUYIHOTO TIporiecy X, JJIs
. Lr

uboro Xo(0) = 0, romy Xo(m) = 11757 = 71.
Takum awHOM, Hemae 30iKHOCTI 3a WMOBIPHICTIO
(Lr) (Lr)
w20 Ty .
st mobymoBanoro mporecy X, yMOBa Here-
PEPBHOCTI PO3MOiILY CTPUOKIB HE BUKOHYETLCSH,
OCKIiJIbKU Mipa cTpubKiB mporecy X, 30cepeKeHa

B Touni {1}.

7 BucunoBku

Jns mporiecy, nopomxkenoro C/IP 3i crpubka-
MU Ta, HEJIIIITUIEBOI0 11 y3ier0 BCTAHOBJIEHO:
1) crifikicTh BITHOCHO M€K CMYT'M MOMEHTIB JI0Cs-
THEHHsI IIPOIIECOM MEK CMYTH;
2) 301KHICTH 38 HMOBIPHICTIO MOMEHTIB JTOCATHEH-
H¢I IIPOIIECOM MEXK CMYTH;
3) HABEJEHO [IPUKJIAIH.
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Jonazo ma oconcmoyn podeasdasu idearvhe WYMOno2AURGHHA OAA CULHAALG 13 2AYCCOBUMU ULY-
mamu, o Cebacmian @eppando ma Pandan Ilatx ompumants pe3ysomamu O0af CuHaiig 3 Cmpozo
cybzayccosumu nepewkodamu. Ocroenoto memoro 0anoi cmammi € — po3uwupumi KAACY 6EKMOPie ne-
pewrod. Tym 6 AKOCMI WYMi6 po32asnymi eunadkosi eeauvuny 3 npocmopy Suby(2). Ompumari
OUIHKYU ONA CULHANB 13 WYMAMU TEOCTU Po3nodisie axux € "saorcuumu"abo "rezwumu"sa 2ayccosi.

Ka101061 ca08a: WymMono2zaunaHHa, npocmip ¢-cyb2ayccosur sunadko8ur seausun, po3nodia Beti-
by.sa.

Donoho and Johnstone introduced an algorithm and supporting inequality that allows the selection
of an orthonormal basis for optimal denoising. They considered ideal de-noising for signals in Gaussi-
an noise and Sebastian E. Ferrando with Randall Pyke obtained the results for signals in strictly sub-
Gaussian noise. The present paper concentrates in extending and improving this result, the main contri-
bution is to incorporate a wider class of noise vectors. We consider signals with @-sub-Gaussian noise.
In particular, we show that the random wvariables which have centered Weibull distribution belongs to
Suby, (). Estimates for the signals in which the tails of the distribution of noise is "lighter"or "heavi-
er"than Gaussian are established.

Keywords: Signal de-noising, p-sub-Gaussian space, Weibull distribution.
Communicated by Prof. Kozachenko Yu.V.

Introduction type of inequality gives an apriori measure for the
quality of the algorithm associated to estimators
The subject of this paper is oracle based de- satisfying (1).
noising. Let s be a signal embedded in noise, we
are interested in estimators §, for the signal s, ob-
tained by thresholding coefficients in an ortonor-
mal basis B of R™. We consider the problem of
optimal basis selection when there is available a
library £ of such bases from which to choose from.
We will look for estimators which satisfy the fol-
lowing oracle-type inequality with high probabil-

1ty

Ideal de-noising for signals with Gaussian
noise is considered in [3]. The results for strictly
sub-Gaussian noise are obtained in the paper [4].

Ideal de-noising for signals with ¢-sub-
Gaussian noise is considered in this paper. The
notion of the Sub,(€2) space is introduced in the
paper [6]. The definition and properties of ran-
dom variables are studied in [5] (see also the book
[1]).

The main point of the present article is to
extend the results obtained in [3] and [4] to a
Our results have
been thus obtained that the algorithmic content

~ 2 .
$—s|5< cminR(s, B). 1
|85 IB< cminR(s, B) 1)
R(s, B) is the oracle risk for the basis B, this last
quantity is the average quadratic error incurred by
an oracle estimator. This last estimator makes use

wider class of noise vectors.

of knowledge of s and is of excellent quality but
unavailable in practice. After proper re-scaling,
it can be argued that an inequality of the above
type is asymptotically optimal as the oracle risk
decays in a best possible manner. Therefore, this

© V.B. Troshki, 2014 39

of the original results have been preserved, in par-
ticular the thresholding parameters used are the
ones used in [4]. We generalize Gaussian and sub-
Gaussian hypothesis and we require that the noise
vector satisfies a p-sub-Gaussian hypothesis. Esti-
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mates of the risk of signal detection that occurred
in the case of Gaussian noise and sub-Gaussian
noise holds for (p-sub-Gaussian random variables
are studied. That is why the results, which are
obtained in this paper, can be used for wider
class of noise. In particular the random variables
which have centered Weibull distribution belongs
to Sub, ().

1 Basic definitions and some preliminary
results from the theory of Sub,(2)

The definition and properties of random vari-
ables are studied in [5] (see also the book [1]). We
now provide a number of results that we will use
extensively in this paper.

Definition 1. ([2]) Let ¢ = {¢(z),z € R} be a
continuous even convex function. ¢ is called an
Orlicz N-function if ¢(0) = 0, ¢(x) > 0as z # 0
and the following conditions hold

lim ¢lz) = 00. (3)

r—00 I

Lemma 1. (/6], [2]) For any N-function ¢ the
following statements hold:
a)e(lz | +|yl) = e@)+¢aszeR0<
a<l;
|z|

b) o(z) = [ p(t)dt, where the density p =
0

{p(t),t = 0} is right continuous non-decreasing
p(0) =0 and p(t) — oo ast — oo.

Definition 2. ([2], [5]) Let ¢ = {p(z),z € R} be
an N-function. The function ¢* defined by

@* =sup (vy — ¢(y)),
yeR

is called the Young-Fenchel transform of ¢

Remark 1. ([5]) The Young-Fenchel transform of
an N-function is an N-function as well.

Ezample 1. ([5]) If

then

where ¢ is such that 1% + % =1
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Example 2. Let

|zl
=< p’ = h 2, (5
QO(.’E) {:t;” ‘$‘>1 w enp> 9 ()

Find ¢*(z).
z >0 ¢(z) = [ p(u)du, where
0

From Lemma 1 it follows that for all

2u
e 0<ux<l1
— p? ~ ~ )
p(u) { ub™l, u > 1.
Then
Lu, 0<z<2/p,
PV () = 1, 2/p<z<l.
ut/(P=1), u > 1.

From Lemma 1 and remark 1 follows that ¢*(x) =
xT
J P (w)du.
0
Therefore
%aﬂ, 0<z< }%,

z—1/p, 2<x<l,
p=1.p/(p—1)
D )

¢ (r) =

Lemma 2. Let pi(x) and ¢a(x) be two N-
function, where o1(x) < pa(x). Then @3(x) <
¢i(z).

Proof. From the Young-Fenchel inequality it fol-
lows

¢i(z) = ilirg(wy —1(y)) =
> 21;18(33?4 —p2(y)) = p3(x).

Thus ¢3(z) < ¢i(). =

Condition Q([5]): An N-function ¢ satisfies
Q it
lim inf 90(5) =
z—0 X
Let {©,B,P} be a standard probability

space.

c > 0.

Definition 3. ([5]) Let ¢ be an N-function satis-
fying condition ). The random variable £ belongs
to the space Sub,(Q2) if E{ = 0, Eexp{A¢{} exists
for all A € R and there exists a constant ¢ > 0 such
that the following inequality holds for all A € R

Eexp{\¢{} < exp{p(Aa)}.

40
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Consider now the following functional, de-
fined on the space Sub,():

7o(€) = inf(a > 0: Eexp{A¢} <
<exp{p(Aa)}, A € R).

Theorem 1. (/5/) The space Sub,(?) is a Ba-
nach space with respect to the norm 7,(-).

Lemma 3. ([5]) Let £ € Sub,(€2),
0. The following inequality holds

P(€ 1> e < 2o |- ((5))}

Theorem 2. ([5]) The random wvariable & €
Suby, () if and only if E{ = 0 and there exist
two constants C' > 0 and D > 0 such that

To(&) > 0, >

(6)

(1+
, v1 the root of

P{¢|>a} < Coxp{—¢" (5 )}

for any x > 0. If (6) holds then 1,(§) <
C)DS¢6%, = max~y; |
i=1,3
the equation v = A\g\/co(1 — 7); Y2 the root of the
equation v3 — 2(1 — ) = 0; 3 the root of the
equation v = (=1 (2)\/co(1 — ), where \g > 0

@A)
PLEE

where S,

be any number and co =  inf
0<|A[<No

2 Main results

f exp {tu

wi/2

Lemma 4. Let I(t
2. Then

}du q >

I(t) < 22/qu exp {tﬁcl/zq} ’

/2

where Cy

:foexp{
2)/q.

Proof. From the Young-Fenchel inequality follows
that for any s > 0, v > 0 holds

}ds and Cljq =
42/(q-2) (q—

sv < p(s) + " (v). (7)

Consider
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Let o(s) = q/2,thengo (s )Z%,Where%—i-q/%:

1. It follows that r = _L;. Therefore ¢*(s) =
q%fsq/(q”). Then from (7) obtain

1 u9/? 1 a_q—?2

<
2q/2 q

Hence,

I < %20 T wd/? du —
(t) \exp{tq é’q}gexp{— 5 } u =
:22/quexp {t#Céq}.
[

Remark 2. If ¢ = 2 then Sub,(Q2) =
this occasion does not regarded.

Sub(), thus

Lemma 5. Let & € Suby,(Q2) and ¢(x) be deter-
mined in (4), that is p*(x) = % where q is such
that % + % = 1. Then for any t the following in-
equality holds

2 a+2 _q_
Eexp{ € }< 14142 q C’qexp{tr2C’%7q}. (8)

Proof. Let ¢*(x) be the Young-Fenchel transform
of function ¢(z). Denote n = &2, then n > 0. Let
F, (x) be distribution function of random variable
1. From Lemma 6 it follows that

1—Fy(z)=P{n>a}=P{& >z} =

=P{|{|> Vx} < 2exp{—<p* (4)} 9)

Consider

Eexp{%} = Eexp{:—z} =

Zoexp{g}dpn(u> _

f exp {4} d(1 - F,(u)).

0

Calculate this integral by parts, then

tfi}z—exp{t"} Fyw) [§° +

+35 [ (1= Fy(u)) exp {75} du.
0

Eexp

The first summand in upper bound converting in
origin if u — oo, since
ud/2 tu
exp { &}

exp{tu} qr4
= exp {— — qu/;} — 0,

(1—Fy(u) 2exp{
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and in lover bound converting in one, therefore
that 1 — F;,(0) = 1. Then from inequality (9) and
Lemma 3 it follows that

(o] 4
u
1+2t0fexp{tu—q

1+ t2@h)/aC, exp {tq/(qf

}du<

Lemma 6. Let £ € Suby,(2) and p(x) be deter-
mined in (5), namely for p > 2 (see Example 1.2)

Ba?, 0<x<2/p,
©*(x) = xfl/pp, 2/p<x <1,
pp%lxpj x> 1.

Then if t < 1 the following inequality holds

)}

Proof. Let F¢(x) be distribution function of ran-
dom variable ¢ and ¢*(z) be the Young-Fenchel
transform of function ¢(x). Since ¢*(x) is even
(it follows from remark 1 ) then

2
1—ta’

3

E exp {(p* (
-

(10)

so () 5o

Ofexp {o* ()} d (F(u)).
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Therefore

s (%))

—feXp{so ()3 d (1~ F(w)

27’/tp
= [ e e ()} - Pl -
T/t
= [ ep{e (7)1 - Fu) -
27 [tp
B {t exp {¢* (7)} d(1 - F(u)) =
: /—(1—Fu exp {p* (&)} g7 +
+ [ A= F)ep {e (%)} de (%) -
— (1= F(u))exp {&" ()} 1515, +
T/t
+2{ (1= F(u)exp {¢* (7) } de™ (7) =
T /ip
— (1= Fw)exp{e™ ()} 17, +
+{(1—F( Jexp {¢* ()} de* (%) =
= — (1= F(2r/tp)) exp {¢* (2/p)} +
1= (1= F(r/t))exp{e* (1)} +
+ (1= F (27/tp)) exp {¢* (2/p)} +
(L=F(r/t) exp{e* (1)} +
27 /tp
£ [ Q= F)ep {et (F)}de* (%) +
. w)exp {* (1)} g™ () +
27/0127
+{t (1= F(u))exp {o* (7) } de™ (7).

From Lemma 3 it follows that

42
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) 27 /tp . 2
=@ [ en {5 - nja (g )
+2+t2—tlfexp{%(t—1)}d(g(t—1))+

2T
tp
B fexp {3 (2)"(#1 - 1)} x
t
xd (L (W)@ -1)) =
(L) )=
= 2+ 2_ IGXP{472 (t2 - 1)} |6P +
ﬁeXP{;(t_l)} ’%i +t3i]1x

T
t

b-1)+
2(t— 1)})_

3
)}

x exp{l () (e —p1)} |
=24 2 t2 T (exp{tL1
2t (exp{t 1}exp{

214 {

“ia—1 &XP
t < 1 thus

2(t — 1)
p{ pt
! 1

}gexp{q<1_

Since p > 2 and 0 <
t_

{17
exp{l_

N
I

1

t2 4

1
exp{l—tQ} < 1;

14 12
< .
ti—1 12 -1

From these inequalities it follows that

Bexp {¢" (%)} <2+ 2 (exn {1 - &} -1)
—tgt—ql exp{% ( - th)} <2- tgt—ql""
% (ep {1 - &) e {5 (- 4)})
<2 (1 tqtql) = tq_—21 = 1—2t‘1‘

Let £ be a library of orthonormal bases of R™,
M., the set of distinct vectors in £. M, will de-
note the cardinality of M,,. If B is orthonormal
bases of R™ then by s;[B] denote the k' coordi-
nate of s in the basis B.

Put

In(A)

=4\(1+ 2log M,,)) (11)

and
Ay = Ap(N) = 725,(N), A > 2

The data is given in the form

y=s+z (12)
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where s is the deterministic signal and z is a noise
vector whose coordinates are assumed to be i.i.d.
p-sub-gaussian random variables.

Introduce the empirical entropy for defined
best orthogonal basis as as in [3]

B) = min(y;[B]

Let B be the best orthogonal basis according
to this entropy

Ay)

)

N

B = i B
arg min e (y, B)

For determined thresholding z consider func-
tion what defined for all real ¢ as follows

Nz (C) = CZ{\C|>Z}7

where 7y~ is the characteristic function of the
set (—oo;—2z) U (z;00). Apply hard thresholding
to obtain the empirical best estimate for signal s
in the basis B

§718] = n. /5 (uiB))

Consider the complexity functional as well as
it was done in [4]

K(s7s) =] 5—53 +A, mm 1=
BEL (i 5,18]#0}

=|| 5= s[5 +AnNL(3)

where
Ng(g) = mBin#{ei € B: S~Z[B] 7é 0}.

Let s° denote a signal of minimum theoretical
complexity i.e.

0

K(s",s) =min K(3,s)

Let jo = max(N,(s°),1).
Using the result obtained above it can be
shown that the estimate from [4]

226, (\)

3 R(sL),

| s* = s |3<
where
2 [8],7%)

R*(s, L) = mganin (s (13)

with a certain probability holds for ¢-sub-gaussian
random variables.
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Theorem 3. Let p(x) be defined as in (4) namely
o*(x) = %}, where q is such that equality %—F% =1
holds. If the data is presented as y = s+ z, where
z € Suby,(Q) (see (12)) then when t =1

- A6 (N) o
P{Il5 =5 3> 2=0R(s,0)} <

< exp{C_—j()} (14)
where  §p,(A) = AN1 + 2logM,)),
R*(s, L) = mBinEmin(s?[B],Tz), C =1+

7

g+2

2% ¢ exps C1 ¢, constants C, and C1 _ are
q 54 q 54

defined in Lemma 4 .

Proof. Let C(j, My,) denotes the collection of all
subsets consisting of j vectors chosen from the M,
vectors of M,,. Let S € C(j, M ) be subspace
generated by the element of C(j, M,,). Let Ps be
an orthogonal projection on S.

Consider the set

VAu/Ne (s
2V

A= {w || Psz(w) [|2= )+ Ne($ )}

and
VAL
Bj = {w :osup || Pgz(w) [[2= \/5}
SeC(j,M») 2V

VARV

Then A C U Bj. Let a = and fixed sub-

o
j=jo
space ) € C(j, M,,) be of dimension d, d < j
Consider the set

Dj =A{w:|| Py 2(w) ll2= a}

Let {eq, e, ...,e4} be an orthonormal basis of
Si. Extend {ey, e, ..., €4} to an orthonormal basis
Rn

€= {61; €2, -5 €d5 €dt15 -0y en}'
Then
n
z= <Z,€k> k
k=1
and
d
f = Pglz Z<Z, 6k>€k
k=1

Evidently, &le] =
&kle] =0 when k=d+1,n
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From Chebyshev inequality and (10) and the
fact that the random variables are independent we
obtain

P(Dy) = Pl & ll2> o} =
P{exp tu 1 }>exp{ } <
E'exp{ Z £} E ﬁ exp{_}_%{;%}

< k=1 _ k=1 <
X exp{%} exp{t:%} X
Ek]i[lexp{ﬁfz} _ k]i[lEexp{T%gz} -
@] (E]
q+2
q

P(D;) < C(t)exp {1 | =
= CI(t) exp {_ﬂtj(ltz;og Mn)} _
= Ci(t)e It M, 2
With this common bound, i.e. independent of the
particular Sq, we have

—2]t et —

P(Bj) < #C(j, My)C? () M,

( Af >0J<t)M;2”eﬁ

Therefore,

P(A)< Y,
Mj=j0
ey —j 1-2t)j5
gj; eI <
. My .
< MT(LI—Qt)joe_th Z C;!(t)
=1

MeCi(tye I My ' <

< exp{C(O)—tjo}
X MT(LQt—l)jO .

Choosing t = 1 we obtain required inequality.
O

Theorem 4. Let o(x) b

Py
1T

defined as in (5) namely

O<ac<2

2<x<l,

@’B\r—‘uw g

E—=gr- x> 1.

data is presented as y = s + z where

z € Suby(2) (see (12)) cmd let 6,(\) =

A\ (q(1 4 (2 + B) log M, ))q ]0 = then for any 3 >
0

e2

Mo’
(15)

- 200 ()
P - s gz B0

where R*(s, L) = mBanmm (s2[B],7%).

R*(s,ﬁ)} <
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Proof. In the proof we will use the same notation
and set as in the proof of Theorem 3.

Let T(A) = 4X (q(1 + (2 + 3) log M,,))*/? and
Sn(AN) = T(\)j'2/9, where 1 < jo < j < My, Tt
follows from Chebyshev 1nequahty that

P(D) = P € s> a} =
(e [ & 1 (at\q
=P {exp{q <T k§1§k> > exp{a (7) }}

d
< Eexp {}1 (i\/ > 5;%) } exp {—q
k=1
Since ¢*(z) is even and ¢*(y/x) in this case is con-
cave then

p Ee"p{é(i)qkflmkq}
(D) € — = T _
Eexp{i(i)qgilﬁi} ffgilexp{%(é)fz}
ol el
< Ek]i[lexp{%(fyfg} kli[1EeXp{%<£)q§Z}
Soehe) el
From (10) it follows that

Function V (t) = (ﬁ)j exp {—

its minimum at the point ¢ = (1 —

(%t ) 1 } reaches

Taking into account the inequality 1 + (2 +
B)log M,, < M;? we obtain
2a1

P(D;) < V({) = (25) expo{~ % +} =
=2/ (1+ (24 B8)log M) x
x exp{—(2+ 3)jlog M, }
< QngjM;(2+ﬂ)j _ 2jMn—2j

qr?y
ad

Then for the common bound the following in-
equality holds

P(Bj) < #C(j, M,)21 M, > = <J\f_">2fM52j

M) A r—2 27 ar—
P(A) < > M, J<ZﬁMn]<
J=Jo Jj=1
1 Y e?
< M:erO 7 < MTJ;O
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Since jo < j and ¢ < 2 then T(\)j'7?/¢ <

TNy "

Therefore

2

Mo

> P{H s |2 Mms a)}

2)\T()\)jo .

>Pqls—sl3>

:P{Hé

R*( L)

13> 2R s 0))
O

Ezample 3. ([5]) The random variable £ has cen-
tered Weibull distribution, namely

P{¢>a}= %exp{—cmo‘} x>0

P{£<x}:%exp{fc|x|a} x <0

when o > 2 belongs to the space Suby,(Q2) and

Tw(g) <
2.

Example 4. Let o < 2. For simplicity, consider
the particular case of Weibull distribution and put
¢ =1/« then

25906%, where S, is defined in Theorem

P> o} =exp {—;x}

Consider Sub,(§2) where

272
e rz|<1,
o) =< &’ @] when p > 2, (16)
?7 |aj‘> 1
Then
2 2
%a:l, 2<CE< 55
cp*(:c): :1:—;;, £Lr<l,
pp%lxﬁ, x> 1,
Putp%lzawhereé—k%:l Then p = 25.
Namely
2o 0<e<2(a-1),
pa)=q e-2t Za-1)<e<l,
éxa, z>1

From Lemma 2 it follows that 21 > ¢*(x). Then

P{¢l> o} =exp{—;xa} < exp{—p* (@)}

Consequently, £ € Sub,(€2) and 7,(§) < ZSSOe?Tg,

where S, is defined in Theorem 2.
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3 Conclusions

Regardless the fact that in Theorem 3 due to
complexity of calculations the smallest value of
the probability could not be found exactly. How-
ever, the result for jo > C' is much better than
the result obtained for Gaussian and strictly sub-
Gaussian noise. This is natural, since the ran-
dom variables that belong to the space Sub,(2)
with the function ¢(z) which is defined in (4)
have ”lighter tails” of distribution than the ran-
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dom variables from the space SSub(2). Note also
that the result of Theorem 4 is worse than the re-
sults obtained in Theorem 3 and for Gaussian and
strictly sub-Gaussian noise. This is because the
random variables from the space Sub,(€2) where
() is defined in (5) have "heavier tails” of dis-
tributions. The importance of Theorem 4 is that
either the results of Theorem 3, or the results from
the paper [4] for these random variables cannot be
used.
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Introduction

Let G be an universal algebra. As the subalge-
bra of G x G is viewed as a binary relation on G,
so the set S(G) of all subalgebras of G x G is a
semigroup related to De Morgan’s product of rela-
tions. The subgroup S(G) is called the semigroup
of correspondences of the algebra G. The problem
of learning the semigroups of correspondences was
set by Kurosh [2].

In the work [3] there is shown that when G
is the group than the elements of the semigroup
S(G) can be identified by the fifths of the form
(H1,G1, Ha,Go, @), where

Hi <Gy <G, Hy<Gy <G,

and ¢ is the isomorphism of the factorgroup
G/ Hj onto the factorgroup G2/ Hs. Herewith the
related element of the semigroup S(G) — as the
subset out of G x GG — has the form:

(Hla Gla H27 G25 QO) =

U (aHy x p(aH)).
a€G1

Sets of the form aH; X bHs, where
bHy = p(aH7), we shall call the blocks of elements
A= (H1,G1,Ha, Gz, 9).

© Tetiana V. Turka, 2014
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1 Maximal Subgroups of
Correspondences Semigroup

In [4] there are given the necessary and efficient
conditions for the element (Hi,G1, Ha, G2, ¢) of
the semigroup of correspondences to be idempo-
tent. But they are too huge. There are far the
simplest conditions but only necessary are given
by the following theorem.

Theorem 1. Let G be a group. If the element
(Hi,G1, Ho,Ga, @) of the semigroup of correspon-
dences S(G) is idempotent, so there are fulfilled
the following conditions:

1) Hl(GlﬂGz):Gl, HQ(G1ﬂG2)=G2;
2) for any g € G1NG2 @(gH1) = gHo.
Proof. Let the element
A= (HlaGlaHZaG%(p)

be idempotent.
from A we have:

Then for any block aH; x bHs

((lHl X bHQ) o (aH1 X bHQ) = (aH1 X bHQ)

Hence
bHyNaH, = @.

Thus, for every adjacency class aH; of group Gy
to subgroup Hi will be found such an element

ceaH1NbHy C Gi NGy,
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that aHy = ¢H. But then
H1(G1 N Gz) C HiG1 =Gy,

It can be similarly proved, that Ho(G1 N G2) = Ga. |}
This proves Condition 1).

For any g € Gy N G2 the element A has the
blocks of the form aHy x gHs i gHy x bHs. While
g € gHy X gHo, then gH1 N gHy # &, so

(aH1 X gHg) o (ng X bHQ) = (CLHl X bHQ).

On the other hand, from the idempotentness of
the element A we have:

(aH1 X gH2) ] (aH1 X gHg) = (IHl X gHg.

So, A has the blocks aH; x bHy and
aHy x gHs.. The first components of blocks are
similar, so bHy = gHy. There is similarly proved
that aH1 = gH,. But then

¢(gH1) = p(aH1) = bHy = gH>,

that proves Condition 2). O

For any idempotent e € S let us define by G,
the maximal subgroup of .S, for which e is the unit.

Theorem 2. Let G be the finite group, and the
element e = (Hy, Gy, Ha,Ga, ) of the semigroup
of correspondences S(G) is the idempotent. Then

Ge = {(H1,G1, Ha, Go, )| € Aut(G1/Hy)} =

= {(Hi, Gy, Ha, G2, ) [t € Aut(G2/Ha)}.
In particular, if Gi=Gs=G, Hy=Hs=H,

p = € is the identity automorphism, so
Ge={(G.H,G,H,¢¥)[¢ € Aut(G/H)}.

Proof. It is easy to check that the element
f=(H1,G1,H1,Gq,¢), where € is the identity au-
tomorphism of the factor group G1/Hq, will be the
idempotent.

In [5] it was shown that the elements

Al = (Hi, llvHé7 ,2790/)
and

A" = (Hi/7 ,1/7Hé/7 /21790”)
belong to one class D of the semigroup S(G) then
and only then when

V/Hy ~ Gy/Hy ~ GY/H{ ~ Gy/Hj.

2014, 2

Bulletin of Taras Shevchenko
National University of Kyiv
Series: Physics & Mathematics

If G| /H| ~ F, we shell say that the correspondent
D class is defined by the factor F.

That’s why the idempotents e and f will be
D equivalent. According to the theorem by Green
(see [1], theorem 4.7.5) the maximal subgroups
G. and Gy are isomorphic. That’s why there is
some sense at first to analyze the final part of the
theorem.

Therefore, let e = (G, H,G, H,¢), where ¢ is
identity automorphism of the factorgroup G/H.
In accordance with upshot 1 out of theorem 1
from [5] H is the class H(e), which coincides
with G, contains |Aut(G/H)| elements. That’s
why to prove the final part of the theorem it
is enough to show that every element of the
look A= (G,H,G, H,y), where ¢ € Aut(G/H),
belongs to G.. We have:

(gH,p(gH)) o (p(gH),gH) = (gH,gH). (1)

On the other hand, if gH # ¢H, o
gHNg'H = &, where o(gH) N¢(¢'H) = & and

(9H,o(gH)) o (¢(¢'H),dH)=2.  (2)

Out of the equalities (1) and (2) it follows that for
the element

Ail = (G7 H? Ga H7 9071)

there will be Ao A~! = e. That’s why A € G,.

Now let e = (G1, H1,G9, Ha, ) be the arbi-
trary idempotent. Out of the proved above it fol-
lows that

|Ge| = {(G1, H1, G2, Ha, )i € Aut(Ga/Ha)}|.
(3)

On the other hand, as for the element
A= (G17 H1> G27 H27 <P¢)

and the idempotent e = (G1, Hi, Ga, Ha, @) four
(G1,Hy,Ga, H) is one and the same, so in ac-
cordance with upshot 1 out of theorem 1 with [5]
A € H(e). As H(e) = G, so altogether with
the equality (3) this finishes the proof of the the-
O

orem.
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2 Association of Maximal Subgroups

Lemma 1. Let R be the cyclic group of the order
free of squares, N < R is the subgroup. Then there
exists such a subgroup M < R, that R= N x M.

Proof. As R is cyclic, so R contains the subgroup
M of the order |R|/|N|. Except that, the numbers
|IN| i |R|/|N| are mutually simple. That’s why
NN M = E. On the other hand, |N|-|M| = |R|.
That’s why R= N x M. O

Let us note that if R, N and M are the same
as in the lemma, then elements of the subgroup M
can be taken as the representatives of the classes

of the adjacency of the group R by the subgroup
N.

Theorem 3. Let G be the finite group. The semi-
group of correspondences S(G) will be the union of
the groups only and only then when G is the cyclic
group of the order free of squares.

Proof. Adequacy. Let G be the cyclic group of
the order free of squares. Let us show that ev-
ery element A = (Hi,G1, Ha, G2, ¢) of S(G) is an
element of the group.

All the factors of the cyclic group are cyclic,
that’s why

Gl/Hl ~ GQ/HQ ~ Ck

for some k. It follows from lemma 1 that the rep-
resentatives of the class of the adjacency of the
group G; by the semigroup H; can be taken the
elements of some subgroup B; < G; of the order k.
In particular, B1, Bs < G. But the group G con-
tains only one subgroup of the order k. That’s why
B = By. Let By = By =< a >. Let the block of
the group A with the first projection Hja have the
form Hia x Hoa". As the class Hoa" is to be the
forming element of the factorgroup Ga/Ha, so r is
mutually simple with k. Besides, we have:

k—1
U (Hlaj X HQCLjT).
7=0

A=

That’s why the isomorphism
(Yol G1/H1 — GQ/HQ
acts as follows:

o(Hya?) = Hoa'" .
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Let us analyze now the element A%2 = Ao A:

k—1 k-1
A2 = U (Hlaj X Hgajr) o U (Hlaj X Hgajr).
=0 §=0

It is easy to check that

(Hlaj X Hgajr) o (Hlat X HgayT) =

)9, ifjr £t
N Hyd? x HgajTQ, ifjr =t.
Really, let
Hgajr N Hlat + 9,
then

hoa'" = hia' for some h; € H;, i=1,2.

Then /"t = h;lhl, so that a’"~* belongs to the
subgroup Hs - Hi. But the order of the subgroup
< a > is mutually simple with the order of each of
the group H; i Ha, and that’s why with the order
of the subgroup |Hs - H|. That’s why

<a>N(H, -H)=E.,d"'=e
and a’" = a.
Besides, out of the mutual simplicity i k it
outcomes that the congruence xr = t( mod k) has
the only solution for the arbitrary ¢. That’s why

k—1
U (Hlaj X HQCLer).
7=0

A? =

The isomorphism ¢ : Hja’ +— Hsa/" can
be identified with automorphism ¢ :
of the group <a>. As o = ©%(a’), so
A2 = (Hl, Gl, Hg, GQ, (,02).

By the induction on m it is analogically proved
that

al — al”

A™ = (Hl, Gl, H2a G27 %Om) .

But ¢, as the automorphism of the finite group
has the finite order ¢q. That’s why ¢! = ¢ and
A9t = A, So, it is generated by the element A
the cyclic subsemigroup is the cyclic group of the
order ¢, and the element A is a group. That is
why S(G) is the union of groups.
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Necessity. It is enough to show that for every A = {(aP*,a*) | 0 < k < p?} is the element out of

group G, that satisfies one of the conditions:

a) G is not cyclic;

b) G is cyclic and its order |G| is divided into
square p? of a simple number p, semigroup of cor-
respondences S(G) is not the union of the groups.

For this it is enough to show that in each of
these two cases the semigroup S(G) contains the
nongroup element.

a) Let the group G be not the cyclic one. Then
there exists such a number k, that the group G
contains 2 different cyclic subgroups of the order
k. Let it be G7 and G and let H = G1 N Gs.
There is the isomorphism: G; — G2, which
on the subgroup H acts identically. Let us
view the element A = (E,G1,E,Ga,¢). Then
A%? = (E,H,E, H,¢), where ¢ is the identified au-
tomorphism of the group H. While transferring
from A to A% both of the projections have less-
ened so there does not exists such ¢ that A? = A.
So, the element A is not of the group one.

b) Let < a > be a cyclic subgroup of
the order p? i3 G. Let us take Gy =< a? >,
G=<a> H = FE, Hy =< a >. Then
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S(G). Besides, A% = {(e,p") | 0 < k < p?}.

But for the arbitrary m > 1 the first projec-
tion of the element A™ will be equal to {e}. So,
A is not the group element. O

Corollary 1. If G is the group, so the semigroup
of correspondences S(G) will be the sheaf then and
only then when |G| < 2.

Proof. The each element is a group, so according
to theorem 2 the group G should be cyclic. If
|G| > 2, so the group G should have a nontrivial
automorphism ¢.

Let us choose such an element ¢ € G, that
©(g) #g. Let us view in S(G) the element
A ={(g,0(9))lg € G}

For this element H1 = Hy = E, G = Go = G.
Since p(gH1) = ¢(g) # g = gHa, so for A there is
not fulfilled condition 2 of theorem 1. That’s why
A is not the idempotentre and i S(G) is not the
link.

If |G| < 2, it is easy to check that S(G) is the

link. O
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Y pobomi npoeodsmvcs uucenbHO-aHALIMUYHI QOCTIONCEHHS OeMEPMIHOBAHUX | XAOMUYHUX DPYXi6
HeNIHIUHOI 2aMITbMOHOB0T cucmemuy 3 080MA CMYNEHAMU GLILHOCMI, WO ORUCYE CKIHYEHHI GIOXUNIEHHS
NO0GItiHO20 Di3uuHo20 Mmasmuuxa. B pezyivmami uyucenvhux excnepumenmis, niomeepoxicenull genomen
ICHYBAHHS NPU 3HAYHUX BIOXUNEHHAX K XAOMUYHUX, MAK [ 0eMEePMIHOBAHUX (30eHepeemUYHUX (a306ux
mpaexkmopit. Lle asuwe noacreno winaxom 3acmocysauts meopemu KAM.

Ocobnusicmv  pobomu  nojsieac 6 pospobyi ma 3aCMOCYS8AHHI HOB020 NIOX00Y NOCAIO08HO20
PeOYKY8aHHsi — 2amilbmouiana 00  cenapabeivbHoi (GopMmu  WASAXOM — PO3GUHEHHS 8  CcmeneHesuil
Mpu2oHOMempuyHUll psi0. Brazanuii memoo nosHicmio RiOmeepodicye pe3yibmamu KAaCU4HUX 00CHIONCEHb |
npu3800UmMb 00 OPMYII08aHHSI HEOOXIOHOT YMOBU THMESPOBAHOCIE CUCHeMU, KOMPaA 015 0aHOI 3a0ayi Mae
npocmutl QisudHUIL CeHc.

Kurouosi crnosa: eaminbmonosa cucmema, OUHAMIYHUL XAOC, KAHOHIYHA meopis 30YpeHb, NOOGIIHULL
MASAMHUK.

In this paper considered a numerical and analytical study of deterministic and chaotic motions of
nonlinear Hamiltonian system with two degrees of freedom which describes finite deviations of a double
physical pendulum. As a result of numerical experiments was confirmed the phenomenon of existence the
random and deterministic constant-energy phase trajectories. This fact is explained by the applying of the
KAM theorem.

Feature of the work is development and applying of a new approach of a sequential reduction of the
Hamiltonian to separable form by expansion in a power series in trigonometric functions. This method
completely confirms the results of classical studies and leads to the formulation of the necessary conditions
for the integrability of the system, which for this problem has a simple physical meaning.

Key Words: Hamiltonian system, dynamical chaos, canonical perturbation theory, the double pendulum.

Crartio nipeacraBuB 1.¢.-M.H. XKyk f1. O.

Berym. JIETEPMIHOBAHOIO, CIIOCTEPIra€ThCs TAKOXK XAaOTHYHA
B  pmawmifi  cratri  goCHiKYyHOThCcs  nesiki  moBemiHka [4, 6].  JlochmimKeHHIO  HEMIHIHHUX
0COOJIMBOCTI JMHAMIYHOI IOBEMIHKM TOABIMHOIO TaMiUIbTOHOBHX CHCTEM, IO JONYCKAIOTh XaOTHYHI

¢izuunoro wmastauka ([IOM). [IOM - omna i3
HaHIPOCTIIMX TraMUIBTOHOBUX CHCTEM 3 JBOMa
CTYHEHSIMHM BUIBHOCTI, B sKid, BOJHOYaC 13

© I'. M. 3paxeBchkuii, A. M. CanbHikoBa, 2014

peXUMH 30ypeHHSs, MPUCBIYCHA IIHPOKa JIiTepaTypa
[6-10]. TlpeaMeroM IOCTIIKEHb, SIK TPAaBHIO, €
BHU3HAYEHHS IapaMerpiB JIOKaJbHOI Ta TI00aIbHOT
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XaoTu3alli, BU3Ha4YeHHs ix Mex. CucreMu i3 ABoMa
CTYIICHSIMH BUIBHOCTI, Y 3B’A3Ky 3 BIJIHOCHOIO
MPOCTOTOIO OIMCAHHS 1 aHaJIi3y, 3aCTOCOBYIOTBCS K
MOIENl TpH JOCHIDKEHHI CHCTeM 13 OaraThbMma
CTYHNEHSIMM BUIBHOCTI. Xo04a, B JCAKHX BHUIIAJKaX,
BOHM MalOTh CaMOCTIHHE MPAKTHYHE 3aCTOCYBaHHSI.

Tak, Hampukiaam, IOCHKEHHS 30yIKSHHS 1
kepyBanHa [IOM [8, 9] 3acrocoByloTbcs TIpU
KOHCTPYIOBaHHI  MaHninmynstopis  [4].  Bapro

3ayBaXKUTH, IO OULIBIIICTh JOCTIKEHb, TaK 4YH
iHakie, 0a3yroThCsi Ha YUCENBHUX EKCIIEPUMEHTaX
[6, 10], xoua Teopis IHTErPOBHOCTI TUHAMIYHUX
cucteM [1, 2], B [AedKkuxX BHUIIAIKax, IO3BOJISE
MPOBECTH SIKICHUN aHaji3 Mmepexoay raMibTOHOBOT
CHCTEMH B XaOTHYHUI PEKUM PyXy. 3allpOIIOHOBaHE
JNOCTIDKEHHS. TaKOXX BHKOPHUCTOBYE B  SIKOCTI
BepuGikanii Ta  TATBEP/PKEHHS  PE3YNbTaTiB
YHCeNlbHI PO3paxyHKH, OIHAK OCHOBHI 3yCHIUISL
JIOKJIaJICH1 hi(s) crpoou AHATITUIHOTO i
HaNiBaHAJIITHYHOTO aHaNli3y, OCHOBAaHOTro Ha Teopil
IHTETPOBHOCTI TaMUTBTOHOBUX CHCTEM. Y pOOOTi
TaKOK  3aIpONOHOBAHO  HOBMHM  mimxim 10
3aCTOCYBaHHS ~ KaHOHIYHOI  Teopii  30ypeHb,
OCHOBaHHWI HEe Ha YaCTKOBIH JliHeapHu3allii cucTeMH
BIJTHOCHO Malloro Iapamerpa, a Ha pPO3BHUHEHHI
raMiIbTOHIaHA B psAJ 3a HPUPOIJHOI CHCTEMOIO
¢ynkuiii. [Ipy 1pOMy 3aCTOCOBYIOTHCS KIACHYHI
METO/IM Teopii KaHOHIYHHMX IEePEeTBOPCHB, aHaIi3y
neperuHiB [lyankape 1 mokasHukiB JlsmyHoBa,
teopemu KAM [1, 2].
IMocTanoBka 3agaui.

PosrisiHemo mozBiiiHMN  QI3UYHUN  MasTHHK
(Puc. 1), mo nepebyBae mig Mi€l0 CHIM TSDKIHHS.
Teptsim B mapuipax O;, O, i ONOPOM CepenoBHIIA
HEXTYEMO.

v

N

Puc.1. Iloapifinuii Gpi3nIHUA MasSTHUK

Cucrema Mae IBi cTymeHi BUIBHOCTI (@,y -

y3arajbHeHi KOOpAMHATH Puc.1)
KoHcepBaTtuBHOW. @yHKIig Jlarpamka:

1 €
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. 1
Loy,y,0)=T-11 =gcosco(511m1 +hmy)+

1 1 .
+ ghmycosly +)+ (1, (my +3m,) @ + (1)

+122m2(¢+‘/7)2 +3lllzmlmzCOSV/((bJrl/'/)(b+122mzl/'/2)
ITicnsa BBEJCHHS 03Ha4YeHb

my, =m,/m,l, =1,/1

Jlarpanka 2-ro pony:

BU3HAYA€  PIBHAHHS

Ly (2L +COSP W +(2-+6my, + 215y +

+61, 1y, COSY) =30,y ST +2460)
—(3—06m,)gsing—3gh ymy sing/ +¢),

2, i +(2,, +3cosp)p=-3(siny - ¢ +gsinr+)).

OueBHuHO, iCHYe TepIIMi iHTerpan — MOBHA
MexaHiuHa eHepris:

2

E=T+17=é(l]2(m] +3m,) @ +5my (9 +y) +

+3lllzm1m2COSW(¢+V})¢+122m2'l}2)_ 3)

1 1
- gcosgo(E Lmy +1m,) —Eglzmzcos(q/ + @) = const

IcHyBanHs JApyroro iHTerpana, 3TiTHO 3
teopemoro JliyBiis [1], HOBHHHO 3a0€3MEUUTH
iHTerpoBHicTh (2). IlpoTe BiH icHye He sl BCIiX
MOYaTKOBUX YMOB. YMOBH HOro ICHYBaHHSA €
MPEAMETOM JIOCIiIKEHHSI.

Ilonepeani uncenbHi pe3yabTaTn

UucenbHi AOCITIHKEHHS IEMOHCTPYIOTh, 10 IS
pI3HUX 3HAuYCHb CHEprii NMOBEJIHKa CHCTEMU MOXE
OyTH SIK JIETepMiHOBAHOIO, HANPUKIAJ, TPH MaJHX
BIIXHMJICHHSIX B OKOJII MOJOXKEHHS CTIMKOI piBHOBAru
(ToOTO OMMCYETHCS JIHIHHO MoAe/T0) Puc. 2, Tak
1 XaOTHYHOIO Puc. 3 11 CKIHYEHHUX BiIXUJIEHbD.

b=

Puc.2. JlerepminoBaHa TpaeKkTopist
0, =n/10,y, =7/18,¢, =0,7, =0
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Puc.3. XaoTuuHi KOJIMBaHHSA
©,=m/6y,=m/6,90,=2,y,=1

Kondirypamiiini  Tpaektopii HE  MOXYTh
BUKOPUCTOBYBAaTUCh B SIKOCTI JI0Ka3y XaOTHYHOI
MOBEIIHKH Y (ha30BOMY MPOCTOpi, ogHak Ha Puc.3 i
Puc. 4 npuBeneni BinmoBimHi meperuHu I[lyankape

[1].

e

Puc. 4. Perynsapuwuii neperun Ilyankape
@, =n/10,y,=7/18,0,=0,, =0

e

Puc. 5. Heperynsipunii nepetun Ilyankape.
©,=m/6y,=m/6,90,=2,y,=1
JleTepMiHOBaHICTh YM XAOTHYHICTh IOBEIIHKU

Bi3yallbHO MOYKHA TAKOXK CIIOCTEpiraTH Ha Jiarpamax
CKCIIOHHITIITHOT PO30LKHOCTI OJIM3bKUX (ITOYATKOBI
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Bimxuienns nopaaky 107*) Tpaekropiit y dazoomy
npocropi. Tak, Ha Puc.6 HaBeneHi TOUKU MEPETHHY
(3 OCTIMHNAM YacOBHM KPOKOM) ISl TBOX OJU3BKUX
y TIOYaTKOBHH MOMEHT 4Yacy (a3oBHX TPaeKTOPId y
BHITQJKy JCTEPMIHOBAHOI MOBEMiHKU. Kk Oaummo,
BIIXWJICHHS Majli, a OTXKe, CJiJ OYiKyBaTH
CTENEHEBUH XapakTep po30DKHOCTI TpaekTopid. Ha
Puc. 7 Toukn meperuHy sl XaOTUYHOI MOBEIIHKH
cucTeMH. Y IbOMY BHITAJKy BiIXMIICHHS CKiHYCHHI,
OTXKeE, TPAEKTOPIi PO30IraroThCs EKCIIOHEHITIHHO.

Taka 4yTJIMBICTb J0 MOYATKOBUX YMOB € OJIHIEIO
13 OCHOBHHX BJIACTUBOCTEM XAOTHYHOI ITOBEINIHKHU
[2]. Tlpu 1BOMY BHUHHUKAE TNUTAHHA: YH ICHYIOTh
JIeTepMIHOBaHI PyXH CHUCTEMH [UIi CKIHYEHHHX
BIIXWJICHh MasTHHMKa (a ODTKe, 1 HpH BIAHOCHO
BEJTHKHUX 3HAYEHHSX eHeprii)? Yucenbhi
JoCIipKeHHs, nposeacHi B [10], 1aroTh MO3UTHBHY
BIINOBIIb Ha Iie muTaHHA. Hanmami 3ocepeaumocs Ha
aHaJIi31 caMe OO BUIAJIKY.

1.0 : . : :
S —
r | i | G
IR /1 | — EE— . =
L e
s B B S
_1.0 : ; ; .
-15 -1.0 -05 0.0 0.5
¥
Puc. 6. JlerepminoBaHa rmoBeiHka
1.0 : : : .
S E | ]
% S R S e
1 | LR FR—— IESE TE—
- s S BRa ma
: Lo |
_10L : | 5 ; .
-15 -10 -0.5 0.0 0.5

L
Puc. 7. XaornyHa moseninka

JlokasnbHi Ta rino0ajabHi KpuTepii XxaoTH3aiii.
OmauM i3 KUIBKICHUX — XapaKTepPHCTHK
Xa0TH3allii MpoIeCy € TMOKa3HUK JIAmyHOBa, SKHii
BH3HAYAE CEPEAHI0 IIBUIKICT EKCIOHCHIIIHHOT
PO301KHOCTI ABOX MOYATKOBO OJNM3BKHX TPAEKTOPIiH
[2] i MOKEe BHKOPHCTOBYBATHCh B SIKOCTI KpUTEPiIO
JIOKQJILHOTO Xa0Cy (OCKUIbKKA OOUYHCITIOETHCS B3I0BXK
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KOHKPETHOTO po3B’si3Ky [5]). Bemuumna eneprii B
JaHOMY BHUMAAKy € TJIO0AIBHUM MapaMeTpoM
Xa0TH3allii.

0.8k

0.6[

e Puc. 9. JlerepminoBana tpaekropis ( E=12.577)

0o =7/9,w, =117/180,¢, =2.5,y7, =12

02

0.00
0

Puc. 8. I'padix 3amexHOCTI MOKa3HUKA
JlsamynoBa Bix eneprii

B Garatpox HENHIMHUX AUHAMIYHMX CHCTEMAax
13 POCTOM eHeprii 3’SABISIOThCS XaOTHYHI PO3B’S3KH
[4, 6]. Ha Puc. 8 HaBenenuit rpadik 3aJIeKHOCTI
noka3Huka JlsmyHoBa Bi  BEIWYMHU  EHEPTii.
[Nokaszuuk JIsamyHoBa 00paxoBYETHCS 32 JTOMTOMOT OO
anroputMmy benerrun [2].

Ax BumHo 3 Puc.8, mokazmmk JlamyHoBa B
CepeHbOMY ITOYMHAE 3POCTATH TIPH TEPEBUILCHHI
CHEpri€l0 MIEBHOTO KPUTHYHOTO 3HAauYeHHs (11 MexXa
3aJIeKUTh B mapamerpiB cucremu). OTKe, TOBHA
MeXaHiyHa eHeprisi ChopaBlIi €  MapaMeTpoM

Puc. 10 Xaornuna tpaekropis ( E£=12.577)
0, =2m/9,w, =4 /45,0, =2,y,=0.96

Xa0TH3allii, MICIS JJOCITHEHHS SIKOI KPUTHYHOIO Hanami cnpoOyemMo TOSCHUTH Iiel (eHOMEH
3HAYEHHS, crcTeMa  JEMOHCTPYE  XAOTHYHY AaHATITHYHO.

moBeninky. OJHaK JIETKO TaKOX IIOMITHTH, IO AnanituyHi gocaimkenns. CenapadesbHe
BapiaTUBHICTH KpuBOi Ha Puc. 8 gocutk 3HauHa. Lle HA0JIMKEHHA.

CBIAYUTH MPO T€, IO NMPH 3aKPUTUYHHMX 3HAUYCHHSIX I'aMiIETOHIAH CHCTEMH Ma€ BUTIIS:

SHeprii, OKpiM XaOTUYHOI MOBEIIHKH, ICHYE TAKOXK 1 , ,
nerepMiHOBaHa.  XapakTepHuM  Bumagkom €, H(o.w,p,.p,)=((-24p, —my(72p, +

Hanpukman, 3HadeHHs eneprii £ =12577, npu + 12 (2(8+15my, )1+ (2+ 1y, )y, ) +
AKOMY HPH Pi3HHMX I0YaTKOBUX yMOBAaX Ta 3a YMOBH 5
isoeHepreTuHOCTi MokmMBa sk aerepminosama T 2Py = Py) )+ Limy(72p, (p, = p,)cosy 4)

noBefiHka Puc. 9 (mokasumk JIAmyHOBa JOpIBHIOE +9gL, my (14 (2+ 1y, ym,, ) cos 2y )/ 202,m,, «
0.06), Tax 1 HeiHTerpoBHa moBeniHka Puc. 10

(nokasuwuii JIanyHosa nopisHioe 0.7). «(Omy cos 2y —15m;, —8) = glyymyy (cos (1 +

+2m,, )+ cos(y +@))/ 2 = const

Po3BuHEMO raminbTOHIaH B PsIIl 32 CTEMCHIMH
siny . [lepumii 4neH psiay Mae BUIIIS:
) ,  6(2+21)

- Py~ vFo
44 3m,, L5, (4+43m,,)
L S0+G+30, +5)m,)
15,my, (44 3m,,) !

g(1+(2+1y))my, )sin® (p/2) = B, = const

0

)
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BiH, o0YeBHIHO, OIHKCYe HEIIHIHHY CHCTEMY
laminbToHa, B sIKifi y — IMKIIYHA KOOpJAWHATA, a
OTXe, Taka CUCTeMa € IHTErPOBHOIO (Ha JOAATOK JI0
iHTerpana f3, iCHye JHOIAaTKOBHMI iHTErpaa iMImylbCcy

p, =B, =const). llomitumo, wmwo po3KIax 3
TOYHICTIO A0 ApYroro nopsjaKy Ma€ BUTJIAL:
H=H,+H, +5(sim//2),z[e

(6)

1 L
H = Eglﬂm21 singsiny

Ockinbku (5) cenapabenbHa, MepedeMoO 0
3MIHHUX i — KyT [2]. 3MiHHI Ai1 BU3HAYAIOThCS 32
b opmyIom0:

Ji L $ pdk = const ,k =,y @)
2r
Vi
ae y, — He3aJleXHi IHBapiaHTHI KPHBI.
Ornyckaroun BUKIAIKH, Uit J , MaeMo:
;o JAg(4+3my )b - a) .
’ N3my by,
)
1 al | 2b
x E| —arccos| — |,.|—— |, e
2 b b-a
a= 3pu2/ +13my, (g +2gmy, + gmy, Ly —28), ©)

b=13my, (g +2gmy, + gmyly),
a E(k, @) — enintiunuii interpan apyroro pomy.

Oynkilis 00MeXeHOoI Iii Takoro KaHOHIYHOIO
MEPETBOPEHHS 3 ypaxyBaHHIM IUKIIYHOCTI | Mae

BUTJISI;

W(qoau/:ﬂy/:ﬂ]) :ﬂy,'//"'

6Ly,

Xy~ 24[3gmy (4-+ 3y, Y2 + 2, 3my) % (10)
e 205,my, (g +2gmy, + gmy,ly)

2’ 3/31; +2ﬂ11221m21

Takox OYEBHIHO, 1110 B JAHOMY BHIAAKY, J, v

(38, (3+20)

=B,

3MiHHI KyTH, 10 BU3HAYAIOTHCS SIK:

— aW(qD’W’Jy/ ’ﬁ] (J(p"]y/))

0,
o,
(11)
9 _ aW(qD’l//’Jy/ ’ﬁ] (Jgp"]y/ ))
: oJ,

3pYYHO MPEJCTABUTH 4epe3 BHUXINMHI iHTerpaimu (sKi
MaroTh (PI3MYHHUIA CEHC, IO CYTTEBO CIPOUIYIOThH
nojaibinui ananiz). OCKUIbKU
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|, 3,
op, oJ,’
(12)
ap, _ 6‘]40 6‘]40
aﬁyj aﬁyj aﬁ]
i oTxe:
_ow / oJ,
=
0 0
B,/ 9B, 13)
__aw aJ, /6J¢ N ow
© o op.op,) oB ap,
JIETKO OTPUMATH y Mo3HadYeHHsX (9):
:ZF 4 2b
e 3@; +23,05m,,
F iarccos (aj’ 3 2b 2 (14)
2 b ) 3B, +2Bl5my,
0, =w +p(1+3/21,))

ne F(@,k)— enintiuununii iHTerpa nepuioro pomiy.
Jlerko nepexonarucs, mwo O, (—¢) = —0,(¢), kpim
TOrO, IIPH 3MiHI @ Bix —¢@ . 10 @, , 0,
3MIHIOETBCA Bij -7/2 10 7/2.

OHy(J,,J oH ,(J,,J,
Ilpu npomMy o, = O(a;’ W),CO2= 0(&;) v/)’
® v
4y, 3 ypaxyBaHusam (11):
-1
(5%([7’1,[7’1,,)]
a)] = T
| (1s)

BB (8, (BB
o, op,

OcraTouHi BHpa3W, MPHUIATHI Uil PO3PaxyHKIB, y
Mo3HaveHHsAX (9) MalOTh BUTIISA:

\/ 6[3]12211712] _9‘]; /
o =7

41221’"21 (4+3my)
2b

1 b
E arcsec( ), 3 3
2 3/31,, +2p,15,m,,

— (16)
a
w, =3B, /122]m2]
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[Ipoanamizyiimo OTpUMaHUM YHCEIIbHUM

IUIAXOM B IONEPEIHBOMY PO3IUTI (PeHOMEH s
NBOX i3oeHeprernyHux pyxie (Puc. 9, Puc. 10):

1) E=12.577,

0, =n/9y,=117/180,9, =2.5,y, =
2) E=12.577,

0, =27/9y,=4r/45¢,=2,y,=0.96.

Jns mepmoro Bumaiaky 1) o, /a)2 =0.33601.

[Nokazuuk JlsmynoBa 0.06. Pyx merepmiHOBaHMIA.
Bignosigauii neperun I[lyankape mopanuii Ha Puc.
12.

1.2;

b

Hus  gpyroro  BHIAAKY w,/w2z0.38469,

noka3Huk JlsmyroBa nopiBao€e 0.7 1 pyX XaOTHYHUH,
SK BHTUTHBAE 13 neperuny [lyankape Puc. 13.

ng:{r

""1.\

e

=

PEryispHOro

3 3
e
s -l%‘
R ]
b, Fal e
. Ty d-i'lf n";':\
R el
Y

Puc. 13. [leperun Ilyankape xaoOTH4HOTO pyxy 2)

Jis aHamizy pyxiB, BIANOBIIHO JO TEOPEMHU
KAM [1], OIIHMMO pPE30HAHCHICTh BiJHOIICHHS
yacrtor. Takui aHami3 JIETKO MPOBECTH Ha OCHOBI
Puc. 14, Puc. 15, na sakux 300paxeHi Qirypu
Jliccaxy, 110 BiAMOBifar0Th 3MiHaM sin @ (Bicb X )

Ta sin @,¢ (Bics ) ).

4
Zﬁ’n e 5y
e Rl EX AN
AL e b
OO W i
L
ey
nw [\
S i
RO
WA O
WO O
R
A O
S ﬁ%un
; i n#@&
W O OO
¢ S B B
N
lﬁiﬂﬂnp R
R W

Puc. 14. @irypa Jliccaxy mst 1)

[ToBHe mOKpUTTS obMacTi TpaekTopisiMu Ha Puc.
14 cBiquMTH MPO ippaIlioHATBHICTH BIIHOMIEHHS

a)l/a)z .

Puc. 15. ®irypa Jliccaxy as 2)

I3 3amoBHEHOCTI TpPaeKTOpiIMH 00JacTi 3MiH
(BiICYTHOCTI 4M  TPUCYTHOCTI  TEPIOJMYHOCTI
KpHBOI) BHJIHO, IO y BUNAAKY 1) BiTHOIICHHS
4acToT IppallioHanbHe, IS 2) — paliOHaJIbHE.
Bigrak, BiamoBimHo g0 Teopemun KAM, s
MMOYaTKOBMX yYMOB 1) iCHye o001acTb 3MiH
raMiIbTOHIaHa, B SKId CHCTEMa 3aJMINAE€THCA
IHTETPOBHOIO, a TOp B pPEAyKOBaHOMY (ha3oBOMY
mpocTopi, Ha  AKOMY  JISKUTb  TPAEKTOPIs,
nedopmyeTbes, ae He pyHHYEThCA.

[Ipore mueli ¢eHoMeH Moxe OYyTH TaKOX
MOSICHEHWH 13 BUKOPHCTAaHHIM 1HINOI HeoOXigHOT
YMOBH JICTEPMIHOBAHOCTI PyXY.

Kanoniuni 30ypenns cenepadeabHOro
HA0JIMKEHHA.
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3acrocyeMO KaHOHIYHY Teopito 30ypeHb Jyis
BpaxyBaHHS HACTYITHOTO WieHa psiay (6):

H(6,J)=H,(J)+H,0,J), (17)
ne H, :1/2g12]m2] sint//(9],92)sin ?(91)
HACTYIHUI wieH po3kiany H 3a crenensamu sin y .

Hexa#t woBi 3minui mis — xkyr K,®. Tomi,
OYEBUIHO:

Ho())=Hy(K), (18)

&"(K)V W, + H,(0) = H,(K), (19)

e Wo =0-K, W]— HACTYNHHUI 4YJE€H pPO3KJaay

W 3a cTemensmu sin t//(é) VYcepenntoroun (19) 3a
7

MYJIBTHIIEPIOAMYHOCTI 3a @, a TaKoX BiACYTHOCTI

Ha [-7, 7], 3 ypaxyBaHHSIM

HocTiitHOi cknaoBoi B V ng , OTPMA€EMO:
H, (K) = 171 (K) (20)
[pu migpaxyHKy

L 1 n n . .

H(K)= ymes j do, j 1/2 gl m, siny (6,.6, )sin(8,)do,

Bpaxyemo, o 6, =y + @(1+3/21,,), a orxe:

. 1 Prmax d@ ”*9’(”3/2121)
H(K)=— Tld¢ jl/zglzlmZI siny singdy =0
4” ~Prmin ~n=(1+3/21)
TakuM uYMHOM, 3 TOYHICTIO 10 Sin° v

H (K)zHo(j), 1 raMizpTOHOBa CHCTeMa, SK 1
paHiiie, iIHTErpoBHa.

OnmHak HEOOXiJIHOIO YMOBOIO 3aCTOCYBaHHS
KaHOHIYHOT Teopii 30ypeHb y JaHOMY BapiaHTI €
yMOBa

cTemeHeBoro poskinany). Lls ymoBa He Oyze
BHUKOHYBATHCh y BHIIQJIKY TIPOTPECUBHOI 3MiHH /. Y

|sin v | <1 (Heobximna 301KHOCTI

OMY BHIIJKy PO3B’s130K Oyne XaoTHdaHuM. Jlerko
6auntu (Puc. 9, Puc. 10), mo y Bunaaky 1) sminu

MaloTh KOJHMBAJIbHUN XapakTep, a y BUMAAKY 2) —
nporpecuBHui. TakuM 4MHOM, y JAHOMY BHIAJKY,
BBe/lcHa HEoOXiJHA yMOBa IIATBEPIKEHA 1 MOXKE
BHKOPHCTOBYBATHUCh TIOPS 13 KIACHYHOK YMOBOIO
HEPE30HAHCHOCTI BiJIHOIIEHHS YaCTOT.
BucHoBkH

Y po0oTi mpoBeneHUi YHCebHO-aHATITHYHUI
aHaJli3 JICTCPMIHOBAHOI 1 XAOTUYHOI IOBEIIHKU
raMiJIbTOHOBOI JAMHAMIYHOI CHCTEMH, IO OIUCYE
CKIHYCHHI BIOXWJCHHsS IOABIMHOTO  (PI3UYHOTO
MasITHUKA.
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IInsxom  anamizy mneperuHiB  I[lyaHkape
MOKa3aHo, IO JCTEPMIHOBaHI PEKHMHU KOJIHBaHb
MOXIIUBI SIK y BUNAQJAKy MaJMX, TaK 1 BEIHKHX
aMILTITY]T KOJIUBaHb.

[ToOynoBaHa 3aJeXKHICTh MEPHIOTO MOKAa3HHUKA
JlamynoBa Bim moBHOi eHeprii. [lokazano, 110
xaoTu3amiss  ($a3zoBOro  MOTOKY  MPONOpIiiiHa
BEJIMYMHI TIOBHOI eHeprii. [liaMiuyeHa Benuka
BapiaTUBHICTH MMOKa3HUKA JlsmynoBa VIS
PI3HOMAHITHUX  TPAEKTOpii 3  ONHAKOBUMH
3HAYCHHSIMHM ITOBHOI €Hepril.

3anpornoHOBaHUK HOBHMH MiAXi[ IO aHaJi3y
Xa0TH3allli CHCTEMHM, OCHOBAaHUI Ha pO3BUHCHHI
raMiIbTOHIAaHA B CTEMEHEBHU PsAJl 32 TPUPOIHUM
HabopoM ¢yHkmii. Ha ocHOBi 1poro migxomy
3aCTOCOBaHWH  KIACHYHMHA  METOJ] KAHOHIYHHX
30ypenb. BuBenena HeoOXigHa ymoBa JIOKaIbHOI
IHTErPOBHOCTI IMHAMIYHOI CHCTEMH.

HaBeneHuii uncenbHUN MPUKIAM, IO LIFOCTPYE
KOPEKTHICTh ~ BBENIEHOI YMOBH  IHTETPOBHOCTI.
[InsxoM aHamizy pe30HAHCHOCTI KPYrOBHUX YacTOT
3MIHHUX «KyT» JUIi HYJbOBOTO HAOJNMXKEHHS 1
3actocyBaHHs Teopemu KAM y 1poMy BHIAIKY,
MPOLTFOCTPOBAHMI 30ir KJIACUYHOTO i
3alpONOHOBAHOTO MiAXOIIB 10 aHaNli3y XaoTu3aIlil
IOBEIHKHN TaHOI CUCTEMHU.

Ha ocHoBi 3acrocyBanHS MOAN(IKOBAHOTO
METOJy KaHOHIYHMX 30ypeHb IIOKa3aHO, IO
BpaxyBaHHSl TIEPIIOro HAONMXKEHHS HE 3MIHIOE
KPYrOBi YacTOTH 3MIHHHX «KyT» a TaKoX He
BILJIMBA€ Ha YMOBHU Xa0THU3allil CHCTEMH.
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B pobomi obipynmogano Gopmyny HAOIUINCEHO20 ONMUMATLHOSO KepYBawHs 6 Gopmi oOepHeno2o
363Ky (cunme3y) 6 3a0aui ONMUMANbHO20 KePYyB8aHHS pPO38 A3Kamu napadoniuHo20 pieHAHHSA 3i
WBUOKOOCYUTIOIOUUMY KOeiyieHmamy, wo 3a3HAIOMb IMAYIbCHO20 Kepo8anozo 30ypeHHs 8 (hikcosanuil
MOMEHM Yacy.

Kniouogi cnosa: onmumanvhe kepy8anHs,, HAOIUNCEHUL CUHME3, IMNYTbCHe 30V PenHtsl.

One of the most important problem optimal control theory of distributed parameter systems is to obtain
synthesis - optimal control in a feedback form. Wide class of both distributed and lumped control systems
without constraints was explored in the earliest works. In the case when operator have quickly-oscillating
coefficients is necessary to justify approximate formula for average synthesis, In this paper, optimal control
function which has been expressed in a feedback form is found for the parabolic equations with quickly-
oscillating coefficients and controlled impulsive perturbation at a fixed time. The exact formula for the
synthesis was found and its approximate form that lies in substitution of quickly-oscillating parameters with
averaged and infinite sum with finite was justified. We use Pontryagin's maximum principle, average theory.

Key Words: optimal control, approximate synthesis, impulsive perturbation.

Crartio nipencraBuB akagemik HAH Ykpainu [lepectiok M.O.

Beryn.
OnHi€ero 3 BaXJIMBUX 3aJ1a4 TEOPil ONTUMAILHOIO

KEepyBaHHs PO3MOAUICHUMH CUCTEMaMH € T00YI0Ba
CHHTE3y, TOOTO ONTHMAaJIBHOTO KepyBaHHS B (hopMmi
obepHenoro 3B’s3ky [1], [2]. [ns mmpokoro kiacy
3a1a4 SK 3 PO3NOAUTEHHM [2], TaK 1 3 30CepeIKEHUM
KepyBaHHSM [3] 0e3 0OMEKEHb BIAETHCS OJCpPIKATH
3aMKHEHy  (opMy  ONTHMAaJbHOTO  CHHTE3Y,
napaMeTpH sSIKO1 BUPaXKatoThCs uepe3 BiacH! QyHKIIiT
Ta qucia BIZIIOBITHOTO ¢ epeHITiaTbHOro
omepatopa. Y BHNAJIKy HAsSBHOCTI y IBOMY
oreparopi  IIBHIKOOCIHJUTIOIOUUX  KOE(]IlieHTIB

© O. B. Kanyctsn, O. A. KanyctsH,
A.B. Pycina, 2014

aKTyaJbHOIO € 3ajada OOTPYHTYBaHHS (QOPMYIH
HaOJIMKEHOro ycepenHeHoro cuutesy [4], [S5]. B
JMaHHIKM poOOTI 3 i€l TOYKKM 30py PO3IIIAHYTa
napaboliuHa 3aj7iada 3 po3MOJiICHIM KEepYBaHHSIM B
MpaBiii YacTWHI Ta 3 IMITYJBCHOIO KEPOBAHOIO JIIE0
[6]. Ha ocHOBi 3HaiijeHOi (OpMyIH TOYHOTO
CHHTE3y  3alpoloHOBaHO Ta  OOIPYHTOBAHO
MpoILEeAypy MOOYIOBH HAOIMKEHOTO yCEpeIHEHOro
CHUHTE3Y, sKa IOJIsrae B 3aMiHi B (pOPMyJIi TOYHOTO
PO3B’sI3KY BCIX MBHUAKOOCIMITIOIOYHX TapaMeTpiB Ha
YCEepEeIHEHI, a BCIX HECKIHUEHUX CYM Ha CKIHYEHI.

61



Bicnux Kuigcbko2o nayionanbHoeo yHigepcumemy
imeni Tapaca lllesuenxa
Cepis ghizuxo-mamemamuuni HayKu

IlocTanoBKa 3amayi.
Hexaii Q c R"
Majluii  mapamerp,

- obmexeHa obnacts, € € (0,1) -

0=0,7T)xQ, 06¢<(0,7)
¢dikcoBaHWII MOMEHT IMITYJIbCHOTO  30ypeHHS,
a#-1,beR, c>0, d>0-dpikcoBani. KepoBanuii

Mporec {y,u, w} OMUCYEThCS 3a1a4CH0

%=A8y+u(t,x),(t,x)eQ
¥ e=0, (1)
y‘tzozy(‘;::

(0@ +0,x)—y(0, x)=ay(0,x)+ bw(x) - ausg M.B.

xeQ, 2)
J(y,u,w) :Iyz(T,x)dx+cIu2(t,x)dtdx+
¢ ° 3)
+d[w? (x)dx — inf,
Q

ne A° =div(a®V), a®(x) =a(£j, a - BUMIpHa,
&

nepioAnyHa MAaTpPUIIS,
pIBHOMIpHOT  eNINTHYHOCTI

v, >0,v, >0VneR"

Zn <Za (xX)nn, —VZZU

i,j=1

[0 3aJ0BOJBHIE YMOBH
Ta  OOMEXEHOCTI:

“4)

Hexait { l.}, { f} - PO3B’SI3KM  CHEKTpPaJbHOI

3aadi
A°X, =-X X/,
{ ng 0= 0, ©
{ ; }c H, (Q) - OpTOHOpMOBaHM Ga3uc B L, (Q),
0<Af A5 <, A >0, [ —> 0.
B poboti moBomuthes, 1m0 3amada (1)-(3) mae
emuHuil  po3s’szok  {y“,u’,w°} B  Kiaci
w,(0,T)x L*(Q)x L*(Q), ie  W,(0,T)- mue xmac

GyHKITIH yeLz(O,T;H(])(Q)), Takux Mo ix
3BYXKEHHS Ha (0,49) Ta (49, T ) MalOTh y3araJibHeHi
NoXimHi Mo ¢ 3 Kiacis LZ(O,Q;H"] (Q)) Ta
L2(9,T;H"(Q)) BIMIOBiMHO. 30Kpema, KOXHA
dynkiis 3 wmacy W,(0,7) e HemepepsHO0O Ha
(O,T )\{9} B HOpMi TIPOCTOPY LZ(Q) i Oymemo
BB@)XAaTH, 110 B TOYLl /=0 BOHAa € HEICPEPBHOIO
37iBa.

3a
[MouTpsrina

JOTIOMOT'OK0  TIPUHITUITY
[6] BCTaHOBIIOETHCS

MaKCUMyMY
HpOrpaMHUI
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Buriag  u®,w®, 1Mo mpu BiACYTHOCTI OOMEXEHb Ha
KEepyBaHHsI JO3BOJISIE BU3HAYUTH (OPMYITY CHHTE3Y

oy ()= 30 B O 0.2 ) @), ©)

Wyt (0.001= 37 0 0. X7 Jx i o, (1)

e {ﬁf (t)}, {yf} - BiJOMI MapaMeTpH, IO 3aJIeKaTh
Bin {ﬂ,f .

OCHOBHOIO METOIO POOOTH € OOTPYHTYBaHHS TOTO
(dakry, 1o hopmysu

Zﬁ

=3 (350, X)X (), (©)

i=l1
Je BCl TIapaMeTpd 3aMiHeHI Ha ycepelHeHi,
peanizytoTh HaOmmxeHuil cuHTe3 B 3amaui (1)-(3),
T00TO V17 >0

ul [t,x, v (1.%)] ()i (0, X0 )X (), (8)

wi[x, yN 9 x

O W) =T lys Lowi s D <n
JUIL JOCTAaTHBO BeMUKUX N >1 1 JOCTaTHHO MaIUX
Yy (1-(2) 3

KEpYBAHHSAM Uy, Wy .

>0,

ne - PpO3B’SI30K 3ajadi

OcHOBHI pe3yJbTaTH.
lykaemo po3B’si3ok (1)-(3) y Burmsimi

f@ﬂ=§ﬁ@ﬁﬁ%fhﬂ=gﬁ®X
w%%iﬁﬁ@

Toni maemMo 37id4eHy CHCTEMY OJHOMIPHHX
IMITYJIbCHHX 3a/1a4 ONTUMAIILHOTO KEPYBAHHS:

d
— v (O)==A7y +uf @),

dt
yi(0)=y”,

yE(0+0)= i (0)=ay (0)+bw;,

(5 (00F + e @) di + alo F >

0

(x),

(10)

ne  y o= (yf , X f). BukopuctoBytoun MpUHIAT

Makcumymy [loHTpsiTiHa [6], onepxKyeMo, 1110 3a1a49a
(10) mMae emuHuil pO3B’s30K, MporpamHa (opma
SIKOT'0 BU3HAYAETHCS (DOpMyJIaMu

(a+Ddy™ e “TKE ()

e T
cd +cbe 0 4 J.(Kf (t))2 dt

0

Vte[0,T]u

9

(11
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bce_if (T-0) Buxonsuu 3 popmynu (15) omepkyemo, 110 s
Vte[0,T] wi =—d—g()uf(t), (12) Bcix t€[0,7], TaBcix i>1 mpu € —> 0
K; (¢t
bc
0 0 0
AT JEr Bi(e)— Be), vF >yl = p 1 B(6). (20)
K ()= (a+l)e " e ,t€[0,0], (a+1)
l e"lfTelf” ‘e (Q,T]. e ﬁl.o(t) 3amaeTses Gopmyioro (15) 3 3aminoro A]
[To3nauumo Ha A .
—JET Tenep po3risiHEMO 3a1a4y
ot (1) = (a+Dde " K} (t) o
! 228 (T- L 2 ‘ _=A8y+u0 [t,x,y],(t,x)EQ
cd +cbe 0 4 J.(Kf (t)) dt ot N
0 Hea=0, 21
Toni mincrasmsroun  (11), (12) B (10) i y‘ o= YE,

BIJIydaroun y,°, oflepiyeMo KepyBaHHs B (opmi
00epHEHOT0 3B’SI3KY

ufltyi (0= A (el ). (13)
W)= T BON0). a9
BE(t)= e’lftaf (t{l + Jt.elfsaf (s)dsJ , t€[0,6],
0
& 6 &
BE(t)= e/litaf (I{a +1+(a+ I)J-elisaf (s5)ds +
: (15)

. b*caf(0)
(a+1)d

3ayBakuMo, 10 3 OCTaHHBOI GopMynH QyHKIIT

t
280 285
e’ +Jel af
0

1

(S)dSJ , te(0,T].

B piBHOMIpHO OOMEXKEHi B CyKyIHOCTI Ha [0, T ]:

38> 0Vi>1Ye e(0,1) sup \ﬂf(t)( <B. (16)
t€[0,T]

Takum yumHOM, cuHTe3 B 3amadi  (1)-(3)
BU3HauaeThes GQopmynamu  (6), (7), nme fSf
BHU3HAYaeThes 3 (15),

bc
S = “0).
7, d(“l)ﬁl()
[lepexomumMo 10 TOOYAOBM  HAOIMKEHOTO

yCcepeaHeHoro cuHTe3y. Hexali moctiiiHa MaTpuils

0
@ ¢ ycepemHEHOI IS a(ﬁ} A° =div(a"V),
£

{X 1.0 }, {l?} - PO3B’SI3KM BIJMOBITHOI CIIEKTPaIbHOT
3aaui, npuaomy crektp A° e mpoctum, T06TO
0<A) <)< <) <oy A > 00, i 00, (17)
Tomi mist MOBUTBHUX { > 1cHpaBemIMBI IpaHUYHI
piBHOCTI [7]
2>, XF - X B L,(Q) npu & — 0. (18)
bynemo BBaxkatu, 1o
yé =y, cnabo s L,(Q) npu £ »0. (19)
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(@ +0,x)—y(0, x)=ay(0,x) + bw,(f, [x,y(@)] IS

M.B. X€Q), (22)
ne s y e L (Q), zel’ (Q)
0 &0 ( o)Xo
uN[t:x:y]_Zﬂi (t)y(t)ﬂXz i(x):
i=1
Wl?] [x: Z] = i 7/10 (Z’ XIO )Xio (x):
i=1
Ockinbku B cuiy (16)
YVt e [0, T] Hu,?,[t,x,y]‘s ﬂ"y , (23)

To 3ama4ya (21) mMae enuHHMHA pO3B’S30K B KIiaci
w(0,0) [8]. Ocximxn W(0,6)e C([0,6}27(Q)) i
crpaBeIIiBa HEPIBHICTh

bc

Hw,?, [x, Z]H < mﬁ”z (24)

9

TO immynbcHa 3amada (21), (22) mae emnuHMHA
pose’szok y = y% (¢, x) Bxmaci W,(0,T).
OCHOBHHM Pe3yJbTaTOM POOOTH € TeopeMa
Teopema. Jlns jmosinbHOro 1>0 icHye N >1,
ge(0,))takimo VN> N, Ve e(0,8)
‘J(yg,ug,wg)— J(y,f,,u,?,[t,x,yf\,(t,x)],w,?, [x,y,f,(@,x)]} <1,
(25)
ne {y®,u®,w®} - onTUMamBHMII TIpoIleC B 3aadi
(1)-(3), yy - po3B’si30k 3amaui (21), (22).
Jlosedenns. Po3riisiHeMO JIOTTOMIXKHY 33129y

= =A%z +u’[t,x,2],(t,x)€Q
t

(26)

z| =0,

— &
Zl,20= Vo>

2(0 +0,x) — z(0, x) = az(0, x) + bw’[x, z(0)], 27)
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ImnysbcHa 3amaua (26), (27) B kaaci W,(0,7)

Ma€ €IMHUN PO3B’s30K z° (f,X), IPUUOMY JUIS M.B.
te (0, T )\ {0} crpaBemHBa OIliHKA

Cle O +2u e ), <260 @9

1 3 HepiBHOCTI ['poHyOsIa 0JePIKYEMO:
viel0,0] | (] <

z° (I)H;) dt < 21

Vi

2

2
et

9

(29)

Vo

v 2poe> +1). (30)

k)
W(O,@)C C ([0,49];L2 (Q)) 1 JIeMa PO KOMITaKTHICTh
[8] rapanTye, mo icHye QYHKIIA z € W(O,@) Taka,
1110 10 MiAIOCIiJOBHOCTI
z® >zB LZ((O,Q)X Q) 1M.C. B (0,49)><Q,
2°(1) > z(1) B L*(Q) m.c. i cmabo V' €[0,6],
* -z cmabo s L2(0,0:H1(Q)).  (31)
Jlerko nepeBipuTH, O
u't,x,z¢ 1> u’[t,x,2] B L*((0,0)x Q). (32)

|

Tomi  HOCIIXOBHICTH oOMexeHa B

G
Toni B cuny A° — A° 3 [9] oxepxyemo, 1o z -

po3B’si30k  3amaui (26) 3 omepatopom A’ Ta

II0YaTKOBUMHM JIAHUMH y' , IpHUOMY TIpH & —> 0
2 o z8 C([5,01:12(Q) v6>0. (33)

OcKinbku Ui 6yab-aKHX z,,z, € L*(Q)

bc
dain’ |1 =

w'[x,z°¢ (9)] —w'[x, 2(9)] B L (Q)
Tomi B L* (Q)
2% (0 +0) = 2(0) + az(0) + bw° [x,2(0)] (36)
Posrnsnaroun 3amauy (26) Ha iHTEpBaIi (9, T ) 3
(0 +0)=2°(0) + az* (0) + bw"[x, 2° (0)].
1 BUKOpHUCTOBYIOUH (28) Ha (9, T ), OJIEPIKYEMO
Vte(0,T] |z¢ (t)H2 <|lz° (6 +O)H2e2ﬁ(r’9) , 37)

“wo[x, z]- w[x, z, ]” < , (34)

(35)

240 +0)] (25T -0)e> T +1).

!

zg(tj‘;) dtszi]

(38)
BpaxoByrouun OLIIHKY (29) OZIEP)KYEMO
octatouHo V¢ €[0,7]
c
‘)<l a+1+ cllefT . (39
2 () [ d(aﬂ)ﬂJyo (39)
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&
| g
3BiAcM  MaeMo, 10  IOCIiJOBHICTH {
oOMexeHa B W(@,T ) Tomi aHaMOriYHO MOMEPEaHIM

MIpKYBaHHSM I10 MiOCIIAOBHOCTI z° 36iraeThes 10

NesKoi QyHKIT zeW(@, T)Ha (49, T) B ceHci (31),

MPHYOMY Z- PO3B’s30K 3aaaui (26) Ha (49, T ) npu

&=0, npuuomy mpu ¢ -0 B cuny (36)z° —>zB

c[6,11;2(Q)).

Orxe, zelW, (0, T ) - po3B’s30K 3ama4i (26), (27)

npu ¢ = (0, MaroTh Miciie 301KHOCTI
z° >zB LZ(Q) imc.B Q,
z° =z cnabo B Lz(O,T;H(')(Q)),

V6>0 z° >zsB

c((s,0 @)~ c(o+5.7} 12 (@)

1 ocKiTbKH 3a/1a4a (26), (27) Mae enuHUN pO3B’S30K,

TO 30DKHICTh B (40) ime mo Bcidt nmocmimoBHocTi. Toai
maemo, mo V7 >0 g, €(0,1) Taxe, mo Ve €(0,¢,)

‘J(zg,uo[t,x,zglwo [x,zg (9)])— J(z,uo[t,x,z],wo[x,z(e)u < % .

(40)

(41)
Tenep MOKaXEMO, 10 Vn>03N, =1
3¢, €(0,1) raki, mo VN >N, Ve e(0,s,)
Tyl I e @)-
(42)
—J(zg,uo[t,x,zg],wo[x,zg(é')u < g

Ockinbku yj (aHAMOTiYHO 10 z°) 3a/I0BONBHSE

(39, uy [t, X, y,f,] sajoBonmbHsEe  (23),  wy
3a710BONIBHSIE (24), TO icHye KoHcTaHTa C; >0:
‘J(y;’u/?/[t’x’ylé;/(t’x) W/?/ x’y;(e)])_
—J(zg,uo[t,x,zg(t,x) w'|x, z¢ (G)D <
L(43)

<q y;(r)_zs(rxﬂug[t,y;]_uo[t,zs]z

Atlsstol- vz e))

Jns pisHHLI Wy =y, — z° MaeMo 3a1ady

a & N
U e+ 3 A O ) )
i=l
ng\/|5Q=0’
Wigv|t:o= 0,

(44)
wy (0 +0,x) —wy (0, x)=awy, (0,x)+

+ blZ]:: 7; (szf (0).x7 )Xio (x)+ 7 (x),

(45)
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© 3amumuiiock mokazate, mo V7 >0  icHye
0 0 0 ?
Siltx)== 2B, (t)(zs Xi )Xi (x). (0,1) Take, mo Ve e(0,&;)
i=N+1 > > I €3
s( )_ S 0( 8(9) XO)XO( ) ‘J(yg,ug,wg)—J(Z,uo[t,x,z],wo[x,z(é?)]]<Qa (52)
Ey\X)=— z Vi\e , A JA X)) 3
i=N+1

3 piBHocTi [TapceBans, ogep:xumMo

£ <8 SEE0x0) <
Y i=N+1 , ) (46)
<23 ;](z(t),xio) 2% ()~ =) .
ey S (o)X ) +
b i=N+1 (47)
C 2 & —z 2
+2mﬂ 2(0)-=(0) .

Ie z - po3B’sA30K 3amadi (26), (27) nmpu £ =0.
3 (44) MaeMo OLIIHKH JIJISI M.B. ¢ € (0 T )\ {9} :

1d
sl ol +VIHWN .y 1\ +( i
d

<

0)

- (48)

t

<257 +1)wi(
Tomui 3 nemu I'ponyona

w,a(rx\%e(”z”)ai
0

vt e|0,0]

wy (tj‘z <|w

(2ﬁ2+1jr

(t)H2 dt> (49)

vieO.1) @ off L7

+
(50)

+e (t)H2 dt,

Takum unHOM, 3 (45)-(50) BUBOIUMO iCHYBaHHS
Takoi koHcTaHTu, C, > 01110 14 BCIX € [0, T]

() < C{J _ﬁ(z(r),x,-" y

z°(t) - z(z)szz +

D

3i 30ikHOCTEN (40) MaeMo, 10 APYruil i Tperiit
nojgaHok B (51) He 3anexaTh Big N 1 NpAMYIOTh 10
Hyns ipu € — 0.

Jlns Beix ¢ €[0,T] B cuny mepisrocti Beccens

25(0)-=(0) + 3 (0. x°)

i=N+1

S (201, x°F 0.8 5w
=N+l
B cuy ominku (39), 3actocoBaHoi 10 (QyHKILT
2(t),

0

Slew. 0V« (am_ﬁj o .

OTxe, 3a Teopemoro JleOera nepiuumii qonaHok B (51)
npsamye 10 0 npu N — oo . 3Biacu oaepkyeMo (42).
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Ie z - po3B’sA30K 3amaui (26), (27) mpu ¢ =0.
mo y°©
anpiopHi OMiHKH, MO 1 z° .
Tokasemo, 1o nipu & — 0 B L’ ((0, 9)>< Q)
u(t,x)=u’ [t,x,yg (t,x)]—) u®[t,x, y(t,x)]. (53)
B cuny (18), (20) ams m.B. (t,x)e (0,9)>< Q, mns
BCix i >1 mpu & — 0
BNy (0. 2 s (x) - Y (e)vle) X2 P (x).(54)

Toxi 3 ominku (39), 3acTOCOBAHOI 110 yg(t), 3a

3ayBakuMo, 3aJIOBOJIBHSIE Ti cami

0
i

Teopemoro JleGera ams Beix M >1 8 L*((0,0)x Q)

IIGURORG RS G AR INED

I[lpy ©bOMy aHaNOriYHO O  MOIEpeHiX

MipKyBaHb 3 Teopemu Jlebera B L ((0, 49) X Q)

> B

i=M+1
Tomi, CKOPHCTABIINCH ONTUMAITBHICTIO,

uy (tx SM

VX)X 0 mpu M —> 0. (56)

Og —ﬂ.T

i

vt €[0,6]

-(57)

G
Ockinbku  yS — y, cnabo B L*(Q), 4°—4°,

10 3 [9] onepiyemo B L*(Q)
0

S Og -2T € S 0 _—4
Zyl. e X, (x)—)Zyie
i=1 i=l1

0 Y 2 o0 0 2
(yl-oge liTj —)Z(yioe /liTj ,& —>0.(59)
i=1

2
=(y6’aXf)—>y? =(yOaXl-°) JuTst

"X%(x). (58)

i=l
B cuny (18) y/*
BCIX [ >1, oTke

)€ -0
Vizl y%e it 5 y% i £ 0. (60)
Toxi ockimbku V7 €[0,0]
2
(y? ) :

" _la+1)
Zﬁ )(y < 2
(61)

i=M+1
TO OCTaHHS HEPIBHICTH pa3oM 3 (55) o3Hauae

& -AT

Xg) d e

G
BukoHanHs (53). Tomi B cuny A4°—A° 3 [9]
OJICPKYEMO, IO Y =z - PO3B’SI30K 3amadi (26) Ha
(0,49) npu ¢ =0, 36ibkHiCTE y® 10 z Ha (0,49) B
cerci (31) ixe mo BCiit MOCIiIOBHOCTI 1
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Y >zB C([S,@];Lz (Q)) v8>0. (62) Toni 3 (61) mpu t=6 onepxyeMo 30DKHICTH

3 (62) 30kpema ofepKyeMo, 110 (64). '
e (9) N z(@) B [2 (Q) (63) Hami, posrmsmaroun 3amady (26) Ha (9, T) 3
TTokaxkeMo, 110 ' CHUJIBHO 30DKHUMH MMOYaTKOBHUMU JTAHUMU
’ (@a+1)y*(0)+bw®(x), moxemo  3acTocyath

we (x)=w* [x,ys (9)]—) w'[x,z(0)] B L*(Q). (64)

) 5 MoTIepeIHI MIpKyBaHHS 1 Ofep)KaTd, MO JUIsl BCIX
BpaxoByrouu (63), ans Bcix M >1 maemo B L (Q)

gﬂf O)v* (o) x¢ Jx? — gﬁf’ (0)=(0) X7 Jx! .

(65)
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Posensoaiomvcs napamempuuni nepioouyni ma KeazinepioOuyni KOAUSAHHS KOHCOAbHO 3AKDINIEHO20
cmpudicHs Manoi scopcmrocmi Ha 3eut. Tlooyoysanni enacui Moou ma 3HAUOEHHI eKCNePUMEHMATbHO GACH]T
YACMOmMU KOHCONIbHO 3AKPINIEeHO020 CHMPUIICHA MANOI HCOPCMKOCMI HA 32UH C8I04amb NpO HAAGHICHb
BHYMPIUHBO20 PE3OHAHCY MIdC OpY20I0 MA MPembolo GIACHUMU YACMOMAMU, d came: Opyea 4acmoma
Maiidce 6 mpuui mMewa 3a mpemio. 3anponoHo8aHa Mooelb Po3esA0aAEMOi OUHAMIYHOI cucmemu, 8 AKIU yetl
BHYMPIWHIL PE30HANC PeanizyemubCsa NpU napamempuiHux KOIUSAHHAX, KOAU Pe30OHAHCHUU NPOSUH CIMPUIICHS
anpoKCUMYEMBCS 080MA BNACHUMYU OOMIHYIOUUMU (OpY20l0 Ma Mpemboio) pe3oHancHumu mooamu. Ilicis
0CEPEOHEHHSI MO0 NO UBUOKOMY YACY OMPUMAHA OUHAMIYHA CUCMEMA Yemeepmo2o nopsoxy. Ilobyodosani
Gazosi nopmpemu OUHAMIYHOT cUCTHEMU ThA CREeKMPU NOMYAICHOCME RAPAMEMPUYHUX Koaueans. Ilokaszano,
Wo cucmema Mae milbKu pe2yisapHi CMmaii pelcumu.

Kniouogi cnosa: napamempuuni Koaueanus, KOHCOAbHE 3aKPINAEHHS, GIACHT MOOU.

Parametric periodic and quasi-periodic oscillations of a cantilevered bar with low bending stiffness are
considered. Constructed eigenmodes and experimentally found eigenfrequencies for the cantilevered bar
with low bending stiffness reveal existence of the internal resonance between the second and the third
eigenfrequencis. the third is in three times bigger than the second. A model of oscillations of a considered
dynamical system under such the internal resonance of parametric oscillations approximated by two
dominant (second and third) eigenmodes is proposed. After averaging of this model by fast time the
dynamical system of the fourth order is constructed. The phase portraits of the dynamical system and the
power spectra of parametric oscillations are built. It is shown that such system has only regular regimes.
Keywords: parametric oscillations, cantilever bar, eigenmodes.

CrarTio nipeactaBuB A.¢.-M.H., mpodecop XKyk A.0.

CTPIDKHSI MaJioi JKOPCTKOCTI Ha 3rHH. B cydacHiii
HAYKOBIH JIiTepaTypi TaKy MEXaHIYHY CUCTEMY YacTO
HaszuBatoTh “Indian rope trick”[1]: xomm y cnokoi
CTpMXKEHb (UYMW KaHAT) 3TUHAEThCA (JIEKUTh Y
TOPU3OHTANBHIA  TUIONMHI)  JOHH3Y, a IIpH

OCTaHHIM YacOM MO)KHA BIJAMITUTH MiABHILCHY
yBara  0aratboxX  JOCHIIJHHKIB 1O BHBUCHHS
PI3HOMAHITHUX KOJMBaHb CKIAJHUX JAWHAMIYHUX
CHCTEM 3 PO3IOJIUIEHUMH MapameTpamu. HeminiiiHa
B3aEMOJIS PI3HUX MOI MOXKE MPU3BOAMTU JI0

HE3BUYAHHUX KOJMBaHb, TPUPONY SKUX CKIAJIHO
BU3HAYHTH 3 EKCIIEPUMEHTAIbHHUX AOCTiKeHb. J[o
TaKWX 3a]la4 BITHOCATBCS MapaMeTpUyHi KOJTHBAHHS
Yy BEPTUKAIBHIH TUIOMINHI KOHCOJIBHO 3aKpIIIEHOrO

©T.C.Kpacnononsceka, J1.B.IIpuxoasko,
O.A. I'ypxiii, 2014

MPHUKIAaHH] MalliX BEPTUKAIBHUX BiOpalliii TOYKH
3aKpITUICHHS, MMJIHMAa€eTbCs BEPTHKAIBHO JIOTOPH.
To0T0, eKCrIepUMEHTaJIbHI AOCIIPKEHHS ITOKa3yI0Th,
IO THYYKUH CTPIKEHb 3 MAaJIOI0 JKOPCTKICTIO Ha
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3THH - MOXKHA cTabimi3yBaTH  3a ZIOTIOMOT 00 o*w o ow
TapMOHIYHUX KOJMBaHb OINOPH B BEPTUKAIBHIN B—+ {(1 —&cost )} - (1 —-X ) —-— |t
TOLIAH ox ox Ox
LU HI. 3)
. . . )

Heminiiine PIBHAHHA UId MaJnux l:IpOI‘I/IHlB aZW a4w 62W 63W 82W
n(x,t)  THYYKOro  KOHCONBHO  3aKpilICHOrO +— -1, T 12 3 —=0
CTPMKHS Ma€ HACTYHUNA BUIJISI MPH KOJMBAHHSX ot ax” Ox ax ox
3aKpITICHOT0 KiHIIS CTPHKHS, [3]:

t t
o' 0 o 0 - -z in—
21,2 g 2| (1) +(1-9 2| Coosar | |2 |- w=¢,6,(x)| 4,(7)cos > + B, (7)sin S|t
P a o\ g ax
@ 3t 3t @
s, |0 6377 6277 &n +&y; (x)| 4, (7)cos =+ B, (r)sin—|.
A +2 +pF—1 =0, 2 2
atad \ad) |lad T o

ne EJ, - XOpCTKiCTb Ha 3TMH, p - TyCTHHa, F -
IUIOIa TOMEPEYHOTro TMepepidy CTPIKHS, d
aMILTITYy/Ia KOJIIMBaHb 3aKPIIJICHOT'O KiHIS CTPHIKHS,
@ - KpyroBa dYacToTa KOJWBaHb, / — JIOBXHHA

CTPUXKHSA, O3 F 3T 5 - MIOCTIHUH KOe]illieHT.

Hamri excriepumenty [2] mokazanw, 1o BiOparii
CTPIIKHSI MO)KHA alpOKCHMYBATH JIBOMa BIIACHUMH
MOJIaMU KOJIMBaHb, SKi BIIIOBINAlOTh APYrid Ta
TpeTiil BJIaCHUM MO/IaM, KOJIIM Jpyra BiacHa 4acToTa
OnM3pKa 70 TMOJNIOBMHHM () 1 BTPU pa3d MEHIIA 3a
TPETIO BJAacHy 4acTtoTry. Y 1bOMY BHIAJKY
peami3zyeTbcss BHYTPINIHINA pe3oHaHc Mix (opMamu
KOJIMBaHb 1 TMapaMeTphyHi KOJIMBAHHA CTPWKHS
MOXHA anpOKCHMYBaTH IIMMH JIBOMa BJIACHUMH
MOJIaMH, Y KOTPUX BJIACHI 4acTOTH OJM3bKi 10 @ / 2
Ta 3w/2, BignoBigHo. B 1boMy BHIamKy
CIIpaBeIUIMBO 3aMMCaTH POTHH Y BUTIISIL

¢ .t
n=¢ [Az (1) cos% + B, (7)sin %} 0, (x)+
3wt 3wt @)
&| A; cos——+ By sin— |@;(x)
2 2
ne & — Manui mapamerp, @,(x) i ¢;(x) - apyra i

TpETs BJIaCHI MOJIH, BiJIIOBITHO.
B mopaneiomy 3amady MO)KHa IPOHOPMYBAaTH

HAa XapakTepHi (i3WYHI TMapaMeTpud KOJIWBaHb
CHCTEMH
n . . X . Ao’
w=—;  =tw, X =—, & = ;
[ [ g
*:ﬂ. *_E *_3a3E3J2
pFgl*’ g pFgl’

Toni piBasiaEs (1) Ta (2) MOXKYTh OyTH TIpeICTaBIICH]
y HACTYIHOMY 0€3p03MipHOMY BHIIISAII (3IpOYKH B
PIBHSHHSX OITYIIEH1)
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[MincranoBka (4) B piBHAHHSA (3) Ta HacTymHe
t'=to
JI03BOJISIE 3allUCATH PIBHSIHHS KOJWBaHb y BT

3BHYAMHUX JUQEPEHIIAIbHUX PIBHSIHb BiJJHOCHO
aMILTITY/l KOTMBAaHb JPYTOi Ta TPEThOT MOJI:

“ __

dr

YCEpPEIHEHHs [0 I[IBHJIKOMY  4acy

52 71 72
A, + —B,-~=B;-&(w)B, -
2w 2 Py Bamelob,
3 2, p2\, % ( ;2 2

#24B,45) + LBy (4 + )]

5,

_§_2B2 +L
dr

20 >

+21,7, EasAz (4 +83)

{%Az +%A3 +E(w) Ay +

+%(A22 A, -BA4, +2AQBQB3)+%A2(A§ +B)]
a4y &

2 44— {53 -
= w{ B, & (0)B,
2 Oy ) 3

+% (Az2 +B§) £ 3%

B, _ &
dr 20

25 (4 +B) |

2By {73/1 +&(w) A4+
w | 6

+§I3;/0 {% 44338, )+

+ #0042+ B2)+ 24 (£+B))

3 BIMOBIIHUMU TIOYATKOBUMHU YMOBaMH.
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B  nmomamemomy  3amada  po3B’si3yBaliach
yuCeIbHUM  MeTonoM  PyHre-Kyrra-®enbndepra
YETBEPTOr0 TMOPSIIKY 3 aBTOMAaTHYHUM BHOOpPOM
KpOKy iHTerpyBaHHs. CHEKTp MOTY)KHOCTI KOJIMBaHb

0o0paxoByBaBcs ~ 3a  JIOIOMOTOK  IPOIEIypH
MIBUIKOTO TiepeTBopeHHs Dyp’e.

[pu MPOBEICHH1 00paxyHKiB
BHKOPHCTOBYBAJIUCh  HACTYNHI mapamerpu  [4]:
p=1.7-10"kg/cn’; g =980cm/sec*; a=09cm;
B =0.055; [=26.7cm; r=15cm;

G=0.1398-10°kg / (cm-sec’); g, =0.0547-10°;
4, =18031; 4, =184.32; E=142:10°g/(cm-sec’).

Janni mapamerpu 00paxoBaHi EKCIEPHUMEHTAILHO
JUIE  TIPOBOJIOKM  sIka  BUKOPHCTOBYBallaCh B
eKcriepuMeHTi [2], Hagami OyneMo Ha3WBaTH IO
IIPOBOJIOKY «MOJEIBHUN CTPHKEHB).

TyT npuiHATI Taki O3HAYECHHS:

7/0 zg 104 * — iEgz
17 73 27 g3
* _ . -5
I3=SBO£3E2'10 5, §2=&=0.1756C715
pFl
g g |gh 3¢ g |gh
w)=—"-———|=—=, )=—-——_|—.
é:()2/1/1601 é:3()2/1 Ao\ 1
_—-___'_—'_‘_'_'___-_
0oE
! R A s
AL R

o2

E a
-0.02 [

o B Wl e
SRS

-0.08

Puc. 1. ®a3zoBa TpaekTopist KBa3inepiognIHUX
KOJTUBaHb «MOJICIIEHOT'O CTPYIKHSI

Ha puc.. 1 npencraeiieHa (a3oBa TpaekTopis
MOICIBHOI'O CTPUXXHA IIPH HACTYIIHUX ITOYAaTKOBHUX

4,(0)=0,06, B,(0)=0,06,
B,(0)=0,03 Ta

YMOBax
4, (O) =0,03,
o =2rf =T0rad /sec.
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70 JI| HJJ 1y i ..'i..| el
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Lewvel, dB

sn -

Puc. 2. CriekTpH MOTY>KHOCTI MPOEKIIii Ha
0e3p03MIpHI YaCTOTH TSl KMOJICIIBHOTO CTPHIKHSD)

Bugno, mo pauHamiuHa cHUcTeMa BUKOHYE
KBa3ilepioJM4YHi KOJNHMBAaHHA 3 0E3pO3MipHUMH
YacTOTaMH, IOKa3aHMMH Ha CIEKTpl MOTYKHOCTI
puc. 2. [Iporec KonMBaHb PO3BUBAETHCSA HAa YaCTOTAX

3 SBHMM I[EPEBAKAHHAM  JpPYyroi  4acTOTHOI
KOMITOHEHTH HaJ THITUMH YaCTOTHUMU
KOMITOHEHTaMH.

Puc. 3. ®a3zoBa TpaekTopist epioguIHNX
KOJIUBaHb CTAJIEBOT'O CTPHIKHS
20 -

30 - l

. “] IILN\ : |

-70
0 10
Puc. 4. CriekTpH MOTY>KHOCTI MPOEKIIiT Ha
0e3p03MipHI YaCTOTH ISl CTAJICBOTO CTPHIKHS

I
=1

Level dB
in
o]
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30UIbIICHHST 3TMHHOI  YKOPCTKOCTI  CTPWIKHS ~ HEBIOPSIKOBAHHX, XAOTHYHUX KOJIMBaHb JIBOXOJI0BA

CyTTE€BO cmpollye (a30BUil TOPTPET KOJIUBAaHb
cucremu. Ha puc. 3 mokazaHa ¢a3oBa TpaeKkTopis

ans  cranesoro crpukns (p=7.8%10"kg/cm’;
G=046-10kg /(cm-sec’ ) ; E=124-10kg / (cm-sec?

g, =0.18-10°;) npwu iforo ananoriumiii reomerpii.
CrieKTpH MOTYXHOCTI TpoeKIii Ha 0e3po3MipHi
YacTOTH IOKa3aHui Ha puc. 4. BuaHo, mo B IIiif
KOJMBAIBHIN CHCTEMi JOMIHYIOTH MPH IOTYKHOCTI
>—-60dB TITbKU JBi 9aCTOTHI CKJIQJOBi, IPUUIOMY
Jpyra KOMIIOHEHTa B TIPOEKIii Ha O0e3po3MipHYy
YacTOTy JOMIHY€E MEPIIOI0 KOMIIOHEHTOIO.
JlocmimKkeHHs npu IHIIUX IMOYaTKOBUX
napaMerpax B JIOCTaTHbO HIMPOKUX Jiarma3oHax
MOKAa3yIOTh, e JIBOXMOJIOBA MOJIEITh
napaMeTpUYHUX KOJIMBAaHb KOHCONBHO 3aKPIMJICHOTO
CTPYIKHST MaJIOT )KOPCTKOCTI Ha 3THH MPOSIBIISIE JIHIIE
MepioANYHI Ta KBA3INepioANYHI KOTHBaHHS.
Busnauenns HaKOLIBIIOrO MOKa3HUKa
JlamyHOBa Ta CHEKTPalbHUX CKJIAJOBHX MPOEKIIiH
¢dazoBoi  TpaekTopii JMHAMIYHOI CHCTEMH 3
pPO3MOIIICHUMH  TlapaMeTpaMyd  [OKas3aB, IO

Cnucox BUKOPHUCTAHUX TKEPeE

Champneys A. The ‘Indian rope trick’ for a
parametrically excited flexible rod: linearized
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—2012. - Ne4. — C. 52-55.
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MOJIEJIb HE Mae.

BucHoBku
PosrnsHyra  3amada  nmpo  mapaMeTpU4YHI
mepioAMyYHi  Ta  KBa3imepioauyHi KOJIMBaHHA

KOHCOJIIFHO 3aKpilUIGHOT'0 TPYXHOTO CTPWXKHA B
HAONMDKEHHI ~ Malloi  JKOPCTKOCTI ~ Ha  3THH.
3amponoHoBaHAa MaTeMaTW4YHA MOJENb KOJIWBaHb
CHCTEMH, sIKa BPaxOBY€ JBi BJIAaCHI JJOMIHYIOY1 MOJIH
3 PI3HUMU BIIACHIMH JaCTOTaMHU, SIK1
3aJI0BOJILHSIFOTh YMOBI BHYTPIIIIHBOTO PE30HAHCY, 00
MaroTh cmiBeinHomeHHs 1/3. TloOynoBani ¢a3oBi
TpaeKkTOpii  KONWBaHb CHUCTEMH Ta  CIEKTPH
MOTYXXHOCT1 OKpEMHX IMPOEKIii (a30BoOi TpaeKTopii.
[lokaszaHo, MO JWHAMIYHA CHCTEMa Ma€ TEepioAHYHI
Ta KBa3ilmepioAW4Hi peXUMHU pyxy. B miii cucremi
XaO0THYHI PEKUMH HE 3HAWICHI.
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3a0ayi ONMUMANILHO20 KepyB8aHHs Ha uacosux wkanax. Onucano
Bcmanosneno enacmusocmi ¢pyukyii bernmana na

yacosux wxanrax. Ompumarno 3azanvhe pieuanusa berimana. Memoo ounamiunozo npospamysanms
NOWUPEHO HA BUNAOOK, KOJIU MOOelb NpeOCmABleHd CUCMeMOI Ou@epeHyialbHUuUx pieHsHb Ha
yacosux wkanax. Po3g'azano 3adauy ananimuuno2o KOHCMPYIOBAHHS  JIHIUHO-KE8AOPAMUYHO20
peayaamopa.

Knrouoei crosa: Yacosa wikana, ounamiune npoepamysanis, onmumaibHe Kepy8aHts, QyHKyYisa
3eprucmocmi, pieuanns beiimana.

An analysis of existing scientific and methodological literature shows the variety of
approaches, methods and tools, based on Bellman optimality principle. However, dynamic
programming problem is solved only for the continuous case. In this paper we consider problem of
optimal control on time scales. Initially we describe the basics of the time scales’s theory, then we
represent properties of the Bellman function and general Bellman equation on the time scales. The
method of dynamic programming extended to the case, when the model represented by a system of
differential equations on time scales. This paper proposes analytical method for designing the
linear-quadratic regulator on time scales.

Key Words: Time scale, dynamic programming, optimal control, graininess function, Bellman equation.

Crartio nipencraBuB akagemik HAH Ykpainu, 1. ¢.-M. H., npod. [Tepectiok M. O.

aBTopiB. B poOoti [8] poO3MISHYTO pIBHSHHSA Ha
YaCOBHUX IIKaJaX B YACTUHHMX IMOXiTHHX.

Beryn. BuBuenHs audepeHIiaNbHUX PIBHSHb Ha
YacoOBMX IIKaJaX OCTaHHIM 4YacOM BHUKIHKAE

BEJIMKUH iHTEpec cepen AochiaHukiB. Lle moB’s3ano
3 tuM, mo B 1988 pori Stefan Hilger B poGori [1]
BBIB TMOHATTS A- TOXiZHOI, IO JTO3BOJIMIO
o0’eHATH 3 €IMHOI TOYKH 30py IHMCKPETHUH 1
HelepepBHUMA aHali3.

OCHOBM TakOro aHalli3y Ta HOBI pPe3yjibTaTH
BUKJIaJIeHO B MoHorpadisx [2],[4]. B momameimomy
nudepeHianbHi PIBHAHHS Ha YacOBHX IIKalaxX B
PI3HUX HampsMKax BHBYAIUCS B poboTax OaraTbox

© 1.0O. JlacriBka, O.€. JlaBposa, 2014

B po6orti [6] moOynoBaHO CTOXaCTUYHHN IHTErpa
Ha aOCTpaKkTHIH IIKami Ta PO3TIISTHYTO CTOXAaCTHYHI
nrdepeHianbHi pIBHIHHS Ha UX HIKaJax.

Teopiss ONTHMaIbHOIO KEpyBaHHS Ha YaCOBUX
mKajax IIe JOCHUTh Mallo BHBUYCHa. B 1poMy
HampsIMKY BifzHauuMo pobotu [5], [7], ae 3pobiieni
nepir crnpoOu 3aCTOCYBaHHS METO/AY ITUHAMIYHOTO
nporpamMyBaHHs 10 PIBHSHHb Ha YaCOBUX IIIKaJax.

Omnak B 3araJibHOMY  BHUMAQJAKy  METO[
JWHAMIYHOTO  TporpamyBaHHsS  bemnMana — uist

71



Bicnux Kuigcbko2o nayionanbHoeo yHigepcumemy
imeni Tapaca lllesuenxa
Cepis ghizuxo-mamemamuuni HayKu

PIBHSHb Ha aOCTPaKTHUX YacOBHUX IIKalaxX Ine He
pO3BUHYTHH. BHBYEHHIO IMX MHUTaHb 1 MPHUCBIUCHA
naHa poOoTa.

Cama po0oTa cKIaNaeTbesi 31 BCTYMY 1 TPhOX
yacTuH. B mepmiii uyacTWHi TpHBEIEHO OCHOBHI
MOHSTTS Ta TBEP/UKCHHS, IO CTOCYIOTHCS YaCOBHX
IKal 1 BHUKOPHCTOBYIOTHCS B IOJAIbIIOMY. Y
Jpyriii 4YacTWHI OTPUMAHO 3arajbHe PIBHSIHHS
BennMana Merony AMHAMIYHOIO MPOrpaMyBaHHs, 3a
JIOTIOMOTOI0  SIKOTO B TPETid 4YacTHHI pPO3B’s3aHa
JIHIHO-KBapaTHYHA 3a/lauya Ha YaCOBUX INKajiax.

1. OcHOBHI MOHATTS, NMOB’sI3aHi 3 YACOBUMH
HIKaJaMH.
[IpuBenemMo HEOOXiAHI B MOJATBIIOMY MTOHSTTS,
OB’ s13aH1 3 YACOBUMH IIKAJIAMH .
Osnauenns 1. [1]. YacoBoro mkamorw T

Ha3WBA€THCA JOBUIbHA, HETOPOXKHS, 3aMKHEHA
MIIMHOXXHWHA  OicHMX uucen. Ilokmagemo
T =T\ {max T}, axmo maxT icHye.

Haii6inpmn BiToMHUMH IPUKIIAJaMH 4aCOBUX
mkan € T=R, T=Z, T=hZ gna h>0, T=N,
T=¢" nma g>1.

BBenemo HacTymHi MOHSTTS, TOB’S3aHl 3
XapakTepu3aliero dacoBux mkaia. Hexait T —
4acoBa IIKaa.

O3nauenns 2. OmnepatopoMm cTpubka o:T—>T
Ha3uBaeTbcsa (QyHKIIA o(f)=inf{seT:s>¢}, a
¢byHKIIiE€I0
Ha3uBaeTbesa PyHKIIS pu(t)=o(t)—t .

3€pHHUCTOCTI w:T—[0,+0)

Jna dynkuii f/:T— R Bu3HauuMO (QyHKIIO
f°:T>R sk f°=f(o).
Bu3HaunMo TOHATTS A - MOXIAHOI.
Osnauenns 3. [1] A - noxigHoro ¢yHKUii f B
touni teT* HasuBaeTbcs Take uuciao f2(r)
(K0 BOHO ICHYE), IO JJIA JOBUIBHOTO & >0
icHye Okl U TOYKM ¢ TakKWi, IO s BCIX
s€U(NT, 1110 BUKOHY€ETHCS HEPIBHICTD:

A

[ f(e®)=f(s)=f"Olo@)~t][<e[o()-s].
J1y1st BU3HAYCHHSI BIATIOBITHUX BJIACTUBOCTEH
A - IOXIHOT CIIpaBeIIMBa HACTYyIIHA TeOpeMa.

Teopema 1. [2]. Hexaii f:T—R, teT* . Toxi
1) Axmo f — nudepenuiiioBana B TOUIll ¢,
TOIl f — HemepepBHA B TOYIII /.
2) Sxmo f t,
t<o(t), Tom ¢yakuis f — mudepeHiiioBaHa B

— HelepepBHa B TOYIII

TOYII ¢ 1 A - MOX1THA MA€ HACTYITHUIN BUTJIS
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fle@®)-f)
u(t)
3) Axmo t=0(t) 1 f — nudepeHiiiiioBaHa B

fi0=

TOYI #, TOAI
. t)—
fA(t)=11mf() f(S)’
t—s I—s
SKILO TaKa PaHMIs ICHYE.
4) Sxwo ¢ynkuis f — audepeHuiiioBaHa B
Touui £, Toi f(o ()= f(t)+ @) f*().
Posrisinaroun  KOHKpETHI 4YacoBl HIKaIH
MO>KHA OTPUMYBATH OUIbII KOHKPETHUN BUIJISL
A - noxinnoi. Tak, HanpuKIIa,

1) mpu T=R, fA(t)zlimwzf'(t),
—s —S
2)mpu T=2Z, f20)=f+D)~f()=1/(0).

Takum uymHOM A- moxigHa 00 €aHye
JTUCKPETHUH 1 HemepepBHUU aHani3. Hactymna
TeOpeMa € aHaJoroOM TOXITHOT  CKJIaJHO1

byHKIII.
Teopema 2. [7]. Hexaiti V:TxR—>R,

VeC'(TxR) byakuists x:T->R € A-
I(epeHLIi0BaHOIO. [Ipunyctumo, 1o
z:T>R, z()=V(,x(). Tomi mma ¢, eT" i
X, =x(t,) (yHKUiA z € A- mudepeHiioBaHOO

i

1 Mae micre hopmyna:

2 (1) = [ St + hiay )5 )l 1)+
0

oV
+—(t,,%,) -
AT
Matoun nOHATT  A- MOXIIHOT MOXHa
posrnsgatd  audepeHIiaibHl  PIBHAHHSA  Ha
yacoBHX IKaiax. OTxe, po3risiHEMO PIBHAHHS
A
Xt =f(tx) (1)

ne ynkmis f:TxD—>R", D —obmacts B R”.
Os3nauenns 4. [2]. Oynkuis x:T—>R", x=x(¢)
Ha3MBAa€TbCAd PO3B’A3KOM piBHSAHHA (1) HA T,
SKIIO x(¢) Ma€ B KOXHIA Todlll A - MOXITHY 1
Ui BCiX ¢t € T Mae micle piBHICTh

x4 (0) = f(6,x(0)) .

O3nauenns 5. [2]. Oyakuia f(¢,x) Ha3UBAETHCA

perpecupHor0 B Toumi  teTY,  AKIIO
B110OpaKEeHHS I+u@)f(,):R"—>R' €
000pPOTHHM.
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2. [lIocranoBka 3agayvi. PiBusanua beaimana.
Ha vacosiif mkani T po3ryisHEMO HacCTYIHY
3a7a4y ONTUMAJIbHOTO KEPYBaHHS.
(T3, x(I})) —> inf 2)
3a yMOB
x4 = S(@,x(@),u(@)),T,<t<T

3)
x(ty) =x,, (1, x(T))) e M < TxR"

Tyr xeR" — ¢a3zoBuit Bekrop,u cU c R"—
¢yuknis  f:TxR" >R,
T, €T — QikcoBaHMl MOMEHT 4acy, a I, eT —

BEKTOP KEpyBaHb,

He(IKCOBaHUIH, BHU3HAYAEThCS
MEpIIOTO  MONAaJAHHS TOUYKH

MOMEHTOM
(T, x(T)) B
3aMKHEHY MHOXXHUHY M .

JlonmyctumMuMH KepyBaHHIMHU 3aaa4i (2)-(3)
OyZeMO BBaXaTU KYCKOBO-HENepepBHI (yHKIIil
u(t), Bu3HaueHi Ha [7;,7,] 1 TaKki, mo u(t)eU

npu Beix t€[T,7;]. Hdud BU3HAUEHOCTI Il
¢yHKIii OyzneMo BBaXaTH HENEPEPBHUMU
cnpaBa. Ilosmaunmo wuepe3 J,, MHOXKHHY

JIOIMYCTUMHAX KEPYBaHb u(f), MIO TEPEBOIATH
($ha3oBy TpaexkTopito x(s) 13 MOJOXKEHHS (Z,x) B
O -

JOCSHKHOCTI, TOOTO BCi TOYOK (Z,x), 3 SKHX

MHOXHUHY M, a uepe3 MHOXXUHY

MOJKHA TIOTPAIUTH B MHOXHHY M TIO JEsKii
TpaeKTopli, sIKa BiIOBIAAE KYCKOBO-
HETIepEPBHOMY KEPYBaHHIO.

3ajaua onTUMI3allil MOJATAE B TOMY, 00 B
MHOKMHI JIOTTYCTUMHUX KEepyBaHb 3HAWTH Take
KEepyBaHHS , K€ MIHIMI3y€e QyHKII0HAT (2).

st po3B’si3aHHs I1i€1 3a7adl 3aCTOCYEMO
METO/1 IMHaMIYHOI0 IporpamyBaHHs bemiMana.
Buznaunmo ¢ynkmiro bemana mis (2)-(3).
O3nauenns 6. OyHKIISA B(t,x)ziﬁnf o(T;,x(T)))

~t,x

Ha3uBaeThesa PpyHKIiero bennmana.

BusBnserncs, mo 3HAWTH SBHUM BHUTIIIA
¢yukuii bennmana A0cHUTh CKIIagHO, ajleé BOHA
Ma€e psja BIACTUBOCTEH, SIKI JI03BOJISIIOTH MpU
MEBHUX YMOBAaxX 3alMcaTh pIBHAHHA s il
Bu3HaueHHA. CripaBeyinBa HaCTyIIHa Teopema.
Teopema 3. (BnactuBocTi QpyHKIii bennmmana).
1) Sxmo u(l)ESTo,xo’ a x(t) — BigmoBigHA

IHTerpaqbHa KpWBa, IO BIAMOBIIAE JaHOMY
KepyBaHHIO, ToAl (yHkuis bemnmana B3moBxk
Hel € HecnagHoto Ha [7;,7;].
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2) @yunkuis bemnimana, oOducieHa B3J0BXK
ONTUMAJILHOI TPAEKTOPII € CTAJIOKO.
Jloseoenns. Hexait kepyBaHHs u(t), BUSHAUYCHE
Ha [7,,1]] € nmomycTUMHM i Xx,, a x(f) —
BIIMOBIHA  JOMyCTMMAa  Tpaektopis. s
JIOBEJIEHHS BJIAacTUBOCTI 1) moTpiOHO Mokasarw,
o0 A JOBUIBHUX TOYOK 7, 1 7, TaKkuX, IO
T, <1, <17, £ T, BUKOHY€EThCS HEPIBHICTH
B(z),x(r,)) < B(1,,x(1,)) -
3ayBaXMMO CIIOYATKy, 110 JAJSl JOBUILHOTO

te[T,,]] wmHOXHHA J € HEIOPOXHBOIO.

tx
JliiicHO, 3BY)KE€HHsS KepyBaHHS u Ha [t,7]] €
JOIYCTUMUM KepyBaHHAM JJs x(7) .

Hexaii u# — nOBUIbHE KepYBaHHS 3 J_ e
2> 2

Busnaunmo xepyBaHHs # Ha [7,,7]] HaCTyImHUM
YUHOM
u(t),r, <t<t
BNCOLERS
u(t),t, <t<T,
e o3nawae, mo B(z;,x(r,)) <o(T,x(1})) B
cuny o3HaueHHs ¢yHKiii bemnmvana. Ockiibku
ue TOMl, B34BIIM IHQIHYM BITHOCHO

A€ @(1) € 3y o) -

3
Nrpx(ry)”’

KEpYBaHHS 3 SQ , OTPUMA€EMO HEPIBHICTh

x(72)
B(z,,x(7,)) < B(z,,x(7,)), sKa 1 JIOBOAUTH
BJIACTHUBICTH 1).
Hexaii  Temep u'(f) —  KepyBaHHS,

BU3Ha4YeHe Ha [7,7]], € ONTHUMAIbLHUM A
3amaui (2)-(3). 3a BnmactuBicTiO 1) Maemo, 110
B(t,x"(t)) € Hecnagnow ¢QyHKLic. OCKiIbKU
[t.T] €

X (1),

3BY)KEHHS KepyBaHHA u  Ha

JOITYCTUMUM TUIS TOMI

B(t,x (1)) (T, x"(T)) -
I3 ONTUMAaNBHOCTI KEPYBAHHS # MaeMo, 110
B(T,,x,) =o(T,,x (T})). Ockinbku B(t,x (1)) €
HECHaJHOI  (YHKII€0, TOAlI BHUKOHYETHCS
B(Tyx) < B(t,x" (1)) < BT, (1) = oL, x" (1))
B(t,x (1)) = const ,

CTaHy

OTxe, Mo 1 [JOBOIWTH

TEeopemy.

Takum unHoM QyHKUIA bennMana 103Bossie
BUJIUISITU ONTHMAaJIbHI TPAEKTOPIi 3 MHOKHUHU
JOMYCTUMUX. BHUKOPHCTOBYIOUM BCTaHOBJIEHI
BJIACTHBOCTI, =~ OTPUMAEMO  DIBHSHHS  JUIS
BU3HaueHHA (yHKIIT bennMana.

Mae wmiciie HacTymHa Teopema.
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Teopema 4. Hexail Touka (¢,x) — JOBUIbHA
BHYTPIIIHSA TOYKAa MHOXXHHU JOCSKHOCTI O, B
byHKIIsA B(t,x) A-
mudepenuiioBanotro. Tomi g Bcix veU
dbyHKIIs B(f,x) 3aI0BOJIbHSIE HEPIBHICTD :

SIK1H bennmana €

BN(t.3)+ [ B0 (0).x+ (o) £ (¢ x.0)dhf (t.x,4) 20 (4)
0

~

3, ICHY€ ONTHMAIIbHE KEPyBaHHS

¢byukuis  B(t,x)
HeNIHIMHE 1HTerpo - audepeHLiaibHe PIBHIHHS
B YACTMHHHUX MOXITHUX

SIkimo B

u', Tomi 3a/I0BOJIbHSIE

2

min {B,A () + [ BL(0(D)x + u(0) f(t,x,u)dhf(t,x,u)} ~0.(5)
ve 0

MiHimyM B (5) nocsraeTbcsi Ha MPaBOCTOPOHHIN
rpanui u (1)*.
Jlosedenns: PosrisHeMo KepyBaHHS veU Ha
iHTepBani [t,¢+k]. OCKUIbKU (¢,Xx) - BHYTPIIIHA
TOYKAa MHOXHMHHM (J,, TO JUIS JOCHTh Majoro k
BIJNOBIIHA TpaekTopis x(s) Oyne nexatu B Q,
npu t<s<t+k. SIKo # — JOmMycTUME A
x(t+5s) KepyBaHHs, BU3HAyeHe Ha [f+k,T}], TO
KepyBaHHA (¢,1;]
HACTYITHUUN BUIJIAL
wt<s<t+k
”"(S)z{zz(z),wkgsz
Hexail x,(f) — po3B’sa30k piBHSHHA (3), 110

u,, BU3HAUYECHE HAa Mae

, A u(s)e, .

BIJNOBIJa€ KepyBaHHIO u,. [lo3Hauumo dyepes
D" f(t) npaBOCTOPOHHIO A - MOXAHY (YHKII]
f@). Uy
yHKuis, D x, (t)= f(t, x5, (O),u (1)), ne
u,(t)" — rpaHuns crnpaBa B TOYIll ¢. 3TiJHO 3

OckutbKu KYCKOBO-HETIEpEpBHA

TOI1

BIAcTUBICTIO 1) Teopemu 3 QyHKLiA B(t,x, (1)) €
HeclnagHow (QyHKUIE, oTke D'B(f,x,(¢) =0
[4, 3ayBaxenns 1.16; ctp.5] B [HOBUIBHUI
MOMEHT 4Yacy, JUIsl SIKOTO ICHYE A -TIOXiJHa.
BuxopucTtoByroun npaBuiio JUQepeHLiIOBaHHS
cKi1aHOo1 QyHKIIT (Teopema 2), oTpumMaemo (4).

Skmo B T, ICHye ONTUMaJIbHE KepyBaHHS

tx
u 1 x - BimNOBiZHA TpaekTOPIs,
BJIACTHUBICTIO 2) TEOpEMU 3 MAEMO, 1110

B(t,x (t))=o(T,,x(T))) npu s <t<T,. ToniB cumy
B(t,x)

TO 3a

A - nudepenniioBaHocti  (QyHKIIT B

TOYIll (¢,x), OTPUMAEMO
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D' B(t,x" (1)) =B (t,x" (1)) +
(6)

1
+[ BUo(0).x" () + () f (t.x.” (0 Yhf (2,207 (6)) =0
0

3 (4) 1 (6) maemo (5), npuuomy iHPIHYM B (5)

JOCATAETbCSI HAa  MPABOCTOPOHHIA  TpaHULl
ONTHMAlbHOTO  KepyBaHHA u (f)*, mo i
JOBOJUTH TEOPEMY.

CriBBIAHOILIEHHS &) HAa3UBAETHCS

pIBHAHHAM bemiMaHa Ha YacoBUX IIKajax.
BinHocHO gaHOro pIiBHSIHHS 3pOOMMO HACTYIHI
3ayBaKCHHS.
3ayBaxeHHs l.Y Bunaaky, koo T=R
piBHsAHHA bennmana (5) cniBnagae 3 KIIaCHYHUM
PIBHSIHHSM.
3ayBaxeHHs2 B pobori [9] meTonom
OUHAMIYHOTO  TpOrpaMyBaHHS  pO3B’s3aHa
3amaya tuny (2)-(3) st pi3HUIEBUX PIBHSIHB.
OTpumaHuii TaM OCHOBHUH  pe3yibTar
IUCKpeTHe piBHAHHSA benmnmana, € yacTHHHUM
BUIIAJKOM HaIIOr0 pE3ylbTaTy, KOJM YacoBa
mkaja T=N.

3. JliniiiHuii peryasrop.

Sk mpukiaxm  3acTOCYBaHHS ~ METOAY
JUHAMIYHOTO IporpaMmyBaHHs bemniMana Ha
4acOBMX  ULIKajaxX  pO3IJIAHEMO  JIHIMHO-
KBaJIpaTUuHY 3a/1a4y.

J =(Dx(T),x(T))) + jl[(F(t)x,x) +(E@u,u)]At —inf (7)

Ty
x* = A(t)x + B(t)u (8)
Tyt kinni Biapizka T, € T,7; € T- ¢ikcoBani,
JiBUH KiHeup 3akpitieHud x(7;)=x,, a NpaBui

kiHeup BUbHUM x(7))eR", oOMmexeHb Ha
KepyBaHHA Hemae — u € R".
Matpuii D 1 F(t) — nxn-MipHIl,

CUMETPUYHI, HEBII €MHO BHU3HAuYCHI, FE(t)
mxm - MipHa, CAMETPUYHA, JOJATHO BU3HAYCHA
Matpulid, A(t) — nxn- MipHa Matpuus, B(t) —
nxm- MipHa MaTpuill. bymemo BBakaTH, IO
KOMITOHCHTH IIMX MaTpPUIlb — HENepepBHI Ha
[75,7}] pyHKuii.

3ayBaxkumo, 1o 3amgava (7)-(8) xapakrepHa
THM, IO piBHSAHHA beinmana ayist Hel 3BOAUThCS
710 MAaTPUYHOTO pIBHAHHA PikarTi.

Jiia po3B’sizanHd 3a1a4i (7)-(8) ¢pyHKkuioHaN
boneua (7) 3Benemo 1o dynkiionany Maiiepa.
Jis 1boro BBEAEMO HOBY (a30By 3MIHHY X,
HACTYITHUM YUHOM
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%, =% (t) = [ [(F@)x(0),x(0) + (E@u(@)u@)lac - ()
Ty

% (T5) =0.

PO3IIKUPEHNH ¢dazoBuit BEKTOP

X, .
x =( 0] e R"™' a dynkuionan HaOyBae BUITIAN

J = (Dx(T}),x(T)) + x,(T}) = @(x(T})) - (10)
Jst po3p’szannsa 3anmadi (7)-(8) QyHkiio
bennmana mrykaemo y BUrIIsial
B(1,x) = x, = (S()x,x),
A - mudepeHiiioBaHa Ha

(11
ne S(t)- (7,731,
nxn- MIpHa, CUMETpUYHA MATpULS 1 Taka, L0
S(T)=-D.

Hst dynxmii (11) cxmagemMo  piBHSHHS
Bemnmmana. Jlng mporo mykaemo B (1,X),
BHUKOPHUCTOBYIOUH (POpMyNy 3HAXODKEHHS A -
MOX1THOT CKIIATHOT PYHKITII.

Otpumaemo:

B (t,%) = (F()x,x) + (E(t)u,u) — (S* (t)x,x) —

—J 287 () (x + u(t)hx™)dhx® = (F(t)x,x) + (E(t)u,u)
0

—(S7()(2x+ u(@)(A(t)x + B(t)u)), A(t)x + B(t)u) —
—(S*(0)x, x).

Toni piBasHHs bemnvana nmns (11) Oyne
MaTH HaCTYMHHUM BUTIISAL
f;lilf/l{(F(f)x,x)+(E(f)u,u)—(SA(f)x,x)— (12)
—(S° () 2x+ u()(A@)x + B(t)u)), A(H)x + B(t)u)} =0.

Jlist  3HAXO/DKEHHS MIHIMYMY BHUpa3y ¥y
¢GIrypHUX ayxkax oOuuciuMo mnoxigHy Ppemre
0 3MIHHIM u . MaeMo, 110 11 MOoXiAHA piBHA

2E(t)u —2u(t)B” (1)S° (1) A(t) -

13
—2B" (1)S° (t)x —2u()B" (1)S° (1) B(H)u =0 ()
Orxe, MiHIMYM B (12) gocaraerbcs npu
y o BLOSTOUp0AD)

E(0)— p(0)B" (1)S° (1)B(1)
ne S(¢t) € po3B’s3KOM piBHSAHHS PikaTTi

SO +(AD+BOK@) S°(0)-K OEOK©O~F(¢) {5
HI +UEXAD+BOK) S (XA +BOK () =0

Mae wmicrie HacTymHa Teopema.
Teopema 5. SIkmio icHye po3B’s30k (15),
BU3Ha4YeHUH Ha [7;,7;] 1 Takui, o

2E(t)—2u(t)B” (1)S° (1)B(t) — moatHo
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BHU3HAUYEHA MaTpPULls, TOJI1 JIIHIHHO-KBapaTUIHA
3amaya (7)-(8) Mae po3B’sI30K.

BinnocHo piBHsHHS (15) 3po6uMo HacTymnHe
3ayBaKCHHS.
3ayBaxeHHs 3. Bpobori [5] meTonom
Bapianidi po3B’sizana 3amada tuny (7)-(8).
PiBusiuas (15) chiBmajae 3 pe3ynbTaroM
pob6otu [5]. B miif pobOTI HE MOCIKYBaIUCh
YMOBH ICHYBaHHSI po3B 3Ky 3a1aui (7)-(8). Ham
BJIaJIOCS BTAHOBUTHU YMOBH ICHYBaHHS PO3B’SI3KY
piBHsHHA PikarTi, a OT>KE€ 1 YMOBHU ICHYBaHHS
PO3B’SA3KY JIIHIHO-KBaIpaTUIHOT 3a/1a41.

CrpaBennuBa HacTyITHaA TEOpeMa.
Teopema 6. J{is 3amaui (7)-(8) iCHye TOCTaTHBO
Mane ¢>0, MO JIg BCIX YacOBHX INKal 3
(GyHKIIEI0  3€pHUCTOCTI  u(¢f) Takow, IO
| u(t)|< ¢ pBasaaHS PikatTi (15) Mae po3B’s30K,
Bu3HaueHui Ha [7;,7,](\T, BiH 3aJ0BOJbHAE
ymoBy S(7,)=-D. Orxe, NiHIITHO-KBaJApaTU4HA
3amaya (7)-(8) Mae po3B’sI30K.
Jloseoennsa: 3rimno 3 [2, 3ayB.8.22, c.325]
piBHsHHA (15) 3 ymoBoto S(7})=-D Oyae mMaru
po3B’A30K Ha [r,7;], J€ T — MOMEHT BHXOIY
S(t) B HECKIHUCHHICTh, SKIIO BHUKOHYETHCS

YMOBa PErpeCUBHOCTI O3HAYCHHS 5.
BBenemo HacTyrHe mo3Ha4YeHHS

f(t.5)=F (@)~ (A0)+ BOK()" 7 (1)~
~(I + p(e)(A@t) + BOK(@)" 87 (0(A(t) + BO)K () +

+KT(HE@K(¢).
B CUILy HENepepBHOCTI MaTpHIli
F(t),E(t), A(t),B(t) — oOmexeHt Ha [I,,7].

IToxaxxemo oOMexeHIcTb S(¢) Ha [T;,T;].

Oyukuis B(t,x) 3 (11) € MiHIMaTbHUM
3Ha4YeHHSIM  QYHKIIOHANY  JUIsl  JIHIAHO-
KBaJIpaTHUYHO1 33/1a4l 3 IOYaTKOBOIO YMOBOIO X
Ha JI0BUIbHOMY i1HTepBanl [7,,7;], ne S(¢) icHye.
Sxmo x, =0, Tomt B(t,X) =(-S(t)x,x). (16)
s ¢yukuis nae iHPiHyM B (7)-(8). Ockuibku
D,F(t),E(t) — HeBII’éMHO BHW3HAYEHI, TOJI
HIWDKHS TpaHull i (16) piBHA HYITIO.

IIpu u =0 3HaueHHs xpurepito s (7)-(8)
JTa€ BEPXHIO TPAHUIIIO QYHKI[IOHATY, a 3HAYUTH 1
BEPXHIO IPaHUILIIO KBaJpaTu4IHOi popmu (16).

I3 obmexenocti kBampatuuHoi dopmu (16)
3BEpXY 1 3HU3Y BUILIABAE, O S(7) € 0OMEKEHOIO
Ha KOXHOMY CKIHYEHHOMY IHTEpBaJll 4acoBOi
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mkanu. Tomi yHkmis  f(¢,s) TakokK €
obmexxeHorw. OTxe, iCHye ¢ >0 Take, IO SKIIO
|u@l<e mpn re[T,,T], 10 dynkuis f(ts) €
perpecuBHoto. OTke, po3B’ 30K piBHAHHA (15)
icuye Ha [7;,7,] T. Teopema noBeneHa.
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BucnoBkn. B po0GoTi mommpeHo MeTon
IUHAMIYHOTO mporpamyBaHHs bemiMana Ha
pIBHSIHHSI Ha dYacoBux mmkanax. lle mae 3mory
OJIHOYAaCHOTO PO3B'I3yBaHHs 3a1a4
ONTUMAJILHOTO KEpyBaHHSA HEMEepEepBHUMHU Ta
TUCKPETHUMHU cucteMaMu. OCTaHHE J103BOJISIE
OOrpyHTYBaTH  3aCTOCYBaHHi  JIO  3ajJa4
ONTUMAJILHOTO KEpYBaHHS YUCEIbHUX METO/IIB.
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Chaotic and regular cross-waves in fluid free
XaoTH4Hi Ta peryJsipHi xpecTonoaioni surface
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Hsuwge 30y00icenHss XxpecmonoOiOHUX X6Ulb HA GLIbHIN NOGEPXHI PIOUHU PO32TSHYMO V 080X CKIHYEHUX
Ppo3mipie koumeunepax. Xeuni modxcyme 6ymu 30y0xuceHi 2apMOHIUHUMU SICeCUMEMPUYHUMU Oepopmayisimu
BHYMPIUHLOI 000AOHKU Y 00 €MI MIdNC 080MA YUTTHOPAMU, A MAKONC Y NPIMOKYMHOMY OACElHi, KOIU 00UH
mopeys 1020 € MAXaryumM Xeunenpooykmopom. ExcnepumenmanvHi cnocmepescenus GUAGUNU, WO XGUIE
30Y02cyIomvbcs V080X PI3HUX PE30OHAHCHUX pedicumax. Ilepwiuii 6u0 xeurb 6i0nosioac GuUMYyULEHOMY
DPE30HAHCY, KOMU PeanizylombCsa X6UNi V HANPAMKY 6i0payiti XuienpooyKmopa 3 6AACHUMU 4acmomamu
pieHuMu yacmomi 30y0oicents. [pyeutl mun Xeuib € Napamempuiri pe3OHAHCHI XU, iIX 8Y31uU | MAKCUMYMU
PO3MAUOBYIOMBCS NEPREHOUKVIAPHO 00 GIOPYIOUUX NOBepXOoHb. LI Xxpecmonodioni xeuni maroms yacmomu
pi6Hi  nonogumi uacmomu Xeunenpooykmopa. Ichyeanms XaomuuHux ammpaxmopié 6CMAHOBNEHO Y
OUHAMIYHITL cucmemi, SIKA ONUCYE 83AEMOOII0 XPeCmONOOIOHUX MA SUMYULEHUX X6UTb HA NOBEPXHI PIOUHU
Mide 0soma yuninopamu ckinuenoi oosocunu. Ha ocnoei ananizy cmapuwux noxaswuxie Jlanymoea 0yiu
6CMAHOBAEHT 084 GUOU YCMANCHUX pedcuMis: nepioouuni ma xaomuuni. Ilobyooseani ma eusueni ¢azo6i
nopmpemu ma CHeKmpanibhi WinbHOCMI po38’a3Kie. Y cucmemi, KA ONUCYE PE3OHAHCHI XpecmonooiOHi
XUl y NPAMOKYMHOMY OACelti, XaOMUYHUX PedCUMI@ He BUABTEeHO, 00 KoepiyicHmu 36 513Ky Yux X6ulb 3
BUMYUWEHUMU € HA NOPAOOK MEeHWUMU, HIdC po3ensoaromubcs. Tomy Hemae gakmopis, ki decmabinizyioms
yio cucmemy.

Kniouogi cniosa: xpecmonodioni xeuini, X6unenpooyKkmop, napamempuyHuil pe3oHanc, Xaomuyna
ounamika.

The phenomenon of cross-waves generation in fluid free surface in two finite size containers is studied.
The waves could be excited by harmonic axisymmetric deformations of the inner shell in the volume between
two cylinders and in a rectangular tank when one wall is a flap wavemaker. Experimental observations have
revealed that waves are excited in two different resonance regimes. The first type of waves corresponds to
forced resonance, in which axisymmetric patterns are realized with eigenfrequencies equal to the frequency
of excitation. The second kind of waves is parametric resonance waves with their crests and troughs aligned
perpendicular to the vibrating wall. These so-called cross-waves have frequencies equal to half of that of the
wavemaker. The existence of chaotic attractors was established for the dynamical system presenting cross-
waves and forced waves interaction at fluid free-surface in a volume between two cylinders of finite length.
On the basis of analysis of the largest Lyapunov exponents for a complex system two types of steady-state
regimes are found: periodic and chaotic regimes. Phase portraits and power spectra are constructed and
studied. Attention is concentrated mainly on the properties of chaotic attractors. For the system describing
resonant cross-waves in the rectangular tank no chaotic regimes were found because the comnection
coefficients of cross-waves with the axisymmetric waves under the forced resonance are values on much
smaller order then considered here. So that there are less factors to destabilize the system.

Key Words: Cross-waves, Wavemaker, Parametric resonance, Chaotic dynamics.
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Fig. 1 Phase portraits for different values of wavemaker amplitude 4
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Fig. 2 Power spectra computed for / time realization for different values of 4

Introduction
The phenomenon of cross-waves generation in free-
surface waves in fluid confined in a rectangular tank
with a finite depth and one wall as a flap wavemaker
is rather known [2, 3]. The waves may be excited by
harmonic oscillations of wavemaker and depending
on the vibration frequency both axisymmetric and
non-symmetric ~ wave  patterns may  arise.
Experimental observations have revealed that waves
are excited in two different resonance regimes. The
first type of waves corresponds to forced resonance,
in which axisymmetric patterns are realized with
eigenfrequencies equal to the frequency of
excitation. The second kind of waves is parametric
resonance waves and in this case the waves are
"transverse", with their crests and troughs aligned
perpendicular to the vibrating wall. These so-called
cross-waves have frequencies equal to half of that of
the wavemaker [2]. To obtain a lucid picture of
energy transmission from the wavemaker motion to
the fluid free-surface motion the method of
superposition Lamé [1] has been used. This method
allows to construct a simple mathematical model,
which shows how the cross-waves can be generated
directly by the wavemaker. All previous theories

78

have considered cross-waves problem applying the
Havelock’s solution [2, 3] of the wavemaker
problem for a semi-infinite tank with an infinite
depth and a radiation condition instead of zero
velocity condition at the finite bottom.
As the second task the phenomenon of deterioration
of fluid free-surface waves between two cylindrical
shells when the inner wall (a wavemaker in this case)
vibrates radially is considered in the present paper.

Approximation of cross-waves in rectangular

container

Let us theoretically consider the nonlinear
problems of fluid free-surface waves which are
excited by a flap wavemaker at one wall of
rectangular tank of a finite length and depth. From
the experimental observations [3], we may conclude
that the pattern formation has a resonance character,
every pattern having its "own" frequency. Assuming
that the fluid is inviscid and incompressible, and that
the induced motion is irrotational, the velocity field
can be written as v=Vg@. Let us consider that
patterns can be described in terms of normal modes
with characteristic eigenfrequencies, we approximate
free surface displacement waves, when the excitation
frequency @ is twice as large as one of the
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eigenfrequencies, i.e. ® = 2w®,,,, and also is close 0.04
to other eigenfrequency ® ~ w,,, as a function
written in the form 0.03 [
nrwx mi
ExE (1) cos— cos 7Y,
w
L b 2.1) 4 0.02
Ix
&, (H) cos—+&,.
L 0.01 |
_ 3/2 _ . 01T
Whené, (t)=0(g 7)., =0(g), &, =0(),
2 I
ao. . . . whe w b N T
g, =—"" is a small parameter, a is an amplitude of 05 1 2 3 4 5
g

wavemaker oscillations, L is the length, b is the
width and /4 is the depth of the fluid container. Then

a potential of fluid velocity ¢ =@, + ¢, + @,

as the solution of the harmonic equation [1] and
according to [3] has following components
mry chlk (z+h)]+

nm

b ch(k,h)
Izx chlk, (z+h)]
L ch(k,h)

o, =, (t)cos n7er cos

®,, €08

2 4ghll—(-1Y
P, =—¢ cosot Y ghll~(-1) ], -
0 @,, %, (th Q; L)(jr)
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3 nr ’ knm th knm h
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2\ L h
w., hay a,,tha,, Lk, thk, h)
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nr) j
g(Lj [1-(=D]
(jz)’ tha,, L(k,, thk,, h)

*

-g &, (1)sinwt z >

oo, o

nm =" mj nm
mry jrz Chamf (x—L)
Cos CcoS .
b h cha,,

Where ¢, (t)=0(g]*)and ¢, = O(g,)

Using kinematical free-surface boundary conditions,
[3], we may find that the amplitude of the resonant
cross-wave mode is

£, (t)=—om

———g & Dcost;
k,,thk, h

2.2)
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Parameter k

Fig. 3 The dependence of the maximum Lyapunov
exponent on value k

when

1 8g[1-(-1)']
p-—L |y s :
k,, thk,, h| 5 ,, i’ o, (ther,, L)

nm /

L cha,, (x—L
jcosz nrx o ) dx +
0

L cha,, L

L
.8 &

% \x = L)sin 2222 gy,
o, L o,L\ L L

Applying the dynamical boundary condition we can
get for the resonant amplitude an equation of
parametric oscillations and write it for the
rectangular tank with L =50 m, /= 2.5m, b=6.8m
and for the wave numbers n=40,m =10 in the

form
L S TR S N

16 4
+0.0478w?, £, sin wt

, (2.3)
-0.0299%w,,, &, coswt = 0.

2 2
Where k. = [%) + [m?ﬂj , the frequency is

®,, =2mr1.143 Hz. We may use the transformation
to the dimensionless variables [=¢&,, /u, p,
7=0,,t, and finally get a dynamical system (when
@ =2r2.27Hz and p=0.26 m) in the following

form

I=p

p=—1—ap+1.05041° —1.4003)p

—0.0478 Al sin(27 — Pr) +0.0299 Ap cos(2r — 1)
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Fig. 4 Phase portraits for regular (cases a, b) and chaotic regimes (cases c, d)

This system (at 8 = 2—% =0.014 and additional

damping forces witha = 0.01 ) has for any initial
conditions only regular solutions. As an example in
the fig.1 the phase portraits for different values of
parameter 4 (which is proportional to the amplitude
of wavemaker oscillations) are shown. Power spectra
are presented in fig.2. They are discrete for different
values of 4.
Two mode
cylindrical tank
Now we theoretically consider the nonlinear
problems of fluid free-surface waves which are
excited by inner shell vibrations in a volume between
two cylinders of finite length. It is useful to relate the
fluid motion to the cylindrical coordinate system
(r,60,x). The fluid has an average depth d ; the

average position of the free surface is taken as x =0,
so that the solid tank bottom is at x = —d . The fluid
is confined between a solid outer cylinder at » = R,

model of cross-waves in a

and a deformable inner cylinder (which acts as the
wavemaker) at average radius

80

R =1 +ay(d)"[* costx)dy =r; +2a, /. This
inner cylinder vibrates harmonically in such a way
that the position of the wall of the inner cylinder is
r=R+ y (x,t)=R, —(a, +a,cosmt)cosnx —2a,/ n
,where n=7x/(2d). The potential ¢ can be written
three  harmonic  functions
The solution of the linear

as the sum of
d=¢+d+¢, [1].

problem for ¢, can be written in the form [2]:

coshk, (x+d)
! W',: (1",9),

= )
h=2,2050) N, coshk, ,d " "

i=0 j=1
(3.1)
on the complete systems of azimuthal (cosif,
sinif), and radial eigenfunctions
2k ry=J.(k, .r)— MY(/C r), with
ij\"ij i\ j Yi’(kinl) i\t j

some arbitrary amplitudes ¢;"(¢). In the solution

(3.1 the notations
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w7 (r,0) =y, (k; ;r)(cosif,sinif) are used, where
J, and Y, are the 7-th order Bessel functions of the
first and the second kind, respectively, and N, ; is a

normalization constant, where the index ¢ (or s)
indicates that the eigenfunction cosi@ (or sini@) is

chosen as the circumferential component; &,
represents eigen wave numbers.
Under a parametric resonance, when the excitation

frequency is twice as large as one of the

eigenfrequencies, i.e. ® ~2w,,,, and according the

experimental observations we may assume that the
free-surface displacement can be approximated by
two resonant modes. So that we may write [2, 4]

| . 1
é/ ~ N_é’nml//nm (r’9)+N_OlCOIWOl (I’)+§0 (33)

nm

where y; is the axisymmetric mode which has the
eigenfrequency by a value very close to @, i.e.

@y ~@. From the experimental observations

follows that cross-waves has ampliteds much bigger
than the amplitudes of the forced waves with the
frequency @ of the wavemaker vibrations. So that
we can seek the unknown functions in the form

wt . ot
é/nm (t) = 811/2 }‘1 I:p] (T] ) COS? + ql (Tl ) Sln?:‘ ;

Cu) = [py(z)cosart +q,(r)sinor],  (3.4)

2
nm

where 4, =k, ! th(k, h), ¢, is a small

1 L .
parameter, 7, = Zg] wt is a dimensionless slow

time, A, = k,, th(k,,h) . By substitution of the
expressions (3.4) into boundary conditions [2] and
averaging over the fast time w¢ we finally obtain the
dynamical system in the form [4]:
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d,
d_lzl =—ap, —3q + Bsq, + B(q1p2 — P14
1
d
d_zl =—aq,+9p, + Bsp1 + B(piP2 + 419);
’ | (3.5)
ﬁ:—apz —Badr = 2B
dTl
d
d;z-z:—(xqz +ﬂ2p2 +ﬂ4(p12_q12)+ﬁ5’
1

where 9:[ﬁ1+%(p]2+q12)} a:i, 0 is the

ratio of actual to critical damping of the mode,
B (i=1,2,...6) The
dynamical system (3.5) is nonlinear, so numerical

solutions were obtained. We used the following
coefficients and data [2, 4] :

a=0.01; g, =0, B,=02 B,=1.3k £,=0.25;
Bs=0.235k; B=1.12; B =-1.531;

P1(0)=¢,(0) = p,(0) =¢,(0)=0.5.

For these parameters and for different values of &
(which is dimensionless amplitude of the wavemaker
vibrations) extensive numerical calculations were
carried out in order to find all steady state regimes.
In Figure 3 dependence of the maximum Lyapunov
exponent on value k£ is shown. So that we may
conclude that the dynamical system has chaotic
regimes in some area of the parameter £ changing,
where the Lyapunov exponent is positive.

To demonstrate this we show in Figure 4 the
phase portraits of solutions. In Figure 4 ¢) and d) we
have the chaotic attractors. Power spectra are show
in Figures 5. As we may conclude from numerical
data and graphs in Figures 3-5 the dynamical system
(3.5) has both regular and chaotic regimes. The
chaotic regimes could be realized when k>1. For

are constant coefficients.

such values of corresponding amplitudes of
wavemaker oscillations the largest Lyapunov
exponents are positive, phase portraits have

complicated structures of trajectory sets and power
spectra are continuous ones.
Conclusions

Two new models expressing interaction of two
eigenmodes at the condition of parametric
resonances for the cross-waves of fluid free surface
oscillations are developed. The existence of chaotic
attractors was established for the dynamical system
presenting cross-waves and forced waves interaction
at fluid free-surface in a volume between two
cylinders of finite length. For the system describing
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Fig. 5 Power spectra computed for p, data (cases a, b, ¢ and d)

resonant cross-waves in the rectangular tank no
chaotic regimes were found because the connection
coefficients of cross-waves with the axisymmetric

waves under the forced resonance are values on
much smaller order then considered here. So that
there are less factors to destabilize the system.

Cnucox BUKOPHUCTAHUX TKEPeE

References

1. LAME, G. (1852) Legons sur la Théorie
1. Lame, G. Lecons sur la Théorie Mathé- Mathématique de [1’Elasticité des Corpsn
matique de 1’Elasticité des Corpsn Solids / Solids. Paris: Bachelier, C.
G. Lame. —Paris: Bachelier, C., 1852. 2. KRASNOPOLSKAYA, T. S. & VAN
2. Krasnopolskaya T. S. Wave pattern HEIJST, GJ.F. (1996) Wave pattern
formation in a fluid annulus with a vibrating formation in a fluid annulus with a vibrating
inner shell. / T.S. Krasnopolskaya, G.J.F. inner shell. Journal of Fluid Mechanics. 328.
van Heijst // Journal of Fluid Mechanics — p. 229-252.
1996. —328. P. 229-252. 3. KRASNOPOLSKAYA, T. S. & SPEK-
3. Kpacunononvcorxa, T. C. XpecronomiOHi TOR, V. M. (2012) Cross-waves in a
XBHJII Y TIPSIMOKYTHOMY KaHaJl CKIHUCHHHX rectangular channel of finite dimansions.
posmipie / T. C. Kpacnomonbcbka, B.M. Bulletin of Taras Shevchenko National
Cuexrop // Bicuuk  KuiBCBKOKOTO University of Kiev, Series Physics &
HaI[lOHAJbHOTO yHiBepcuTeTy iMeHi Tapaca Mathematic. (1). p. 93-100.
IlleBuenka Cepis  (¢i3UKO-MaTeMaTHYHI 4., KRASNOPOLSKAYA, T. S., GOURIJII, A.

Hayku —2012. —Ne 1. C. 93 — 100.

4. Krasnopolskaya T.S. Chaos in parametrically

A., SPEKTOR, V. M. and PRYCHODKO,
D. F. (2013) Chaos in parametrically excited

excited continuous systems. / T.S. continuous systems. Chaotic Modeling and
Krasnopolskaya, A.A. Gourjii, V.M. Simulation. (3). p. 413-422.
Spektor, D.F. Prykhodko // Chaotic

Modeling and Simulation (CMSIM) — 2013.
- Ne3. —P. 413-422.

82

Haniitnna mo penkonerii 27.03.14



Bicnux Kuigcbko2o nayionanbHoeo yHigepcumemy
imeni Tapaca lllesuenxa
Cepis ghizuxo-mamemamuuni HayKu

2014, 2 Bulletin of Taras Shevchenko

National University of Kyiv
Series Physics & Mathematics

VK 519.9

Tpynor O.0., acipaat 0.0. Trunov, graduate student

XBUHJIbOBE 110JI€ Y XBIJIEBO/Ii 3 BATHHOM A wave field in a waveguide with a bend

Taras Shevchenko National University of Kyiv,
03680, Kyiv, Glushkova st., 4e,
e-mail: trunov.olexandr@gmail.com

KuiBchkuil HallioHAJLHUI YHIBEPCUTET iMEHI
Tapaca IlleBuenka, 03680, m. Kwui, mpocr.
I'mymxoga, 4e,
e-mail: trunov.olexandr@gmail.com

Pozensmyma nnocka 3adaua nowlupenus: HOPMAIbHOI X6Uni y X6unegodi 3 eueunom. Ilpoeedeni
PO3PAXYHKU eHeP2eMUUHO20 KOe@IYIEHIMY NPOXOONCEHHS XEUIL KPi3b GUSUH M eHepeemMUYHUX Koe@iyicHmie
30ypenHsi MOO 8 0bnacmi Xeuneso0y 3a BUSUHOM 8 3ATEHCHOCI GI0 2eOMEMPUUHUX NAPAMEMPIE XGULE800Y.
XapaxmepHi posmipu x6une800)y NOPIGHAHI 3 O08HCUHOIO XGUJI.

Kniouogi cnosa: x6une6io, HOpMATbHA X6US, SPAHUYHI YMOBU.

In present article the plane problem of wave propagation in a waveguide with a bend was considered.
The problem using the method of boundary regions was solved. The pressure field in the waveguide with
hard boundaries was determined. Calculation of energy transmission coefficient through the bend and
coefficients of excitation of the modes beyond the bend in the waveguide depending on geometrical
parameters of the waveguide was done. Dimensions of the waveguide are proportional to the wave length.
The mode structure beyond the bend depends strongly on inner radius, outer radius and angle of the bend. At
certain combinations of these parameters is the dominance of one of the waveguide modes. Two
representations of wave mode structure in the bend were used in current article. Calculated fields in the
waveguide using both representations are equal.

Key words: a waveguide with a bend, normal wave, boundary conditions.
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Beryn
HeperynsipHi XBWJIEBOAM 3HAXOISTh LIMPOKE

BUHUKAIOTh TIPH T00YI0BI
BIJMOBITHUX TPAHUYHUX 3a/1a4.

CTPOTOro po3B'SA3KY

3aCTOCYBaHHS B aKyCTHUYHHX Ta PajioeNeKTPOHHHUX
npuctposx [1]. Tomy i B TenepimHiit 4ac iHTepec 10
JOCITI/DKEHHS. XBHJILOBOTO TIOJSI B HUX HE cladiiae
[2, 3]. Cepen BenMKOro Kjiacy HEperysipHOCTEH, sKi
MalOTh MiClle Yy XBWIEBOJAX, BHIUIUMO KIIac
HEOJHOPIHOCTEH, TOB'SI3aHUX 31 3MIHOI T'eOMeTpil
XBHJICBOAy. B Hamomy BUNAaKy IIeé HAasBHICTbH
obmacti BUTMHY Yy XxBuwieBomi. Ilpu mpomy,
napaMeTpl CepeIoBHINA, 10 HAIOBHIOE XBHIICBII,
3aMIIAI0THCS HE3MIHHUMH.

Teopiss Takux HepETyISIPHUX XBHIIEBOMIB, 32
YMOBH, 10 BOHH € OJHOMOJOBUMH, JI0Ope
po3BuHeHa [4]. SKIO BIAHOIICHHS XapaKTEPHOrO
pO3MIpy XBHJICBOLY JO JOBXKHHHU XBWII JOCHTb
Benuke  (ckaximMo  Oimpmie  m'sATH), TO  TIpH
JOCITIDKEHH]I B3a€MOJIl XBHJII 3 HEOJHOPIAHICTIO
XBHJICBOZY MOXKHA  BHKOPHUCTOBYBATH  METOJH
reoMeTpu4HoOi Teopii audpaxuii. Teopis XxBUIEBOIB
3 HEOJAHOPIAHOCTSMH, JUIS SIKHX XapaKTepHUN PO3MIp
MOPIBHSIHUHN 3 JOBXKHUHOIO XBHJIi, pO3BHHEHA cialiie.
[IpuunHOK 1BOr0 € O00'€KTHBHI TPYIHOII, IO

© 0.0. Tpynos, 2014

Y nmaHifi poOOTI PO3MIAIAETBCS AKyCTHYHHIM
XBHJIEBIJl, TEOMETPHYHI PO3MIPH KOTPOTO MOPIBHSHI
3 IOBKUHOIO XBUIII.

IHocTanoBKka Ta Mo0yA0Ba po3B'sA3KY 3aaayi

PosrisiHeMo MIOCKUit XBHIIEBI/, TTOBEPXHI SKOT'O
Ha JEsKIf MUISHIN SBIISIOTH COOOK JYTH KOJa, PHC.
1. Jlo KpWBONIHIHHOI JUISHKA MPUMHKAIOTh
TUTOCKONapaienbHi XBUieBoIu. s onucy reomerpil
XBHJICBOIY 1 MONAJIBINO MOOYJOBH PO3BSI3KY 3ajadyi
Mpo TOMIMPEHHS TapMOHIYHOI XBWJII B XBHJIEBO/I,
BBEAEMO TPH CUCTEMH KOOPIMHAT: [BI JICKapTOBI

(x’y)’ (x'ay') 1 monspHy (T,(p) i3 3araJlbHAM
neHtpom |y Ttoumi  O.
KPHMBOJIHIMHOI JUISHKY XBUJIEBOLY TTO3HAYEHI 7, 1 7,.

Panmiycu  moBepxoHb
upuna Ha BCii Horo JOBXWHI
3QIUIIAETRCS CTANO U popiBHIOE h =71, —r1;. Kyt
PO3KpUBY  KPHBONIHIHHOI ~ YaCTHMHH  XBHJICBOIY
NO3Ha4YeHUH @,. YCi IOBEPXHI XBUIEBOAY OyneMo

XBUJIEBOLY

BBAKAEMO  AKYCTUYHO  JKOPCTKUMHU.  XBHJIEBIlI
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HATIOBHEHHMH 1/1€aIbHOI0 PiJMHOIO 13 HIUIBHICTIO P H
MIBUJIKICTIO 3BYKY c. [loOymoBanuii po3B'S30K, 3
HEOoOXiIHOIO 3MIHOK TapaMeTpiB, IO BWU3HAYAIOThH
XBWJIBOBE IIOJIC, TIOBHICTIO BI/NOBIiIAa€ TBEPAOMY
XBWJIEBOAY 3 IOIIMPEHHIM Y HboMy SH XBHIIb.

y

’

Puc. 1. 'eomeTpis xBuieBoay

3rifHO MeToqy 4YacTKOBHX oOmactedd [5] Bes
00JIacTh ICHYBaHHS 3BYKOBOT'O IIOJIS PO30OMBAETHCS
Ha Tpu obmacti: obmacti I 1 III — mutockomapanensHi
XBUJIeBOAM, oOmactk Il — nminsHKa XBWIIEBOMY i3
KpHUBONIHIHHIMH TIOBepXHAMHU. Hexall B obmacti [ y
JoAaTHOMY HanpsMKy oci Oy MOIIHMPIOETBCS S -Ta
MOJIa TUIOCKONapaenbHOro XBIIIEBOy. To/i monie B
obnmactsax | i Il 3anmummemMo y BUTIISAL CyMeprio3uIlii
BIANOBIMHUX MOI XBHJeBomay. s XBuJieBOAYy 3
AKyCTHYHO JKOPCTKUMHU TOBEPXHSIMH TIOJIE THUCKY
MAa€ BHTIISI

p, =cos (o, (x—1))exp(ivy) +

i 1
+> A, cos (ocn ()C—Tl))exp(—iyny), M

Pu = Z D, cos (ocn (x'— rl)) exp (iv,y'), (2)
n=0

ne o, =nn/h, y,=+k’-a’, k=o/c, o —

yactoTa. YacoBU MHOKHUK exp(—i(ot) HE IUIIEMO.

MoXIUBI 1Ba BapiaHTH MPEACTABJICHHS TONSA Y
KpuBOIiHIMHIK o0macti II. Y mnepmiomy BapiaHTi
nosie B obunacti Il 3anmumiemMo y BUTTISIL Cyepo3uilii
HOpPMaJIbHUX XBUJIb [2, 6]

Py = i R, (kr)-(B, exp(iv,0)+ G
+C, exp(ivn (o-9, ))),

Ie BiacHi GopMU MOJ JUIS XBHJICBOIY 3 aKyCTUYHO
YKOPCTKUMH MEKAaMHU MalOTh BHTJIST
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Vﬂ

(kr,)

Y, (kr,)

Vv,

’
R, (kr)=J, (kr) Y, (kr), (4
1yt J, (kr) ii Y, (kr) — gynxuii Beccenst nepuoro
i napyroro poxay. /[ucmepcifine piBHSHHS, SKe
BCTAHOBIIIOE 3B'I30K MK YacTOTOI0 o =kc i
CTAJIOO TIOIIMUPEHHS V Ma€ BUTIIS

J! (kr,)Y!(kr,) - J. (kr)Y!(kr,)=0. (5)

VY nmpyromy BapiaHTi 3amucy mojis B oomacti II,
3riIHO METOIY 4YacTKOBHUX oOjacted [5], MoxHa
3anucaTtd HaOoOpHu PO3B'sA3KiB piBHAHHS [ enbMronbia
B PI3HHUX CHCTEMaX KOOPIMHAT, KOMIIO3MIIS SKHUX
JIO3BOJINTh 3aJIOBOJIBHUTH yMOBaM Ha TPaHHIIAX
obmacti II. OTxke, Apyruil BapiaHT MpeACTaBICHHS
ojig B oouacri II MaTtume BUTIIAL

py = B, cos(a, (x—r))exp(iv,y)+
n=0

+ i C,cos(a, (X' -r))exp(-iv,y') +

: Jy, (kr)
+ ,;O En COS (Bn(p)m +
Y, (kr)

Y krl)’

(6)

’
»
+2 F, cos(B,0)

= b
TyT B, =nn/@,. [epmi uBi cymu y dopmymi (6)
JI03BOJISITH 33JIOBOJILHUTH YMOBAM CIPSDKEHHS OB
Ha Mexax uacTkoBux obOmacreir I, II 1 II, III, a
BUKOHAHHS TPAaHMYHHX YMOB HAa KPHUBONIHIHHHX
noBepxHsax o0acti Il 3a0e3neuaTh TpeTs it yeTBepTa
cymu y dhopmyii (6).

Jdnst po3B'a3Ky 3ajadi IMOIIUPEHHS XBWIL Y
XBHJICBO/1 CIIiJi PO3MHCATH YMOBH  CIIPSDKEHHS
3BYKOBHUX IOJIIB Ha MeXaX 4acTKoBUX ooOnacreit I, 11
i II, III (puc. 1), sKi SBJISIIOTH COOOIO PIBHOCTI THCKIB
1 HOpMaJbHMX IIBUAKOCTEH Ha 1mx Mmexax. Jami
MPOBOAMMO CTaHIAPTHY MNPOLEAYPY IMEPEXoay Bif
(dyHKIIOHATBHOI 10 anredpaiuHoi CHCTEMU PiBHSHB,
BUKOPHCTOBYIOUH BIIACTUBOCTI TTOBHOTHU i
OPTOTOHAJBHOCTI BIAMOBITHOTO HAOOPY QYHKITiH
KocuHyciB y Bupasax (1), (2), (3) ado (1), (2), (6). Lis
Mpoleaypa IeTalbHO onrcaHa y MoHorpadii [5]. B
pe3ynbTaTi  ONEpKMMO  HECKIHYCHHY  CHCTEMY
JIHIMHUX anreOpaluHuX PIBHSAHL JIPYroro pomy
BIZIHOCHO IIyKaHUX koediuientiBA,, B,, C,, D, .
HeckinyeHHa cucTeMa pIBHSHB pO3B'si3yBaiacs
METO/IOM penykiii. BipHicTh oTprMaHOTrO po3B'sI3KY
rapaHTyeThCsl BUKOHAHHSM YMOB CIIPSDKEHHSI TMOJIB
Ha Mekax yacTkoBux obmacredt I, II 1 II, 111, a Takox
KOHTPOJIEM 3aKOHY 30epexkeHHs eHeprii [5]. B ycix
MPOBENICHUX PO3pPaxyHKaX KpWBi, SKi BU3HAYAIOTh
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CTIpSDKEHHS TOJIIB HAa MEXKaX YacTKOBHX OOJacTel 3
rpa¢ivHOI0 TOYHICTIO CITIBMANar0Th. Taka CUTYyaIlis €
tunoBoro. [lpu mpoMmy 3akoH 30epekeHHsI eHepril
BUKOHYETHCS 3 TOUHICTIO /IO YETBEPTOTO 3HAKY ITICIIS
KOMH.

BaxmBe  3HaueHHsT ~ MalOTh  CHEPreTHYHI
XapaKTePUCTUKU TPOXOKEHHS XBHJII KpPi3h BHUTHH.

KoedirieHT mpoxomkeHHs wt BU3HAYACTHCA SIK
BiJIHOILICHHS CEPEAHBOr0 MOTOKY MOTYKHOCTI XBHII
B obsacTi Il 10 cepenHBOro MOTOKY MOTY)KHOCTI S -
oi HOpManbHOT XBWII, Mo Habirae Ha obmacts Il 3
oomacti I (puc. 1). EHeprermunuii koedirieHT
MPOXOJPKEHHS MOYKHA 3aIUCaTh Y BUTIISI [5]

W = %‘W‘S’ e W = |D |2 &, Re(y,) %
n=0 " " " Ss Re(Ys)
& =1, €,=0,5 mpu n>0. Ak OGauumo,

(=) MPEJCTABISETHCS Y BUIIISINI CYMHU

W'
HOpMaJbHUX XBWIb B obiacri 111, abo, iHakIe, mpo
Bupaz (7) MoOXKHA TOBOPUTH SK TIIPO CyMY
KoedilieHTiB TpaHchopMmanii S-0i HOpMaIbHOI
xBuIi obmacri [ y HopManbHy xBuito obumacti 1.
Yucno pomankiB N, y dopmyni (7) nopiBHIOE

penmuunHa W

CHEPreTUYHUX  KoedimieHTiB  30ypeHHS

KUTbKOCT1 XBHWJIb, IO MOMIMPIOIOTECS B obnacTi I11.

Amnarnorivuso, eHepreTHYHUN Koe(ilieHT
BIIOUTTS V" martume BUTJIS
N,
v = zv(s) e VO <A e, Re(y,) ®)
, .
n=0 " " " Ss Re(Ys)

AHaJi3 ynceJbHUX Pe3yJIbTATIB

Bingpasy 3a3zHaumMo, MmO 3riIHO PO3PaxyHKIB,
XBUJICBIJ] 13 BUTMHOM Yy BChOMY 4YaCTOTHOMY
Jiaras3oHi, SIKUH JIOCITIIKYBaBCH, BUSIBUBCS
MPaKTUYHO 3BYKOMpo3opuM. OJHAK TpPU [BOMY
CTpYKTypa Moz 1ojis B obnacrti III cyTTeBo 3anexuTh
BiJl TeOMETPil XBUICBOIY.

Sx mpukian, Ha pHC. 2 TIOKa3aHi 3aJeXHOCTI

(0)
w,
HOpMaJIbHUX XBWIb B o0Oiyacti III B 3amexHOCTI Bin
XBHJIbOBOI MIMPHHU N /A TpH [esKid BelTuuuHi

CHEepPreTHYHuX  KoeQilieHTiB  30ypeHHs

BimHomeHHs 1, /h. HympoBa Mozma XBHieBOmy i3
KOPCTKUMH MEKAMH TTOIIMPIOETHCS TP Oy Ib-SIKOMY
XBHJILOBOMY pO3Mipi xBuiieBomay. s obOmacri 111
Moza 3 HoMmepoM n >0 € OJHOPITHOIO HpH
BUKOHAaHHI yMOBH h >nk /2. YV 1bOMy BHUNAAKY
CepelHid TOTIK TMOTY)KHOCTI B JaHiii HOpMaJbHIM
XBWII HE JOpiBHIOE Hyito. ['padiku Ha puc. 2 a
MOKa3ylTh, 10 KOJIM  XBWJIBOBUH  poO3Mip
h /X <0,5, o B obmacrti III, MOIMMPIOETHCS TITBKH
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HyJbOBa HOpMasiibHa xBuis (kpuBa () 1 BOHa
BH3HAYA€E IMPOXO/UKEHHS HYIbOBOI Moam obnacTti [
Kpi3b BHTMH XBuieBoay. CHTyallisi 3MiHIOETBCS,
akuo h /A > 0,5, Tyr 30ymKyeTbes —Tepiia
HOpMaibHa XBWJISA (KpuBa 1), sKa IO BEIUYMHI
3HAYHO MepeBeplIye HYIbOBY, a mpu h /A >1
JOMIHy€E Jpyra HOpMallbHa XBHJIS (KpHuBa 2) 1 mani
OubIn BHCOKI Moau. [lopiBHiooun rpadiku Ha pHC.
2 a 1 6 6GauuMo, 1110 JOMIHYBaHHS OKPEMOi MOIU Ha
IEBHOMY YaCTOTHOMY IHTEpBaJIi MPOSBIISIETECA THM
CWIBHILlE, YUM MeHIIe BigHomeHHs 1r,/h. 3

POCTOM pajiiyCy OKpYIJIEHHS 7, / h BIUIMB HYJIbOBOI
Ta MEPIIOi MOJ] CTA€ OLIBII BATOMUM.

Puc. 2. 3anexxHOCTi eHepreTHYHUX Koe]ilieHTIB
30ypenns mog W B o6mnacti I11 Bix xBuseBoi

=60":a-r,/h=0,1,
n/h=1

mupuHd h /A, @,

30 100

0
150 @5 0

Puc. 3. 3anexxHOCTi eHepreTHYHUX KoedilieHTIB

30ypeHHs MOJT ero) B obnacri III Bix kyTa @,
h/rA=1,15:a-r,/h=0,3,6-r,/h=1

Ha puc. 3 mokazani 3aexHOCTI KoedillieHTiB
30ypenHst mox B obmacrti III Bim kyra poskpuBy
001acTi BUTHHY @,. SIk 6auMMoO, TYT TaKoX MOXKHa
BUJIUTUTH 1HTEPBAIH 3MIHU KyTa BUTHUHY JI¢ JOMIHYE
HyJbOBa abo nepmra Mojia. [Ipu oMy BILTHB APYroi
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MOJIM Ha IOJIC Y XBUJICBOMAI CTa€ OUIBII BAaroMIiIIMM
IpY 3MEHILICHHI Beln4uHu 1; [ h .

Sx mnpukman, Ha puc. 4 TOKa3zaHO TIOJNe
aMILTITYIM THUCKY B OKOJi BUTHHY 1 B Iepepi3i Ha
Bxoxi (kpuBa 1) i Buxoxi (kpuBa 2) obmnacti Il mpu
Py = 60°,

e curyamis KoM

TaKAX  TapaMerpax  XBHJICBOAY:
h/A=0,8, r,/h=0,1.
JOMiHye mepina moaa B obmacti II (quB. puc. 2 a).
Ockinbku  KOeQIIiEHT TMPOXOKEHHSI  JIOPIBHIOE
OJIMHMUIII, TO oJie B obuacTi I sBisie cO00K0 HYJILOBY
MOJy, 110 Ha0irae Ha 30Hy BUTHHY. [lone B obmacti
III, momami Bix BHTHHY, MPAKTHYHO BHU3HAYAETHCS
nepioo Moo (kpuBa 3). B mepepisi obmacti 11
moje THCKYy € CYyTTEBO HeomHopimHuMm. Tak, Ha
Buxoxai obnacri Il ammiiTyna THCKY y 30BHINIHBOT
MOBEPXHI y JIBa pa3u OLbIa HiK OUIst BHYTPIIIHBOI.

i
T

]

]
I 2 415

a

0
Puc. 4. Ilone ammutityau THCKY (@) 1 B Tiepepisi Ha

Bxoxi (kpusa 1), Buxomi (kpusa 2) obmacri II i
nojaii Bix Buruny B oonacti 11 (kpuga 3):

¢ =60°, h/1=0,8,7/h=0,1

BuchHoeku
1. [ToOymoBaHO PO3B'SI30K 3aaadi MOUIHUPEHHS
XBHJII Yy TUIOCKOMY XBWJIEBONI 13 BHUTHHOM.

[okazaHo, 1110 MOXKHA 3aNPOIIOHYBATH JIBa BapiaHTH
MpeCTaBICHHS TONA Y KPHBOINiHIHIA o0nacti, a
came, y BHUIIIAII CYNEpPHO3UIiT HOPMAIBHUX XBHIIb
obmacti II, abo y BUTISAI CyMH YacTKOBUX
pO3B'S3KiB  piBHSAHHS [enmpMmronbpia y  pi3HHX
cucremax KoopauHat. [lokazaHo, IO pPO3paxyHKH
MOJISl y XBUJICBOII IPH BUKOPUCTAHHI 000X BapiaHTIB
3amucy mosii B obmacti Il 3 BHCOKOH TOYHICTIO
cmiBmajgaroTh (rpadiuHO  BIAMOBIAHI KpWUBI HE
BiJIPI3HSIOTHCS).

2. [Tlokazano, 1mo0 00JacThb BHUTHHY, IS
JOCII/DKEHOr0  Jlialma3oHy  4acToT,  BHsBHIIACS
MPAaKTUYHO 3BYKOMPO30poio. [Ipu mpomy CTpyKTypa
Mmojsi 32 BUTUHOM  CYTTEBO  3QJIGKUTh  BiA
TCOMETPUYHUX MapaMeTpiB XBHJIEBOAY, TOOTO Bif

paliyca 3aOKpyIJIEHHS, KyTa pO3KpUBY ¢, W
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XBWJILOBOI IUpHHKU xBuieBomxy h /A . Ilpu meBHii

KOMOIHaIIIi 3a3HAYEHUX TTapaMeTPiB CIOCTEPIracThCs
JIOMIHYBaHHS OJIHI€T 3 MOJ] XBHJICBO/TY.
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Point source in the vicinity
of the corner reflector
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elvie89@ukr.net

Pozensmyma nnocka 3adaua 63aemooii mouxogozo docepena 3 KymuKkogum @iodugauem CKIiHUeHUX
posmipie. Posmipu xymuxogoeo 6iobusaua nopisHanHi 3 006dcunoro xeuni. Ilposedeno Oocniodicenms
Xapaxmepucmux Nnojis GUAPOMIHIOBAHHS KYMUKOGOI anmenu 8 3anedcHocmi 60 il napamempis, a came
2eoMempii Kymouxa ma Micysi po3mauty8anHs 0xicepend.

Kniouogi cnosa: xapaxmepucmuxa HanpagneHocmi, Kymukosutl 8i0ousat, moukoge 0xicepeio.

The plane problem of interaction between a point source and corner reflector of finite size was
considered. The pressure field near corner reflector with hard boundaries was determined. The problem
using the method of boundary regions was solved. Dimensions of corner reflector are proportional to the
wavelength. The research of the characteristics of the radiation field of corner antenna depending on its
parameters, namely geometry of corner and location of the source was conducted. There are two areas
where the location of the source characteristics of the far field can be identified. At one of which is adjacent
to the top corner, characteristics of the far field are stable. In another section of the source location these

characteristics are unstable and unsatisfactory, and the radiation power is much lower.

The range of

variation of the angle of corners, for which is saved optimal directivity diagram can be specified.
Key words: directivity characteristic, the corner reflector, a point source.

Crartio nipeactaBuB 1. ¢.-M. H., mpod. XKyk 4.0.

Beryn

Koncrpykiito, koTpa sBise co00I0 Tpymy
JDKEpell, PO3TAlllOBaHUX B OKOJHI KYTHKOBOTO
BinOMBava, MNPUHHATO PpO3MIIAJATH SK KYTHKOBY
auteny [1]. KyTukoBi  aHTeHM  3HAXOIATh
3aCTOCYBaHHSI B  NPUIMaJIbHO-BUIIPOMIHIOIOYHX
MPHUCTPOSX, MO TMpaliolTh Ha 3BYKOBHX 1
CNEKTPOMAarHiTHUX  xBWIsAX. OJHaK, SKIO B
CNMEKTPOMArHiTHUX  TpWIaJax  Taki  aHTEHH
MPAIIOIOTh 3a3BHYAl B Jiana3oHi YJIbTPaKOPOTKHX
XBHJIb, TO B aKyCTHYHHX CHCTEMax IHTepec
MPEACTABISAIOTE KOHCTPYKINI, y KOTPHUX PO3MIpH
KyTHKOBOTO BiZI0MBada TIOPIBHSHHI 3 JOBXHHOIO
xBuIIi. OcTaHHIM YacoM KyTHKOBI aHTEHH 3HaXOJSTh

MIUPOKE  3aCTOCYBaHHs  TPU  aKyCTUYHOMY
30HIyBaHHI aTMOC(HEPHOr0 MPUKOPJOHHOTO IIapy
(2,3, 4].

Jana  cTaTrTs  TPUCBSYEHA  JIOCHIHKEHHIO

XapaKTePUCTUK TMOJI BHUIIPOMIHIOBaHHS JDKEpena,
KOTpE pO3TalllOBaHEe B OKOJII KyTHKOBOI'O BijOMBaya.
I[lpy 1BOMY TeEOMETPUYHI pO3MIPH  KyTOYKA
MOPIBHSAHHI 3 JOBXKHHOI XBWII. JlocmimKyerbes
Mmojie KYTUKOBOI AaHTEHHW B 3aJeKHOCTI Bimg il

© JI.A. TpyHosa, 2014

napamerpiB, a came reoMerpii KyTouka Ta MiCIs
pO3TallyBaHHS JKepena.

IlocTanoBKka Ta MoOya0Ba Po3B'sA3KY 3aaaui

PosrisiHeMo TUTOCKY 3ajady BHITPOMIHIOBAaHHS
TOYKOBOT'O JpKEpena, KOTpe po3TaiioBaHe B OKOJIUIT
KyTHKOBOI'O BiJIOMBa4a CKIHYCHHMX PO3MIpIB 3
KyTOM  pO3KpuBy  20,, Jxeperno
PO3TaIIOBaHO HA OCi CUMETPIl KyTOuka Ha BijcTaHi
R Bix novatky koopmuHat O . JIxepeno CTBOPIOE
TapMOHIYHY NWIIHJAPUYHY XBUIKO i3 Y4acTOTOI .
Bynemo BBaxkaTu, 10 MOBEpPXHI KYyTOYKAa aKyCTUYHO
KOPCTKi, @ caM KYTOUOK 3aHYpeHWH B ijeaybHe
pike cepenoBUIE i3 TYCTHHOK p 1 MIBHAKICTIO

puc. 1.

3BYKy C. Jlns moOymoBu po3B's3Ky 3ajiadi, BBEIEMO
MOJIIPHY cHcTeMy KoopauHat rOO. 3rigHo 3
METO/IOM YacTKOBUX obnactedl [5] yBech mpocTip
ICHYBaHHSI 3BYKOBOT'O TOJISi TIPUPOJHO JUTHTHCS Ha
Tpu obOnacti: | — 30BHINHICTE KoOjJa pajiycaa,

|6|£n; II- cexktropO<r<a,
|6|S91;IH—ceKTopO£r£a, |6|2n—61.

Ilone B obmacti I, 3 ypaxyBaHHsAM cuMeTpil
BigHOCHO oci 0 =0, 3amumemMo Yy BHIJILAL

TO00TOT > 1,
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CYNEpHo3ullii ODKYYMX UWIHAPUYHAX XBHIb 13
KyTOBOIO 3aJIOXKHICTIO y BUTIsAI QyHKIINH cos(n6),
n=0,12,...

L HY ()
p =) A ———cos(no), (1)
ST HY (ka)
ne H,(ll)(kr) ¢ynkiis  Xankens. Yacouit

MHOXKHHK €XP(—imt) He MHUIIeMo.

Puc. 1. 'eomeTpist KyTHKOBOI aHTEHU

[one B obmacti Il mpeacraBumMo y BUTTISAI CyMH
IBOX JOJAHKIB, OHE 3 HUX € IIONE JUKEpena p, y
KIMHOMO/AIOHIH 00NacTi, a apyre — CyNepro3Hilis,
MigiOpaHuX BIANOBITHO 10 TPaHUYHMX YMOB Ha
CTOpOHAaX KyTOYKa, CTOSIUMX XBWJb. [losie B oOacTi
I — TakoX y BUTIISIL CYTIEPIIO3HUIIIT CTOSTYMX XBHIIb:

= J, (kr
Py =D+ ;Bﬂ #ka))cos (o,0), )
= J, (kr)
=S¢ L2 0-0,)),
pIII ,;o nJ[;n (ka)COS(Bn( 1)) ( )
ne J,(kr) — oyskuis beccenms. Irpux Oins

¢ynkuiii Beccenst y Bmpazax (3) i (4) o3Hauae
HOXiJIHY 3a IOBHUM apryMeHTOM. 3HaueHHsd o, i 3,

BHU3HAYAIOTHCS 13 TPaHUYHUX YMOB Ha JKOPCTKHX
[IOBEPXHAX KyTOUKa, TOMY

nmn
(xn = -, Bn =
e1

(11:—91)

JIist 3amucy mojisl [pKepena, IO pOo3TallloBaHE B
obmacti II, cmig ckopucraTHCs BiIOMHM BHUPa3oOM
JUTS TIOJIS JDKEpea B KIIMHOMOMAIOH1# obacTi [6]:

, n=0,1,2,...
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po (T,G;R,OO) = 211:_91
1

Zw: e, T, cos(a,0,)cos(a,0), <R, (4

n=0
i e, E, cos(a,0,)cos(a,0), R<r<a,
n=0

ne T, =J, (kr)H! (kR), E, =J, (kR)H' (kr),
7,0 — KOOpJMHATU TOYKU CIOCTepexeHHd, R,0, —
KOODIMHATH JDKEpeNa; y HalloMy BHITAAKy KyT
0, =0, OCKiIbKM JKEpeno pO3TalloBaHO Ha OCi
cuMmeTpii kyrouka, €, =1, €, =2 npu n > 0.

YMOBM CHpPSDKEHHS TOJIIB HA MEKI YaCTKOBHX
obmacreit 1111, I1I (puc. 1) MaroTh BUIIISIT

apn, r=a, 9|S91,
%z or (5)
o %Pu _q jo[zn-6,

or
Di=py r=a, |9|S91, (6)
Di=DPuy r=a, |9|2n—61. (7

[MincraBuBum Bupazu (1)-(4) B ymoBm (5)-(7),
OJIepKUMO (DYHKI[IOHAJIbHY CHUCTeMY piBHsHbB. [laii
MPOBOAMMO CTaHIAPTHY MNPOLEAYPY IEPEeXoay Bif
(dyHKIIOHATBHOI 10 anredpaiuHoi CHCTEMHU PiBHSHB,
BUKOPHCTOBYIOUHU BIIACTUBOCTI TTOBHOTHU i
OPTOTOHAJBHOCTI BIAMOBITHOTO HAOOPY QYHKIIiH
kocuHyciB y Bupazax (1)-(4). Lls mnpouenypa
JleTalbHO onucaHa y MoHorpadii [5]. Y pesynbrati
OZICP’)KUMO  HECKIHUEHHY  CHCTeMYy  JIHIHHHX
anreOpaidyHUX  pIBHSAHL JPYroro poay  UIOoNIo
HeBifomux koedinientiB A, , B, , C, . HeckiHueHHa
crucTeMa PiBHSIHD PO3B'sI3yBajacs METOJIOM PEYKIIii.

Hacamriepen, ciii nepeBipuTH BUKOHAHHSI YMOB
CHPsDKSHHSI MOJTIB Ha MEXKI1 yacTKoBHX oOmacrei I, 11,
III Ta 30epekeHHs MOTOKY MOTYXXHOCTI Kpi3b KOJIO,
0 OTOYYE JDKEPEno, HpH 3MiHI paaiycy Koua.
Hexaii mapamerpm KyTHKOBOi aHTEHH  Taki:
20, =90°, a/A=0,5 (A — noBXHMHA XBHII),
koopauHata kepena R =a /2. Kigbkicth Mon
(uucno goxaskiB y cymax (1)-(3)) pisao 80, 20, 60
BimnoBimHO. [Ipu Takil KITBKOCTI MaeMO PIBHICTh:
O,y =P = 80.

Ha man. 2 a, 6 nmokasani, BigmosimgHo, aificHa i
ysIBHA YaCTHHHM KOMIUIEKCHUX aMIUTITYJ]] TUCKY Ha
Kolmi pamiyca a. AHaIOriuHi  KpWBI  JUIA
KOMIUIEKCHUX ~aMIUTITYJ paaiajibHOi MIBHUIKOCTI
mpeacTaBjieHi Ha Mal 2 6, o Sk Oaummo,
XapakTepUCTUKU TONSl  TUCKY 13  rpadidHOo0
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TOYHICTIO 30iraroThcs. [t KOIMBaIbHOI IIBUAKOCTI,

B okomi kyra 45°, 30DKHICTh KpUBHUX MEHIIA.
Onmnak, Takui pe3yinbTaT € TPOTHO30BAHHM,
BHACIIZIOK HAsSBHOCTI KYTOBHX TOYOK y KYTHKOBOTO
BiOMBa4Ya CKiHYEHHHX pO3MIpiB. AJe, SK BiIOMO
[5], ocoOyuBiCTh MIBUAKOCTI OLNS KyTOBHX TOYOK
Ma€ JIOKQIbHWHA XapakTep 1 Ha EHEpPreTHyHi
XapaKTEPUCTUKH Ta JAIBHE MOJIe BIUIMBY HE Mae.
s mepeBipKU CHEPreTUYHHX CIIBBIIHOIICHD
Oynmu OOYMCIIeH] cepeHi MOTOKHM TOTYKHOCTI 4epe3
KOHIIGHTPUYHI Kolla PIi3HUX paJiiyCiB i3 3arajJbHUM
LIEHTpOM B To4aTKy koopaunat O, a came 0,7a,
a 1 3a. PesynmbraTé po3paxyHKIiB 30iraioTbCs 3
TOYHICTIO JI0 YETBEPTOr0 3HAKY ITICJIsS KOMH.

0.1 T

|
100 g

0 500 100

Puc. 2. ITons tucky (a, 6) i paxianbHOI MBUIKOCTI (B, T)
Ha Mexi yacTkoBux obmacrei 1111, 111 :
JiHiT — noe 3 6oky obacri I,
Kpanku — nose 3 6oky oonacreii 11, I11;

20, =90°,a/1L=0,5, R=a/2

AHaJi3 YnceJbHUX Pe3yJIbTATIB

PosrisiHeMo, Sk 3MIHIOETBCS THCK Y JalbHBOMY
noii mpu 6 =0 Ta MOTYXHICTh BHUITPOMIHIOBAHHS
3aJIeKHO BiJI TIONOXKEHHS JDKepena S BiIHOCHO
O, (puc. 3, 26, =90°,
a/x2=0,5). I3 rpadikie puc. 3 a (kpusi 1 i 3)
BUIUIMBAE, 1O, 3 MOy  eHEepreTHYHol
epEKTUBHOCTI ~ AHTEHH, HAWOUIBII  JOILIBHO
PO3MIIIYBaTH JDKEPENO 3BYKY B TIUOWHI PO3KPHUBY
KyTHKOBOi aHTeHH, TOOTO Orkue 1o Touku O . [pu
IIbOMY  pIiBEHb  THJIBHOI'O  BHUIIPOMIHIOBAHHS

MOYaTKy KOOpJIWHAT

(6=180°, xpuBa 2) 3MIHIOETbCS B HEBEIUKHX
Mekax. Ciiijl 3a3Ha4YMTH, 1110 PO3MIIICHHS JDKepesia B
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oxoni Touxkn R =0,75a MPHU3BOJIUTH JI0 3HAYHOTO
3MEHIIICHHS TOTY>KHOCTI BUNpoMiHoBaHHS. [likaBo
BII3HAYUTH, 110 B IIHPOKOMY Jiala30Hi 3MiHU
nosokeHHst  jukepena (R <0,6a) koedillieHT
KoHIleHTpanii (puc. 3 6, xpuBa 1) 3amuIIA€THCS
CTajJol BenW4yuHOW. [Ipu 1mboMy, B 3a3HaYEHOMY
qmiama3oHi  TONOXKEHHS — JDKepena, — Jiarpama
CIIPSIMOBAHOCTI TaKOXK 3aJUIIAETHCS MPAKTUIHO
HE3MIHHOIO, a IIUpWUHA 1i TOJIOBHOI IMENIOCTKH Ha

piBui 0,7 nopisutoe A6, , ~ 74°.

100

EEEEEE g
-~ =

2 = .

I R |
0 0204 06 R/Aa

0 0204 06 08
a o
Puc. 3. XapakTepuCTHKH MMOJIA B AAIbHIH 30HI 3aJICKHO
Bin Benmmunnun R /a, 20, =90°, a/A=0,5:

a — HopMoBaHa amrutiTyaa Tiucky npu 0 = O (xpusa 1) i

0 =180° (xpusa 2), 3 — MOTYKHICTH BUIIPOMiHIOBAHHS;
6 : 1 — koediuient konenrparii €2, 2 — mwupuHa
rosioHoi nentoctku AQ, -

Ha puc. 4 (xpuBa 1) HaBemeHO XapaKTepHHIA
BUTIIS JiarpaMd CHPSMOBAHOCTI NMPH PO3MilllEHH]
JDKepena Ha oci KyTouka 3 koopauHatoo R < 0,6a.
Sx OGaunmo, (QOpMYETBbCS OCHOBHA TMENIOCTKA 13
mmpuHol A0, , ~74° | TuibHA MEMOCTKA 3
pieaem 0,24. Ilpu po3MilieHHI JpKepena B OKOMi
Toukd R = 0,75a BUIISA qiarpaMu CripsMOBaHOCTI
(kpuBa 2) pi3KO CHOTBOPIOETHCS. TyT MaKCUMyM
BUITPOMIHIOBaHHS BifmnoBigae kyty 0 =180°, kpim
OT0 BUHHUKAIOTH M€ TPU BEIUKI TMETIOCTKH 3
piaeM nopsiaky 0,8 1 0,9. [Ipu mpomMy MakcuMaibHa
BEJIIMYMHA aMIUTITYIH TUCKY JUIS XapaKTEePUCTUKH 1
(6 =0) Ha puc. 4 npubIU3HO y BiciM pa3ip OiiblIa
HDK Juis1 Xapakrepuctuku 2 (6 = 180°).
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KOTpa  MPUMHKAE€ 70  BEPIIMHA  KyTOYKa,
XapaKTePUCTUKN  JTAIBHBOrO Tois  (KoedillieHT
KOHIIGHTpAIlil, [IMPHHA  OCHOBHOI  TEIOCTKH

180

Puc. 4. Jliarpamu cipsIMOBaHOCTI KYTHKOBOT
anrenu, 20, =90°, a /A =0,5:
1-R=0,5a,2- R=0,75a

Ha puc. 5 mnpencraBieHi npuKIaad aiarpam
CTIPSIMOBAHOCT1 /ISl PI3HUX KYTIB PO3KpUBY 26,
Kyrouka. [luBisuuch Ha puc. 4 1 puc. 5 MOXKHA
BII3HAYMTH, WI0 KYTHKOBA aHTEHa TMpH KyTax
po3kpuBy 26, = 90°,100° Mae Halminmm xiarpamu
CIpSIMOBAHOCT.  Bijbm  geranbHi  poO3paxyHKH
XapaKTePUCTUK  CHPSIMOBAHOCTI  MIATBEPIDKYIOThH
BHCHOBOK IPO Te€, 1[0 HAaWOUIbII ONTHMAaJbHI KyTH
PO3KpHBY JexaTh y 30HI 80° <26, <100°.

Puc. 5. Jliarpamu cripsIMOBaHOCTi KYTUKOBOI aHTEHH IS
pi3HUX KyTiB po3kpuBy 20,, a /A=0,51 R/a=0,5:
1-4 Bimnosinarots 20, = 40°,100°, 140°,180°

BucHoBkH

1. IToOymoBaHO PO3B'I30K 3ajayl BU3HAYCHHS
TI0JIS TOYKOBOTO rapMOHIYHOT'O JpKepena,
pO3TAIIOBAHOTO Ha OCi KYTHKOBOTO BigOWBaya,
PO3MIpH SKOTO MOPIBHIHHI 3 JIOBXKUHOK XBHUJI.

2. JlocmipKeHHS XapaKTePUCTUK  JalIbHbOIO
MOJii  BUIPOMIHIOBAHHS  [0Ka3ajo, 10 MpH
¢ikcoBaHili reoMmerpii KyTodKa Ta TIepeMilleHHi
JDKepena Y3I0BXK MOro oci MOYKHA BHIUIMTH JIBI
IUISHKA MICISL po3TalllyBaHHs JpKepena. Ha ommiid,

JiarpaMd CHpPsSMOBAaHOCTI Ta 1HINI) 3aJTHIIAIOTHCS
cTabinpauMH. 11 KyTouka 31 cropoHoro a = 0,54
s ginsaka craHoButh O < R < 0,6a. Ha inmmid
JUIISTHIT pO3TallyBaHHsI JpKepena i XapaKTepUCTHKH
HecTaOiMbHI 1  HE3aJOBUNBHI, a  TOTY)XHICTh
BUITPOMIHIOBAaHHS 3HAYHO MEHIIIA.

3. TTokazaHo, 110 MpH 3a/1aHii JOBXHUHI CTOPOHU
KyTOuKa # TIOJOKEHHI J/pKepella MOXKHA BKa3aTh
Jliara3oH 3MiHM KyTa PO3KPHBY KYTOYKA, JUIS SIKOTO
30epiraeTbcs, y TMEBHUX MeXaX, ONTHMalbHA
niarpama chpsiMoBaHocTi. s cuTyamii, Komu
a=0,5. Ta R=0,5a, uei npiama3oH KyTiB

cranoBuTh 80° <20, <100°.
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Memoody KpOKig i CIeopeHHst ImepayitiHoi npoyedypu 3anucano po3e 30k sadayi Kowi.
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Differential equations with delay is a powerful instrument for modeling many natural, technical and

social processes. In particular, a lot of the dynamic processes in ecology, economics, medicine, population
dynamics can not adequately describe the real state without aftereffect. Differential equations with
aftereffect (in particular with delay) can be defined as differential equations in Banach space. And its
studing encounters significant difficulties. In particular, linear vibration equation is frequently used in
describing many mechanical (linear oscillator). Representation of its solutions is not difficult. But even if you
enter one constant delay in the phase coordinate, the analytical representation of the solution become
difficult.

In this paper, using an iterative procedure, made an attempt to write the solution of the Cauchy problem
for a linear oscillator with a constant delay. Preformed form of the solution of the Cauchy problem for a
second-order linear equation. Uses two special functions that define "fundamental system of solutions". For
obtaining these functions uses iterative procedure. At each step of the iteration, the equation is an ordinary
differential equation with known right-hand side depending on the prehistory. Recordes its solution.

Key Worda: differential equations with delay, problem of Cauchy, iteration procedure.

The article presented Dr.Tech.Sci, Prof. Garashchenko F.G.

Introduction

In this paper we consider the linear second-order
equation with one constant delay. Second order
differential equations are widely used in various
applied sciences [1,2]. Aftereffects influence on the
systems dynamics caused the investigation of
functional differential systems [3-6]. However,
obtain the solution of these equations in explicit form
possible only to systems with pure delay [7]. The
paper proposes an iterative method for finding

solutions of second order equation with one constant
delay.

1. General solution.
In this paper we consider a linear homogeneous
equation with one constant delay.

X"(t)+ax'(t)+ax (t—1)+bx(t)+bx(t—1)=f (t),
t>0, t>0, (1.1)

with the initial condition

© E.l.Azizbayov, D.Ya. Khusainov 2014
93


mailto:azel_azerbaijan@mail.ru
mailto:khusainov@unicyb.kiev.ua
mailto:azel_azerbaijan@mail.ru
mailto:khusainov@unicyb.kiev.ua

Bicnux Kuiscbkoeo Hayionanvno2o yHisepcumemy
imeni Tapaca lllesuenxa
Cepis ghizuxo-mamemamuuni Hayku

x()=0(), X'(t)=9¢'(t), -t<t<0. (1.2)

Here a,, a,, b, b, constants, f(t)- continu-
ous function, ¢(t)- random, twice continuously dif-

ferentiable on the initial interval —t <t <0. function
determining the initial conditions. By a solution of
the Cauchy problem (1.2) the equation (1.1) we
mean defined at t >0, twice continuously differenti-
able function x(t), identically satisfying the eqution

(1.1) and the initial conditions (1.2). As is known,
the solution of the Cauchy problem (1.2) for the in-
homogeneous equation (1.1) can be represented as a
sum of

x(t)=x°(t)+x(t),

where x°(t)— the solution of homogeneous
equation

X"(t)+ax'(t)+ax (t—1)+bx(t)+b,x(t—1) =0,

t>0, t>0, (1.3)

with initial conditions (1.2), and x(t) - the solution
of inhomogeneous equation (1.1) with zero initial

conditions x(t)=0, x (t)=0, —t<t<0.
Denote X, (t)— the solution of the homogene-
ous differential equation with initial conditions

x(t)=1 x/(t)=0, —t<t<0, (1.4)

and x, (t) - solution of the homogeneous differential
equation (1.3) with initial conditions

X ({t)=t+1, x(t)=1, -t<t<0. (15)

We give an affirmation of representation of so-
lution of the Cauchy problem (1.2) for the homoge-
neous equation (1.3), using functions X, (t), X,(t),
satisfying the initial conditions (1.4), (1.5). The re-
sulting dependence is similar to given in the work [4,
p.69].

Theorem 1.1. Solution of Cauchy problem for
the homogeneous equation (1.3) with initial condi-
tions (1.2) can be written as

X(E®) =) % (t) +¢' (=) %, (t) + T % (t—1—5)¢"(s)ds, (1.6)
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where x,(t) the solution of equation (1.3), satisfying

the conditions (1.4), x, (t) the solution of equation

(1.3), satisfying conditions (1.5).
Proof. The solution of equation (1.3) we will
find in the form

0

X(t) =% (1) + 6% (1) + [ %, (t—T—s)c"(s)ds , (L.7)

=T

where c,, ¢, — constants, and c(t)— twice continu-

ously differentiable function. Substituting (1.7) into
equation (1.3), we obtain

=T

:_tzz{%xl(t)+czx2(t)+ T X, (t—T—S)C(s)ds}r

+a1%{clx1(t)+czx2(t)+ [% (t—r—s)c(s)ds}

=T

+a2%{c1x1(t—r)+czxz(t—r)+Jo‘xz(t—Zr—s)C(s)ds}+

-7

=T

+b2%{clx1(t ) o (t —r)+]ix2 (t—ZT—S)c(s)ds} ~0

Rewrite the resulting equation in the form

G [ X/(t)+ayx (t)+a (t—1)+bx (t)+bx (t—1) ]+
+¢, [ X5 (1) +ayxp () + apxp (t—1) + by, (1) +byx, (t—1) |+

0
+[[ X (t—t—s)+axy(t—t—5)+a,x(t—2t—5)+

+bX, (t—1—5)+b,x, (t—2t—5) |c"(s)ds =0.

Since, X, (t) and solutions of the homogeneous

equation, then for random constants ¢, and c, equa-

tion in square brackets identically equal to zero And
obtained identity shows that (1.6) is a solution of

equation (1.3) for arbitrary constants c,, ¢, and arbi-
trary function c(t).

We show that ¢, =¢(-1),
c, =¢'(—1), c(t)=4¢(t), that will satisfy the initial
conditions

x(t)=o(t), x'(t)=9¢'(t), -t<t<0,

if we put
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So the Cauchy problem (1.2) for the homogene- , , ' ' ¢ ,
ous equation (1.3) has the form (1.6). X'(t) = (1) (t) +¢'(—1) x5 (t) + _[ Xy (t—1—5)¢"(s)ds.
Substituting the relation (1.6) the initial condi- -t
tions (1.2), we obtain After the change of variables in the integral, we
have
HO=0(—e)x (1) +6(-0) (1) + [o(t--s)9'cs, e e ko
'[ X () =¢(—1) X (1) +¢'(—1) % (t) + J X (&)¢"(t—t—E)dE .
—1<t<0. =

Considering, that on the initial interval
We change the variables in the integral: X (t)=0, X, (t)=1, we obtain
t—t—s=&. Then we obtain

00 =) (1) +¢' ()% (1) sz (&)¢"t—1-9)de, X(t)=¢(—)+ [ ¢'t—1-&de=
eEts0 =4/(-1) /(18 =4 ().

We split the integral into two
Therefore it is shown that the second initial con-

dition is satisfied.
.[ %(&)¢t—-Qde+ The theorem is proved.

2. Construction iterative procedure.

o) =¢(—1) % (t) +¢' (1) %,

+jx2(a)¢"(t—r—g)dg.

-7

Thus, to obtain the solution of the Cauchy prob-
lem (1.2) the equation (1.1) should have two func-

Since for t—t<&<—t will bex (t)=0, first tions X (t), x,(t), are solutions of the homogene-
integral disappears and remains ous equation with special initial conditions.
] Theorem 2.1. The solution x(t), x,(t) homo-
=411 (1) + (D)%t -[X2 )¢ (t-T-9dz, geneous equation with delay (1.3) with initial condi-
_1<t<0. tions (1.4), (1.5) can be written as
Take the integral by parts X,o(t), —T<t<0,
, x,(t), 0<t<r,
00 =0(=1)x (1) +0' () (1) - H ()= . ’
t
—% (&)¢'(t —r—é)EiT + j X, (£)¢'(t—1-E)dE= X, (1) (n-)r<t<ne
, Xp0(t), —T<t<0,
= 0(=)% (1) (~2)o' (1) + oa(t), 0<t<r
t X, ()= ' (2.1)
J' t—’t é)dé .

Xy (t) (n —1)rst< nt

Since on the interval —t<t<0 will be

¥ (t)=1, x,(-t)=0, x;(t)=1, it remains where: X, (1) =1, X0(t) =0, X (t) =t+1,

Xp0(t)=1, —T<t<l;

o(t)=9(-7 +t¢' -1-§)dE=
=40+ [#t=e) 0 O35 (DO S, 0] (0

=t t=(n—l)r
=0(=0)—o(t--8)_ =0(t). :
+[K(t,5)F,,(s)ds, (2.2)
Therefore first initial condition is satisfied. We o
shall show that the second initial condition is satis-
fied. Differentiating (1.6), we obtain d
g (1.6) |:i'n (t)z_azaxi,nfl(t_T)_bzxi,nfl(t_r)’

i=1,2,n=12,3,.. (2.3)
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K(ts)= xf(s)xg(t)—xf (t)xg(s) the nonh.orn.ogeneogs. equation (2.5) s'atisfying'; the
S)= W[xf(s) x°(s)] ' nonzero initial conditions x(ty)=X,, X'(t,)=x; has
. e . the form
W[ 0 0 ] % (S) X (S) (2 4) t
X (S ,X S = _ ’
1 (8)% (s) %xf(s) %xg(s) x(t)_xoxf(t)+xoxg(t)+th(t,s)F(s)ds,
0 0 (t)— %0 (t) x°
x{ (t), x3 (t) solutions of the homogeneous K(t,s)= & (S)ng ) Xlo( Ve (s) ,
equation without delay W [Xl (s). % (S)]
" ’ Xj(.) S XO S
¢ (1)+ 20 (1) +byx(t) O, W] 2 2O g

satisfying the conditions x/ (0)=1,
Go back to finding solutions x(t), x,(t) equa-

—X,(0)=1. tion with delay (1.3) with initial values. We obtain
dt pre-form solutions of the homogeneous second order
differential equation with a constant delay (1.3) cor-
responding to the initial conditions X(t)=¢(t),

£0(0)=0, %,(0)=0,

Proof. To find solutions x(t), X, (t) of homo-

geneous equation with delay (1.3) satisfying the sin- ,
gle initial conditions (1.4), (1.5), we use the method X (t)=¢'(t), —t<t<0, where ¢(t) random con-

of steps [4]. tinuously differentiable function.

It is known that the solution of the linear non- 1. Consider the first interval T, :0<t<t. On
homogeneous equation with constant coefficients of thjs interval the equation (1.3) is a linear nonho-
the second order without delay mogeneous differential equation without delay and

x"(t)+ax (t)+bx(t)=F(t), (2.5) has the form

"(t (t t)=F (t),
satisfying the zero initial conditions, has the X ( )+a1x( )+b1X() 1( )
form F(t)=-a,x'(t-1)-bx(t—1), T,:0<t<t. (2.7)

t Suppose that the initial conditions take the form
X(t)=th(t'5)F(5)d5' x(0)=0(0), X(0)=¢'(0).  (28)
Then it follows from (2.6), the solution of the

where K(t,s)— the solution of homogeneous equation (2.7) satisfying conditions (2.8), is

equation satisfying the initial conditions t

X5 (t)+[K(t,s)F(s)ds

t=0 0

_ (1.4
K(t5)], =0, Ki(t9)]_, =L 0(8) =y O (1) 5001

t=

d ,
Since equation (2.5) with constant coefficients, Xo,¢(0)=¢(0)' axo,(t (t) =¢ (O)
then, depending on the eigenvalues of the character- , =0
istic equation, the corresponding homogeneous equa- Fi(t)=-a,0'(t—1)-bo(t-1). (2.9)
tion

2. Consider the second interval T,:t<t<2t.
X"(t)+ax'(t)+bx(t)=0 On this interval the equation (1.3) is also a linear
nonhomogeneous differential equation without delay

has two linearly independent solutions that are and has the form that is different from previous one
represented as exponent, the exponent with trigono-  only by the right part

metric functions or exponent with multiplier t. Let
the solution of the homogeneous equation satisfying X"(t)+ax'(t)+bx(t)=F,(t),
the initial conditions x(t,)=1, X'(t,)=0 is x_(t), d

F(ty=—a,—Xx,, (t—t)-bXx , (t—1),
and the solution that satisfies the initial conditions 1(t)=-2, dt 1 (1)~ Bo (=)
X(t,)=0, x'(t,)=1 is x3(t). Then the solution of Trt<t<2r. (2.10)
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The initial conditions have the form If equation (1.3) has special form

X"(t)+ ofx(t)+w3x(t-1)=0, t>0, t>0, (2.18)

. (2.11) so a =a,=0, b=w?, b, =03, 1then linearly

X(t)=%,4(7). X(7) Z%Xm ® t=c

As follows from (2.6), a solution of the equation  independent solutions x, (t), x,(t), satisfying the

(2.10), satisfying the conditions (2.11) is initial conditions (1.4) and (1.5) have more concrete
form [8].
t
x2'¢(t)=x1'¢(r)xf(t)+%x1'¢(t) x§(t)+JK(t,s)F2(s)ds Theorem 2.2. The solution X, (t), X, (t) of the
t=t T equation (2.18) with initial conditions (1.4), (1.5) can
d be written in the form
Fa(t)=-20 S, (t-0) by (1) (212 woll), —r<t<0
Continuing this process further, we find that on xl(t)z Xil(t)' O<t<r,
the interval T,:(n—1)t<t<nt. The equation (1.3)
has the form Xgo (1) ( )‘C<t<n’t
X"(t)+aX (t)+bx(t)=F,(t), Xy (t), —T<t<0,
d "o Xy (t), 0<t<r, 219
P (1) =2y 5 %y 1 (1) by, 1 (£7) %(t)= o (2.19)
T,:(n-1)c<t<nr, (2.13) Xon (1) (n—l)rﬁt< nt,
where
The initial conditions for the solutions of this
equation have the form X, (1) =Xy 0 g ((n _1)1)005 , (t - (n _1)1-) +
X(t) =%, 14 ((n-1)7), / -1
q +—X1'k’1((n )T)sinml(t—(n—l)r)—
X'(1) ==X, 14 (t) , (214) ©,
dt =" e t
and solution of the equation on the interval ~ I sine, (t—5)%.,4(s)ds
T, :(n—1)t <t <n, satisfying the conditions of con- (L)
tinuity is (n—1)t<t<nt, x,(t)=1 X, (t)=
t) = k-1 t—(n-1
a0 o1y (V-1 )+ R
t X2' 1 n-1j)t) .
a0 RO+ [ KSR (s), P sinay (t-(n-1)r) -
t=(n-1)t (n-1)c
2 -
I:n (t) = _aZ%an (t — T) - bZXn,l (t - T) . (215) _mz(njl)TSIn @ (t - S) sznfl (S)dS !

To obtain linearly independent solutions x, (t) u (n-r<tant, X0 () =t+1, 3, (1) =1

X, (t), satisfying the initial conditions (1.4), (1.5) we Proof. To find solutions x,(t), X, (t) the equa-
put initial values for x,(t): tion (2.18) we use the results of the previous theo-
rem. Solution of the homogeneous equation
d
leo(t)El, axivo(t)fo, —TStSO, (216) X"(t)'l'(,l)IZX(t):O, (221)
And for x, (t): satisfying the initial conditions x(0)=1,

q x'(0)=0 is x’(t)=coset, and solution satisfying
X0 () =t+1, Exzyo(t)zl, —1<t<0.(2.17)

From (2.15), we obtain Theorem 1.2.
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the conditions x(0)=0, x'(0)=1, will

2
—[1—w—§Jsin aysine (t—1) -

bex;(t) =isin(qt . Those “1
" oy Wl [, o
—of [-—sinay (t—s)| —2+|1-—2 |cosa, (5—7) |ds
W[Xf(s),xg(s)]zl, K(t,s):isinml(t—s). =1 ®1 @1
!

Consider the first interval T,:0<t<t. On this Continuing this process further, we find that on
interval equation (1.5) is a linear nonhomogeneous the interval T, :(.”_1)Tgt_<m solution of the ho-
differential equation without delay and has the form  mogeneous equation (2.21) is

" 2 _ 32 _
. X (t)+.(,01X(t)— (x)leo(-t T) (222) len(t)zlenfl((n—1)1)005(01(t—(n—1)‘r)+
the right part is a known function x,,(t)=1. As

follows from (2.9), the solution of (1.12) on the in- +wsin o (t—(n-1)1)-
terval T,:0<t <t will be !
—w? i t— —1)ds.
110 =% (0 (1) 5 0% 1) or 1 St (s-)cs

—wﬁ_[ K (t,5) X (s~ 1)ds =cosm,t -
0

Those, x,(t) has the form

t 2
—wﬁjwisin o, (t—s)ds =coswt —g(l cosayt) = Xo(t), —T<t<0,
0™ 1 ) (), O<t<r,
@ (o x(t)=
=—§+(1——§J003w1t (2.23) o
(O] A Xin(t) (n—l)‘ESt<nT.
Consider the second interval T,:t<t<2t. On Solution x, (t) of the equation (1.5) with initial

this interval equation (1.5) has the form conditions X, (t) =t+1, x;(t) _1, _t<t<0 can be

X"(t)+ ofx(t) =—wix, (t—1). (2.24) written in a similar form

t) = -1 t—(n-1
Solution of equation (2.24) on the interval Xz'n(), Xz'nfl((n )T)Coswl( " )T)+
T, :t<t<2t will be +Msinml(t—(n—l)f)—

0,
Xy (7).
Xlz(t)=Xn(T)COS‘Dl(t)’L%I)S'”“’l(t)_ -5 j sino, (t—5)%,,4(s)ds,
(n—l)r
—wzf_ls'”wl(t— )% (= 1)ds = Kao(t) =t+7, X0 (t)=1.
2
:{mg (l—m—Jcos%r}cos%(t— ) - X (t), —1<t<0,
@y o Xpq(t), O0<t<r,

X ()=

Xy (t) (n —1)rst <nr,
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B pobomi obepynmosarno modiciugicmes 3acmocy8anHs Kepyoio2o npocmopy CUHMAKCUYHUX CIPYKMYP
NPUPOOHOMOBHUX MeKCmI OJisi supiutents npobaemu anagopu. Hasedeno xopomkuii onuc npobremu ma
gioomux Mmemooie ii eupiwenus. Pozenanymo moldenv Kepyiouux npocmopie ma npoiocmpo8ano
BUKOPUCTHAHHS TAMEHTNHUX CeMAHMUYHUX 38 A3Ki6, GUOLICHUX 3 YACMOMHUX CLOBHUKIG CKIAO0BUX KEPYIOUUX
npocmopis.

Knouosi cnosa: wmyunuii inmenexm, KOMN'HOMEPHA NIiHSGICMUKA, Kepylouul npocmip, npobiema
anagopu.

This work justifies the possibility of using the control space of syntactic structures of natural language
texts for the anaphora resolution. The anaphora resolution approaches by Hobbs, Mitkov, Lappin and Leass
were briefly described. The model of the control space was considered. This model consists of alpha- and
beta-connections between words and word combinations on the few levels of hierarchy. There was
formulated a task as an assessing the likelihood that a pronoun anaphora refers to a word or phrase on the
basis of their use in the context of control spaces using The Tensor Model of language. The algorithm
describes the transformation of the control spaces of analyzed sentences and requests to The Tensor Model.
Overall score is defined as the weighted sum of indicators of simple criteria. There was formulated
optimization task for training of weights. An example of using semantic relations extracted from the
frequency vocabulary of components of control spaces latent was given. For a simple example score of the
correct pair antecedent-anaphora in the meaning of semantic was significantly higher than the incorrect
pair. This shows an ability of the proposed model to solve semantic anaphora ambiguities.

Keywords: artificial intelligence, computational linguistics, control space, anaphora resolution
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Ananiz MPUPOTHOMOBHUX TEKCTiB € BCTAaHOBJICHHI BIATIOBIAHOCTEH MiX aHa()OpUUHUMH

HEBiJ'€MHOI0 CKJIaJOBOIO 3aJad aBTOMaTHYHOTO
MEepeKiagy TEKCTiB, IHTENEKTYalbHOTO IOIIYKY,
pedepyBaHHS Ta peamizamii TPUPOJTHOMOBHHX
inTepdeticis. I  OUTbll  MOBHOTO  aHANI3y
MPUPOTHOMOBHUX TEKCTiB BH3HAYAIOTh CEMAaHTHUYHI
3B’3KHM MDK CJIOBaMH Ta CJIOBOCIIONYYEHHSIMHU.
OgauM 3 TakuX 3B’SI3KIB € 3B’S30K  MIiK
aHa(OPUYHUM 3aIMECHHUKOM Ta aHTEIEICHTOM.
AnadopuyHi 3aliMEHHHKH — 1€ 3aliMEHHUKH,
IO BIACHJIAIOTH 10 [ESIKOro IHIIOrO CJOBa YH
CIIOBOCIIONYYeHHSI  (aHTELEACHT) IIOTO TEKCTY,
CEeMaHTHUYHE 3HAYEHHS SIKOTO BOHM BiOOpPa)aroTb.
Bupimennss mnpoGiemu aHadopu  monsrae B

© T.I'. Bo3nrok, 2014

3aliMEHHUKAaMH Ta aHTELEACHTaMH.

Hanpuknan:

“JliBunHKa mobauymiaa xjomyuka. Bin 30upaB
sroan.”

B mannomy Bumaaky «Bin» - anadopuuHMii
3aiiMeHHUK.  «J[iBUMHKa» 1  «XJOMYHKa» -
aHTeueneHTd. BupimmBmm npobiemy anadopu ams
JAHOTO peYeHHs MU 3B’SI3yeMO 3aiiMEHHUK «BiH» 3
AHTEUENEHTOM  «XJIOMYUKa»,  BHKOPUCTOBYIOUH
MOP(QOJIOTiYHI 03HAKU POAY.

[ns  BupimenHs aHadopu 3a JOIOMOIOIO
anropurmy Jlaminma 1 Jlica[l] BHKOpUCTOBYIOTH
OIIIHKH OJIM3BKOCTI peueHb aHadopHu i aHJeIe/IeHTa,
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MiIMETHUKOBHUI HAroioc, Haroioc iCHyBaHH:I, psiMe
Ta He mpsMe gomoBHeHHS. OcTaroyHa OLIHKA
CXOXOCTI ~ BU3HAUAETBbCA AK  3BaXKEHa  Ccyma
BHU3HAYEHUX BUILE OLIHOK.

B anropurmi Xo00ca[2] BHKOpPHCTOBYETBCS
CHHTAaKCHYHAa CTPYKTypa JepeBa BHBEACHHS, sKa
BBAXA€THCS HAllepesl BU3HAUCHOIO. [neero mMerona €
OpHUTiHAIBHUI aITOpUTM 00XOAY AepeBa BUBOLY, B

mpoleci  SKOro BH3HAYAIOThCA Mapu  aHadopa-
AHTEIIC/ICHT.

Anroput™m MitkoBa[3] po3BuBae ineto Jlamina i
Jlica, mpore BBOJATHCS HOBI KpUTepil OLIHKH:
CHHTaKCHYHUI napasenizM, MOBTOPIOBAHICTh
KaH/IU/1aTa, CXOXKeE MIOJIOXKEHH, migMeT,
JIOTIOBHEHHH, qacTe 3raJlyBaHHS. Taxox

3’SBIAIOTBCS  WTpadHi KpHUTEpii, HANpUKIax Yy
BUIIA/IKy HE BU3HAYEHOI IpaMaTUYHOI POIi CIIOBA.

KoxxHwMit 3 uX METOIB MPOMOHYE CBOI 3aco0u
OLIIHKM Ta BapiaHTH iX iHTerpauii. B maHiii pobGoti
Oyze 3anmponoHOBaHa OJHA 3 MOXKJIMBUX OLIHOK, IO
TPYHTYETbCSA HA JATEHTHHUX CEMAaHTUYHHUX 3B’A3Kax
KEepyI4uoro NpPOCTOPY CHHTaKCHYHHX CTPYKTYP.
Bona pmacte 3MOry CKOpPHCTAaTHCA BUCOKUMH
pe3ynbTaTaMi MOJEJi KEepyIUuX MPOCTOpIiB s
PO3B'A3aHHS POOIEMH aHAQOPH.

CHHTAKCHYHA TA CEMAHTHYHA MOJEJIb
NPUPOIHBOI MOBH, 1110 3ACHOBAHA HA
CcTaTHCTHYHIl indopmanii mpo kepyroui
NMPOCTOPH CHHTAKCHYHHUX CTPYKTYP
NPHPOJHEOMOBHHX TEKCTIB

B ocHoBI igei Moneni nexuTh cuM0i103 anapaTy

Kepyounx MPOCTOpiB (KT11), JIATEHTHOTO
CEMaHTUYHOIO  aHaji3y, METONy HeBix €MHOI
¢dakTopuzanii MaTpump Ta TEH30piB  BHCOKHX
MOPSKIB.

Kepyrounii  mpoctip mpencraBisie  coboro

KOMOIHAIII0 AEIKUX 3B’SI3KIB MDK ejleMeHTaMu. B
skocti enemeHTiB KIl CHHTaKCHYHUX CTPYKTYp
BHCTYMAKOTh CJI0OBAa Ta TPYNU CIiB. 3B’SA3KH
BU3HAUYAIOTHCA HACTYIHMM YHHOM. SKIIO JIBa
ob'ektn A 1 B Berynatoth y BimHOmeHHst C, TO MU
BUIUIAEMO 00'€KT (MPUIYCTHMO A), 10 BHKIUKAE
(iHiriroe, MOPOKYE) I BITHOMICHHS, i 00'€KT Ha
SKUH TEePeKIaaeThCs 1€ BIAHOIICHHA. Takum
YUHOM BHAUIAEMO IBa BUAW MOBHHMX 3B'SI3KIB. Bij
00'ekTa-reHepaToOpa CTaBJICHHS JI0 BIAHOIICHHS 1 BiJ
CTaBlieHHs A0 migmerjoro ob'ekry. [lepumii Buz

3B'I3Ky ~ Ha3WBaeMo  anb(a-3B'i3koM  (3B'SI30K
TCHEPYBaHHA), Jpyruil - Oera-3B's30K (3B'SI30K
nomupenHs)[4].

B [5] 3ampornoHOBaHO airopuT™M aBTOMAaTHYHOL
MoOYZAOBH KEPYIOUOro MpOCTOPY Ui JOBUIBHOTO
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NPUPOJHOMOBHOTO peueHHs. B [6] omucano mporec
noOyZOBM MOJENi CHHTAKCHUYHHUX 1 CEeMaHTHYHHX
3B’A3KIB Ha OCHOBI CTaTHCTH4HOI iHQopMarii
BUIIEHOT 3  KEepPYIOUHX TMPOCTOPIB  BEIHUKHUX
TEKCTOBUX KOpmyciB. g Monens neXuTb B OCHOBI
3aIpONOHOBAHOIO B CTATTi METOLY.

Mogenp Oyna HaBYeHa Ha BEIUKHUX TEKCTOBHX
koprnycax 00’emoM nopsaaky 100 I'6, a Tomy mMicTUTb
BiJOMOCTI BXXMBAaHHS CJIiB B PI3HUX 3HAYCHHIX
PI3HOMaHITHUX TEMaTHK.

a
Meplue Apyre
CrnoBo CroBo
B

a)
Mepwe \__ o Opyre \__ B
CrnoBo CnoBso

6)

Man. 1. a) I'padiune 300pakeHHs ABIfKH CITiB
Mojeli — KimbIleBOro anba-0eta 3B’I3Ky 0)
I'padiune 300paskeHHS TPIAKHU CITiB MOAENI

TpeTte
CrnoBo

B KII mnpupogHOMOBHHX TEKCTIB MOKHA
BHJIUIMTA JIBIMKM Ta Tpiliku cmiB. J[Bilika B
pPO3YMiHHI MoOJENi — Ie mapa CiiB, 3’ €JHaAHUX
KUTbIIeBUM anb(a-Oera 3B’s3koM. Tpilika — 1€
Tpiika ciiB, 3B’SI3aHMX HalpaBleHHMH anbda- Ta
Oera- 3B’s3kamu. [lopsimok 3’enHaHHS BKa3aHUIl Ha
Maut. 1. Tak Ak B 1iif Mozeni pedeHHs IpencTaBIIeH]
KoMOiHaIi€eo anb(a- Ta Oera-3B’A3KiB, TO KOXKHE 3
HUX MOXKHa PO3KIACTH B ABIMKM Ta TpidKW, NpU
BOMY KOXXHE CJIOBO BHUXIJHOTO PEUYEHHS BBIHIE Yy
MpUHANMHI OZHY OBIMKY UM TPIHKY.

JlatenTHU] CEMaHTUYHUI aHai3
MPEACTaBICHUH JBOMa TMPOCTHMHU 3alUTaMU 0
MOJICNTi: B3HATH OIIHKY BIPOTIJHOCTI B)XWBaHHSI
IBifiKM Ta TPIMKKM B NPHUPOAHBOMOBHOMY TEKCTI.
KomOinytoun BHOM 3amHTIB Ta IOBTOPIOIOYH
i€apXidyHy CTPYKTYpY KepyKuoro mpocTopy, MH
OTPUMYEMO MOXIIMBICTH OI[IHIOBATH OUTBIN CKJIaaHI
CTPYKTYpH IPUPOTHOMOBHHUX PEUCHB.

AJITOPUTM KPHUTEpPil0 ONiHIOBAHHS NMapH
aHTeneleHT-aHadopa

Hexali nmaHO cnoBO UM  CIOBOCHONYYEHHS
aHTELEeNeHTy W; Ta PEUCHHS B SIKE BOHO BXOAUTH Sj.
Takox maemo aHagopuyHHM{ 3aiiMeHHMK W' Ta
PEUYCHHS B SIKE BiH BXOAUTH S'.
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3ajavya: JaTH OMIHKY WMOBIPHOCTI TOTrO, IO
aHa(OPUYHUH 3aiiMEHHUK W’ TIOCHUJIAETHCSA HA CIIOBO
YU CIOBOCIIOIYYCHHS W BUXOJISTYH 3 X BXKUBaHHb B
KOHTEKCTi peueHb S; Ta S' BiATIOBITHO.

Anroputm:

[ToOynyBaTn Kepyrodi mpocTopH CS; Ta CS' st
pedeHb S Ta S 3a JJONOMOTOH  AITOPUTMY
3aIpONOHOBAHOTO B [2].

Busnauntu aBifiky two; Ta Tpiiiky three;, sxumgo
BOHH iCHYIOTb, TaKi IO :

a) two; in cs;, threg; in cs;

0) W; BXOIUTh SIK KOMIIOHEHT B tWO; i three;

Busnauntu nBiiiky two' ta Tpiiiky three', sxmo
BOHH iCHYIOTb, TaKi IO :

a) two' in cs', three' in cs'

0) W' BXOJUTh SIK KOMIOHEHT B two' i three'

Bu3HaunTH OLHKH CXOXKOCTI KOHTEKCTIB B
TepMiHaxX KEPYIOUYHX MPOCTOPIB :

SCOrewo = Cy*{two.first = two'first} +
c*{two;.second = two'.second} +
cs*{two;.type = two'.type}

SCOrehree = C4*{three;.first = three'first} +
cs*{ threej.second = three'.second} +
cg*{three;.third = three'.third}

Busnaunti OWIHKY BXHBaHOCTI (¢pa3u 3a
JIOTIOMOTOF0  OTHMCAHOI BHIINE MOJEN MPUPOTHBOL
MoBu. [l 1mporo HeoOXimHO c(hOpMyBaTH HOBY
nBiliky two" Ta Tpiiiky three" s3amiHMBIIM B HHX
BXO/IKEHHS aHa(OpUUHOro 3aiiMeHHIKa W’ Ha CJIOBO
W i, Ta BU3HAUMTH OUiHKM SCOre_two  Ta
score_three” mo po3pobieniii Mozeni.

3HalTH IHTErpaibHy OLIHKY fK
KOMOIHAIII0 HaBEIEHUX BHIIIE OLIHOK:

TiHIHHY
score =

C7*SCOr€yyo + Cg*SCONEihree T+
Co™*SCOr€uo + C10*SCOrEihree

Koedimientn ¢, i=1,10 wMoxnHa 3HalTH
MOCTAaBUBIIM 3a1auy ontumizamii mokputts (recall)
npu 0OMEXKEHOMY IOKa3HUKY TOYHOCTI (precision)
JeSIKUM MIiHIMaJTbHAM 3HAUCHHSM Precisionpyn, :

c= recall (Kopnyc,z)

min

argmin

precision(kopnycg )> precision

Taky 3amady MOXXHA BUPIMIUTH 3a JOIOMOTOIO
anropuTMy iMiTanii Bimmamy[7].
Onucanuit METOJ
3aCTOCOBYBAaTHCS SIK €IWHA METPHKAa, YH B
KoMOIHaIil 3 IHITAMA eBpicTUKaMHu
3aMponoHOBaHUMH B podorax Mirkosa, Jlammina ta
Jlica, Tomo. KowmOiHamiss  3amporOHOBAHOIO
QITOPUTMY 3 IHIIMMH €BPICTUKaMH, NpPU YMOBI

OLIIHKH MOXE
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TPEHYBaHHS BaroBUX KOoe(illi€HTIB KOXKHOI 3 OLIIHOK
Ha BEITUKUX TEKCTOBHX KOpITycax, MOBHHHI IaTu
Kpallli pe3y/IbTaTH BUPIIEHHS Tpo0iIeMH aHaQOpH.

Posrisiremo MPUHLUI pobotu
3allpONIOHOBAHOIO  aNTOPUTMY Ha  HACTYITHOMY
MIPUKIIAT:

Mu nokJiany Jiig B BOroHb. Bin po3ranys.

3HaiiIeMo OLIHKY Mapy BOTOHb-PO3TAHYB.

Bxingui maui :

wW; = “Borosp”. S = “Mwu mOKIAIM Jg B
BOTOHB.”

w’ =*"“Bin”. S’ = “Bin po3ranys.”

a) a

—(Mn )

4

a a

Ly @mmm—r>GD
B

I
0 (e 3(ommme)

Man. 2. a) KIT peuenns «Mwu TOKIamH JiJ B
Boroub» 0) KII peuenns «BiH po3TranyB»

Kepytoui mnpocropu s pedeHb S; Ta S’
npencrasiieHi Ha Mai. 2.

B pedeHHI S; CTOBO «BOTOHB» BXOIIUTH TiIBKH B
IBiiiKy tw0; = (B, BOTOHB)

B peuenni S’ «BiH» BXOIUTh B Tpikiky three’ =
(BiH, pO3TaHyB, -).

Tak gk B [ABiIKYy CIIOBO BXOIHWTH TUIBKH B
MIEPIIIOMY PEYEHHI, TO SCOryy,, = 0.

AHAJIOrTYHO SCOr€¢hree = O.

Taxk gk ABiiika B IpyroMmy pedeHHi BiACYTHS, TO
SCOreyo = 0.

OuiHUMO 3HAYEHHS scoremree*. Jnsa  1mworo
HEOOXIMHO CIOBO «BIH» 3aMIHUTH Ha CIIOBO
«BOroHB» B Tpiiui three’ = (BiH, po3raHys, -). B
pe3ynbTaTi OTpUMaemo Tpilky three’” = (Borous,

postanyB, -). OriHka ITi€l TPiAKK 3rigHO  MoJemi
KEpYIOUUX TIPOCTOpPiB Oyne OJNU3BKOW 10 HYJ,
OCKITTEKM «BOTOHB» HE MOXKE BXOAUTH B 3B’SI30K
TCHEPYBAHHS 3 CIIOBOM «PO3TaHYyB»

OT1xe, cymapHa OIliHKA Mapy BOTOHB-PO3TaHYB
OyJie TOCUTh MAaJIOKD, IO i O4iKyBaocs.

AHAJNOTIYHO PO3TASHEMO Tapy JiA-pO3TaHyB.
MeTpHKH ~ SCOF€wo, SCOM€ree, SCOMEuo  OYLYTH
JOPIBHIOBATH HYNIO, OCKUIBKH THII HiAMPOCTOPIB B
SIKi BXOJISITH CJIOBA HE 3MIHHMBCS, @ TOMY M TaK Camo
He Oyzae BiamoBigHukiB. Cutyartis 3 SCOTEhree , E
IHAKIIIOK, OCKUTBKM OIiHKA O Mojei Tpidku (i,
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pO3TaHyB, -) Ma€ CyTTEBO BIIPI3HATUCS BiJ HYIs, a
TOMy W iHTerpajipHa OIiHKa OyAe 3HAYHO BUIIOKO
HDK JJISl TIapH BOTOHB-po3TaHyB. CHcTeMa B TaKOMY
BUIAJAKy 3pOOHTH TpaBWIbHE PpIIIEHHA PO
MOCHJIaHHSl aHaOPUYHOrO 3aliMEHHHKA «BiH» Ha
AHTELECHT «IiI».

BucHoBkn
Y pobori OyB 3alpONOHOBAHUH aIrOPHUTM
BUpIIEHHsT mTpoOneMu aHadopH 3a JAOMOMOTOI0

CTaTHCTUYHOI iH(popMmanii, BUUICHOT 3
NoOyZOBAaHMX  KEPYIOUMX  MPOCTOPIB  BEIHUKUX
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KOpPIyCiB MPUPOAHBOMOBHHX TeKcTiB. KopoTko
OIMCAaHO BiOMI MiIXOAW O BUPILIEHHS MPOOIeMHU
aHajopu Ta 3ampPOMOHOBAHO MiAXiA A0 CHHTE3Y
ITOPUTMY MirkoBa 3 3aMpONOHOBAHUM
QITOPUTMOM 3 METOI0 TMOKpAIIEHHS SKOCTiI iX
pobotu.  IIpomeMOHCTPOBAaHO NPUHIMIT POOOTH
ITOPUTMY Ha IPOCTOMY MpPHKIadi, IO BKa3ye Ha
MOXITUBOCT1 ANTOPUTMY BUPILITYBaTH
HEOIHO3HAYHOCTI CEMaHTHYHOTO XapakTepy.
[oganeia poboTa nomisrae B peajizallii alropuTMmy,
TpEeHyBaHHI KOe(IliEHTIB Ta OTPUMaHHI TOKAa3HUKIB
AKOCTI B TEpMiHAX TOKPUTTS Ta TOYHOCTI
(recall/precision).
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About the stability of the non-zero
equilibrium of a model of interaction

. ) o between social strata
KuiBcbkuil HallloOHANBHUI YHIBEPCUTET IMEHI

Tapaca Ilesuenka, 03680, m. Kuis, np.-T. Taras Shevchenko National University of Kyiv,
Fmymikosa, 41, _ 03680, Kyiv, Glushkova av., 4d,
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Poszensaoaemocs mamemamuuna moodenv Iyogina, wo onucye OuHamixky 63aemoolii npowapkie
cycninbemea. Mamemamuuna mMooens Mae eueiiod cucmemu 080X OUPDEPEHYIUHUX PIGHAHb 3 OOHUM CIAIUM
3anizuiosanusam. Ompumani ymogu cmitkocmi cmany pieHogazu cucmemu, moomo ymogu «Cmano2o» Cmamy
CYCRilbcmea.

Knrouosi crosea:. mamemamuuna mMooeib, OUHAMIYHA CUCINEMA, 3ANI3HIOBAHHS, CIMIUKICM®b.

Actual problems of modern relationships are different social strata. A longtime relationship
"economically distinct" social strata can be relatively stable. But with an increase in certain "disturbing”
factors peaceful life is disturbed and there are "revolutions™ It is important to build mathematical models of
the relationship of various social strata. The simplest mathematical model can be built based on the model of
interaction "predator-prey"” proposed by V.Volterra .

In this paper we continue the investigation of the qualitative behavior model that describes the
behavior of the two "opposing™ strata of society. The model has the form of two differential equations. A
system with deviating argument lagged type, taking into account the "maturation” of dissent. The parameters
of the system and the allowable delay time at which the equilibrium of the system due to the bifurcation of
the state loses stability are calculated.

Key Words: mathematical model, dynamical system, delay, stability.

Cratrio pencrasus 1.¢.-M.H., mpod. Xycainos 5.
ypaxyBaHHSM 4acy NpUHHATTA pimieHb [3] moxHa

Beryn OIUCATU CUCTEMOIO
Lzt poGoTa € IPOIOBKEHHSM JIOCITIIKEHb, ] 1 y(t _ T)

ki Oynu omyGuikoBani B [1,2]. Bnacne moOynoa X(t) = {E - (g + n)_T}((t)’
MaTeMaTHYHOI Mojeni Oyna mpoBelneHa B poOOTi
[8], ~nme ommcyBamocst — B3a€MOBIJHOIICHHS y(t)=[-(g+r)+bxt—7)y(t). (11
COLlIaJIbHUX BEPCTB Y CYCHUJILCTBi. Y poboTax .
[1,2] B mMomenp Oyno BBEOCHO 3ami3HIOBAaHHS 1 Hexait BukonyeThes yMmoBa
JOCTIPKEHO HOoro BIUIMB Ha IMHAMIKY CUCTEMU. Y 1— k(g n n) >0, (1.2)
MaHWui ~ poOOTI  TPOMOBKEHO  JOCIIKEHHS
CTIHKOCTI HEHYJIBOBOI'O TOJOXKEHHS PIBHOBAaru Toni B mepmiii KOOpPOWMHATHIA 4YBEPTI iCHYE
CHCTCMH. ocobnuBa Touka M (Xl* A ) 3 KOOpIMHATaMH

1. PiBHSAHHSA TUHAMIKH B3a€EMHH

x, =(g+r)/b, y; =1-k(g +n). Bona BusHauae
piBHOBary cucteMu. Byno mokasano [4], mo me
TIOJIOKEHHs PIBHOBArM € HECTiMKuUM. BBomwsmcs

CYCHIIBHUX BEpCTB

Sk Oyno mokazaHo B pobOoti [1], nuHAMIKY
B3aEMHUH  CIY’KOOBIIIB 1  MIOPHEMINB 3
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«kOeQiIlIEHTH B3a€EMHOIO BIUTUBY», 1 CHCTEMa

HaOyBaya Bursiny [3]

()= E_ (g + )+ Rux(t - T)_M}x(t),

y(t)=[- (g +r)+bx(t o)+ Ryy(t —7)ly(t). (1.3)

InTepec mpencrapiisie BU3HAYCHHS YMOB CTIHKOTO
CHiBiCHYBaHHS MApiB B cycHiibcTBi. OcoOMMBOIO

toukoro cucremu (1.3) Oyme: O (Xf A ),
. Rz_i—(g+n)_+i(g+r)
;=
b
RR, +—
1Ry + "
1
(g+r)-b{ ¢ ~(g )
yi = - (L.4)
RR, +
IIpu BUKOHAHHI YMOB
R{%—(g +n)}+%(g +r)>0,

R(g+r)- b[%— (g + n)} >0  (15)

BOHA 3HAXOIUTBCA y MEPIIOMY KBaJAPAHTI. .

2. locinxeHHs CTIHKOCTI.
B pobori [2] ymOBH cTiiikocTi OTpuMaHi Ha
MiJICTaB1 JiHEapu3aIlii CHCTEMH B OKOJIi 0COOTHBOL

TOYKH. Xl(t) = —allxl(t)+ bllxl(t - ‘L')+ b, yl(t —r),

);l(t): —8y yl(t)+ b21)(1(t _7)+ by, yl(t _T)’ (2.1)

1 1
ay; Z{_E”L(g +n)_ RiX, +Ey4]
Ay = [(g + r)_bx4 -

1
by, Z_wabm =Y, by =RyY,,

R2y4] by, =RiX,,
2.2)

Y miii poOOTI TpoBenEHA OIIHKA 3aJeKHOCTI
KoeiIlieHTIB 1 3aIi3HIOBAaHHS Ha CTIMKICTB.

Jlema 2.1. Hexaii npm t—-7<s5<t
pillIeHHS (X1 (t), A (t)) cucremu (2.1) 3HAXOAUTHCS
BcepeArHI MoBepxHi piBHA ¢yHKuUii Jlsmynosa
V(Xl, y1)= hy X +2h,% Y, +h,, yZ, a B MOMeHT t
BUXOAUTh Ha il kopmoH. Tomi maioTh Micue
HEpiBHOCTI

20142
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%0 x(t-o) < NP+ 0 2.
WO)- - N PO+ O] @)
A H
N, =(ag|+ by | +|bp ) [——,
1 Q11| |11| |12|) /lmin(H)
A H
N, =(jay|+[b,y |+ by ) [T, (2.4)
2 (|22| |21| |22|) /lmin(H)

o (M) =21 ()=l = P 20 |,

1
Armin (H ) = E[(hn +hy, )+ \/(hn —hy, )2 + 4h122 } .

Hoseoenns. Ilepenuiiemo cucremy (2.1) B
IHTerpajbHOMY BUIUIAL X; (t) =X, (t - r) +

+ .t[[_ a11)(1(5)+ bllxl(s _T)+ by, yl(s —T)]ds ,

[_ ax y1(5)+ blle(s _7)+ b,, yl(s _T)]ds .

+
Le—n~

3BiIcH BUIUIMBAE, 110

Xl(t—flﬁ

ja11||x1 () + sy %, (5 = 7)) + bry | 2 (s — ) s,

t-7

|Y1(t ( 1

|%,(t)- (2.5)

-

(2.6)

.[ a22||y1 |b21||X1(S_TX+|b22”y1(5_71]d5'

CKopHUCTaBIIMCh YMOBOIO, III0 MOMEHT € MEPIIIM
MOMEHTOM BHXOAY PillIcHHS Ha TIOBEPXHIO PiBHS
¢ynkuii JismyHosa, otpumyemo, 1o

hyy X7 (5)+ 2Ny, %, (5)y, (s)+ hyp V7 (5) =
=V (% (s) y1(s) <V (x, (1) x, (t))=
= hyyXE (t)+ 2hy, X, (t)y, () + hy, y7 (), —T<s<s.

3BiIcH BUIUIMBAE, 110
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Ae 2‘min (H )’ 2‘min (H )
gyucna Matpuni H . U

- eKCTpeMalbHi BIacHI

x,(s) < [P ) y2 )]

ﬂ’min (H)
Ao \H
|y1(51 O

lmm(H)[XE(t)+yf(t)]%. @7

[MincraBuBim (2.7) B (2.5), (2.6), orpumaemo

%, (1) = x,(t—7) <

< q3-11| + |b11| + |b12|) i“max—(H)[xlz (t)+ yr (t)]%f ,

min (H)
|y1(t)—y1(t—113
< q3-22| + |b21| + |b22|) jtm#((:::;[xlz (t)+ yr (t)]%f ,

0 ¥ MoTpiOHO OYJI0 TOBECTH.

Teopema 2.1. Hexaii koeiieHTH cuCTEMHU
(2.1) Taxi, o

(au +ay +hy +b22)< 0,
(an +by, )(azz +by, )_ b,b, >0

7<7y, €

(2.8)

Amin (C)

2 IMZ M2
1
Armin (C)= E[(Cn +Cyp )_\/(Cn —Cyp )2 + 40122 } ,

M; = (h11b11 + h21b21)N1 + (hnblz +hy by, )Nz ,
M, = (hlzbn + h22b21)N1 + (h12b12 +hyhy, )Nz .

7 (2.9)

Tomi nonoxenss piBHoBaru O] (Xf A ) cucreMu
(2.1) Oyne acHMITOTHYHO CTIHKUM.

Hoseoenns. Posenanemo cucmemy (2.1),
(22) mpu t=0. Bowa Mae BHUIJX

X.l(t): (ayy +byy Jxq (t)+ by Yy (t),

yl(t) =DbyX (t)+ (azz +b,, )yl(t) :
[i xapakTepucTuuHe piBHAHHS Ma€ BUITIA
2% —(ay, +ay +by +by A+

+ (all +by, )(azz +Dy, )_ by,0, =0.
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Sx BummBae 3 Kputepiro ['ypBina, yMOBOIO
ACUMIITOTHYHOI CTIMKOCTI € IOJATHICTD
koedimieHTiB piBHsHHSA. Tomy cucrema (2.1) 6e3
3aIi3HIOBAaHHSA € ACHMITOTHYHO CTikkor. I, sk
BUIUIMBaE 3 pobotu [4], mpu 1OBLIBHIN
MO3UTHBHO BH3HAUYCHIM MATpHIl MaTpUYHE
piBHsHHS JIsmyHOBa

(A+B)'H +H(A+B)=-C (2.10)

Ma€ €IUHC piH.IeHHH - TO3UTUBHO BU3HAYCHY

MaTpHLIO.
+b b
Tyr A+B = ay; + 0y 1 ’
by, Ay, by
H - {hn h12i| ’
h,  hy
C C
C { H 12] (2.11)
Cp Cy

OOuncnuMo mOBHY moxigHy  yHKOii

V(% 1) = b X +2h, %y, +hyy y7 B
cuctemi (2.1). Maemo

900 3 0) =250+ s )

x (= ag X, (t)+ by X, (t —7)+ by, t—7))+
+2(hy, X, (t) + hyy y, () %
X (= 8,y X, (t) + by Xy (t —7)+ by, (t— 7))
3Bincu oTpUMYy€EMO

90 30) =250+ s )

x [(=ay, + by, )X, (t)+ by, y, ()] +
+2(hy, X, (t) + hyy y, () %
x [, % (t) + (= @y, + by, )y, (t)] +
+2(hyy %, (t)+ hy, y, () x
x(byy %, (t = 7) = Xy (O)]+ buo Yy (t = 7) = vy (E)]) +
+2(hy, X () + hyy y, () %
x (b [ ¥, (t = 7) = %, ()] +baa [y, (t = 7) = v, (1))

A0o, six BurmBac 3 (2.10),

v, 0 v, (0)=

dt

CHITY
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= _011X12 (t) —2¢y, Xl(t)yl(t) —Cyp y12 (t)+
+ 2(h11X1( )+ hio Vs t))x

x (byy [, (= 7) = %, ()] + by, [y, (¢

+ Z(hlle( )+ hy, vy (t )X

x (b [X (t =)= %, (£)]+ bay [y (t

3Bincu

\/A

-7)- v+

VA

—7)-y:(t))).

+ 2[(h11b11 +hyb, )Xl (t) + (h12 by +hyb, )yl (t)]x
x| (t)— %, (t —7 ) +
+ 2[(h11b12 +hyb,, )Xl (t)+ (hlz b, + by, )yl t)]x

x |y1(t)— yl(t _71 :
CxopuctaBumch HepiBHOCTAMH (2.3), (2.4) nemu
2.1, otpumyemMo

dt

+ 2[(h11b11 +hyb, )Xl (t) + (h12 by +hyb, )yl (t)]x
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e Amin (C) - MiHIMaJIbHE BJIACHE YUCIO MaTPUIIL.
BHUKOPHCTOBYIOUH CIiBBiIHOIICHHS

ax+byg\/a2+b2\/x2+y2 ,

OTPUMYEMO

d

V40 10) < A 2030
v MEME[E )+ 2k

Amin (C)

2 M2 M2
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| opu 7<7,, A€ To= IIOBHA
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Buxopucranusa “bitcoin” - cxemu s for server

0e3nmapoJIbHOI aBTOpH3allii HA cepBepi.

Using '"bitcoin" - scheme
authorization without password.

1

KuiBchkuii HaIliOHAIBHHUA YHIBEPCHTET iMEHi ! Taras Shevchenko National University of Kyiv,

Tapaca IlleBuenka,03680, M. Kuis, np-t ['mymkosa 03680, Kyiv, Glushkova av., 4d,
4n, e-mail: sg.gonchar@gmail.com e-mail: sg.gonchar@gmail.com

Y oaniti cmammi npedcmasneno Hosuil nioxio 011 6e3napPoIbHO20 OOCMYNY HA cepeep, UKOPUCTOBYIOUU
“bitcoin” - cxemy. Ilpoananizoeano nepesacu ma HeOONIKU 3ANPONOHOBAHO20 NIOX00Y 6 NOPIGHAHHI 3
iHWuMuY nioxooamu.

Kurouosi cnosa: kpunmoepaghis, bitcoin, kniecum-cepeaep.

This paper presents new approach for client-server systems authentication without password using
"bitcoin"- scheme. Presents list of major contemporary approaches used for client-server systems
authentication, given their description and some principles of using them in practice. Shown their
advantages and disadvantages in specific systems. Described basic rules of the proposed approach, based on
using "bitcoin" - scheme for server authorization without password, and differences in comparison with the
classic "bitcoin"- scheme. Shown main schemes of using this approach when we create transactions for both
classical (in time when client transfer money) and modified (in time when client authentication on the server)
approaches. Presented modified scheme for constructing blocks and transactions in current chain in
accordance with the client-server structure. Analyzed advantages and disadvantages of the proposed
approach. Held comparison with other approaches, which are widely used in modern client-server systems
to authenticate clients in some resource.

Key Words: cryptography, bitcoin, client-server.

Crartio npeacraBus wi.-kop. HAHY, n.¢.-m.H., mpod. AnicimoB A.B.

Beryn
Y nmaHmWi dac KIIEHT-cepBEpHa apXiTeKTypa
Ha0yBae Bce OUIBII IMUPOKOTO PO3MOBCHOIKCHHS,

nepe0avaroTh BUKOPHCTAHHS PECypCiB KOMIT I0Tepa
KOPHUCTYyBayda Ta HOro yHIKaJIbHI aIpecH B MEpPEXKi.
Vi ui migxomu € eheKTUBHHMH, ajne He dyKe

OCKUTBKH B OIUNBIIOCTI BHIAAKIB KOpHCTyBadi 3axuiieHMMH. KokeH 13 [OWX  mapaMmerpiB
HaMaraloTbCcsi  OTpUMaTH  TeBHY  iHQopMallito aBTopu3allii Moxke OyTH MmimiOpaHuM 3J0BMHUCHHUKOM
[ICHTPAII30BaHO, BUKOPHUCTOBYIOUH CEpPBEp, HA 1 BiH MOXE MOJYYUTH IOCTYN JO KOHQIICHIIHHOT

SIKOMY BOHa 30€piraerhcsl.

Bimpmiicte  TakMX pecypciB €  3aXUIICHUMH,
OCKIJIbKM BEJIMKa KiIbKICTh iH(popMalii HA HHUX €
KOH(IJICHIIIIHOO 1 BOHA TTOBHHHA OOOPOHSTHCH Bij
37I0BMUCHHKIB. B ocHOBHOMY gocTyn npo wiel
indpopmariii  Ha  cepBepax  BigOyBaeThcsa  3a
JIOTIOMOTOI0 aBTOPH3allii KOPUCTYBAaUiB.

3apa3 Ha TPaKTUIl BUKOPUCTOBYIOTh 0Oe3mid
T TXOTIB, SIK1 MTO3BOJISIOTH KOpPHUCTyBadaM
MIPOXOANTH aBTOPH3AIlI0 Ha CepBepi 1 OTPUMYBATH
JIOCTyn Ao meBHoi iHdopmauii y BigmoBimHOCTI A0
cBoro akkayHta. CamMuUM [OpOCTHM  3aco00M
aBpTopm3allii Ha JaHWH MOMEHT € BHKOPHUCTAHHS
JIOTiHA Ta MapoJisi, CTBOPEHUX B MpoLeci peecTpamii
Ha mneBHOMY pecypei. Came JOTiH Ta mNapoib
M03BOJIsIE  iMEeHTU(IKYBAaTH KOPHCTyBada 1 HamaTh
HoMy noctyn 1o iHpopmarii.

Oxkpim JoTiHa Ta
BHUKOPUCTOBYBAaTHCh TaKOX

naposis MOXYTh
IHIN  OigXomu, sKi

© C.A.T'onuap, 2014

inpopmanii. Came Tomy mpobieMa aBTOpH3aLii Ha
KIIIEHT-CEPBEPHUX apXITEKTypax € aKTyaJIbHOIO 1
norpedye HOBUX MIiAXOMIB, SKI JaayTh 3MOTY
MaKCUMAaJbHO  3HU3UTH  IMOBIPHICTH  MiIOOpY
napameTpiB aBTOpHU3allil, THM CaMHUM 3aXHUCTHBIIH
1110 iH(OpPMAITit0 BiJ 3IOBMHUCHHKIB.

Icnyroui migxoau

Y CcydYacHHMX KITI€HT-CEPBEPHUX apXiTEKTypax
HAaWOUTHIII TOIMPEHUMH € HACTYHHI  3acolu
aBTopm3aIlii Ha ceppepax [1] :

1.  Ilpocma aémopu3zayis — MOXJIHBa TIIBKU
micig peectpariii Ha pecypci, a Uil 3OiHCHEHHS
camoi aBTopu3arii NoTpiOHA mapa JOTiH-apoib, SKi
HaNalOTbcd ~ KOPUCTYBaueBi  MicHs  peecTparii.
IepeBaror AaHOTO MiAXOMY € HOTO MPOCTOTA, a OT
HEJIOJIIKOM € Te, IO IUIS PI3HUX PECYpCiB MOXKYTh

Oyt pi3HI  OONiKOBI  JaHi, SKI IOTPIOHO
3armaM’ ITOBYBAaTH, ajie He 3aBXK/IU 1€ BIAETHCS.
2. Aemopuzayis no OpenlD — wMeton
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aBTOpHU3alii, Uil BUKOPHCTAHHS SIKOTO IOTpiOHa
peecTpamisi |y  Tak  3BaHOTO  «IpoBaiaepa
imeHTHdIKami» 1 «3aJeKHa CTOPOHA» - KIHIEBUU
pecypc, SKHH ~ HaMaraerbCs  1ACHTU(IKYBaTH
kopuctyBada. OcoOIMBICTIO UBOTO MIAXOAY € T€, 0
peecTpallisi Ha caMoMy pecypci He € 000B’SI3KOBOIO,
a mpoBaiiziep imeHTHdiKamii Moxke OyTH AJS Pi3HUX
pecypciB. [lepeBaroro B MiAX0Hdi € BUKOPHCTaHHS
OJTHI€T MMapy JIOT1H-TIApOJIb sl 0araTboX pecypcis, a
HEIIOJIIKOM — TIeH MiAXiJ e Majio PO3MOBCIOKEHUN
1 y’ke MaJio pecypciB HOro BUKOPUCTOBYIOTb.

3. Enum-asmopuzayis — IpUB’ A3Ka «AKKAYHTa»
mo  MoOumeHOTO — TenedoHy, HOMepy. llpm
BUKOPHUCTaHHI  JaHOTO MiAX0My Ha  Telae(oH
BIJIIPABIISAETHCSI CMC-TIOBIJIOMJICHHSI 3 YHIKaJIbHUM
KOJOM, SIKHd TIOTIM BUKOPUCTOBYETHCS LIS
aBTopm3allii Ha pecypci. [lepeBaror gaHoro miaxomry
€ Te, 10 JaHa aBTOPHU3allisl B MOPIBHSIHHI 3 IHIIMMH €
HaHOUTBII 3aXHUIIEHO0, OCKITBKH HOMEpH Telle(OHIB
€ YHIKQ&IPHUMH 1 OTpUMAaTH KOJ 3MOXE JIHIIE
KOpUCTYBau, SKOMY HaJeXHTh Ied Homep, a
HEJOJIKOM B JaHOMY MiAXOJIi € Te, M0 BiH Malo
pO3MOBCIOKEHUH. TakoX BiH MOXe OOMEXKYyBaTH
JIOCTYI, SKOo TeinedoHa HeMae Topsn, abo X
TeneoH Moke OyTH YKpaJieHHM, B TAKOMY BHIIAJKY
JOCTYTI IO PECYPCY MOXKE MOTYyUUTH 3IIOBMUCHHK.

4.  Asemopusayis 3 GUKOPUCMAHHAM VHIKATIbHUX
napamempie xomn romepa [2] — DaHUN MIXiT Ja€

MOJKITUBICTh aBTOPU3YBaTH KOpHCTyBaua,
BHKOpUCTOBYIouM Horo IP-agpec, MAC-ampec,
Windows Login i T, abo ix koMOiHaiii.

BukopuctoByrour NaHWE MiAXid, KOPUCTYBad Mae
3MOTY TMIONyYUTH JOCTYIl 1O pecypcy, He
BUKOPHUCTOBYIOUM TIapy JIOTiH-MIApoib abo 1HIIOL
nonioHoi aBTopu3anii. [lepeBaroro maHoro migxoay €
Te, M0 BiH TO3BOJSIE KOPUCTYBauy HE NpUHAMATH
Oe3rmocepeIHI0  y9acTh B IPOIECi aBTOPH3AIllii,
OCKIJIbKM BHKOPHCTOBYIOUH JIaHI KOMII'IOTEpa BOHA
Mpoie aBTOMATUYHO, a HEJONIKOM B JTaHOMY
MIXO0MI € Te, IO KOXKHAa 3MiHa KOMIT IoTepa, abo
IHIIUX pecypciB, TpHU3BEAE 10 HEMOXKIHBOCTI
ABTOPU3YBATHCh HA PECypci.

VYci onucani BuIie 3aco0M aBTOpHU3allii, IKi 3apa3
ITUPOKO BUKOPHUCTOBYIOTHCSA, MAalOTh Ti UM IHIII
npobyiemu. [ljis KiHIEBOTO KOpHCTyBada He Oyle
Iy’)kKe eQpeKTUBHUM BHUKOPWUCTaHHA TIapH JIOTiH-
MMapojib KOXEH pa3, KOJMW BIH 3axode BiIBiIaTH
neBHuil pecypc. [IpuB’sizka nmo TtenedoHy Takox
3aCTaBIATHME KOPUCTyBaya BUKOHYBAaTH TICBHI ii,
o0 aBTOpU3yBaTHCh. | He BapTO 3a0yBaTH TIPO TeE,
10 HA MPAKTHIIl KOXEH 13 IUX 3aco0iB aBTOpHU3allii
MOJK€e OYTH B3JIOMaHHUM ITiJOOPOM 3JIO0BMUCHUKOM.

OcHoBHI npuHIUNM podoTH “bitcoin”-cxemu.

PosrnsHeMO  OCHOBHI  NPUHIMIN  poOOTH

“bitcoin”-cxemu.

Bitcoin — 1e cucrema eleKTpOHHHX TPOILCH, sKa
Tparfioe 3a MPUHIUIIOM pear-to-pear [3]. V bitcoin
HEMa€e [EHTPY VIpPaBIiHHI, CHCTEMa MPAIIOEe
aBTOHOMHO 1  WIANOPSAIKOBYETbCS  BiJOMHUM
anropuT™MaMm, a iHpoOpMmamis Tpo  TpaH3aKIii
30epira€Thbcs y BCIX YYaCHHUKIB CHCTEMHU.

B bitcoin Bcs iHpopMamis mpo TpaH3aKWil
30epiraeTbcst B naHmiory OnokiB  [4].  bmoxu
nepenarotecsi B ¢dopmari JSON. Koxen 6mok
MICTHTh 3ar0JIOBKH 1 CIIMCOK TPaH3aKIliii. 3arojoBOK
CKJIQJIAETHCS 3 JCKUJIBKOX BIACTHBOCTEH, cepe SKUX
€ TaKOXK XeII IOINepeHbOoro OoKy. Takum dmHOM,
BECh JIQHIIIOT OJIOKIB 30epirae BCi TpaH3akKilii 3a BeCh
gac pobotu bitcoin.

B ocTtaHHIX BepciiXx CHUCTEMHM BEChb JIAHIIIOT
0JIOKIB 30epira€ThCsl MOBHICTIO KOXKHUM KITIEHTOM,
IO pOOHTS 10 CUCTEMY ACLIEHTPai30BaHOI0.

Ha wmamrorky | moka3aHO mNpUHOUI pPOOOTH
“bitcoin”-cxeMH B  MOMEHT HOBOI
TpaH3aKIIii.

CTBOPEHHS

e, 2
| o BE
E/e

Puc. 1 Ilpunmun poGotm “bitcoin”-cxemm B
MOMEHT TpaH3aKIIii.

Y4YacHUKH IUISATBCS HAa 2 TPYNU: HA THX, XTO
MIPAIIOE HaJl HOBUM OJIOKOM i THX SIKi HE MPAIIOIOTh.
OmuH i3 KIIEHTIB CTBOPIOE HOBY TpPaH3aKINIO 1
BUKOHYE i PO3CWIKY IHINMM KIi€HTaM, SKi
3aliMaroThCsl reHepauieo 0yoky. BoHu mo0aBmisioTh
II0 TPAaH3AKI[I0 O CBOTO OJIOKY i TPOJOBXKYIOTH
reHepainito. Konu XTock 3reHepye Takuii OJIOK, BiH
3amevaTyeTbesl 1 PO3CUIIAETECS Mo Mepexi. [lambie
KIIIEHTH TIPOBIPSIOTH OJIOK 1 JaHI BcepenuHi HHOTO
Ha BaTHICTh. SIKIMO HISKAX TPoOIeM HEMae, TO
TpaH3aKIlii BBaXKAIOTh BHKOHAHMMH 1 IIeld OJIOK
30epira€Tbcs y KOKHOTO 3 KIIIEHTIB.

Buxopucranns “bitcoin”-cxemu ajst
0e3mapoJLHOI aBTOpHU3alii HA cepBepi.

[MpomonyeTbess  BUKOpUCTOBYBaTH  “bitcoin”-
cxeMmy Ui 0e3MmapoibHOTO JOCTYIy 10 TIEBHOTO
pecypey (cepBepy). OCKUTBKH ITaHA cXeMa IPaIlioe
JIUINE 3 KIIIEHTAMH, & MU XO4eMO BUKOPUCTATH i1 ISt
KIIiEHT-cepBepHOi  cuctemu, Moaudikyemo  ii
BIJITOBITHUM YHHOM. B JTaHOMY BHITaIKy B SKOCTI
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MEBHUX  KJIEHTIB ~ BUCTYNAaTUMYTh  CepBepa. Xella MOMepegHbOro OJOKy B JaHmio3i. Skmo
PosrnssHeMo, SK 3MIHUTBCS camMa cXeMa [pH 3MIHUTH OJHMH 13 OJIOKiB, NPUHAAETHCS HAHOBO

aBTOpM3aIlii KJIi€eHTa Ha cepBepi :

AE—
=, 2
| o
=" , |
Puc. 2 Ilpuanmum poGotm “bitcoin”-cxemu B

MOMEHT aBTOpH3allil KJIiEHTa Ha CepBepI.

Sk BUAHO Ha MaJIOHKY 2, B  JaHii
Monu(ikoBaHIH cxeMi y Hac B TpaH3akmii Oyze
repeaaBaTUCh IIeBHA iHMoOpMarlis, po3mmdpyBaTu
SIKY 3MO€ JIMIIE KITIEHT abo ceprep.

Ak  Bigomo, “bitcoin”-cxemMu JalOTH  3MOTY
KOPEeKTHO  ifeHTudikyBaTH  BipHI  TpaH3aKIIii,
OCHOBYIOUHCh Ha TIEBHOMY JIAHIIOTY 3B’s3KiB. Lle
BiJI0OYBa€ThCS, KOJIU iJIe OOMIH TaHUMH MiK ICBHUMHU
y4acHUKaMU 1 CTBOPIOEThCS TpaH3akmis. [Hmm
YYaCHUKH, Malo9l KOPEKTHY iHGOpMAIIo Ipo
YYaCHHKIB SIKi CTBOPWJIM TpPaH3aKI[l0, NEPEBIPIOTh
IX BaJIlOHICTE B CHCTEMI, 1 SKIIO BaIAHICTH
MATBEPIKYETHCS, TpPAaH3aKIisl MIATBEPIKYETHCS.
Jlanuii JaHIIOr 3B’SI3KiB MOYKHA BUKOPHUCTATH Came
st Oe3maposibHOi  aBTOpW3alii  KII€HTIB  Ha
cepBepax, SKi 3HAaXOISIThCS B IHOMY JIAHIIOTY.
CepBep, aBTOPH3YIOYM KIIi€HTa, NEPEBIPUTH, YU
OIMICHO KITI€EHT Ma€ 3 HUM 3B'SI30K, BUKOPHCTABILHU
IHIINX YYaCHUKIB y IIbOMY JIAHITIOXKKY, y SAKHX Oye
JIOCTOBipHA iH(OpMAIlS TpO Te, YH IACHO IIeH
KIIEHT Ma€ 3B'SI30K 3 IIUM cepBepoM. SIKIIo
BaJiHICTh ydYacHHMKa OyJe MiATBEpPIUKEHa, HOMY
OyIe HaJaHuii JOCTYII A0 Pecypcy.

PosrnsiHeMo 3 sikuX eneMeHTIB Oyje CKIaJaTHuch

cam Onok Oimplnr getampHO. YcCi  HacTyIHI
BUKJIAICHHS 0a3yroThCS Ha CTaHJIAPTHUX
mapameTpax  “bitcoin”-cxemum 3  MomuikaIrieo

MEBHUX MapaMeTpiB y BIAMOBIAHOCTI 1O KII€HT-
CEpPBEPHOTO MiAXOY.

- hash — SHA-256 xem 3aronoBka 0Joky. Takwmii
XeIll SIBJIAETHCSI JOCHUTh BUIAJKOBUM, a TOMY 4Yac
HOro 00paxyBaHHS € BUSHAYCHHM.

- ver — Bepcis cxeMH OJIOKY.

- prev_block — xem morepeaHbOro OJOKY B
manro3l. CaMme 3aBOSIKM LI BJIACTUBOCTI JIAHIIOT
HEMOJIJIMBO MiIPOOHUTH, 3aMiHWBIIKM B Hil OIWH i3
OJIOKIB, OCKIIBKH XEIT OJIOKY 3aBXKIH 3aJICKHUTHh Bill

CTBOPIOBATH BCi HACTYTIHI.

- mrkl_root — cHMCOK XelIB TpaH3akmid. Xem
ONOKy TOBMHEH OOOB’SI3KOBO  3aJie)KaTH  Bif
TpaH3aKIiii, mo6 X HEeMOXIUBO OyJO MiApOOWTH.
Aute 00paxoByBaTH HOTO HaNpsIMy OyJe Ty»kKe JOBIO,
SIKILIO KiNBbKICTh TpaH3akuUiil Benuka. ToMy crmoyatky
XEIIyIOThCS caMmi TpaH3akilii, a TOoTiM IX Xxemn
BUKOPHUCTOBYIOTBHCS 7151 OOpaxyBaHHS XEIIy BCHOTO
010Ky .

- time — BimoOpakae 4yac CTBOPEHHS OJIOKY.

- bits — oJjHa 13 caMUX BaXXJIMBUX BIaCTHUBOCTEH.
SIBnsieTbcss  CKOpPOUYEHO  (OPMOIO  IIJIBOBOI'O
3Ha4YeHHS Xema. BIoK BBakaeThCsl 3reHEpPOBaHMH,
KOJIM HOT0 XeIl MEHILIHUI LbOTO IiJIbOBOTO 3HAYCHHSI.

- nonce — 4YHCIO, SKE, TIOYMHAIOYM 3 HYJIS,
IHKPEMEHTY€EThCS micis KOXHOI iTepamii
oOpaxyBaHHS XemIa. Tak 1 mMpoXoAuTh mepedip, TOKH
xel He Oy/ie MEHIINM LiJbOBOTO 3HAYEHHS.

- N_tx — KUTBKICTh TPaH3aKIIiil B CIIHCKY.

- size — po3mip 070Ky B OaliTax.

PosrimsiHemo  OinbIn  JeTambHO 3 4OTO
CKJIaJaf0ThCs caMi TpaH3akiii. TpaH3akilii MiCTAThCS
B OJIOKax y BHUITIALI crnucKy. BoHu, Tak camo sk i
ONOKM, BHUCTPOIOIOThCS B JaHmioord. KoxkHa
TpaH3aKIlil TIOBMHHA YyKa3yBaTH, 3BiIKH BOHA
Oparume meBHi nani. [ns 3amaHHS azgpecara
BUKOPUCTOBYBAaTHMETHCSI HOr0 IyONIUHMM KIIOY.
1106 ampecaT Mir BUKOPHUCTOBYBATH OTPHMaHI NaHi,
BiH NIOBUHEH CTBOPHTH HOBY TpaH3akIliio, sika Oyne
OpaTu Wi AaHi 3 MOMEPEIHBOI 1 MEepeHANPABIATH X
Ha iHmmA anpec. s Toro mo0 mepeBipATH MO
KOpUCTYBad BUKOPHCTOBYE Ul aBTOpHU3alii came
CBOI OCOOHMCTI JaHi, a HE 4YyXi, BIH IOBHHCH
3QUIIATA B CBOIM TpaH3akiii CBiid MHPPOBHIL
migmuc. Tomi B Oyms SKWH MOMEHT 4Yacy MOXKHA
BIICBHUTUCh, 1[0 BCI TpPaH3aKIl SBJISIOTHCS
BayimHUMU. Ha mpakruii e Mmoxe OyTH peanizoBaHO
32 JOIIOMOI'O0 HACTYITHUX BJIACTUBOCTEH:

- hash — xem Bciel Tpan3akuii. Tpanzakmii
xemytoTscst 2 pasu. llepmmii pa3 mim dac
oOpaxyBaHHS Xella TpaH3akmii. Jpyruii pa3 — min
gac obpaxyBaHH: Xema 010Ky. OKpiM TOT0, KOKHHUH
OJIOK TIOCHJIAETHCS HA XeII IMOMEpPeAHbOro OJIOKY, a
KO)KHa TpaH3aKLi — Ha Xeum MONepeaHbol
TpaH3akimii. ToMy SKIIO TMOMIHATH TPAH3AKIIIO 1
SKUMCh UHMHOM 1i XeIml HEe II0JIaMaeThCsd, TO
371aMaroThCS BCl 1HII Xemni i1 3MiHEHWH JaHII0XKOK
0JIOKIB OyJe BIAXWICHUH 1HITMMH KOPHUCTYBaYaMH.

- Ver — Bepcis CXeMH TPaH3aKIIii.

- Vin_sz — KUIBKICTh TONEpeIHIX TpaH3aKWil, i3
SKHUX JaHi IepeBOATHCS Ha HOBI a/Ipecy.

-vout sz —  KUIBKICTR  azgpec, Ha sKi

110



Bicnux Kuiscvkoeo nayionanvhozo ynisepcumenty 2014, 2 Bulletin of Taras Shevchenko
imeni Tapaca Illesuenxa National University of Kyiv
Cepis izuxo-mamemamuyHi HayKu Series Physics & Mathematics
BIJITPABIISAIOTHCS JIaHI. migxomy € Te, IO BIH JacTh HaM  3MOTY

- size — po3Mip TpaH3aKIlii B OaiTax. aBTOPU3yBaTHCh HA  TEBHUX  pecypcax  He

-in — MICTUTh CIHCOK BXOXiB TpaH3akiii. B
SKOCTI  BXOJIB  BHKOPHCTOBYIOTBCS  IOIEpPEIHI
TpaH3aKIii (prev_out).

VY KOXHOTO BUXOLY B CBOIO UYEPry € HAcTYIHI
BJIACTHBOCTI:

- hash — xeu1 nonepeaHbO1 TPaH3aKLIII.

-1 — TaK AK y TpaH3aKiii Moxxe OyTH JeKiTbKa
BUXOMIB, IIOTPiOHO YyKa3yBaTH 3 SKOTO caMme
OepyThes nani. s 1poro BHMAAKY sSKpa3 1 icHye 11
BIAcCTUBICTb. B HBOMY MICTUTBCS TMOPSAKOBUI
HOMEP BUXOY MOIEePEAHBOI TPAH3aKIIil, TOYNHAIOYN
30.

- scriptSig — y il BJIACTUBOCTI BiANPaBHUK
MOBHHEH JOKAa3aTH, IO BiH MEPEBOIUTH AIHCHO CBOT
naHi, a He yyxi. J1a 1poro BiH ykasye myOnidHUN
KIII04 OTpUMYyBaya IMONepPeIHbOI TpaH3aKLii, TOOTO
CBili KIJIFOU, TaK SK BiH MOBHHEH OyTH OTPHUMYyBadeM.
Oxkpim Toro Bim mobaBmsse ECDSA mimmuc miel x
TpaH3aKIlii, IKa CTBOPEHA HOT0 NMPUBATHUM KITIOYCM.
e nokasye, mo BiH PO3NOPSIKAETHCI CBOIMHU
JAHUMH, a HE Yy>KUMH.

- data — MIicTHTB JaHi, sKi OyIyTh mepelaHi Ha
HOBUH azapec.

- scriptPubKey — 1s BIAacTHBICTB, pa3oM i3
scriptSig CKIIamalTh K0, 3a JOTIOMOTOIO SKOTO i1e
nepeBipka Ha BamigHicTe. CreHapili mepeBipse
TPaH3aKIIi0 Ha BAJIITHICTb. Buxopucranus
MTOAIOHOTO CIIEHAPII0 Ja€ BEIHMKI MOKIUBOCTI IS
OIUCY YMOB OTPHUMAaHHS JAaHHUX aJpecaToM. A TOMy B
SIKOCTI BepHdikamii MOXKYTh CIy>KUTH Pi3HI mapoui
abo mepeBipkH, sAKi OymyTh ITOCTYIHI JIAIIE TEBHUM
KOpHCTYBadaMm.

IlepeBaru Ta HeqOJMIKH JAHOTO MiAXOLY

OCHOBHOIO  TIepeBarold  3ampoHOHOBAHOI'O

Cnncok BUKOPUCTAHUX JZKepeT

1. Jlomanxun O. ABTopu3anus B BeO: Kakol OHa
MoxkeT ObITh? [EnexTponnuii pecypc] / 2008 —

Pexum JIOCTYTTy JI0 pecypcy
http://habrahabr.ru/post/28443

2. Tumsr ABTOPH3AIIH MOJIb30BaTENEH
[Enextponnuii pecypc] / 2007 — Pexum
JOCTYITY 10 pecypcy
https://usergate.ru/support/axel/authorization_t
ypes.html

3. Bitcoin [EnexrponHmii pecypc] / 2010 —

Pexum IOCTYITy iy} pecypcy
http://bitcoinme.ru

4. Cueos A. Bitcoin. Kak 5310 pabotaer
[Enextponnnit pecypc] / 2011 — Pexum
JOCTYITY 10 pecypey

http://habrahabr.ru/post/114642

BUKOPHUCTOBYIOUH OOJIKOBUX JaHHX. Yce mo Oynme
MOTPIOHO I aBTOpM3allii, 11 OyJe JIMIIEC CIHCOK
ycix OJIOKIB 1 TpaH3akIlii, 3a JOMOMOTOI SKUX
npamtoe  “bitcoin”-cxema. Y  TOpIBHAHHI 3
ICHYFOUMMH MiJIX0JaMH, JaHUH MiIXiJ AacTh 3MOTY
MiHIMI3yBaTH  MOXJIMBICTH  B3JIOMY  pPecypciB
MPOTUBHUKOM, BHKOPHCTOBYIOUM OOJIKOBI gaHi
KIII€EHTA, OCKUIBKH B “bitcoin”-cxemi aBTOpH3AIlis
Oy/Jie MPOXOIUTH JIUIIIC B TOMY BUMAJKY, KOJHU 1HIII
KOpHCTYyBadi OyIyTh MiATBEPIKYBATH BaTiTHICTb.

OCHOBHUM HEIOJIKOM JAHOTO MiAXOAY € Te, IO
HaM MPUHIETHCS 30epiraTi BECh Yac JIAHIIOT OJIOKIB
Ha KOMII'[oTepax abo iHIIMX pecypcax, 3BIAKH Oyne
BECTHCh KOMYHIKalisl 3 cepBepoM. TakoX MOXYTb
OyTH HEBEIMKi 3aTPUMKH TPH MEPEBIPIi BaiTHOCTI
IHIIMMH yYacHUKaMH, ajie JAaHy NpoOieMy MOXKHa
BUDILINTH, 3MEHLIMBLIM [OBXHHY XeIIa OJIOKy,
OCKITBKA B KIIEHT-CEPBEPHIH CTPYKTypi HeMae
CMUCITy BUKOPHCTOBYBATH BEJIMKI X€IIl Yyepe3 Te II0
TYT He BigOyBaTUMYThCS MaHIMyJALii 3 TpomKMa, a
Oyme BimOyBaTHCh JIUIIIE 0OMiH iH(OpPMAITI€TO.

BucHoBkn

Januii miaxig 1acte 3MOry po3mmpuTy “bitcoin”-
CXEMy Ha KIII€HT-CEpBEpPHI CTPYKTYpH, IPU LEOMY
cepBep He moTpedyBaTUMe y KIi€HTa 00OB’SI3KOBOI
aBTOpH3alii 1 camMa aBTOpHU3aLis B IIbOMY BUIAIKY
IPOXOJUTHME aBTOMATH4HO. Lle nacTb 3Mory 3Ha4HO
PO3IIUPUTH KITIEHT-CepBEpHU 00MIH manumu. [lpwm
LOMY Bech Iieli 00OMiH iH(popMallii Oye 3aXUIIeHUM
i Horo HeMOxnuBO Oyne mMigpOOUTH, OCKIIBKH
pobota B Mepexi bitcoin ocHOBaHa Ha TPUHITUMI,
pe3ynbTaty pobOOTH, SKOTO TSHKKO NOOUTHCH, aie
JIETKO MEPEBiPUTH.
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Iepesanmadicennss KOMN IOMEPHUX MeEPENHC BUHUKAE 6HACTIOOK GIONPAGKU NAKemiq, KINbKiCMb SKUX
nepesuwjye NPonycKHy 30amHicme Hanpamy nepeoaui. Yepes ye neeua KinbKicme naxemie He 00Xo0uns 00
ooepaicysaua abo Hao0xooums i3 3HaA4HOI0 3ampumkoio. [ eupiuenns yux npooiem UKOPUCIOBYIOMbCS
aneopummu KOHMPOAI0 MAa YHUKHEHHSA Nepesanmaiceib 8 Mepeixcax, AKi 3acmoco8yiomscs Yy npomoKoLax
NPUKIAOHO20 DIBHS.

B oaniii cmammi npononyemuvca HO8Ull anzopumm KOHMPONIO NepeSaHmadCeHsb, AKUll nepedac Oaui
AKoMoea OLnbWitl KibKOCmi OmpumMy8ayié i 6 mou dce 4ac MIHIMI3Y€E KiIbKICMb 8MpayeHux naxkemis ma
3amMpumMKy nepeoadi, wo € NPUHYUNOBUM MOMeHmMOM Oas eideompanciayin. Ha eiominy 6i0 icHytouux
PO3PO6OK  OaHUll  ANOPUMM  BUKOPUCMOBYE IHQOpMAYil0 NpPO NepesaHmadcenHs oopaszy 6i0 Yycix
OmMpUMYIOUUX 8y31i8, WO HAO0AE 3MO2y Oilbuwl epeKmusHo BUKOPUCMOBYBAMU MepexCcy 3d pPAXyHOK
00'exmugnoi oyinku nasanmadgicensv. Takooic 3anponoHosanuii nioxio He nompeodye 000amKo8oi 3amMpUMKU
nepeo 8iONpasKoio KOXCHO20 NAKEMmY, Wo NOKPAWYE AKICMb cepeicy 0a KiHYesux Kopucmysauie ma nadae
3MO2Y BUKOPUCIOBYB8AMU 11020 8 0OHOPAH208UX MepexCax 0epedonodionozo muny 01s 8i0eo mpaHcaayill.

Knrouosi cnosa: koumpons nepesanmasicens, YHUKHEHHS NePEeBAHMANCENb, 0OHOPAH208I MepediCi,
WUPOKOMOBHA nepedatda.

A network congestion occurs due to transmitting amount of packets that is bigger than link’s bandwidth.
That’s why some of packets are lost or arrived with significant delay. Congestion control and avoidance
algorithms are used for solving these problems and implemented as application layer protocols.

In this paper proposed a new congestion control algorithm that sends data to as much as possible
receivers and at the same time an amount of lost packets and transmission delay are minimized that is very
important for video streaming. Such approach provides more efficient bandwidth utilization by using
impartial assessment of the network load unlike existing solutions and also it doesn’t need additional delay
before sending every packet that improves the QoE (quality of experience) for end users and this enables its
usage in a tree-like peer-to-peer networks for video streaming.

Key Words: congestion control, congestion avoidance, peer-to-peer networks, multicasting.

CrarTio peacTaBuB A.T.H., pod. [loropinuii C. /.

Introduction There are different schemes for solving this

problem that implemented in network protocols. The

The network congestion is an old problem that
appeared at the same time as the Internet. It’s
happened due to limited capabilities of the routing
hardware that transmits data with abnormal sending
rate. If transmission rate exceeds hardware limits
then each new packet is pushed to a waiting queue
and when it’s full then packet is dropped. That’s why
there is a need for an algorithm that provides
efficient and fast data transmission.

© O.B. I'opaiitayx, 2014

most widespread is a congestion control in TCP\IP.
It has been improving during developing of the
Internet and that’s why there are lot of
implementations like Tahoe and Reno, Vegas,
CUBIC, Westwood+ and others [1]. The main idea
of this congestion control algorithm is to provide fast
data transmission with fair network bandwidth usage
among all applications. All implementations of
TCP\IP congestion avoidance mechanism use only
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the packet loss as an indicator of the network
overloading. But this approach is not good for all
network types. For example, LTE, 3G and ADSL
routers have big waiting queues and in this case
congestion detection happens much later (depending
on the queue size) than a real event occurs. The
algorithm that proposed in this paper also uses the
packet loss event as the indicator of the network
congestion, but on the other hand it reacts more
smoothly.

A solution of the big queue problem was
proposed in LEDBAT [2] scheme that is used in
uTP. In this approach each time a sender transmits
new packet it stores current machine time t; in
microseconds in the special field. After packet
arrives the receiver calculates difference d = t; —
t,, where t, is a current time and sends this value
back to the sender. Although clocks of the sender
and the receiver are not synchronized and this task is
not even solvable with microseconds accuracy, the
minimum value of d (d;,;,) represents a situation
when the waiting queue is empty. That’s why if
compare each new value d with d,,;, it’s possible to
estimate router’s queue size. The LEDBAT uses this
heuristic for the congestion control and tries not to
exceed the queue size for more than 100ms. The
solution described here also uses such approach for
detecting the network congestion.

There is also a hybrid solution that is called TCP
friendly rate control (TFRC) [3]. It uses a throughput
equation that is based on different parameters like a
round-trip time, a loss event rate, a retransmission
timeout and others. This protocol is much smoother
than classical TCP congestion control.

Besides protocols described above there are
different other congestion avoidance solutions like
DCCP [4] that can use different algorithms and
Sprout [5] that uses stochastic forecasts for achieving
high throughput and low delay, but only for cellular
networks, where big waiting queue are used. In this
paper considered the algorithm that rely on receiving
speed rather on forecasts because it has more
accurate information about network congestion due
to receiving information from different sources.

Although there were different attempts to solve
this problem, all of them are not well suitable for live
streaming in peer-to-peer networks because of their
delivery time constraints. This paper proposes a new
congestion control algorithm that has a goal to
transmit as much as possible data for the shortest
period of time. It doesn’t provide fairness for other
streams and tries to capture all available bandwidth,
however at the same time it doesn’t overload router
and keeps the waiting queue free.
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Congestion detection and virtual network
queue

As it was mentioned before the network
congestion occurs when routers traffic exceeds its
bandwidth capabilities. The main indicator of
network congestion is a packet loss. Each router
maintains its queue using some algorithm such as
random early detection [6], weighted random early
detection (an improved type of previous algorithm),
Blue [7] or tail-drop [8] that are called in general as
active queue management. The tail-drop approach
drops all packets that couldn’t be pushed into the
queue. Random early detection drops random
packets instead of those that come last. It helps to
make data transmission fairer as congestion will be
detected earlier than the waiting queue becomes full.

A variety of the queue management mechanisms
is a main problem for any congestion avoidance
algorithm as it’s impossible to detect what kind of
algorithm is used in current situation. An only
possible way to detect network congestion is to
collect data about lost packets and transmission
delay. But not all lost packets indicate the congestion
as in all types of wireless networks (wi-fi, bluetooth,
EDGE, 3G and LTE) this event may occur due to
physical characteristics of an environment. That’s
why classical TCP\IP implementations as well as
other algorithms have poor performance in networks
where errors are possible. The same problem
concerns the network delay estimation. Not all
routers have so big waiting queue that congestion
algorithm could detect it and at the same time
doesn’t garble it with a network noise. Again the
wireless networks may not have stable environment
and measurement of delay may be inaccurate. For
example, node with EDGE modem may have
difference between upper and lower bound of the
round trip time wup to several seconds. In
consequence to these facts there is no detection
scheme that works excellent in all possible cases of
the network congestion.

A possible solution is to use another indicator of
the congestion that doesn’t affect the packet loss
problem. It’s known that congestion occurs when
sending rate is bigger than receiving rate and usage
of this fact is enough for a correct guess. But in fact
we can’t estimate sending and receiving rate and
make correct assumption because this information
holds on opposite side. Information about receiving
rate should be sent back to the sender. Due to the fact
that round trip time could reach hundreds of
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milliseconds this information couldn’t be used in
such way.

The congestion algorithm may use a virtual queue
instead. The sender puts every packet into its virtual
queue and it holds there until the acknowledgement
packet (ACK) is received. In case when the
acknowledgement hasn’t received in time (the
packet’s age reached a retransmission timeout, RT),
the sender erases the packet from the queue and
resends it again. This process is described in figure 1
and 2. This is very similar to a sending window in
TCP\IP congestion control mechanism, but unlike
“window” approach the virtual queue doesn’t have
limits in size and sender doesn’t increase or decrease
it. Instead it just simulates a real situation at the
queue of router that is a bottleneck of the
transmission.

Figure 1. The virtual queue, where blue colored
packets represent situation when sender has received
an acknowledgement for them and red-colored is a
lost packet.

D=~~~

Figure 2. The virtual queue after previous state. Here
the lost packet (marked as purple) is erased from the
head and pushed to the tail and green-colored
packets are new coming.

Local congestion control

While the virtual queue can’t evaluate exact size
of the router’s queue, it is very useful for the
congestion control. If the virtual queue grows during
constant data transmission it means that link is
overloaded and speed should decrease, because more
and more packets are not delivered. Besides this fact
if the virtual queue becomes smaller in size it means
that additional bandwidth is available. But if sending
rate is not constant the situation becomes more
complicated. In this case if rate increases the queue’s
size may also increase in two cases — just as normal
reaction on a rate change and if the congestion
occurs. That’s why the size of virtual network queue
couldn’t be used as a good congestion indicator. As
it was mentioned in previous chapter the network
overloading could be detected when packet is lost or
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sending delay is more than a threshold, but at the
same time these approaches have major
disadvantages that aren’t acceptable for video
multicasting due to their inaccuracy.

A possible solution is to use a mixed approach —
properties of the virtual queue and congestion
indicators such as the delay and the packet loss. Let’s
look at the so known bandwidth-delay product
formula:

q
b=1 (1)

Here b is a maximum possible bandwidth or a
sending rate on the link in bytes per second, g is a
queue size in bytes and r is a round-trip time in
seconds. It’s not hard to notice that the bigger size
has queue — the more data could be delivered to the
destination and that from some moment increasing
this value will not affect on the actual amount of
delivered data. On the other hand it’s possible to
predict the queue size if the sending rate increases or
decreases. Let b; and b, are different sending rates
of the same link, then size of the second queue could
be represented by the following transformations:

ﬁ _ N

b, T1iq;

_ qi7m2by
r1bg

q2 =q:C (2)
Using this formula the congestion control could

be applied as following: every time the sending rate

. by .. .

increased b—z times then the resulting queue should
1

2

b, ..
2 times. At each
r1by

step the congestion control algorithm sets the value:

3)

This continues until formula 2 is true. Such
approach guarantees that congestion will be found by
not more than [logz bj] steps, where b; is the
maximum possible sending rate. Otherwise if the
congestion occurred, it could be eliminated if reduce
bandwidth to a next value:

increase no more then by ¢ =

br+1 = 2by by =1

b — Ark+1Tk
ke+1 Tk+149kbk

4)

For every next step this algorithm schedules at 7y,
seconds after, which guarantees that it can
adequately notice changings in the network.

But it should be mentioned that formula 1 is not
correct for cases where packet loss is a normal
behavior of the current link and doesn’t related to the
network congestion. Also some noise could appear
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due to CPU load or other factors while measuring
value r. That’s why the following statement should
replace formula 2:

1-A<2 <144

q1¢

)

The value of A represents a possible error. As for
multicasting even small probability of packet loss is
considerable and at the same time the noise could be
very noticeable, the A should be compromise. For
example, A= 0.15 could be such value for the wi-fi
link with moderate signal. More accurate value could
be achieved by a direct measuring of packet loss
probability that could be done by using multicast
congestion control described in the next section.

Also it’s possible to use a LEDBAT delay
measurement congestion control [2] together with
the proposed algorithm. Such approach increases
efficiency of bandwidth utilization. Reducing
sending delay is not described here, because it’s
beyond the scope of this article.

The main difference between proposed algorithm
and the TCP\IP congestion control is that on the one
hand it rapidly increases the bandwidth and on the
other hand it smoothly decreases it if the network is
overloaded. Besides these properties it’s also
designed for multicasting, as each new packet
shouldn’t wait, until it will be sent. Instead it
transmits immediately, which guarantees low
delivery delay.

Multicasting congestion control

While the local congestion control algorithm is
quite efficient, it could be improved by using
information from multiple sources. A video stream
has a property that is called a bitrate w — it’s a speed
of link in bytes per second. It could be constant or
variable. Nevertheless it has some average value
during all streaming that is known before actual start.
Some multicasting peer-to-peer solutions like
ChunkySpread [9] and Tailcast [10] uses a tree
topology for data delivery. It’s very useful to divide
stream into j substreams, because it means that
sender can transmit data to several receivers with
different speed. For example, packets with identifiers
1,1+j,1+2j,... belong to the substream #]I,
packets with identifiers 2,2 + j,2 + 2j, ... belong to
the substream #2 and so on. In this case each
substream has bitrate equal to %

In peer-to-peer video streaming networks one of
the most important task is to use as much as possible
of available bandwidth of each participant, because
in any type of the swarm (mesh or tree) the main
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index is an end-user receiving delay. It means the
difference between a time when packet produced and
delivered to the destination. If a video data divided
into many substreams it’s possible to use nearly all
available bandwidth of the peer. But it’s also
important to transmit data to the same peers during
living in the swarm, because effect of “changing
hands” needs additional time that impacts on the
QoE (Quality of Experience) for the end-user. In
congestion control algorithms, that are proposed in
existing works, it’s nearly impossible, but using the
algorithm proposed here it’s an easy task for any
peer-to-peer tree topology.

For this the virtual queue idea and controlling
algorithm is extended. Instead of local congestion
control the peer can choose its sending rate
according to information received from several
destinations at the same time. In such systems the
bottleneck is at the sending side, because peers that
haven’t enough receiving capabilities leave the
network soon due to inability to watch the video
stream. That’s why a global approach that combines
ideas described in previous chapter and retrieving
information from different sources may be used that
could be described as an algorithm that could be set
by the next methods:

function GetOldestFreeNeighbor(N,s)
begin
for i:=1 to |N| do
for j:=1 to s do
begin
if N[i].substreams[j] then
return pair(i,j);
end
return null;
end

function GetY oungestBusyNeighbor(N,s)
begin
for i:=|N| to 1 do
for j:==s to 1 do
begin
if N[i].substreams[j] then
return pair(i,j);
end
return null;
end

event OnBandwidthIncreased(N,b,s)
begin
for i:=1 to b do
begin
p:=GetOldestFreeNeighbor(N,s);
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if p != null then
N[p.first].substreams[p.second] = true;
end
end

event OnBandwidthDecreased(N,b,s)
begin
for i:=1 to b do
begin
p:=GetY oungestBusyNeighbor(N,s);
if p != null then
begin
N[p.first].substreams[p.second] = false;
end
end
end

event OnPacketReceived(N,stream_index,packet)
begin
for i:=1 to [N| do
if N[i].substreams[stream_index] then
begin
Send(N[i],packet);

end

end

Here N is a set of neighbors; N also contains a
field “substreams” — a boolean array, where each
value indicates if this neighbor should receive
packets of provided substream or no; b — number of
substreams count that could be increased or
decreased during current congestion control.
OnBandwidthlncrease is called each time when the
additional bandwidth is avaliable that’s determined
by (5) and the value b is calculated using (3);
OnBandwidthDecrease is called each time when the
congestion occurs that’s also determined by (5) and
value b is calculated using (4); OnPacketReceived is
called each time when a new packet is generated by a
video source or received from another peer.

Combining the local congetsion control algorithm
from the previous chapter and the multicasting peer-
to-peer algorithm provides an efficient solution. It
eliminates necessity of using TCP\IP and at the same
time it could be implemented over the UDP protocol.
But it also could be implemented as a transport level
protocol and embed into operational system.

This algorithm solves the problem of delayed
delivery as the sending rate is always chosen
according to an avaliable bandwidth and also solves
the problem of frequent changings of destination

2014, 2

Bulletin of Taras Shevchenko
National University of Kyiv
Series Physics & Mathematics

peers that leads to a better quality of expierence for
end users.

Conclusion

In this paper presented a new congestion control
algorithm and its implemantion for a tree-based peer-
to-peer network. Separately existing algorithms were
examined with their benefits and drawbacks. It has
shown that on the one hand most of them have
problems in slow detecting and reacting on the
network congestion that make them impossible to
use in peer-to-peer video streaming. And at the same
time some useful ideas such as the detection of
sending delay could be reused in the algorithm
proposed here.

The virtual network queue is a kind of “sending
window” that represents a delayed situation on the
real router queue and doesn’t have limits in size.
This approach results to a better congestion
detection, because it doesn’t depend on the packet
loss that happend due to the network environment. It
is used for constructing the congestion control
algorithm that is based on the idea of comparing
current queue size within expectable value.
Achieving optimal sending rate and congestion
avoidance that is done by the binary search algorithm
and the exact overloading estimation leads to a
smooth control of the sending rate. Special attention
payed to the possible packet loss and noise during
estimation - the proposed algorithm is extended with
additional error check for considering such behavior.

All in all the multicasting congestion control
algorithm is proposed. This solution extends the idea
of the local congestion control to a global level,
where several sources (neighbors) of congestion are
used for the management. Diversity of sources
provides more accurate estimation of the network
overloading that leads to a better link utilization.

The results could be used in a tree-base peer-to-
peer networks and moreover it guarantees that every
packet will be deliverd in a shortest period of time. It
leads to a better quality of expierience for end users
and makes possible to significantly reduce a delivery
delay in such systems. It was specially designed for a
Tailcast topology that has been implemented by the
author before. However, exact performance
evaluation should be additionaly done and it’s a
target for the future researches.
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Pospobneno memoo oyinku KOHyeHmpayi XA0po@iny HA OCHOBL CNeKmpy  GI000PAdICEeHHS,
BUKOPUCMOBYIOUU PEempPOCHeKMUBHI  8UMIpU  KOHYeHmMpayili ma 8ionogioni im cnexmpu. Hegioomi
napamempu 3HAX00AMbCA WLIAXOM PO38 A3aHHA 3aoayi pecynapuzayii Tuxonosa osoicmum memooom.
Haseodeno nopisuanua pe3ynomamie 004UCTIOBAILHOZ0 eKCHEPUMEHMY O/ NPAMO20 Ma 080iC020 Memoois.

Knrouosi cnosa: cmpykmypuo-napamempuuna onmumisayis, nces0000epHenHs, pe2yiapu3ayis, 08oicmui
Memoo.

The method for chlorophyll concentration estimation based on spectrum reflection develop. Mathematical
model is built using retrospective concentration measurements and corresponding chlorophyll spectrum
reflections taken in different moments of time. Relation between spectrum reflection and concentration value
suggested being linear, so the task is to find unknown parameters' vector for linear combination of spectrum
components that best interpolates given concentrations. The problem is ill-posed, till the matrix is
underdetermined. Pseudoinverse methods with Tikhonov regularization are used for solving the problem.
Dual solution for ridge regression optimization is used for estimating unknown values. The main benefit is
decreasing unknown parameters' vector dimension. Computative experiment results deviation measurement
for dual and primal methods shows quite the same results, while computative complexity of dual solution is
much less costly, which is a big advantage for the given data. Afterwards the model is used for concentration
prediction.

Key Words: structural and parametric optimization, pseudoinversion, regularization, dual solution.

CraTTiO IpeCTaByB 1. T. H., mpod. ["apamenko O.T.

Beryn [Ipu nporHo3yBaHHI 3ajjauya YCKJIAJHIOETHCS
HEMOXJIUBICTIO JOCHIIUTU CTPYKTYpYy HaHHX,
0 TPOTHO3YIOTHCS, 1 TOPIBHATA 11 3
CTPYKTYPOIO BHUXIJHUX JaHUX, Ha OCHOBI SKHUX
OyayeThCsl MaTEMaTUYHA MOJIENb.

OmgauM 13 cmocoOiB  BUpIMICHHS  ITi€l

Benuka KuibKicTh 3ajad anmpokcumanii Ta
MPOrHO3yBaHHSA (I3UYHUX IMPOLECIB 1 SBUI]
3BOJISATHCS 10 MIpe/ICTaBICHHS
eKCIIEPUMEHTAJbHUX  JAaHUX Yy  BUIJISAAL

KOMOIHaIii (QYyHKIIA 3 AESIKOrO0 CTPYKTYpHO
3a/IaHOTO KJIacy TaKUM YMHOM, 00 HaiKparie,
B [IEBHOMY CE€HCl, onucatu orpumadi gaHi. [Ipu
IbOMY HaWKpamum MPEACTABICHHIM
BBAXKAaTUMEMO HYJIHOBE CEPEIHbOKBAIPATUYHE
BIIXWJIEHHS MDK BUXIIHUM CHUTHAJIOM Ta HOro
3HANACHUM HAOIMIKEHHSM.

© O.C. Hertsap, 2014

npobseMu € po30uTTsA BUXIAHOI BUOIpKH Ha
NEeKUIbKa TMiABUOIPOK JOBUIBHUM UYHMHOM 3
MOJAIBIIO TIOOYZOBOIO MOJCNI JIMIIE IS
OJIHIET 3 HUX Ta IHTEPIOJISLIEI0 pe3yibTaTiB Ha
iHI1 nigBubipku. Lle gae MOXIUBICTH BBECTH
JIesIK1 arplopHI OI[IHKM Ha HEB1IOMI MapaMeTpu
MoAenl 1 MTOKPALUTH pe3ynbTaTi
MIPOrHO30BAHUX 3HAYEHb.
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B craTTi po3rasgaeTbes 3amada OIIHIOBAHHS
KOHIICHTpAIlld XJIOpoduTy B POCIMHHOCTI Ha
OCHOBI1 CHEKTpY BinoOpakeHHsA. BukoHaHo psn
€KCIIEPUMEHTIB 3 METOIO 3alucy BiOOpa)keHUX
CHEKTPIB Uil O3MMOI HIIEHHIl 3 PI3SHUMHU
3HAYCHHSIMHU KOHIIEHTpAIliil XJI0podimy.

ITocranoBka 3agaui

Hexaii maemo Bimomi N g —BHMIPHHX

CUTHAJIIB CHEKTPaJbHOTO po3moauty st N

PI3HHUX KOHIICHTpAIIIi xyopodiny, ne
T
c= (cl ,Cr ,...,CN) - BEKTOp  3HAYCHb
KOHLIEHTpALliH,
1 1 1
XX . X, X,
2 2 2
Y- XLXy e XX
N N N
XpXy, . X, Xy

- MaTpHIl BIIMOBIIHUX 3HAYEHb CIIEKTPATIHHOTO
pO3MOLTY.
Jlist 3py4HOCTI MO3HAYUMO X = (X;,X,,...,Xy ) -
BEKTOP-PAZIOK, €JIEMEHTAMU SIKOTO € ¢ -BUMIPHI
BEKTOP-CTOBITYMKH CHEKTPATBHUX JaHUX IS
BIJIMOBITHUX KOHIICHTPAIIIH.

CraBuThCs 3ajaya BH3HAYEHHS HEBIIOMHX
KOHLEHTPALUN (Cy,;,CyuprnCyyy ) HA TIACTABI
OTpUMaHUX

CIICKTpAJIbHUX JaHUX

(Xnogs Xyiaren Xyiy ) [3], @ came BU3HAYEHHS

. . T
HEBIZIOMUX  mapamMerpiB  a =(a;,&,,....&,)

JIHIAHOI MOAeml

c=Xa. (D)

3 ormamy Ha Te, MmO Martpuusg X HE €
kBagpatHoro (N <g), po3B’sI30K  3amadi
IIyKaTUMETbCS Y BUTIAIL o = X e, ne X©-
rceB000epHeHa MaTpULS [1]. Tomi,

BUKOPHUCTABIIN METOJ perynspu3sauii TuxoHosa,
ne A - mapameTp peryiaspu3ailii, 0CTaTOYHO
OTpUMAEMO BHUpa3 IJIsd & :
a=(X"X+21)"'X"c ()
. :
JIisi 3HaXOKEHHS ¢ -BUMIPHOTO BEKTOPY

HEBIJOMHX  IapaMeTpiB o JOBEIETHCS
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PO3B’SI3yBaTH CUCTEMY 3 ¢ JIIHINHUX PIBHSHb 3

g wueBimomumu. CKIATHICTh Takoi 3amadi -
3

O(q”).

B pesympraTi = OoTpuUMaemo
anmpoKcUMaIlii y BUTJISIIL

(byHKITIO

f)=(x,a)=XX"X+A )" X c. (3)

Bume PO3TJISTHYTO pSIMY 3a71aqy
3HAXOJ/DKEHHS ampoKcUMalii 3a JOIOMOTOO
BBEJICHHS MapaMeTpy peryispusauii [4].

3 iHmoro 6oky, (2) MOXHa mepenucaTd y
BUTJIAII [2]

X' Xa+M,o=X"c, 4)

a=1"X"(c-Xa)=X"w, (5

a(w) = iwixl.,w =1"(c-Xa).(6)

i=1

[TincraBuBuiu (5) B (6) oTpumMaemMo

w=(c—XX"w) (7)
a0o, neperpyyBaslly,

(XX + Al ,)w=c. (8)
A 0T)Ke€, 0OCTaTOYHUI BUPA3 VISl BEKTOPY
HEB1ZIOMHX TapameTpiB Oye MaTH BUTJIS

-1

w=(G+wil,) ¢, 9)

ne G = XX (matpuus I'pamma).
3HaXO0HKEHHS w 3BOJIUTHCS hi (0]

po3B’si3aHHd N JHIAHUX piBHSHB 3 N
HeBimomumu. CKIaAHICT Takoi 3amadi -

O(N*) Pe3ynbTyloda ampoKCHMAIlisl MaTHMe
BUTJISI

g(x,a(m) = (x,a(m) = x, > wx, ) =
v (10)
=D wixnx)=c(G+AL)"k,

i=1
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e k=<xi,xl?>,i=L_]V,j=E.

Omxe, nns 3a1a4, B SIKUX CIIOCTEPEKEHHS
MpeiCTaBiI€Hl Yy  BUIJISAL  HPSIMOKYTHHX
MaTpullb, BUKOPUCTAHHS JBOICTOT 10 3amadyl
perynspuzanii TuxoHOBa CYTTEBO 3MEHIYE
KUTBKICTh omeparii Ta MIPUCKOPIOE
00YMCIIEHHS, 1110 0COOIMBO Ba)KJIUBO MPH poOOTI
3 JJaHHMH, 10 HAAXOJATh B PEXKUMI PEAbLHOTO
qacy.

AJITOPUTM 3HAXOKEHHSI mMapaMeTpiB
Moaesi

OpHuM 3 METOJIB BIUIYKaHHS Napamerpy
perynsipu3saiiii Juisi BUXiTHOT 3a7a4l € po3OUTTS
BUXinHOi [V -BUMipHOT BUGIpKH Ha 71 -BUMIpHY

TpeHylouy Ta /M -BUMIPHY  BalliJalliiiHy
(m+n=N).
. _ T
Hexait Clrain = (ctrainl >Cirain2 >+ Corain n ) 4
1 1 1
Ltrain 2train 9 train
2 2 2
_ 1 train 2 train q train
train ~ >
n n n
1 train 2 train q train
xtrain = ('xtrainl 4 xtrainz > "’xtrainn )’
T
Coatia = (cvalidl > cvalidz >+++> Coalia m ) 4
x] x] 1
Vvalid 2valid 9 valid
x2 2 2
_ 1 valid 2 valid q valid
valid "~ >
m m m
1 valid 2 valid q valid

xvalid = (xvalidl 2 xvalidz Eh ’xvalid m ) - BIAOMI 3HA4CHHA

KOHLIEHTpALliil Ta BIANOBIAHUX iM CHIEKTPAIbHUX
PO3MOALUTIB.
Corain =X,

3 niHIAHOI Mojenl C,,;, a3 (10)

3HAXOJIUThCS allPOKCUMAallil KOHIEHTpAI[ii s
TPEHYBAIBHOT BUOIPKH

g(xtrain H a(wtrain )) = <xtrain H a(wtrain )> =
" (G, +A )k

- ctrain train train

_ T
- Xtrain Xtrain >

e G

train

— J ;—
ktrain _<xi’xi >’ l_l’N’

j=Lqg, A€(0,4,], A obupaerbcs eMIipUIHO.
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Jia BamimaniiiHoi BUOIPKHM BHKOPUCTOBYETHCS
3HalJICHUN paHIllle ¢ -BUMIPHUM BEKTOP W, -
Tomi  ampokcumariss  KOHLEHTpamid  Juis
BaJIianiiHoi BUOipku 3Haxoauthes 3 (10) 1 mae
BUTIIAL g(xvalid ’a(wtrain )) = <xvalid ’a(wtrain )> .
Hwnxue HaBEJICHO rpadiku
CepeIHbOKBAPATUIHOIO BIJIXUJICHHS

(akTHYHMX  3HAY€Hb  KOHIEHTpAIld  BIfJ
BIIHOBIIEHHUX 3a CIIeKTpaMu 3HaYEHb

2
| ctrain - g('xtram b a (Wtrain ))” Ta

2 .
cvalid - g('xvalid > a(wtrain ))” ML TPCHYHO4YO1  Ta
BaJalllifHOiI BUOIPKM I PI3HUX 3HAYCHb
napametpy peryaspusanii A € (0,4, ].

— TpeHyBanksHa enbipka
------- Banigaujiina enbipka

1 1 1 1 1 1 1 1 1
Puc. 1 ['padik cepenHbokBaipaTUHUHOTO
BIIXWJICHHS 3MO/IETThOBAHOTO PO3B’SI3KY BiJI
peanbHUX 3HAYCHb KOHIICHTPAIIIN

Jlig 3HaXOJDKEHHSI OCTaTOYHOI'O PO3B’A3KY
BHUXIJTHOT 3a/1a4i HEOOXIAHO 00paTy 3HAYCHHS

napameTpy peryisipu3aiii ﬂopt . Jist 3amadi, mo
PO3rIIAIaeThes, MIPOMOHYETHCS obparu
KOMIIDOMICHE  3HAuY€HHS  MapaMmeTrpy s
TPeHyIo4Ool Ta BajifaliiHOi BHUOIPOK, IO €
MIHIMYMOM BIIXWJICHHS BaJIiallifHOI BUOIPKH,
KUl OepeThCsl Ha PO3B’A3Kax, 3HANAECHUX s
TPEHYBAIBHOT BUOIPKH

. 2
A ¢ = argmin cvalid - g(xvalid ’a(Wtrain ))” . (4)

op
2€(0,4]
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Pe3yabTaTn 004 C/II0BAJIBHOTO

eKCIlepUMEeHTY

Hwuxue HaBEICHO pe3ynbTaTu
00YMCIIIOBAJIBHOTO €KCIIEPUMEHTY JUIsl 7 PI3HUX
koMOiHaui nanux 40 352-BumipHux (g =352)
CHEKTPaJIbHUX PO3MOJUTIB Ta BIAMOBITHUX M
KOHLIEHTpaliii: BUOIpkM  po3OuBanuci  Ha
TpeHyBaJbHY (7 =10), Bamgamiiiny (m=14) ta
TecToBY (M =16) TOBUIBHUM YHHOM.

2014, 2

Bulletin of Taras Shevchenko
National University of Kyiv
Series Physics & Mathematics

3okpema sl KOKHOT KOMOIHAIli B TaOIUIIl
HABOIATHLCS 3HAMIEHI 3a HaBEICHUM BHIIE
QITOPUTMOM CEPETHBOKBAIPATUIHI BIIXUICHHSI
(GakTHYHUX  3HAYCHb  KOHIICHTpAIlid  Bif
BIJTHOBJICHHX 3a CIICKTPaMH 3HAYCHb ISl TIPSIMO]

(s = f (s

2 .
| Cposy — (X, (W ,mm))” 3amad Ta rpadikd IuX

BIJIXI/IJ'IGHB .

JIBOICTO1

Pe3ynbraTti 004MCIIIOBATIBHOTO €KCIIEPUMEHTY JUISI MIPSAMOI Ta JABOICTOI 3a1a4i

No | IIpAMa 3anmaua

2
|clesl _f(xlesl )” |

JBoicra 3amaya
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3a pe3ynbTaTaMu €KCIIEPUMEHTY MOKHAa BUKOPHCTAHHAM HpsIMOi 3aAayl (32 BUHSATKOM
3poOUTH BUCHOBOK, 110 MPOTHO30BaH1 3HaueHHs1 ojHiel BUOipku). Ilpu mipomy nBoicTa 3amaua €
KOHIICHTpAIlId i1 TECTOBOI BHUOIPKM 32 CYTTEBO KPAIIO 32 4aCOBOK OOYHCIIIOBAILHOIO
OIIOMOIO0 1BOIcTOI 3amayl 34eOLIBIIOT0 €
OUThIII TOYHMMHU HDK aHAJOTIYHI Pe3yJabTaTH 3
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cknagnictio (O(n’)Ta O(¢’) Bimmosimuo, e
n=10, ¢ =352).

BucHoBxku

B poGoTi 3ampomoHOBaHO — aNrOpPUTM
3HAXO0UKEHHSA ampoKCUMAIIii B1IOMUX
KOHIICHTpaIlld XJOpo(dUTy Ha OCHOBI JaHUX
CHEKTPaJIbHUX PO3IMOIUIIB Ta OI[IHKA HEBIIOMHUX
KOHIICHTpAIlId 3a JOTIOMOTOIO JIBOIiCTO1 3amadvl
10 3a/1a4i perynsipusanii TuXoHOBa.

[IpoBeneHo 0OYMCIIIOBAIILHUN EKCIEPUMEHT
Ul OLIHKKA PO3B’SI3KY 3 BUKOPHUCTAHHSIM
IBOICTOT Ta mpAMOi 3amadi, MO0 IOKa3aB
e(eKTHUBHICTh BUKOPUCTAHHS JBOICTOT 3amadui
JUIS ~ HEKOPEKTHO  BHM3HAUYEHHUX, a came
HEJJOBU3HAYEHHMX 3a/1a4. PO3rIAHYTHI anroputMm
CYTTE€BO Kpamlui 3a IIBUIKOIIEIO, IO BKpan
BAXKJIMBO JUISI 3a7a4, B SKUX JaHI HAAXOISITh B
PEXHUMI peasibHOTO Yacy.
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B pobomi nopignioiombcs 061 cucmemu napaiesibHo20 NPoSPAMYBaARHsL Ol KOMN TOMEPHUX Mepedic 13
sacmocysannsm mexuonozii I[TAPKC (Ilapanenoni Acunxponni Pexypcueni Kepyioui Cucmemu): ITAPKC-
JAVA ma I[TAPKC-C#. Hadano onuc pooomu yux cucmem. Hasedeno pesyromamu mecmysauns cucmem s
BUPIULEHHSA KIACUYHOT 3a0ayi MHOMCEHHS Mampuyb. Posensnymo moociusocmi yux cucmem npu eupivuerHi
NPAKMUYHUX 30044 NAPATebHO20 NP OIPAMYBAHHSL.

Kniouosi cnosa: napanenvni o6uucnenns, komn romepna mepedca, 11APKC-mexnonozia npogpamysamnns,
JAVA, C#.

This paper compares two parallel programming systems PARCS-JAVA and PARCS-C # for computer
networks using the technology PARCS (Parallel Asynchronous Recursive Control System). The basic
terms of the PARCS-technology are point, programming channel and algorithmic module. Pattern of control
space is a graph. Top is a point of control space and edge is programming channels. The points are
connected per programming channels. Each point of control space is assigned with the algorithmic module.
The algorithmic module is a procedure PARCS and extension of the basic programming languages.
Algorithmic modules are executed in parallel. In practice this means that in a computer network one major
computer (Server) is selected. This computer is accessible to all others (Clients). It generates a queue of all
tasks. Tasks from the queue are sent for computing. Each computer obtains a task from the queue and
executes it. After finishing computing the active task it sends the results to the server and selects the new
task. The model is designed for local area networks. Description of these systems is provided. The results of
testing systems for solving the classical problem of matrix multiplication are presented. Capabilities of these
systems in solving practical problems of parallel programming were considered.

Keywords: parallel computing, computer network, PARCS-technology of programming, JAVA, C#.

CrarTio npecraBuB 1.¢.-M.H., ipod. AxiciMoB A.B.

PO3pOOJICHOTO  TPOTpPaMHOT0  3a0€3MeYeHHS. B
PO0OTI MOPIBHIOIOTHCS B CUCTEMH JIJIS TTAPAJICITHLHIX
o0YucneH»  Ha ~ KOMITIOTEpHIH  Mepexi B
3acrocyBanusiM TexHonoridi I[IAPKC, a camo Ta

Beryn
Mertoro ganoi poOOTH Oy JI0 TOCTITKEHHS, aHAITI3
1 peaniBamii METOMIB TNPUCKOPEHHS OOYHUCIICHD
napayielbHUX CUCTEM MporpamMyBaHHs 0a30BaHMX Ha

texHonorii [TAPKC  ([lapanenbHi ACHHXpOHHI
Pexypcusni Kepyroui Cuctemn). [IAPKC-rexHomoris
nporpamyBaHss) [2] — CyKymHICTH HpOrpamMHHX
3aco0iB, 1o 3a0e3MeuyroTh Mpouec po3podKu 1
peaniBamii  alTOpWTMIB  TApayelhbHOI  OOPOOKH
inpopmamii. Ils1 cucrema Moke BHUKOPHUCTOBYBATHCS
Npyd  CTBOPEHHI  MporpaMHOr0  3abe3TeveHH]
mapajenbHux EOM, a TakoX JIOTYHOI CTPYKTypu
mapajielbHuX 1 cremianiBdoBanux EOM, 1o
3a0e3MeuyloTh HaWOUTbII e(eKTMBHY peali3allifo

© 0O.B. [epessauenxo, 2014

IMTAPKC-JAVA Ta I[TAPKC-CH#.
TexnoJoris IAPKC
[TAPKC-rexHonorii  mporpamMyBaHHS, IO
SIBJISIE COOOKO JICAKY CYKYIHICTh MPOrpaMHUX 3aC001B,
sKi 3a0e3MeuyloTh MpOIEC PO3POOKH 1 peaizarii
anropuTMiB mapajienbHoi 00podku iHdopmarii Bona

0a3yeTbcsl HAa KOHICMIII KEPYIOUOro MpOCTOpY
(KID[1] —  JauHaMiuHWE  rpad,  SKHi
BUKOPUCTOBYETHCSL  JUII  ONMCY  JIOTMHOI  Ta

KOMYHIKa IIIFHOT CTPYKTYPH TOCIIIKYBa HOT 331441,
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OcnoBHi Tepmini [IIAPKC-rexHororii:
® TOUKa;
e nporpamuuii kanai (ITK);
e anropurMigHUK Moxyns (AM).
Crpyxkrypa KII - rpad, BepimHu SKOro - TOYKU
KII, pebpa - IIK. J{o xoxnoi Touku KII npunucanuit
AM, saxuit € npouenyporo [TAPKC - posumpenss
0a30Boi ajaropurMidHoi MOBH. B Hamomy Bumanky
MH 3aCTOCOBYEMO 0a30Bi MOBH TIPOrpaMyBaHHSI
JAVA 1a CH.
[Iporpamui  3acobu
aJITOPUTMIYHUX MOB:
1. TlporpamHi 3aco0wu, 1o 3abe3neuyrs o0y 0BY i
monudikamiro KII.
2. TlporpamHi 3aco0u, 1m0 320€3MevyIoTh 30epiraHHsI
Ta nepenady iHdopmariii 3a gornomororo KII.
3. Tporpamui 3acobu, 1m0 3a0e3neuyrOTh PoOOTY 3
AM.

po3mmpeHEsT  0a30BHX

4. TlporpamHi  3aco0wu, 1110 3a0e3neuyroTh
TpoIIeTypHO - 00'eKTHO- OpiEHTOBaHE
HpOrpaMyBaHHs.

Taxkum 9uHOM, TIpOrpaMa Ha JIesKiii yMOBHil MOBI
ANTOPUTMIYHUX MOJIYJIB CKIAJAETHCA 3 HACTYIHUX
JACTHH:

1. Ommc CTPYKTYpH UM THITy KEPYHOUOTO MPOCTOPY.
2. Ilporpama HajamTyBaHHI KEPYHOUOro IMPOCTOPY.

I[lpn BukoHanHi 11iei TporpamMu BinOyBaeThcs

PO3MONIICHHS ~ QJTOPUTMIYHAX  MOAYJIB IO

TOYKaM TPOCTOPY.

3. Omic JNOKaJbHUX AJITOPUTMIYHMX MOIYJTB Ta
omuc  (YHKIIIOHYBaHHS BCHOIO  KEpPyKHOUYOro

pOCTOpY.

Texnouorist NET

Microsoft .NET — cy4yacHa TeXHONOris, IO
JIO3BOJSIE  CTBOPIOBAaTM  Cy4acHi MOporpaMm i3
3aCTOCYBaHHAM KOMITIOTEPHAX  MEpeX  Ta
napayielbHIX OOYHUCIICHb. 3aCTOCYBAHHS TEXHOJOTii
NET [5] Hamae MOXKIHMBICTH MEPEHOCY TMPOrPaM MK
pBHUMHU amapaTHUMU IDIaThopMaMu, Ha  SKUX
BcTaHOBJeHe cepeaopumie BukoHaHHs .NET 4.0
(baxTnuHo BipTyasnbHa MainmHa). OJHIEIO 3 MepeBar
NET € cymicHicTh 0i0iOTeK, HAMMCAHUX PI3HUAM U
moBamu. Cuctema ITAPKC-C# namicana Ha moBi C#,
ane ii MOXKHa BUKOPHCTOBYBAaTH 1 JJISI IHIIUX MOB
NET, nanpuxnazg Visual Basic abo C++.

Jlo nosuruBHuX sikocTed TexHomorii NET, mio
BIUIMHYJIM Ha ii BHOIp TSI MPOEKTYBaHHI CUCTEMU
ITAPKC- C#, Takoxx Hanexarb:

e HasBHiCcTH MoBH C#, ska HaOyBae Bce OUTBINOT
MOMYJIIPHOCTI  3aBASKM TPOCTiH 00’ €KTHIN
MOJIeJIi Ta MOCTIHHOMY PO3BHUTKY;

®  BIINOBIAHICTP CyJacHUM BHMOram: Oi0JioTeka
TPL (Task Parallel Library), sTKa
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BukopucToByeThest B cucteMi IIAPKC-C# i
HaJa€ IIUPOKWHA HAaOip MOXKIMBOCTEH JIs
pPO3pOOKHM TapajejbHUX Tporpam, MATPUMKA
3ac00iB MEPEkKEBOro MpPOrpaMyBaHHs, CUCTEMU
3a0e3neyeHHs — MepecwIaHHid  JaHUX 10
KOMITIOTEpHIA Mepexi, MOTOKOBUN BBI/BUBII,
pedrekcis — mpoTiec BHUSABJICHHSI THUIIB T dac
BUKOHAHHS Ta IHIII,

Ommuc cucremu [TAPKC-C#
ApxiTeKTypa  CHCTEMH  CKJIAJa€ThC 3
JIEKUTbKOX YaCTHH:

1. Parcs — ocHoBHa 0i0JIiOTeKa KJIACIB CHUCTEMHU.
Micturh BCi OCHOBHI KJlacu, IO OyIyTh
BHUKOPHCTOBYBATHUCH yciMa IHITUM A
YacTHHAMHM, B TOMY YHCJ 1 alrOpUTMIMHUMH
MOJYJISIMH.

2. Daemon — pemon (kiieHr). SBisge coboro
nporpamy, Ha sKii OyAyTh TpPOBOJUTHUCH
00YHCIICHHS.

3. HostServer — cepBep. Mae CrMcoK JOCTYITHUX
KJII€HTIB, 8 TakoX iH(OpMaIifo MpPo MOTOYHI
3agaui Ta Todku. Ilpum 3amycky MOZYJIs
MOYMHAE PO3JaBaTH 3aBJaHHA KIi€HTaM B
3aJIE)KHOCTI Bill KUTBKOCT1 TIPOTIECOPIB KITIEHT iB
Ta iX 3aBaHTAXKEHOCTI.

4. AnecopummivHuti M0O0y1b — OKPEMHUH TIPOEKT,
mo Mmae B cobi mocwiaHHa Ha  Parcs Ta
peanidye inrepdeiic IModule.

Omuc cucremu ITAPKC-JAVA
3acTocyBaHHd MOBH TporpamyBaHHi JAVA

HaJla€ MOKJIMBICTH TIEPEHOCY MPOTpaM MDK Pi3HAM U

amapaTHAMH IWaT(opMaMy, Ha SKAX BCTAHOBJICHA

JavaVM — BipryasbHa MalivHa.

J10 MO3UTHBHUX SIKOCTEH MOBH TPOT paMyBaHHSI

JAVA, Hajiexarh:

e 1pocTa 00’€KTHA MOJIENb, IO JO03BOJSE JIETKO
NPOBOAWTH  3MIHM B KOAM  NPOTPaMHu,
JIOTIOBHIOBATH 1i T4 TOKYMEHTYBAaTH;

®  JIeTCPMIHOBAHICTh KOIY — BIACTHBICTH MOBH, IO
HE Jla€ TPOrpamicTy poOUTH  TIOMHUJIKU,
HAIIPUKIIAJ, TOB’SI3aHI 3 HECAHKIIIOHOBAaHUMU
JUSIMH, TAKAMHU, SIK P13 HI BUKJTUKY;

e cuctema nmporpamyBanusi JAVA Binnosinae
CydacHHM  BHMMOraM: MIITpUMKa  3aco0iB
MEPEIKESBOTO MporpaMyBaHHs (cokeTiB),
TIOTOKOBWH BBiN/BUBIN, Tpadiunmi iHTepdheiic
KOpHCTYBaya, CUCTEMH 3a0e3neyeHHs
MEePECWIKN JTaHUX M0 KOMITIOTEpPHIH Mepexi,
TEXHOJNOrii, M0 JAO3BONSIIOTH  YHIiKyBaTH
kiieHT-cepBeprnii (RMI) ta iHmi.

Apximexmypa  cucmemu  CKJIIa€erbCs 3

HACTYMHUX YacTuH [3]:
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1) Parcs — ocHoBHa 0i0JTi0oTeKa KJIAcCiB CHUCTEMH, 110
BUKOPHCTOBYIOTHCS BCIMa KOMTIOHE HTaMH
CUCTEeMM, B TOMY 4YMCI 1 aJIrOpUTMIYHUMHU
MOIYJSIMU;

2) Daemon — mporpama 3amyckaerbcs B (DOHOBOMY
peKMMi HAa MaIlWHAX, SAKI MIIKIFOYAIThCS 0
obuncmoBaHoi Mepexki (XxocTw). BoHa BHKOHyeE
3amycK aJrOPUTMIYHUX MOJYJIIB
OOYHMCITIOBAJIbHUX 3a]a4, a TAaKOX TECTYBaHH]
NPOAYKTHBHOCT1 MaIlIVH.

3) HostsServer — cepBep, 10 € IEHTPaTi30BAHONO
CITyK00I0 IIJI1 yHpaBiiHHA Ta OOJNIKy 3a7ad Ta
touok. Cepep 30epirae iHdopMaiiro TPo
MIIKIIOYEeH]  MallMHHM, TOPOAYKTHBHICTH  Ta
KUTBKICTh TOYOK Ha KOXXHOMY XOCTI, 1 3T{HO Il€T
iHpopManii BUAUILE MAIIMHU JJs1 CTBOPEHHA
HOBHX TOYOK, a TAKOXK BIIMIYa€ BUAAJICHHSI TOYOK,
MOYATOK Ta 3aBEPIICHHS 3a]1a4.

4) OOuucioBalbHA 3ajada, MI0 TOCTABISETHCS Y
BHUTJBSIII OMHOTO YM JEKUTbKOX jar-¢aiimiB, abo
OKpeMHUX KJaciB anropurMiuHMx MoAyihiB. Ha
OOYHMCIICHH  3aIlyCKA€ThCS M0YaTKOBUI
aJrOpUTMIYHUA MOAYMh 3amadi. B mpomeci
BUKOHAHHS TO4YaTKoBOro AM BiH 3aBaHTaxye 3

(BUYHOrO JHWCKY TNPOrpaMHUNA KOJA  IHIIMX
QITOPUTMITHHX MOJYJTB.
5) RMI-cepeep ParcsLauncher BHKOPHCTOBYETHCS

JUIL  BiIJQJEHOrO  3alycKy MOporpamMu  Ha
BUKOHaHHA. RMI-KitieHr nnst 3amycky nporpaMu
TIOBUMHEH TepejiaTh Kojl O0YHMCIFOBaJIbHOI 3a/adi,
3alakOBaHUM B jar-apxiB, Ta MOXCE BKa3aTu 4
NOTPIOHO YeKaTH KiHellb OOYMCICHHS TNepIl, HiX
MOBEPHYTH YIPABIIHH KITIEHTY.

Poo6ora cucrem ITAPKC
Po6ora o0ox cucrem ITAPKC-C# ta ITIAPKC-
JAVA cxoxa B 1IIIOMY, alie BiIPBBHAETHCS JACTKAMU

BIACTUBOCTSIMH  peami3allii  BIITMOBIIHUX  MOB
nporpamyBannsi C# ta JAVA.

Ha Bcix wMammHax, MmO MOpu3HAYEH IS
o0uucnens, 3amyckaerbcsi mporpama Daemon, a

nouatkoBuit AM ta HOStServer MoxxyTh 3ammycKaTucs
a00 Ha THX e, a00 Ha iHIIMX MamrHaX. B okpemoMy
BHUITAJIKY HABITH BC1 TPU €JIEMEHTH CUCTEMHU MOXKYTh
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Oyru 3amymeHi B omHomy Micii. @aiin server.txt

(TTAPKC-C#) BHKOpPHCTOBYEThCS Mo4aTkoBuM AM

JUIE  3HAXO/DKCHHS  KOMITIOTEpY, Ha  SKOMY

sanymenunit HostServer (IP-agpeca).

CimeiictBo nporokoniB TCP/IP 6ymno obpano 3a
OCHOBY ISl Tiepenadi iH(opMmarii Ta CIyXuTb s
00'€qHAHHA KOMITIOTEPIB Yy JIOKaJIbHI MeEpexi Ta
Mepexi Internet.

VY crBOpeHiil peani3aiii KiieHTa Ta cepBepa
3B’S130K MPOXOAUTH Y TaKii TIOCTIMOBHOCTI:

1. Tlpu 3amycky MOIyJNsl cepBep IMepeBipse BCi
3a3HaueHi y aitni hosts.txt (ITAPKC-C#) i
BUOAISIE Ti, 3 SKUMU HE BIANOCS 3 €IHATHUCS.
[Micns 1mporo cepeep 3amurye y KOXKHOTO 3
KIEHTIB KUIBKICTH s7Ep mpoliecopa i 30epirae
co01 111 pe3y/IbTaTu.

2. CepBep pO3MOALUISE TOYKH, IO CTBOPIOIOTHCS B
AJTOPUTMIYHOMY MOJYJi, MO KOMITIOTepax Ha
SIKMX BUKOHY€EThCS mporpama Daemon.

3. IMicnsg mporo Ha KOMITIOTEpi, e Oyae CTBOpeHa
HOBa TOYKa, MmodaTkoBuid AM mepenae exe-daiin
(TTAPKC-C#) abo jar-gaiin (ITAPKC-JAVA), B
SKOMY MICTUThCs iH(popMmaist mpo Bci AM, 110
OyayTh 3amylleHi I 4Yac BUKOHAHHS IOTOYHOI
3ajadi.  3a gomoMoror peduiekcii  Daemon
(TTAPKC-C#) ctBOproe exsemmip kiacy AM i
Bukinkae  meton  Run(). Takum  ymnHOM
3aIyCKaIThCS HEOOXITHI O0YHCIICHHS.

4. Y (aini ganux (omHOMY abo0 JEKUTHbKOX)
3HAXOAATBCS  BXIOHI JaHi JUIi  BUKOHAHHA
00YHCIICHb, PE3YNIbTATH 3aIMCYIOThCs B (haiiin(u)
pesynprary. [Ipm CTBOpEeHHI HOBOI  TOYKH
ANTOPUTMIIHI MOIYJ 3BEPTAIOTHCA IO CEPBEpA,
mo0 OTpuMaTH ajpecy MamuHU (HaWMCEHII
3aBaHTa)KeHOI) Jisl 3amycKy HoBoro AM. Crrcok
JIOCTYTHHX MaIliiH 30epiraeTbest B daiini hosts. list
(TTAPKC-JAVA) Ta hosts.txt (ITAPKC-C#).

5. Iicns 3aBepriennst odouucnen» Daemon Bincwiae
pe3ynbTar Ha3aj Ha noyatkoBuid AM. ITicis Toro,
SIK 3aBEPUIMIUCS OOYWCIICHHA Ha BCIX MallllHAX,
nouyatkoBuii AM 00po0ioe BCi pe3ynbTaTH,
BUBOJUTH 3arajlbHUi pe3ylbTaT Ha €KpaH Ta
30epirae Horo B ¢aiin.

Tabmunz 1

Yac MHOXeHHA MAaTPHIb A4 Pi3HOI KITBKOCTI MOTOKE A4 cHcTeM ITAPKC-JAVA Ta ITAPKC- C#.

MaTtpuui
1000x1000 2000x2000 4000x4000
K ITAPKC-C= MAPKC-JAVA ITAPKC-C= MNMAPKC-JAVA ITAPKC-C= MAPKC-JAVA
omn./noTo
1/1 17.9 18.2 140.3 129.3 1095.1 1210.4
1/2 10.1 114 74.6 62.6 569.8 624.2
2/4 6.1 7.4 41.1 39.7 308.1 317.7
4/8 3.8 4.5 26.3 24.5 173.2 185.1
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TecryBanus cucrem IIAPKC

st TectyBaHHs  poOOTH cHCTeMH OYB
peaizoBaHUii MapayiebHII aITOPUTM  MHOYKCHHSI
Marpullb, ONHMCAaHMH 3a JONOMOTH KEPYHYOro
npoctopy [4]. OOuucieHHs mNPOBOAWINCH  Ha
KOMITIOTEpHI Mepexi 13 3acTocyBaHHIM  4-X
neosiiepaux  mporecopis  (Intel Core2 Duo CPU
2.53GHz). PesymsTatn TectyBanns cuctem ITAPKC-
JAVA ta TIAPKC-C# naBeneni B Tabmmi 1. Yac
TeCTYBaHHs 3aJ]aHUH B C.

BucHoBku

B nmaniit po6oti Oyn0 TIOPIBHIHO CTBOpEHI Ha
daxynpreri kibepreTHKH KHIBCHKOTro HaIioHaJIEHOT O
YHIBEPCUTETY CHUCTEMH /I NapalielbHUX 00YHCIICHb
Ha komm'rorepHiii wmepexi I[TAPKC-JAVA Ta
ITAPKC-C#. byno npoBe/ieHO TECTYBaHHS CHCTEM Ha
KIacWMYHIA  3aja4yi  MapajeNnbHOr0  MHOXEHHS
MaTpHIIlb. I[lpu BuKOHAHHI OOYHCIICHb Ha
KOMITIOTEpHIE Mepexi 13 3acTOoCyBaHHSIM  4-X
JTBOSITICPHUX TPOTIECOPiB Oymo JTIOCSITHYTO
MOKpaIieHHs B yaci OutbIne HiXK B 5 pa3iB, Ayt 000X
CHCTEM, IO € JIOCUTh HETIOTaHUM PE3YJIbTaTOM.
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3 pe3ynbTariB TECTYBAaHHSI BUIHO, IO CUCTEMU
ITAPKC-JAVA Tta ITAPKC-C# maroTe Aji1 TECTOBOI
3a/auyi MHO)KEHHS MAaTpHIlb TPHOJM3HO OJIHAKOBY
e(ekTUBHICT,  po3MapayietoBaHHsi,  ajle  4ac
BUKOHAHHS OOYHCIICHb MPH 30UThINE HHI PO3MIPHOCTI
Marpmp aisi cuctemu [TAPKC-JAVA 3pocTtae, mo
TOB’SI3aHO 3 BUKOPUCTAHHAM Iam’sTi s JavaVM.
Taxkum uymHoM BukopuctaHusi cuctemu [TAPKC-CH#
MOX€ OyTH OUIbII AOUUIBHMM MpPH 3aCTOCYBaHHI
napajelbHUX OOYMCIEHb [Jisi 3a1a4 3 BEJIMKHAM U
00’eMaMH JTaHVIX.

Pesyneraru pobotu MOXYTb Oyru
BUKOPUCTAHUMHU TIPH CTBOPEHHI PpIBHOMaHITHHX
MEpEeKEBUX 004 HCITIOBAJILHUX KOMILIEKCIB.

PeaniBamis maHOi cHCTEMM MOXXE 3aCTOCOBYBATHCH
JUIL pO3B’sI3yBaHHA IIMPOKOrO Kjacy 3ajaad, IIo
MOTPeOYIOTh MapalielbHOI OOPOOKHL.

Ha mpomMy poOOTH Hal BIOCKOHAJICHHIM
CHCTeM He 3aBepmyeThes. [lmaHyerscst poOoTa Hax
PO3POOKOI0 MIACUCTEMHU JUCTICTUECPU3ALI] Ta 3aXHUCTY
Bin 300iB.
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IlceB1000EPHEHHs] y MATPHIHOMY METO/i Pseudoinverce in matrixes least squares
HaliMeHIIMX KBaJPATiB: NPUKJIAJ method: example of media indicators’
NPOTrHO3YBAHHS MeiifHMX MOKA3HUKIB prediction
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Y cmammi 3anpononosano mampuunuii éapianm memooy Hatimenwux keaopamie (MHK) na npuxnaodi
BUKOPUCMAHHA  anapamy Nnceso0oiHgepcii O0as NPOSHO3Y8AHHS MEOIlHUX HOKA3HUKIE PIZHO20 piGHS
Juckpemuzayii 0anux. 3adayy npocHo3y8auHsa n’amu MeOiUHUX NOKA3HUKIE Peani308aHo 3 GUKOPUCHAHHAM
mpvox mooeneu. Ilpunywenns npo xapaxmep 6XiOHUX ma BUXIOHUX OQHUX O KOJCHOI 3 Moldenell
NPONOHYIOMbCA Y 080X MOOUPiKayisax. 3anponoHo8aHO HOMUPU-KPOKOBULL AN2OPUTHM  NPOSHO3YEAHHSL
MEOIIHUX NOKA3HUKIE 3 BUKOpucmauHiam mampuynozo MHK, y3acanvHenuil 01s 6cix mpvox mooleneti 3
moouixayismu. OcHosHa ma MoOuQikoeana mMooeri y KOJNCHOMY 3 MPbOX 3aNpONOHOBAHUX Y CHAMMI
8apianmis 003604A0Mb MOOENO8AMU PI3HI MURU 38 S3KY MIJIC GXIOHUMU MA BUXIOHUMU OAHUMU 3d YMO8
00HAK0B020 CcMYNeHio Ouckpemusayii oanux. OmpumaHi pe3yromamu O0eMOHCHPYIOmb egheKmueHicmy
BUKOPUCTHAHHA 3ANPONOHOBAHO20 NIOX00Y NpU PO38 A3aHHI 3a0ayi NPOSHO3YEAHHS 6 MYNbMUMEOIlHIl
npeomemuii oonacmi. 30kpema, maxuii nioxXio NPONOHYEMbCA OJis PO38 A3AHHS 3a0at Medianiany8anHs ma
3a0a4 NPOSHO3VBAHHSA CIMPYKINYPHUX 3MIH MEOIH020 PUHKY.

Knouosi cnosa: ncesdoineepcis Mypa-Ilenpoysa, memoo HatmMeHWux K8aopamis, MeoiliHi NOKA3HUKU,
NPOCHO3.

In article the matrixes least squares method (MLS) is proposed with example of pseudo inverse theory
usage for prediction of media indexes with different level of data discretization. The problem of five media
indicators prediction is realized with using of three models. The assumptions about the nature of input and
output data for each of the models are offered in two versions. The four-stepper media performance
prediction algorithm with using of least squares matrix method is proposed and generalized for all three
models with their modifications. The basic and modified models in each of three versions that proposed in
the paper allow modeling different types of connection between input and output data for the conditions of
the same degree of data discretization. The obtained results in the article demonstrate the effectiveness of the
proposed approach for solving the problem of prediction in multimedia subject area. In particular, this
approach is proposed for solving the problems of media planning and the problems of prediction of
structural changes in the media market.

Key Words: Moore-Penrose pseudo inverse, least squares method, media indicators, prediction.

CrartTio IpecTaBuB I.T.H., C.H.c. Kynin B.I.

MEBHOIO JAUCKPETU3ALIEI0 Yy MeXaxX MNPUAHATHOL
Beryn TOYHOCT1 /I03BOJISIE €EKTHBHILIEC MeiallaHyBaTH,
OOGcsaru  TeneBi3idHOI ayauTOpii € PMHKOBOK  mpo 110 AeTanbHille AuB. y poboTi [1].
«BAJIIOTOIO». YMIHHS MPOTHO3YBaTH il AWHAMIKY i3

© B.C. lonuenko, O.B. Tapacoga, 2014
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[IporHocTHYHE IOCHIIKEHHSI MOYMHAETHCS 31
CTPYKTYpPYBaHHSl JochimxyBaHoro o60’ekry. Ilix
00’€KTOM SIK CTPYKTYpOH OYyAEMO pPO3yMITH HOTO
MOJaHHA Y BUIJLAI CYKYMHOCTI CKIQJOBHX Ta
3B’s13KiB MK HUMH [2]. [IporHo3 nmoBeniHKu 00’ €KTy
3IIMCHIOETBCS qyepe3 foro MaTeMaTH4YHe
MOJICTIIOBAHHS.  TepeAadi  CTPYKTypu 00 €KTy
3aco0aMi MaTeMaTHYHOTO CTPYKTypyBaHHS. OO’€KT
AK CTPYKTYpa NepeiaHuil MaTeMaTHYHUMHU 3aC00aMu
1 Ha3UBAETHCA MAaTEMAaTUIHOIO MOJIEILIIO.

[IponoHoBana cTaTTd MIPUCBSYCHA
MaTeMaTH4yHili  Mofeni A TPOTHO3YBaHHS
MOBEIIHKHU TeneMeIINHNX 00’ €KTIB 3

BHUKOPHUCTaHHSIM CTPYKTYp €BKJIiIOBHX IPOCTOPIB Ta
niceBnoo0epHenHs 3a Mypom-Ilenpoysom [2-4].
MHK 11 MAaTpHYHEX CIIOCTEepeKeHb

Bazoro po3B’s3aHHA  3amadi  OPOTHO3Y €
MOKAKYMKH XapaKTepPHCTHK TeleBi3iiiHO1 ayauTopii
B Ykpaini. Bonu 306epiratoTbcs y creniabHuX 6azax
JaHUX Ta MAOTh BUIJIAL TaOJNHUIbL 3 MOCEKYHIHOIO
JMCKpETU3aIliero A BiAmoBigHoi  go6m  [5].
[Tono6oBi gaHi MOXYTh OyTH 3rpynoBaHi 3a THM YU
HIIM TIEPiOIOM Y JHSX, HAPUKIAM, MOTHKHEBO. Y
BOMY BHIAJKy BiAMOBiAHI JaHi MPUPOJHIM YUHOM
MPEACTABIAIOTECS MaTpuuelo. OCKITbKY TeNneBi3iliHe
IWBIICHHSA Ma€ NPUPOAHIO THXKHEBY LHUKIIYHICTB, TO
MaTpullsl JaHUX 32 THKAEGHb € NPHPOAHIMHU
BUXITHUMH JTAHUMHU AJISl aHaNi3y Ta MPOTHO3Y VIS
aHaJi3y Ta MPOrHO3y JUIS MOKa)XXYHKIB TeleBi3iHHOL
ayautopii. Takum UYWHOM 3azadya BHUKOPUCTAHHS
MaTPUYHUX JAHHUX Yy 3a/la4yax MpOrHO3y TeleBi3iiHol
ayauTopii € MpHUPOAHBOIO 1 HarajbHOW. Y TakKii
3aJadi MPOTHO3, 30KpeMa, Ha THXKICHb MOXe
posrisaaaTucs Ak (QyHKIiS Bil MaTpUIi JaHUX, IO
ONKMCYEe TOBEHIHKY TeNneBi3iHOI ayauTopii 3a
TorepeTHii THXXJICHb. Ie 0O3HAayae, 1110
BCTaHOBJICHHIO HiJUISATa€ 3aIeKHICTh MK MaTPULICIO
MOBEIIHKY MOKXKYUKIB 32 MOMEPEIHINA 1 HACTYITHHIMA
THXAeHb. HasBHUI MaTeMaTHYHUN amapat J03BOIIsE
MOCTaBUTH 1 PO3IIISIHYTH TaKy 3afady 3a JIHII{HOTOo
3B’S13Ky MK BiJJIIOBIAHUMHU MaTPUYHUMHU 00’ EKTaMHU.
lle o3Hauae, M0 BU3HAYCHHIO MiAJISTae MaTpULS
JHIHOTO omepaTtopa, IO 3B’A3y€ JIBI MaTPHIIi, 110
XapaKTepu3yIOTh MOBEAIHKY TENEBi3iHHOI ayanTopii
JUTSI CYMIDKHUX THXKHIB.

Y crarti [6-8] aBTOpamm  nerambHO
PO3TIIAA€ThCA NMHUTAHHS KOHCTPYKTHBHUX METOIB
ONUCY JIiHIHHUX CTPYKTYp €BKIIiJOBHX MPOCTOPIB
JIBOX THIIB. 4MCIOBHX BekTopiB R" Ta marpumi
¢ikcoBaHOi  po3MipHOCTI R™".  Hacrymnue
TBEp/DKEHHS 11i€i poOboTH € 0a3010 Ui pO3B’sI3aHHS
3aJad  TPOTHO3YyBaHHS B  MeAiampocTopi  3a
THXKHEBUMHU MOKaXKINKaMH XapaKTepPUCTUK
TeneBi3iiiHoI ayauTopii.
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Teopema 1. /Iy Toro mjo6 MaTpuiHe PiBHAHHS
AX =Y,AcR™ X eR™ Y e R™¥ wmano xopeni
HEOOXIIHO 1 JOCTAaTHLO, II00 tI’YTZ(AT )Y =0, ne
onepatop Z(A")=E, —AT"AT =E_— AA",

A" - nceBnooGepHenHs 3a Mypom-ITlenpoyszom
(muB., Hanpuknan, [8]).

Muoxuna €}, BCIX PO3B’SI3KIB 32 BUKOHAHHS
3rajaHoi YMOBH,
CITIBBIIHOIIIEHHSIM:

Q, ={X:X =AY +Z(AV,V eR™} (1)

VY BuUmagKy HEBUKOHAaHHS HeOOXigHOT Ta

JOCTaTHBOI YMOBH PO3B’SI3HOCTI Ta cama MHOXKHHA

(1) BU3HAYAE MHOKUHY TICEBIOPO3B’SI3KIB.
Ta cama TeopeMa cTa€ y MPUrofi i y BHUMAAKY

BU3HAYAETHCA TaKuM

MaTpU4HHX cnocrepexenb (X, Y;),i=LN, ne XV,
— enemert R™Y, Ta HEOOXiMHOCTI BCTAHOBICHHS 3a
MHK wmatpuui niniiiHoro onepatopa A, 1o 3B’sA3y€
JIBi KOMIIOHEHTH CIIOCTEPEKEHb.

Hacainok 1. 3a mo3HaueHp i B yMoOBax
MOMEpeHbOI  TEOpEMH, PO3B’SI30K  MAaTPUYHOTO
pIBHAHHSA AX =Y,AecR™" X e R™K Y ¢ R™K

BIAHOCHO A Mae€ BUTJIAA;
A=YX++VZ(XT),V e RN 2
Teopema 2. Muoxuna MHK — oniHok mMaTtpuii
A, mo 3B’sA3ye MaTpuYHi CIIOCTEPEKCHHS,
OTpPHMaHa SIK PO3B’ 30K ONTHUMI3AIIHHOT 3a1a4i
. 2
Q, = Argmin||AX -Y||
AERan r
Moxe OyTH 3amucana y BUTTISIIL

QA={YX++VZ(XT),V eRKX”}
B skiii matpuri X T1a Y

3)

— 1e OJOoYHI MaTpwuil,

CKJIaJicHl, BIANOBIAHO, i3 MepIWMX Ta APYIHX
KOMITOHEHT MaTPUYHUX CIIOCTEPEKEHD.

X = (X:1X,)

Y = (ylz": yn)

X,Y eR px(qn)

Teopema 2 BumimBae 0Oe3mocepenHbO 3
Hacminky 1.

3ayBaskeHHsl. MaTpuus

A=YX" 4)

HANeKUTh MHOXHHI po3B’s3kiB  3amaui MHK

OLIIHIOBAHHS 1 € HATMEHIIINM 3a CITyJIOBOI0 HOPMOIO
TakuM pO3B’S3KOM. B mopmanbpmiomy came 1s
MaTpHII BUKOPUCTOBYBATUMETHCS SIK PO3B’SI30K
3amayl MHK orniHoBaHHS JIHIMHOL 3a1€KHOCTI MK
JIBOMa MaTPUYHUMH 00’ €KTaAMH.
IIporHo3yBaHHS NOKA3HUKIB TeJieBi3iliHOT
ayauTopii: BUXiHI KaHi

Jna 3amay MeqiamiaHyBaHHS BHKOPHCTOBYIOTh

TaKi OKa3HUKU. PSUTHUHT 3araJibHOTO TEJICAUBIICHHS
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(T — nokas3HHK, IO XapaKTepH3ye 3arajlbHUN 00CAT
TENEBI31MHOI ayauTopii y TEBHHUHA Iepiof dacy);
JacTKa aynuTopii Tenekanany (S — 4acTka risgadviB
Bil 3arambHOi ayauTOpii  TeJerjsmadviB, 10
IWBIATbCA TIEBHUH KaHal y TICBHOMY YacOBOMY
IHTepBaJi); peUTHHr ayauTopii TenekaHamry (R -
MOKa3HHUK TeNeBi3iiHOI ayauTopil TelekaHaly, L0
BpPaxoBY€ KUIBKICTh TeNerasfadiB Ta TPUBAIICTH iX
TeJeneperiisiy); peUTHHT pekiaMu Tenekanany ( Ra
— TOKa3HHWK TeJeayauTopii peKinaMu MEeBHOTrO
KaHaly, II0 BPaXxOBY€ TPHUBAJICTb 1HIHMBIILyaJbHOTO
meperisily  IIsgadvis); kKoeilieHT  ycaaku
peknamHux  Onokie (K - mokazHHK, 1IO
XapakTepu3ye BITHOCHE 3MEHIIEHHS ayauTopili Ha
peKIaMHHX OJIOKax IO BiAHOLIEHHIO 10 3arajbHOl
ayuTopil KaHaIy).

[li mokaXXYWKK € TMEePBUHHUMH B aHami3i, i, K
3a3Ha4yagocsl BHILE, € OOCTYNHUMH y J00OBOMY
BapiaHTi 3 MOCEKyHAHOW auckperu3zamieio 3 2003
POKy. VY 3amadi mporHo3y, U0 po3TIsiganacs HIKYE,
MoT000B1 MOKAXKYUKU «IHTEIPYIOTHCSA» 332 4acoM 3a
MoJ00OBUMH JAaHUMH Ta 32 YaCOBUMH IHTEpBajaMu
B Mexax gobu. Ile o3Hauae, M0 BIiAHOBIAHI
MOKaKYHKH BCEpeoUHI 100U MPECTaBIICH]
TPUBHMIPHAM BEKTOPOM 32 TPbOMa YaCOBUMH
iHTEpBalaMH, a CIOCTEPEKEHHAMU € CyMapHi
3HAYCHHS IIMX MOKAXYHKIB (TPHUBUMIPHHX BETOPIB)
3a THDKHEBHMH M IBOTHKHEBUH MEPiOL.

Hwxue posrnspaeTsea 3amada MPOTHO3YBAHHS
MOKaKYMKIB HA TYKHEBUHN Ta ABOTHKHEBHH Mepiof 3
BHUKOPHCTAHHSM PETPOCIEKTUBHUX JTaHUX HA OCHOBI
Buie 3ragannx naHux 2013 poky, moumHarouu 3 5
THXHS, SKI TIONEpeNHbO  «IHTErpyroThCS»  3a
4acoBUMHU  iHTepBajamMu. I  MPOrHO3yBaHHS
BHUKOPUCTAEMO amapaT IICeBIOIHBepcii Ta MeTomy
HallMEHIIMX KBajaparTiB. 3ragaHe iHTErpyBaHHS
3MIMCHIOETbCS 3 JOAATKOBHM  yCepeAHEHHS
BCEpeMHI YaCOBHX iHTEPBAJIiB Ta 33 ABOTHKHEBUMU
«IHTErPOBAHUMHY» MTOKAKUMKAMH.

3aranoM iHTErpyBaHHS 3a JHSMH 3IIHCHIOETHCS
3a IBOTIDKHEBUMH iHTepBajiamu (Monenb 1 Hipkue)
Ta OJHOTIKHEBUMH iHTepBanamu (momenmi 2 Ta 3
HIK4e). Take «IHTErpyBaHHS» II'SATH MeEIIHHUX
mokasHukiB T, S, R, Ra ta K B cepenuni nobu
3MIMCHIOETbCS 32  YacOBUMH  IHTEpBajlaMu:
I, =[7:00-13:00], 1, =[13:00-19:00],
I;=[19:00-25:00]. 3arasom iHTerpyBaHHs 3a

JTHSIMU 3IHCHIOETHCS 3a IBOTH)KHEBUMU
iHTepBaamu (Moaenab 1 HIDKYE) Ta OMHOTHKHEBUMHU
iHTepBanamu (Mozeni 2 Ta 3 Hiokue). st mpukiamgy
B Tabmuii 1 HaBeneHi «iHTErpOBaHI» BUXiAHI JaHI
JUTSL TIepiIoi Mojeni. 3BaKaloyd Ha TPOMI3JAKICTH
JIaH1 ISl IPYTOi Ta TPEThOT MOJIEITi HE HABOASTHCA.

Hani CIOCTEPEKEHD
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I’ ATU

Tabmuig 1
TelIeMEIINHUX
MOKa3HUKIB JUTsl TBOTHKHEBUX Tiepiofni 2013 poky

Mepiog | Twkhi | YacoBun | T S R Ra K
iHTepBan

1 5-6 Iy 10,93 | 810 0,88 | 0,71 | 0,80
1 5-6 I 17,47 8,48 | 1,48 | 1,09 | 0,74
1 5-6 I3 27,46 883 | 242 | 1,78 | 0,73
2 7-8 Iy 11,04 7,18 | 0,79 | 0,66 | 0,83
2 7-8 I 17,18 748 | 1,28 | 0,91 | 0,71
2 7-8 I3 27,89 8,22 | 229 | 1,63 | 0,71
3 9-10 Iy 11,47 6,89 | 0,79 | 0,62 | 0,78
3 9-10 I 17,72 755 | 1,34 | 0,93 | 0,70
3 9-10 I3 27,59 8,71 | 2,40 | 1,58 | 0,66
4 11-12 | I, 11,39 8,41 | 0,96 | 0,76 | 0,80
4 11-12 | I, 17,18 861 | 1,48 | 1,07 | 0,72
4 11-12 | I 27,81 854 | 2,38 | 1,81 | 0,76
5 13-14 | I, 10,49 8,06 | 0,85 | 0,67 | 0,80
5 13-14 | I, 15,68 9,84 | 154 | 1,12 | 0,73
5 13-14 | I3 26,68 | 10,42 | 2,78 | 2,05 | 0,74
6 15-16 | I, 9,35 758 | 0,71 | 0,57 | 0,81
6 15-16 | I, 13,34 9,67 | 1,29 | 1,00 | 0,77
6 15-16 | I3 24,79 9,77 | 242 | 1,82 | 0,75
7 17-18 | I, 9,53 9,03 | 0,86 | 0,67 | 0,78
7 17-18 | I, 13,11 | 10,07 | 1,32 | 0,99 | 0,75
7 17-18 | I3 22,46 9,63 | 2,16 | 1,62 | 0,75
8 19-20 | I, 9,41 891 | 0,84 | 0,65 | 0,78
8 19-20 | I, 13,51 | 11,09 | 1,50 | 1,12 | 0,75
8 19-20 | I3 22,95 9,72 | 2,23 | 1,62 | 0,73
9 21-22 | I, 8,33 781 | 065 | 0,49 | 0,76
9 21-22 | I, 12,52 9,29 | 1,16 | 0,87 | 0,74
9 21-22 | I3 22,69 9,77 | 2,22 | 1,60 | 0,72
10 23-24 | I, 8,43 7,66 | 0,65 | 0,49 | 0,76
10 23-24 | I, 12,11 890 | 1,08 | 0,77 | 0,71
10 23-24 | I3 22,25 | 10,12 | 2,25 | 1,67 | 0,74
11 25-26 | I, 8,00 7,74 | 0,62 | 0,50 | 0,81
11 25-26 | I, 12,15 9,12 | 1,11 | 0,83 | 0,75
11 25-26 | I3 20,58 8,73 | 1,80 | 1,22 | 0,68
12 27-28 | I 8,13 731 | 059 | 048 | 0,81
12 27-28 | I, 12,07 8,37 | 1,01 | 0,73 | 0,73
12 27-28 | I3 20,89 9,30 | 194 | 1,42 | 0,73
13 29-30 | I, 8,35 7,13 | 0,60 | 0,47 | 0,79
13 29-30 | I 11,94 731 | 087 | 0,60 | 0,68
13 29-30 | I3 20,34 8,76 | 1,78 | 1,23 | 0,69

CHOCTCp CXKCHHAMU BBaAXXalOTbhCA napu

«IomnepeaH1M-HaCTYITHUN» TUXKHEBHUU qun
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«TOTepe/IHIN-HACTYTHUI» TBOTH)KHEBHH IHTEpBAJI.
[IpupoaHiM YMHOM KOMIIOHEHTH CIIOCTEPEKEHb
MPEJCTABIIIOTh COOO0 MATPHIl, IO BiJIMOBIIAIOTH
cropmuukam 1, S, R, Ra, K Ta psakam, 1o
BiJMOBiAAIOTE OAHOMY 1 TOMY CaMOMYy IIepiony:
MalOTh OJAWH 1 TOH camMHii HOMEp CTOBIYHKY
nepiony.
Buxopucranna MHK s martpnynnx

CIoCTepe:KeHb B MPOTHO3i MeIIHHUX MOKAKYNKIB

[lepepaxoBaHi BHIE MOKaXYUKU MPENCTABIICHI
B Tabmumi 1 3 TUMHM caMMMH TO3HAYEHHSIMHU JUIS
«IHTETPOBAHMUX» XAPaKTEPUCTHUK, IO 1 A BUXITHUX
(3 TOCEKyHIHOI Ta TOJ000BOIO PEECTPAIIIEIO).
3amaya TPOTHO3Yy B ONHCAaHUX BHUIIE TEPMiHAX
3OiicHIOBajacs B paMKax  TPbOX  MoJener
MPOTHO3YBaHHS II'ATh MENIHHMX IOKAa3HHKIB IS

IBOTIDKHEBOTO  Iepioly y  TPbOX  YacOBHUX
IHTEepBaIax. 4 mozeni 1 MIPOrHO3YBaHH:A
3MIMCHIOBAJIOCS 32 PETPOCIEKTUBHUMH JaHUMHU
OBOTIDKHEBMX  MEPIOOIB Yy  TPhOX  YaCOBHX

iHTepBanax. Y mozueni 2 — 3a NOTH)KHEBUMHU JTaHUMHU
y TpPBOX 4YacoBHX iHTepBajiax. Y ™omeni 3 ans
MPOrHO3YBaHH BHUKOPHUCTAHO MOTHIKHEB1 JaHi, IO
JUCKpETH30BaHi 1O  TOAEGHHUX  IOTOAWHHHUX
iHTepBaiiB. [lpunymeHHs npo xapakrep BXiIHUX Ta

BUXIIHAX JaHAX JUIS KOXHOI 3  MoJenen
BHUKOPHUCTOBYETHCS B IBOX MOAU(DIKAIISIX.
3arajnbHHI aJrOpuTM
Kpox 1 Ilobyodosa CHOCMEPECEeHD.
CnocrepexxenHsmu (X;,Y;) € mapa MaTpuib 3Ha4eHb
OCHOBHUX  XapaKTEpUCTHK, IO  BiAMOBIIAIOTH

cycimnim nepiomam: (1,2), (2,3), (3,4), .., (11,12).

Kpox 2. Ilobyoosa 6rounux mampuys X,Y 3,
BIAMOBIZIHO, TEPIIMX Ta JPYrHX KOMIIOHEHT
MaTPHYHUX CIIOCTEPEIKECHB

Kpok 3. O6uucienns mampuyi A 3a hopMyIow0
(4).
Kpox 4. ITiopaxynok npoznosy § 3a GopMyIor

y=AX. V IOCHi[KYBaHOMY BHMAJKy apryMEHT

MPOrHO3Y  BIJNIOBiNa€  MaTpHIll  JBAHAIISATOrO
nepiony. lle o3Hawae, MO MPOTHO3 3IHCHIOETHCS
s TpUHAausToro  mepiogy. Takuit  BHOIp
CIIOCTEPEKECHb Ta MIPOTHO3HOT'0 nepiony

BHU3HAYAETHCS MOKIIMBICTIO MOPIBHSHHS POTHO3Y Ta
HasBHOTO 1iCTUHHOrO 3HayeHHs. OmiHka SKOCTi
MPOTHO3Y 3IIHCHIOETBCS 32 KPUTEPIEM TOYHOCTI
y-y

APE =

3ayBaxeHHsa. Kpoku 1-4 € xapakrepHUMH
IUIs1 BCIX TPHOX MOJIETIEH.

Mopens 1.1 IlporHosyBanHs m’siTH Menia
MOKa3HMKIB Uil JABOTHKHEBOI'O IIEPIOAY B TPHOX
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YacoBHX IHTEpBajax 3a ICTOPUYHUMH JaHUMHU
I’ ATHOX MOKa3HUKIB ABOTHKHEBOT'O MEPiOAY B TPHOX
YacoOBHX iHTEpBaax.

3acrocyeMO BHIIE HaBEACHUH alIrOPUTM [0
JBOTIDKHEBHX  JTAHUX  CIIOCTEPEXKEHb. MaTpHLs
OL[IHKM TMapaMmeTpiB Mofedi MaTUMe PpO3MIpHICTb
3x3:
093 0.06 -0.02

0.34 0.64 0.06
-0.20 0.34 0.85

A =

A omTKe MaTpuis TporHosy Y= AX Marume
BUTJISIL:

793 7.16 058 047 0.79)
y =[11.72 838 096 0.72 0.78
20.25 931 188 136 0.71

CepenHIO TOYHICTh Ta AUCHEPCIIO MOXUOKU AJIS
1’ SIThOX MPOrHO30BaHUX MOKa3HHKIB 3a
Mogemnmo 1.1 HaBeneno y tadnumi 2.
Tabmuug 2
CepenHsi TOYHICTH Ta AWCHEPCist MOXUOKH I STH
TelneMeqIMHNX MTOKa3HuKIB 3a Monemmo 1.1.

T S R Ra K
APE 2,43% 7,10% | 6,10% | 10,45% | 5,81%
D 0,06% 0,51% | 0,15% | 0,98% | 0,59%

Mopens 1.2 € wmomudikauiero Mogeni 1:
aHaJIOTYHO MPOTHO3YIOTHCA I’ SITh MEAiallOKa3HUKIB
JUIL  JBOTIDKHEBOT'O TIEpiofy B TPhOX YACOBUX
iHTEepBaJlaX 3a ICTOPHYHMMH JaHUMHU II'THOX
MOKa3HMUKIB JBOTM)KHEBOTO IEpioAy y TpbOX
YacoBHX iHTepBajaX. BiIMiHHICT y BCTaHOBIIEHI
3B’SI3KIB MIXK JIAHUMU: MATPUIli BXITHUX Ta BUXITHUX
OaHux (GOPMYIOTBCS 3 TPAHCIIOHOBAHUX MAaTPHIb
JaHHUX CIOCTEpPEXeHb. MaTpuLs OLIHKH MapaMerpiB
MOJIeTli, IIO PO3PaxOBYETHCS HA TPETHOMY KpOIli,
MaTHMe pO3MipHicTh 5x5.

111 -0.08 155 -4.21 0.85

030 106 -457 218 -151

A =/010 006 -062 074 -0.87

0.04 -0.00 0.24 0.06 -0.02

-0.01 -0.02 0.65 -0.70 1.26
Tabmuis 3

CepenHsi TOYHICTH Ta AWCHEPCist MOXUOKH I SATH
TelneMeNIMHNX MTOKa3HUKIB 3a Monemnro 1.2

T S R Ra K
APE | 25,3% 27,4% | 44,4% 48,2% 16,2%
D 7,0% 18,3% | 29,4% 30,7% 3,0%
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[licns 3acTrocyBaHHA anropuTMy OO0 JaHHUX
Mozeni 1.2 oTpuMa€eMo CEepeaHI0 TOUHICTh MPOTHO3Y
Ta JUCIIEPCII0 TOXUOKU ISl 11’ ATHOX IMOKA3HHKIB, SK
HaBeJIeHO y Tabmwuili 3.

Monens 2.1. IIporHo3yBaHHS II'SITH
MeifHIX MOKa3HHKIB Y TPhOX YaCOBUX IHTEpBajax
BiIOYBa€ThCI HA OCHOBI NMOTMXKHEBUX HaHuX. lle
O3HayYae, 10 JaHi CIIOCTEepeKeHb AUCKPETU30BaHi 10
THXHEBUX. Yepe3 TrpoMmi3AKicTh JaHMX TOBHA
TaONWIlsI HE HAaBOAWTHCA. Marpuili BXigHHX 1
BUXITHMX JaHWX TaKOX JUCKPETH30BaHI [0
THxkHeBUX.  OTpuMaHi  MOTWXHEBI  MaTpuULi
MNPOTHO3HUX  3HAYEHb  «IHTErPYIOTbCA» UL
MOPIBHSIHHA 3 (PAKTUYHUMHU JaHUMH JBOTHXKHEBOTO
nepioay Ta po3paxyHKy TOYHOCTI TPOTHO3Y.

Hns mozmemi 2.1 marpuus OLIHKH THapaMeTpiB
mozeni A mae po3MmipHicTh 3x3.

0.68 047 -0.17

0.02 1.17 -0.15
-0.29 058 0.73

Y Tabmuui4 HaBeneMo CepegHIO TOXHOKY
MPOTHO3Y Ta JUCIIEPCII0 MTOXUOKU.

A =

Taomug 4
CepenHsi TOYHICTH Ta AWCHEPCist MOXUOKH I STH
TelneMeNIMHNX MTOKa3HUKIB 3a Monemto 2.1

T S R Ra K
APE | 550% | 9,81% | 5,40% | 9,26% 6,25%
D 0,12% | 0,58% | 0,08% | 0,02% 0,19%
Mopens 2.2 Lle momudikanis moxmem 2.1
I'STh  MEOIMHMX  TOKa3HHWKIB  MPOrHO3YIOTHCA
MOTM)KHEBO U1 TPbOX YacOBHX  IHTEpBaliB,

OTpHMaHi JlaHi <«IHTErPYITHCA» Y JBOTHXKHEBUUI
nepioA. BiAmoBigHi MaTpuWIli BXiAHMX Ta BUXITHUX

JaHuX, Ha BigMiHy Big  wmomemi 2.1, €
TPaHCIIOHOBAHUMU MaTpPUIIMU NaHUX
CIIOCTEPEKECHb.
PosmipHicTh MaTpumi OIIHKH  IapaMerpiB
Moz el A 5x5.
1.08 -0.08 275 -539 117
031 098 -3.63 0.86 -0.58
A ={011 0.06 -046 042 -0.85
0.06 0.02 -0.06 0.13 -0.30
-0.00 -0.01 048 -0.61 1.10
Tabmumg 5

CepenHsi TOYHICTP Ta AWCHEPCist MOXUOKH I STH
TelneMeNIMHNX MTOKa3HUKIB 3a Monemno 2.2

T S R Ra K
APE | 1,19% | 7,87% | 9,77% | 13,74% | 5,67%
D 0,02% | 0,36% | 0,47% | 1,98% 0,08%
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Mopgens 3.3 II’stp Memia HOKa3HUKIB
MIPOTHO3YIOThCS IMOTHKHEBO Ha OCHOBI
PETPOCIIEKTUBHUX  TOTH)KHEBUX  JIAHUX, 1110

BiamoBifaroTe gaHuM Taomumi 1. OcoOinuBicTh
MOJIeNi y IUCKpeTH3alii 4acoBUX 1HTEpBaJiB JaHUX
CIIOCTEPEKEHb /10 MOJCHHUX MOrOAWHHUX BiITHHKIB
I KOKHOTO 3 TIDKHIB. Marpuus — OLiHKH

napameTrpiB A Mae posmipHicth 133x133. UYepes
BEIIMKAN pO3MIp MaTpHUllsl OLIHKM MapaMerpiB y
CTaTTi He HAaBOAWUTHCA. JlaHi MaTpUIli MOTHIKHEBUX
MPOTHO31B 3 MOJICHHOIO MOTOMHHOIO
IUCKPETU3ALIEI0 «IHTErpyIOThCA» 10 TPHOX BHIIE
OMUCAHMUX IHTEPBAJIB JOBOTH)KHEBOIO IEPioOAy.
O1iHKY TOYHOCTI OTPUMAaHOI'0 IPOTHO3Y HABEACHO Y
Ta6mui 6.

Tabmusg 6
CepenHsi TOYHICTH Ta JAWCHEPCist MOXUOKH I STH
TelneMeNIMHNX MTOKa3HUKIB 3a Monemmo 3.1

T S R Ra K
APE | 33,16% | 182,60% | 115,36% | 162,74% | 34,32%
D 7,72% | 45,44% | 1854% | 4417% | 3,57%

Mopens 3.2. Lle momudikauis moxmemi 3.1.
BinmoBimHi MaTpuIli BXiTHUX Ta BUXITHUX JaHUX,
[0 MaKOTh MOACHHY MOTOJUHHY TUCKPETU3AIIIO IS
KOXKHOT'O 3 TIDKHIB MEPiONy, € TPAHCIIOHOBaHUMUL.

Matpuus  ouiHKM ~ mapamerpiB A Mae
po3MipHicTh 5x5.
0.95 -0.02 0.78 -1.11 0.88
0.17 056 0.66 -2.76 4.04
A =[0.06 -0.00 0.33 -0.04 -0.01
0.04 -0.01 024 0.04 0.10
0.01 0.03 012 -0.34 0.70
TuxHeBl faH] MOAEHHUX HOTOAUHHUX BIATUHKIB
«IHTErPYIOTHCS» hi (6] TPHOX IHTEpBAaIIiB

JBOTHKHEBOTO 1epiony. OIiHKY TOYHOCTI MPOTHO3Y
it Mofieni 3.2 HaBeneHo y Taoumi 7.

Tabmuug 7
CepenHsi TOYHICTH Ta JAWCHEPCist MOXUOKH I STH
TelneMeNIMHNX MTOKa3HUKIB 3a Monemno 3.2

T S R Ra K
APE | 1,06% | 9,15% 9,90% | 15,10% | 6,65%
D 0,01% | 0,28% 0,42% | 1,14% 0,03%
PesyabsTaTn.

[lopiBHSIEMO OTpHMaHi TPOrHO3W 3a BCiMa
MoOyZAOBAaHUMH MOACISIMA AJISI KOXKHOTO 3 IISITH
MOKa3HUKIB OKpemo. Kpurepiii ontumanbHOCTI
MPOTHO3Y — MiHIManbHa TOYHICTH 33 KPHUTEPIEM
touHocTi APE Ta mMiHiManbHa qucnepcis MOXuOKH.
Pelitunr 3aranbpHoro tenenuBienus (T).
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Puc. 1 [TIlopiBHSHHS cepeaHbOi TOYHOCTI Puc. 3 [lopiBHSAHHSA cepeaHbOi TOYHOCTI
Momenell Ta jguchepcii MOXHOKH i peHTHHTY Momenell Ta muchepcii MOXHOKH Ui peHTHHTY

3araJbHOro TelIeIUBICHHS

Pesynbpratn TpOTrHO3YBaHHS TIOKa3HUKA JUIS
LIICTHOX MoOJeled HaBeneHo Ha Puc. 1. OntumansHa
CepenHs  TOYHICTh  NPOTHO3YBaHHSI  MENIHHUX
moka3HuKiB 3amaethesd 10%-moporom. Sk Gaummo,
Halkpanty TouHicTh Mae monenb 3.2. Lls x Mozmensb
Jla€e 1 HaWMEHIIy JUCTIePCito MOXUOKU. 32 BUHATKOM
Mogeni 3.1, peita HagaOTh NPUAHATHUN MPOTHO3
II7Is IOKA3HUKA 3aTalbHOrO TeaeIuBICHHS T .

YacTka Ttenekanany (S).

xX
o,
o
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Puc. 2 [lopiBHSAHHSA cepeaHbOi TOYHOCTI

MoJIeNiel Ta AMCIepCii TOXUOKH JUTSl YACTKH KaHaITy

Pesynpratn mporHo3yBaHHS TOKa3HHWKA IS
LIICTHOX MoJened HaBeaeHo Ha Puc. 2. Bel miicts
MoJleniell MarTh cepenHto TouHicTh moHax 10%.
Monens 1.1 n03BOIIsIE TPOTHO3YBAaTH YaCTKy KaHAIY
3 MIHIMQJIBHOIO TOYHICTIO B 7,1% Ta HaWHHXYOIO
mucriepciero moxuoku 0,5%.

Pelitunr rtenexkanany (R). Ilsate
MoJefie MaloTh CepeAHio TOouHicTh Huxkue 10%.
Mogens 2.1 1o3BONIsIE TPOTHO3YBATH PEHTHUHT
KaHally 3 MiHIMaJbHOIO TOYHICTIO y 5,4%.

KaHaly

Pelitunr pexkmamu Ttenekanany (Ra).
3HaYeHHSI KPUTEPIiB OIIHKK MPOTHO3HUX MOJeIeH
HaBeieHo Ha Puc. 4.

162, 7%

O Cepeaxn nowsbka [(APE|
B Sucnepcia noswBed
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Puc. 4 [lopiBHSAHHSA cepeqHbOi TOYHOCTI

Mozene Ta aucrepcii MOXUOKH Ui peHTHHTY
peKIIaMH KaHaITy

Jnsi moKakyMKa PEHTHHT peKJaMHu  CcepermHs
TOYHICTB I1’siTH Mozenel Bunanae 3 10%-intepBainy.
Jlnme Mopnens 2.1 103BoMsiE MPOrHO3YBATH PEUTHHT
peKJIaMH KaHaTy 3 MPUHHATHOIO TouHicTIO Y 9,3%.

Koedimient yCcaakKHu peKIaMHHUX
onokie (K).
X
@
<
(22}
O CepeaHs noxubka (APE)
B Jucnepcis noxnbkm
X X °
o o e ° v L) LY
i ) ) ) < z
. o o o o =)
M3.1 M3.2 M2.1 M1.2 M1.1 M2.2
Puc. 5 [TIlopiBHSHHS cepeaHbOi TOYHOCTI

Mozene Ta aucrepcii moxuOku Ans KoediuieHTy
yCaJKH peKIaMHUX OJOKiB.
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Sx mokazano Ha Puc. 5, ompasy Tpm moxemi
J03BOJISIIOTH OTPUMATH cepenHio TouHicTs y 10%-
iHTepBani. s koedimieHTy ycagkd peKIaMHHUX

O0nokiB  Monenms 3.1 no3BONsSIE  TIPOTHO3YBATH
KoeilieHT  ycaaku  peKJaMHHUX  OJNOKiB 3
MIiHIMaJIbHOIO TOYHICTIO y 4,5%.

BucHoBkn

VY cTarTi po3rIAHYTO 3aJady MPOrHO3y MEOIMHUX
MOKAa3HWKIB  ayAuTopil.  3ampomoHOBaHO  Ta
peani3oBaHO  pPO3B’sI3aHHS  3aJadyi  Ha  OCHOBI
MaTpUYHUX CHOCTEPEKEHb 32 METOAOM HalMEHIINX
kBagpatiB. MoxknuBicte peanizamii MHK  mns
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MaTPUYHUX CIOCTEPEXKECHD BH3HAYAETHCS
3aCTOCYBaHHSIM  amapaTry ICeBIOOOCpHEHHS  3a
Mypowm-Ilenpoy3om. 3agaya mporuo3y peanizoBaHa
B paMKax TpbOX MoOJelell MpOrHo3yBaHHS 31
CIIYIIHUMU MoAuQikarisMu. SKiCTh OIlIHIOBaHHS
3MIMCHIOETBCA 32 MiAPaxXyHKOM XapaKTePHCTHKH
APE B koxHi 3 Mozmenel mporHosy. Biamosimni
MiIpaxXyHKA  MPONEMOHCTPYBAIW  €(EKTHBHICTb
3allpONOHOBAHOI0 MiAXOAY AO PO3B’S3aHHS 3aaadi
MPOTHO3YBaHHS B MYJIBTUMENIHHIA mNpeaMeTHil
obnacri.
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InBecTumiiina crpareris yHpaBJIiHHS Investment management  strategy  of
KamiTajoM  crpaxoBoi  kommaHii  Ha | insurance company capital on financial
¢dinancoomy (B,S) —punky. (B,S)- market.
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B oaniti cmammi y3azanvHioomecs pesyivmamu cmammi [1], de 0ocniodcena modeib Cmpaxosoi

KOMRNaHIl, WO npayoe Ha (B, S)- PUHKY, YiHa ~— pU3UKOBO20 AKMUBY HNOOYO08AHA HA OCHOBI

cmpubkonodionoeo npoyecy OpHwmetina-Ynenbexa, cmpubku K020 ONUCYIOMbCA  BUNAOKOBUMU
BEIUYUHAMU 3 HOPMAIbHUM PO3NOOIIOM HA BURAOOK, KOAU CYMAPHI NpeMii, wo OMpUMye Cmpaxosa
KOMRAHIsl, € MAKOJNC GUNAOKOBUMU A ONUCYIOMbCA  CKIAOHUM npoyecom Ilyaccona. 3uaiioeno
OnmMUMAanbHul nopmeens, wo 3abesneuye HAUKpawsy OYiHKY 3HU3Y OIS UMOBIPHOCMI OAHKPYMCMEa
Cmpaxoeoi KOMNAaHii.

Kurouosi cnosa: cmpaxosa komnanis, ( B, S) - PUHOK, ONMUMANLHUL nOpmabes.

The Cramer-Lundberg model with stochastic premiwnéch is natural generalization of classical
dynamic risk model is considered, an assumptionmede that the premiums are also random variabl® an

described by compound Poisson process. Insuranogaay invests on tIﬁB, S) - market, which consists

of risk and riskless asset: the risk asset prica Wailt on the basis of the Ornstein-Uhlenbeckasgition
process whose jumps are described by normallyibiged random variables and riskless asset is bank
account with fixed rate of interest, moreover piagt of the capital insurance company investedsk asset,
respectively, the part of capital that remain tlmenpany places on bank account. We assume thaimseir
company works only with its own capital, funds froutside is not considere@he optimal portfolio that
provides the best lower bound for the probabilibyfiuin of the insurance company was found.

Key words: insurance compar@B, S) -market, optimal portfolio

CrarTio mpenctasus 1.¢.-M.H., npodecop Hakoneunuit O. I

MocranoBka  3agaui. Hexaii  3amano 1+
¢inancosuii (B, S)- pHUHOK, MO0 CKIATA€ThCI 3 $(t)= e_ytj _[ ae*r(dr, d3, 3)
0e3pus3ukoBoro B Ta pusmkoBoro S akrusiB. Llina 0
0e3pu3uKOBro axkTHBY (OaHKIBCBKOTO PaxyHKY) V(da,ds) =v(dx, d§- ,\i éaz/ 2 & ds
OIHCY€ETHCS PIBHIHHSIM: ey,
dB(t) = rB(t)dt, B(0)> 0, (1) ne v(da,d9- wmipa Ilyaccoma 3 mapameTpom

ne r (r >0)- BimcoTkoBa craBka 6anky, B(0) - cyma A/ \/E_e—aZIZ da ds
Ha JETO3UTI B ITOYATKOBHM MOMEHT dacy. lliHa
PH3HMKOBOTO aKTHBY (akIlii) ONHCYETBCS MOJIEILIIO,
3alpOIIOHOBAHOIO B [1], a came:

Hexait Ha mMomeHT wacy t Kamitan ctpaxoBoi
xommanii (CK) ckmamatume X (t) (X(0)=X).
bymemo BBaxkaTd, M0 CyMapHi mpemii, 10

S (9= 90) eXp{I(ﬂ -A [\/_e‘ ]] - Véy (9) ds HagxonaTe no CK 3a uac [t;t +At] OIUCYIOTBCS

(2) N, (t+At)
S BEJINYMHOIO Z P., me N(t) -npouec ITyaccona
+ j j av(da,d9}, =M O+
0 —oc0

3 mapametpom A, (4, >0), (MN,(t) =At,N,(0)=0),

TyT &y (t) - ypisanuii mpouec £(t) 3a piBHAME oY _ _
p. - HesanexHi Bix N, (), HeBix eMHI OJHAKOBO

—N, N, mo Mae BUIJISLI;
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. . . 0 N

po3mnoaineHi BUTIAIKOBI BEJIMYMHH, 1o g =¢ (N) XN (D), (5)

IHTEpPIPETYIOThCS, K BEIUYUHY, IO HAIXOAATH N0
CK taxi, mo P{p <7 =F(32, a cymapui sumiatu

N, (t+At)

>,

i=N, (t)+1

3a 4ac [t;t + At] OIUCYIOThCS BEIMYUHOKO

ne N,(t) - mpomec Ilyaccoma 3 mapameTpom
A, (A,>0), (MN,(t) =A,t, N,(0) = 0) , 7, -HesanexHi
N,(t), OJIHAKOBO  PO3MOiIEH]

BUIAJKOBI BEIUYMHHU, IO IHTEPIPETYIOTHCS 5K
BEJIMYMHU 1030BIB, 1m0 Haaxonarsk no CK Taki, 1o

P{n <} =K.

Hexait CK oOupae mis cebe iHBECTHIINHY
CTpaTerifo, IO TOJsATae B IHBECTYBaHHI Ha
¢inancosuii (B, S)- pUHOK, LIHU SIKOTO OMUCYIOTHCS

B HEBII €MHI

piBasHEAME (1) — (2), npuuomy UX)Y (1), O<u<1
YacTHHA KalliTaay, 1o
Bimmosinno (L—u)X) ()- wactmna Kamitamy, mio

IHBECTY€EThCA B  aKIlii,

KOMIIaHisl po3Millye Ha OaHKIBCHBKOMY JAEIMO3MTI.
Braxatumemo, mo CK mparfioe TiTbKu 3 BIIACHUM

KaImTaaoM, HaIXO/OKEHHS KOIITIB 330BHI HeE
PO3TIISAAAETHCS.

BpaxoByroun puOyTOK 3a paxyHOK
IHBECTHIIIMHOI  JISVIBHOCTI, a TaKO)X IIOJaHHs
cknamgHoro  mporecy  Ilyaccoma y  Burmsmi

CTOXaCTHYHOTO iHTerpaiy 3a mipor Ilyaccona [2], a
came:

N, (1) t N, (1) t
Y. p=[[on(ds.ds, Y n=[dv,(d, d3,
i=0 0B, i=0 0B,

OTpUMYEMO OajaHCOBE PIBHSHHS, IO OIUCYE
eBodrorito kamitany CK:

dX (0= X () (up+(@- U r= udy (9+

+uz(e" —1)% g2 duJ dt-

e . 4)
+uX Y () [ (¢ =1 (do, dy+ [ ov,( &, d) -

~ [ v, (do, dt).
0

3az[aqa oJsarae B 3HaXO,Z[)KCHHi

u(0<u<1),
6ankpytcTBa CK 3a HeckiHUCHHUH Yac OyIia oIjiHeHa

BEJIMYMHOIO, IO MPSIMY€E A0 HYJS MPH NpSIMYyBaHHI
noyatkoBoro Kamitaimy X = X(0) 10 HECKiHYEHHOCTi

TakKoro

yIpaBIiHHS mo6  HAMOBIpHICTB

1 1141 OTIiHKA Ma€e OyTH HaitMeHIIIOH 3a U.

OcHoBHMii pe3yabTaT. bynemo mykatu
po3B’'s30K  piBHSHHA (4), aHAIOrIYHO TIOIIYKY
po3B’si3ky B [1]. Hexaii

pi (S

d&P(N) =& (N)[ ~(w+@-ur- ué (9~
-ul(Ve-1)- j(é’ 1)\//‘_ ”Z’ZGh'\(a,)] dt

21T

—_jY(a,t)v(du, dt)}fé’ =1 ©6)

TyT Y(a , t) Oyzle BiIMOBIMHUM YWHOM ITili0OpaHa.

CkopuctaBmuch  GopMynow  auepeHIiFoBaHHS

I00yTKY 3 [3] , OTPUMAEMO

dg =& ( {jév(dé df) - javz(ow dp}

SIKIIIO Y(O’, t) = u[é’ —1] /[1+ L{ é —]ﬂ .
[TincTaBuBmm Y(a , t) B (6), oTpuMaeMo
dgﬁo(N)z—gﬁO(N)[wﬂl— Wr-u(ve-1)-

w0+ ] (¢ 1)

_&O(N)T u[e" —1]

_w1+u[e”—1]

g2 dr} dt- (7)

(da,dt),& (N) =1,

dg =& ( (jau(dd di) - jauz(da db} (8)

TakuM 4uHOM,

Xy (1) = f

& (N)
x+J:ES°(N)u15V1(d5, dt)—!zdvz(dd, db}

=[&(N)]
9

OckinbKu
MY, (B,, 1) = At[ dR(IM v,(B, 9=t dR(Y,
B
TO, BIIPOBAKYIOUYH LIEHTPOBAHY MapTHHran::Iy Mipy
v,(B,t) =v,(B, ) =M v (B, 1),
172(82,1:) = Vz(Bzv t)-M Vz( B,, t),
(9) HaOye BUTIISIIY:

X0 =[&(N)] x+j5° (A a2, b dsr
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+[ ov,(d5,d9 - [ o7,( b, dsﬂ 10y [2B(0)=4(i), 1 np 8t zbl; o
B B,

CHITy TOJATHOCTI MPOIIECY gﬁo(N), CKOPHCTABIIINCH
ne a=j5|:1(d5), b= j5|:2(d5) HepiBHICcTIO (11), MaTUMEMO:
: " Plint, X9 <0} <
Howtt X0 =[] & (N)7(d5, 09, e pzm[uluz)cz]m{h 2 mez) (13)

P(C.H)=v(C.H- (A +A,) [ dF(y), V(C.t) - wipa 2d,, i +4,)C,

X2m

Tyaccona 3 cepexnim (A, + Az)tIdF(y) , Tpollec B CHIly TOrO, 0 Ma€ MiCIIe BKIAJECHHS
C

i N(t) < } [ N < <
Eto(N) BU3HAYaeTHCA 3 (7). {()IQIa X ()=0p 0 { JSQI[? X ()< 0} asp.
Teopema 1. [ 4] [5] . Hexait g>r >0, skmo wis Ma€eMO TIOCITITOBHICTE MHOXHH, IO TIOITHPIOIOTHCS.

Toni
_ : 2m
Oynp-sikoro mioro M>0, Ix dF(X) <+, TO Mae im P{ng XN SO} - pl jim {c')nt‘: X0} SO}} _

MicIIe HEpPIBHICTh

: 2m :P{ inf XxN(t)sO}.
sup M|[[€(N)dv @5 ds)) < (11)  lostse
Osr<+o | Iepexonsun g0 rpanuui npu | — +oo, 3 (13)
o) MaTUMEMO:
m
oo A ACE L [ 2d, P{ inf X(1) sO} <
2d, A+, |
2 m 2m(m-1)

pZm (W/‘Z)C:Zm] 1+ Zidm (14)

e 2d,, (4 +4,)C,

}ém X2m
—_ m
p_U X" dF( X)] ' Otpumanuii pe3ynbTar cQOpPMYIIOEMO y BHUITIAIL
0 2m TEOpPEMHU.
< -_
M [Et (N)] _exp{ qunl} ' Teopema 2. Hexaii X- xamitan CK B moyaTKOBHiA
y MOMEHT dYacy, mo ¢ynkuionye Ha (B, S)-punky,
d, = gj&)l{[uﬂ + (1~ U)r] " om + I[iHY aKTHMBIB Ha SKOMY ONUCYIOThCS piBHAHHAMH (1)
. ta (2). Hexait O<r <y, r — pioova BiZCOTKOBA
1 = .

Ry p— Ee 2 craBka, cymapHi mnpemii mo CK omucyrorscs
+ ds—Y — o |. ckimagauM mportecoMm Ilyaccona, mpudomy A >0-
temz; ys (1"‘ U[ea —1]) IHTEHCUBHICTh cTaHzapTtHoro mpouecy Ilyaccona

, IO OIHKCYE KIIBKICTh IPEMIid, 110 HaJIHIIIINA
N, (t

Hami, mexaii 0< u"<1 JOCTABJISIE MaKCUMyM [0 CK 3a uac [O,t] , 0< Py - HE3aJIe)KHI MK COOO0I0
OyHKii ¢(U),I[e ta Big N,(t), 0IHAKOBO pO3MOAiNEHI BEIUYMHH
npeMiif, o MaroTh ckindeni momentu M o, =a Ta
¢(u) = ([ulu+ 1-u) r] _i.;. F(x) = P{,Ok < )} ;  cymapHi mo3oBu jgo CK

2m OMHUCYIOThCS  CKJIamHuM  mporiecoM  Ilyaccona,
npudomy A, >0- iHTeHCHBHICTB CTaHZAPTHOTO

2
1 _H
o _ ——e ? mpouecy Ilyaccoma N,(t), mo ommcye KinbkicTh
q eZmua(1+s)dc o pouecy Iy o(1), m y

tzmd ) s J(1+u[e" _1})2m @ |,(12) nososis, mo Haniitmm 10 CK 3a uac [O,t] , 0<n, -

He3aJexHi Mk coboro Ta Bix N,(t), omHakoBo
PO3MOIJIEHI BEIMYNHU IT030BiB, 0 MAIOTh CKiHYCHI
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momentn M7, =b Ta F,(X)=P{n <%, Tomi
AKIIO:

O o
1) O<u"”<1, 10 U100% xoOwTIB iHBECTYETHCS B
aKIIii, a 3IMIIOK HAa OAHKIBCHKUN PaxyHOK Ta IS
iimoBipHOCTI 6ankpyTcTBa CK cnipaBeanmBa ominka

P{inf XN () so} <

o 422065 {1+

m

2m(m-1)
2d_
(A, +4,)C3, (15)

2m !

X

pi(&

M o<u<1

d = max([u,u+ (@~ u)r] —%+

a
1 = 2
/] +o0 1 e—2mua(l+s)

+ ds ﬁe
t2m ys o (1ru[e-1))"

—o e

2) sxkmo u” =1, to 100% KomTiB iHBECTYIOTH B
akmii, mus #MoBipHocTi CK crpaBemmBa OIliHKA
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(15), are 0<u"” <1 nocraBmse MakcuMyM (yHKIi
#(u), ¢(uD):max¢(u),

O<us1
@ (u) BU3HauaeThes B (12).

TOOTO ze

BucHOBOK. 3HalifeHO ONTUMAIBHHN PO3MOILI
BKJIAMIIB MDK pPH3UKOBUMH Ta OE3pM3UKOBHMU
aKTUBaMH, 10 3a0e3Mevars HalKpally OLiHKY 3HU3Y
s HmosipHocTi  OGamkpyrctBa CK  cepen
3alpONIOHOBAHOIO KIIACY OIHOK JUIsl y3araJbHEHOT
mogeni Kpamepa-JlynnOepra, mo omucye eBOJIOLII0
kamitany CK, npuuomy BBaxainocs, mo CK mpamtoe
Ha (piHAHCOBOMY DHHKY, I[IHA PH3HUKOBOI'O aKTUBY
Oynma moOymoBaHa Ha OCHOBI CTPHOKOIIOAIOHOTO
nporiecy OpHinreliHa-YneHOeka, CTPUOKH —SIKOTO
OMHUCYIOTBCSI ~ BUMAJKOBHMHU  BEJIMYHHAMH 3
HOPMAaJIEHUM PO3IIOIIIIOM.

CTaTUCTHKA. AKTyapHa Ta  (QiHaHCOBa
maremaruka. - 2003. -Nel-2. - C. 11-26.
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1.O. 3aBanchkuid, K. .-M. H., TOIICHT Igor O. Zavadskyi, Associate Professor, Ph. D.
Huxne (2,3)-KoAyBaHHs 3 NiATPHMKOIO The low (2,3)-encoding with error-detecting
BHUSIBJICHHSI IOMWJIOK Y KOJAOBHX CJIOBAX properties

KuiBcbkuit HaI_IiOHaJ'IBHI/Iﬁ YHiBepCI/ITeT iMeH1 Taras Shevchenko National University of KYiV,
Tapaca llleBuenka, 03680, m. KuiB, np-T. 03680, Kyiv, Glushkova av., 4d

['mymkoBa 41, e-mail: zava@ukr.net

Y pobomi 3anpononosano memoo 3menuieHHs 008AHCUHU HUNCHBO20 (2,3)-K00y HamypanbHux wucen 3i
30epediceHHAM YCIX 1020 81acmusocmell, wo 6A3YEMbCSA HA BUKOPUCMAHHI Ol NOOAHHS KOOY CKIHYEHHO20
agmomamy.

Kurouosi crnosa: xooysanns, asmomam, cmuckauhs, (2,3)-xo0.

This paper continues the investigation of number representation in two-base numeral system, started by
A.V. Anisimov. Namely, this approach is applied to build the error-correcting code. The input bit sequence is
considered as the sequence of the whole numbers in binary form and then special algorithm is applied to
transform these numbers to (2,3)-code, i.e. to represent them in two-base numeral system with the main basis
2 and additional basis 3. This is the code of variable length and its codewords are separated by special
separator sequences. The length of (2,3)-codeword is longer than the length of binary number representation
in average and such redundancy can be utilized to provide some robustness. Two special kinds of (2,3)-
encoding are introduced and discussed in this paper. Codewords are constructed by finite automatons shown
on figures 1 and 2. The code rates are very high, namely 0,95 and 0,87, but even small redundancy provided
by these codes implies some robustness properties, basically the error-detecting capability.

Key words: encoding, automaton, archiving, (2,3)-code.

Crartio npenctaBus A.¢.-M.H., mpod. AniciMmoB A.B.

Merton (2,3)-xkooyBaHHS HAaTypallbHUX YHCEN CEpeIHbOMY. Y Wil CTaTTi AOCIIIKYEThCS METO.
Oymo 3amporoHoBaHo A.B. AmicimoBuMm [1]. cTHCKaHHS HWKHBOTO (2,3)-KOmy, SIKMHA JIa€ 3MOTYy,
Mnerbest po npedikcHi KoM 3MIHHOT IOBXMHM, IO 30epiraloud  BCi  BIACTHBOCTI  IBOTO  KOAY,
0a3yroThbCs Ha TMOJAHHI YKCeN y MilllaHii JBIHKOBO- OTPUMYyBaTH KOJOBI  CJIOBa, NOBXKHAHA  SIKUX
TpifikoBiii cucremi. llefi MeTom M™ae mepeBarn TNEPEBHINYE  JOBXKHHY  ABIHKOBOTO  ITOJAHHS
MOpIBHSHO 3 IHIIMMH MeToJaMH THpedikCHOro BiAMOBiAHMX ywmcen MeHm HiX B 1,05 pasiB y
KOIYBaHHS, 30KpemMa JMJoBxkHHA (2,3)-koxy Oyae cepeaHboMy.

MEHIIIOI, HiX Y Koaax PiboHaui (00UMCIIOBATBHUN

EKCIIEpUMEHT I[I0Ka3ye€, IO B CEPEIHbOMY BOHA Hwoxniii (2,3)-xon

MIEPEBHUIIY€ TOBKHUHY ABIKOBOTO IMOJAHHS YHCIA B OcHoBHa imes Meromy KomyBaHHA Taka. Hexai
1,13 pasi). 3 iHmoro GOKy, HaJJIMLIKOBICTb, Ky N, ; — MHOXKHHA HATYPATbHUX YHCEI, SIKi € B3aEMHO
Mae (2,3)-ko y CepemHbOMY, Oa€ MOMKIHBICTH mpoctivu i3 2 i 3, xeN,,, x > 1, n=L10g2 xj.

BUKOPUCTOBYBaTH MOro 3 METOK BHIIPABICHHS

NOMUWJIOK, MO BHHHKAKOTL Y KaHajlax 3B’$I3Ky Ta TOI[i X MOXKHA HONATH y q)()pMi 2’171 * 3kxl abo 2’172 *
9

NPHCTPOSX 36epeienns namux. JUis TABMIIEHHS 31, me k€N, 5, x €Ny, ) <xi Timbki B omil
3aBajocTiiikocTi (2,3)-koa MokHA Momugikysatn. 13 1MX (opM. 3aCTOCOBYIHOUM aHAJOTIYHUN PO3KIAL
MomudikoBanuii BapiaHT IIHOTO KOAYy Ha3zBeMo MO Xi, OTPUMAEMO X 1 mani OyznemMo OOYMCIIIOBAaTH
HudicHiM - (2,3)-k00om; BiH TIEPEBHUIYE [OBKHHY x.; 3 piBHAHHA X, =2" +3%x
JIBIHKOBOTO TOJIaHHS BXigHOTO Yncia B 1,16 pa3siB y

IIOKM Ha IIE€BHIH

i+l

iTepanii He oTrpumaemMo x; = 1 abo x; = 2. s

© 1.0. 3aBancekuii, 2014
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01/00 | - 001/01
2
(1
001/10 - ~ o\
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Puc. 1. CkiHueHHUI aBTOMAT JIJIsl CTUCKAHHS HYDKHBOTO (2,3)-Koay

OJIHO3HAYHOTO  JICKOJIYBaHHS YHCEI JOCTaTHBO
30epiratd BeIUMUUHU A, :Llog2 3kxij—nl. 1 k;, sxi
OTPUMYEMO Ha KOXHIH iTeparrii.

Hexaii 2° + 3%, — awkuiit pO3KJIan 4Yucia X,
A =L10g2 3kx1J—b. Mosxna nokasatu, mo A Moxe
HaOyBatu Jmme 3HadeHb 0, 1 abo 2,
2™ <3%x <7/8-2™ i smauens 0 aGo 1,
7/8‘2m+1 < 3kx1 < 2m+1 ]

€ pPIBHOMIPHO PO3MOiTeHO0 Ha Bigpisky [2” ; 2"]

SIKIIIO
SIKIIIO

SKIO NPUITYCTUTH, 110 X

BUIIaAKOBOIKO BCIMYHMHOIO, TO p13H1 3HAuCHHI A
TPAIUIATUMYTBCA 3 TAKUMH 4Y4CTOTAMU: Y BUIIAAKY

2" <3k x <7/8.2m4 P(A=0)=3/14,
P(A=1)=5/14 i P(A=2)=3/7, a y Bumamky
P(A=0)=P(A=1)=1/2.

2/3
KOKHOTO

7/8-2m < 3k x < 2mH
Cepen  3HaueHp k 3

TparsiTuMeTbcss 1, a
HACTYMHOTO 3HaueHHs k OyJe BTpWUYi MEHIIOK 3a

HAMOBIPHICTIO
WMOBIpHICTh

HWMOBIPHICTB TIOTIEPETHBOTO.

Hwxwiit (2,3)-xox umcna x — 1e TMOCIiTOBHICTh
onokiB OitiB Burmsiny 0...01...1, mepmmii 3 SKHUX
KOJIy€ pO3KJIa]l Yicia X, a HACTYIIHI — PO3KJIAA X; Ha

nojabmux iTepamisx. KiabKicTh oauHUIL Yy 0011
JOpiBHIOE k;, a KIJTBKICTh HYJIIB BH3HAYAETHCS

Bemmumpol0 A, Skmo 2" <3%x, <7/8.2m

TO
3HayeHHd A; = 0 KoxyeTbcs TppboMa HyJIsIMHU, A; = 1 —
oBomMa, a A, = 2 — omHuM. JSkmo K

7/8- 2 <3k <21 10 A;= 0 konyerses aBOMA
Hynsamu, a A; = 1 — ogaum Hynem. Takuii crocid
KOIyBaHHS OOpaHWil 3 OrJsiay Ha BUINE3a3HAuYeHI
yactotd k; Ta A; 3 METOI CKOPOTHTH CEpEerHIO
JOBXHMHY Kony. Takok 3 METOH CKOpPOYEHHS
3MIHIOETbCS KOAyBaHHA uucia 5: 3amicte 0001
3anucyemo 001
JBO3HAYHOCTI, aJKe 3a CTaHAApPTHOTO KOJyBaHHS

(e HE  mPU3BOAUTH 1O

kiHniBka koxy 001 HiKOJIM HE TPAIUISIETHCS ).

Ckiuennnii aBTOMAT  JJA CTHCKAHHA

HHUKHBOTO (2,3)-K0ay

ABTOMAT Ma€ TOJOBKY, SIKa 3YHUTY€ CHMBOJH
HIDKHBOTO (2,3)-K01y 371iBa HampaBo. Y aBTomara € 3
cranu. Konu rojoBKa 3YWTy€ CHMBOJIM, CTaH
aBTOMAaTy 3MIHIOETHCS BIATIOBIIHO A0 300pa’keHO1 Ha
puc. 1 miarpamMu i y Koa Ha BHXOJi 3alMUCYIOThCS
CHMBOJIY, II0 BiJINOBIJaI0Th BUKOHAHOMY IEPEXOLY.
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Cranu mo3HaueHo Kpyxkamu. Ilepma tudpa y
KPY)XKy — IIe HOMEp CTaHy, a MICII Hei B IyXKKax
3allMCAaHO0 CHUMBOJH, 10 PO3TalllOBaHi Tepen
TOJIOBKOK0 aBTOMATy, KOJIM BiH repeOyBac B I[bOMY
cTaHi. ABToMaT posmodywHae poboTy y crami 1 i3
TOJIOBKOIO, BCTAHOBJICHOO IICHsI TIEPIIOTO CUMBOJIY
HWKHBOTO (2,3)-Komy (KUl 3aBXKAU € HyJIeM).

ABTOMAT TIEpEeXOJUTh y TOW YM IHIIWH cTaH
3aJI€)KHO BiJf CHMBOJIIB, 3YMTAHHX T'OJOBKOIO; BOHU
3aMucaHi Haj CTPIIKAMU MEPEXOJliB Mepe/ CKiCHO
puckoro. CHMBOIH, SIKi 3allUCy€ aBTOMAaT y KOJ Ha
BHIXOJIi, BKa3aHO IcIsT CKicHOI prucku. BoHM MaioTsh
ineHTu(iKyBaTH nepexii, moo i yac ASKOyBaHHS
MOXXHa OyJI0 BiJJHOBUTH TIOBEIIHKY aBTOMATY.
OCKUIBKH 3 KOXXKHOTO CTaHy € 4 Tepexomu, s
ineHTu(ikaiii Iepexoay B KOJ Ha BUXO/II JOCTaTHHO
3anmucyBaTd 2 OiTH. SIKuil mepexiz Ko caMe maporo
0iTiB MMO3HAYATUMETHCSI — HEBAYKIIHBO.

Cran 3 — ocobnmuBuii. KoxxeH i3 TBOX TepexomiB
y IIel CTaH MOXE BUKOHYBATHCS Y Pa3l 3UMTyBaHHS
HE OJIHi€i MEBHOI I'pyNH CHUMBOJIB, a JBOX Pi3HUX
rpym, mo3HadeHWXx Ha puc. 1 sk A 1 B. Ilo6
po3pizHiATH BUmManku A 1 B mig yac nekoayBaHHS,
crnoci6 Buxony 3i craHy (3) 3aJieKUTh BiJ TOTO, 3a
SIKOFO TPYIIOI0 CUMBOJIIB OyJI0 3IiiiCHEHO Tepexil y
neit cran: A um B. Hampuknan, skmo aBTomar
NepeiIoB y ctad 3 3i cTaHy 2, 3YMTaBIIM CHMBOJIU
11 (Bumamox A), a moTiM TosoBKa mpouutana 0,
aBTOMaT Tiepeiiie 31 cTany 3 10 cTaHy 1 3a CTPiIKOIO
A && 0 i 3anime 00.

Komm aBTrOMar mocsirae KiHI KOJOBOTO CIIOBA
HIDKHBOTO (2,3)-KOy, MOKITHBI TaKi BUTIAJKH.

1) KomoBe clloBO 3aKiHUYEThCS CHMBOJIAMHU
101, ronoBky po3MimieHo micist cumBoiy 0 1 aBTomar
mepebyBae y crani 1. Jus ocramaboro Oity 1
nepexoay 3i craHy 1 Hemae 1 meil OiT mpocTto He
BpPaxoOBY€EMO.

2) KomoBe ciOBO 3aKiHUYETbCS CHMBOJIAMHU
1001, romoBky po3MimieHO micias cuMmBodiB 10 1

aBTomMaTr TmepedyBae y ctami 1. Jyig ocraHHIX
cumBoutiB 01 mepexony 3i ctany 1 Hemae 1 B bOMY
BUIMAJIKY 10 CTUCHYTOTO KOy JOAA€Thcs cUMBOII 0.

3) KomoBe cioBo 3akiH4yeThCsl cuMBOJaMu 11,
TOJIOBKY PO3MIIIIEHO MEpe/i OCTAHHIM CUMBOJIOM 1 i
aBToMarT repedyBac y crai 2. JIyis ocTaHHROTO OiTa
1 nepexoay 31 cTaHy 2 HeMae 1 Ui OJMHHUIA
JIOJIA€ThCS JI0 CTUCHYTOTO KOAY.

4) Astomar 3ynuHsA€ThCS y crani 3. Ilo6
BU3HAUUTH, SKUH mepexin Oyno 31ailiCHEHO B LeH
cTaH: A uu B, 70 KOJOBOTrO CJIOBa JOMHCYETHCS
onuH Oit: 0, sKI0 BigOyBCs nepexin A, i 1, skmgo B.
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Jlerko momituTH, MmO 1) 1 2) — €IWHI BUITAIKH,
KOJIM aBTOMAT 3YIUHSAETLCSA YV CTaHi 1, 1 ToMy MOKHA
c(hOpMyJIIOBaTH TAaKW NPUHIMII JOJaBaHHS OITiB
MiCIsl IGKOJYBAHHS: SIKIIO ABTOMAT 3YIMUHSIETHCS Y
ctani 1 1 JOBXHMHA CTHCHYTOTO KOJOBOTO CIIOBA
napHa, JI0 IEKOJA0BaHOTO CJIOBA CJIiJl JonucaTH Oit 1
CIpaBa; SKIO aBTOMAT 3yNMHHSEThCS Y CTaHi 1 i B
CTHUCHYTOMY KOJi 3anmumiaetscs OiT 0, 10 JeKonmo-
BaHOTO CJIOBA JTOJAIOTHCS crpaBa cumBoiu 01.

Sxmo mix yac  JAEKOAyBaHHS ~— aBTOMAT
3YIUHSETBCA y CTaHi 2 1 B KOAOBOMY CIIOBi
3QTAIIAETHCS HEeoOpoOIeHnH oiT 1, pi(e)

JIEKOJIOBAHOTO CJIOBa cCIipaBa Ma€ OyT IOJaHO
CUMBOJ «1».

Skmo mix uyac  JAEKOAyBaHHS — aBTOMAT
3YMHHSETBCS y CTaHi 3, y KOJOBOMY CIIOBI Mae
3anmumiatucss oguH OiT. Skmo meit Oit AOpiBHIOE
HYJIIO, B OCTaHHI{ cTaH OyJl0 BUKOHAHO Tepexim A i
JI0 JEKOAOBAHOIO CJOBa CliA noxatu cumBonu 11.
Inakmre BimOyBcss mepexinx B 1 cumBomm, 1o
JOJAI0ThCSl A0 ACKOAOBAaHOIO CIIOBA, 3ajeKaTb Bil
HONEPEeAHbOro CTaHy: sfAKmo ue OyB craH |1,
moparoteest cuMBoin 011, imakme — cumBoau 0001,

Hpukaag. CtucHemo HxHINA (2,3)-Kox ymcia
43, mo cragoBuTh 000111.

1) ABromar mepeOyBae y craHi 1, a Horo
TOJIOBKY pO3MilleHo micis mepmoro cumBoiy O.
Aptomar 3uutye cumBoir 001 i mepexoauTs y craH
2, 3aIUCYIOYH B KOJT Ha BUXOi cumBoiH 10.

2) ABromar mepeOyBae y craHi 2, a HoOro
TOJOBKY PO3MILLEHO HiCias YeTBEPTOro CHUMBOJIY
Koxy. ABTomar 3uuTye cuMmBoiau 11 1 3mificHIoe
nepexijg A y craH 3, 3aIUCYIOYd B KOJ Ha BHXOJI
cumBonu 11.

3) Asromar 3ynuHHBCA y cTaHi 3. OCKUIBKH Y
el craH BigOyBCs mepexiy A, JIOMUCYEMO [0

KojoBoro cioBa 0O 1 OTpUMYeEMO 3arajibHHIA
ctucHytuit kox 10110.

3aBagocTiiikicTb  CTHCHYTOTO0  HHKHLOTO
(2,3)-xony

Skimo B KaHami 3BS3KYy, SIKAM TI€PEIAETHCS
CTHCHYTHUI HWXHiH (2,3)-K0J, BUHUKIIHN MEPEIIKO/IH,
0 MPU3BENIH JIO iHBEPTYBaHHS OJHOTO YM KUIBKOX
OITIB LBOTO KOJy, HAsSBHICTb TOMWJIOK Yy JESIKUX
BUTIAIKaX MOKHA BUSBUTH 32 TAKUMHU O3HAKAMH.

1) Y Bunagxy 7/8-2™ <3k x, <2m*
3HAYEHHS A KOZYEThCS TPHOMA HyJISIMH.

2) Bemnumna m — A Bim emHa.

3) Bunukia omHa 3 TaKMX aHOMAJid B KiHIII
KOJIOBOT'O CIIOBA:

e aBTOMAT 3yNMHWHUBCA y cTaHi 1, JOBXHHA

CTHCHYTOTO KOy HETIapHa 1 OCTaHHil cumBoa — 1;
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Puc. 2. CkiHueHHH aBTOMAT JIJIsl CTUCKAaHHS MOU(IKOBAHOTO HMYKHBOTO (2,3)-KOIy

e aBTOMAT 3YNUHHMBCA y CTaHi 2, JOBXKHHA
CTHUCHYTOT'O KOy HelapHa i octaHHil cuMBoi — 0;

e aBTOMAT 3YNHMHUBCS Yy CTaHi 3 i JOBXKHHA
CTHCHYTOTO KOJly TIapHa.

YuMm OBIIMM € KOJIOBE CIIOBO, THM BHIIOIO €
HWMOBIipHiCTb, 1O (PakT HasIBHOCTI MOMHIOK Oyne
BUsIBJIEHO. TakoX MMOBIPHICTh BUSIBICHHS TOMUIIOK
3pocTaTUMe 31 3pOCTaHHAM iXHBOI KiJTBKOCTI.

Jns  maBUINEHHS 3aBaJOCTIMKOCTI  MOJKHA
MOIU(IKYBaTH  alrOpUTM  HIWKHBOTO  (2,3)-
KOIyBaHHS, IO BUMaratumMe ¢ Moxudikamii
MPU3HAYECHOTO TSt CTHCKaHHS aBTOMATY.

Hampuknan, y Bumagky 2" <3%x, <7/8.2™*

3HaueHHS A~0 MOXHa KOAYBAaTH IIO-Pi3HOMY

CnHcok BUKOPHCTAaHUX JXKepes

1.  Anisimov A.V. Prefix Encoding by Means of
the 2,3-Representation of Numbers / A.V.
Anisimov // IEEE  Transactions on
Information Theory. — 2013. — No 4. — P.
2359-2374.

3aJIEKHO Bi 3HadYeHHS BeauunHU x; mod 20: sKIo
el 3aJuIIoK CTaHOBUTEL 1, 3, 5, 7 abo 11, To A=0
KoayeTbess  mociigoBHicTio 000,  iHakmie
nocmigoBHicTio 0000. ABtromar it 0OpoOKH
MOAM(IKOBAHOTO Yy TakWil crmocid HmwxHBOTO (2,3)-
Koay 300pakeHO Ha puc. 2. HasBHICTP MOMUIOK Y
Monu(pikoBaHOMY CTHCHYTOMY (2,3)-KOni BH3HaYa-
TAMEThCS HE JIUIIEC 3a HABEICHWMH BHINE TPhOMa
O3HAKaMH, a i y TUX BUIAJIKaX, KOJIH A; KOIXYETbCS
gk 0000, xoua x; mod 20 e {1,3,5,7,11} abo
HaBOnaku. Takul MiAXiJ CYTTEBO  MiJBHILYE
HMOBIPHICTh BHSIBIIEHHS TIOMHJIOK Y CTHCHYTOMY
KOJIl TIij] 9ac AEKOMYyBaHHs, ajie i 30UTBIIy€E JOBKUHY
Koly, sika Temep y cepegHboMy B 1,15 pazis
TIEPEBUIIYBATUME JIOBXKHUHY JIBIHKOBOTO ITOIaHHS.
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s 06pobru Hemouno 3a0aHoi ma Hewimko Gopmanizosanoi ingopmayii 3anponorosano nioxio 0o
Gopmanizayii wewimkux 6a3z Oanux. Pieenv Hewimxocmi ampubymie mabiuyb UHAYAEMbCS HA OCHOBI
YiMKUX OaHUXx y 6ueisadi cneyianrbHo20 NPeOCMAGIeHHs, 5Ke CMBOPIEMbCA 3d OONOMO20I0 onepayii
pozwupenns. Hageoeno npuxnad cmeopenmst Heuimxoi 6a3u OaHux.

Krouosi cnosa: pensyiiini 6a3u 0anux, HewimKi MHOJNCUHU, MOBA 3aNUMIE.

The relational databases and basic operations with them are considered. For treatment unexactly set
and the unexpressly formalized information offered approach to the fuzzy databases formalization. It is
introduced the concept of fuzzy database based on the composite fuzzy sets and fuzzification crisp data. The
definition of the fuzzy database is given. The tool for the creation and updating of the fuzzy relational
database is a query language SQL. The level of tables attributes fuzzyness accounts on the basis of clear
information as the special presentation which is created by the expansion operation. The evaluation of
belonging measure is performed by using the trapezoidal membership function. An example of creating a
fuzzy database, resources for the manipulation (updating) tables and scheme of user interface are
considered. For the example implementation was used MS Access application. This approach demonstrates
a constructive tool for creating fuzzy data base on the operative formation of membership parameters for the

data of corresponding fuzzy sets.

Key words: relational databases, fuzzy datasets, query language.

CrarTio NpeACTaBUB A.T.H., mpod. Bomomwua O.D.

CydacHy iHpOpMAIlIIiHY CHCTEM Ba)XKO YSBUTH
0e3 BuUKOpHCTaHHA 0a3 abo cxoBum gadwx. Ilinx
OUMH{ TIOHATTSAMH, SK TPaBHIIO, PO3YMIIOTH «HAOIip
CTPYKTYpOBaHUX  JaHHMX, 10  MiIPUMYIOTHCS
cucremoro ympammiaHa 06a3 ganmx (CYBJ), ska
3abe3medye pi3HHUM JoAaTKaM IIOTpiOHI daHi y
3amaHoMy BUrasai» [1].

OpHak, pgaHe BH3HAYEHHS € HEJOCTAaTHBO
KOHCTPYKTUBHUM 1 cnabo ¢QopmamizoBanum. 3
iHIIOTO OOKYy 3ayBaKMMO, IO KOXKHA MpOrpaMHa
cucTeMa, fKa MPH3HAYA€ThCS IUIS HAKOIMYECHHS Ta
00po0OkM  (akTyamizailii) IaHUX, BHUKOPHCTOBYE
iHpOopMalliiiHy Mojens TpeAMeTHOi obnacti. B
3araJbHOMY BHITAJKy XapaKTEPHUMHU KaTeropisimH,
mo (opMylOTh TaKy MoOJAenb, € O00’€KTH Ta
BITHOIIICHHS MK HUMH [2].

Haii6inpem nomymnsipHolo cepen mopeneid 0a3
mannx (bJl) € pensmiina Momens TpeAMETHOL
oOiacri. Y ik MoJeni BBaXKaeThCs, 110 BCi gaHi B/
iHpOpMaIiiHOT CHCTEeMH TpPEACTaBICHI y BHIJISAL
tabmuip [3]. Psamok xoxkHOI Tabnwui sBISE COOOO
KOPTEXK HECTPYKTYPOBAaHWX OJWHHIG JaHuUX abo
aTpuOyTiB. Habip xoprexiB, 10 CKIagae TaOIHIIO,

©¢€.B.IBoxin, M.I" KyuepsiBuii, 2014

3aJa€ BiAHOIICHHS: TAaKUM YWHOM, MOJENh JaHUX
BH3HAYAETHCS MHOXKHHOIO TaOJIMIIb—BiTHOIICHD (R-
Ta0JIUIh) 200 «PEIISIIiiy.

3HavueHHs aTpuOyTiB KOPTEXKIB 1 TaOIUIb-
BiTHOIIIEHh BW3HAYAIOTHCS 3aJaHUMH pPa3oM 3
TaOMUIIMU O0NacTSIMH BU3HAYeHHS (moMeHamu). B
paMKax peJsmiiHoi Teopii BH3HAYCHHUH CHHCOK
omepariiii, sKi MOXXHa 3[iliCHIOBaTH Haj R-
TaONMHISIMH, OTPUMYIOUH pe3yJbTaT y BUTIAII R-
tabnumi. Lle o3Havae, M0 Mpy BUKOHAHHI omepamii
Ha pEJAIIHOI 0a3010 JaHUX OTPUMYEMO HOBY
pemamittny BJI. Jlo Takmx omepariii Hamx 0a3oro0
JIAHUX BIJTHOCSTD:

1) 6a3oBi omeparlii: 0OMeKeHHS (BUKIIOUYCHHS 3
TaOIMIb NEeSKUX KOPTEXKIB); MPOEKIisl (BHKIIOUSHHS
3 TaONUIIl JESIKUX CTOBOIIB); ACKAPTOBHHA MTOOYTOK
IBOX TaOiMLb (3a MPaBHIOM JIEKapTOBOTO AOOYTKY
IBOX MHOXHWH pSAKiB R-Tabmunp); 00’ emxHaHHS
(o0’emHaHHA MHOXKHH PSAKIB JIBOX  TaOJHIh);
pi3HULA (PI3HHUIS MHOXHWH PSIIKIB); MMPHCBOIOBAHHS
(iMeHOBaHii TaOMUIl NPHCBOIOETHCS 3HAUEHHA
BHpa3y Haj R-TaONHIsIMHA).
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2) moximHi omepamii: 3’€IHaHHSA TaOIWIbL 3a
JICSIKAM TIPaBUIJIOM; MEPETUH TaOJIUIlb; PO3IIUPCHHS
TAaOMUIlb HOBUMH CTOBOIIIMHU;  ITiJICYMOBYBaHHS
(3MeHIIEHHS pSAAKIB B Ta0nWii 32  paxyHOK
arperyBaHHs BUXITHUX JaHUX).

Omnepanii Hax R -TaOIMISAMU  JTO3BOJISIOTH
OTPUMYBAaTH TaONULI-IpeACTaBICHHS A1 (opMy-
BaHHs NTUHAMIYHUX HAOOpPIB KOPTEXKIB 3 JTOAATKOBO
3aJJaHUMHU [IPaBUIIaAMH B1IOODY.

Takum YUHOM, MOXXHA KOHCTaTyBaTH, IO OY/Ib-
sKa TPUKJIagHa TpoOJeMHa O0JIaCTh OMHCYETHCS B
TepMiHaX TaOIHIh JOCTATHRO MPOCTO, IO J03BOJIIE
CYTTEBO CHPOCTUTH po3poOKy iH(popMaLiiHUX
cucreM. Kpim mporo, pemsmiiiHa KoHIemmis 0a3
JaHuX MOXe OyTd Jerko  (opmali3oBaHOIO,
0a3yrounuCh HAa MAaTEMAaTHYHIH MOJENI BiJHOIICHb.
IIpunyctumo, o 3agaHo n MHOXuH D, D, ,...,D,.
Tomi pensamis R € BIGHOUWIEHHA HAJ [HMHU
MHOXHHAMH, SKI0 R € MHOXXHWHA BIOPSIKOBAHUX
HaOopiB BURY <d;, d,..., d,>, ne d; - enement 3 D, d;
- eneMeHT 3 D,, ..., d, - enement 3 D,. llpu upomy
Habopu Buraany <d; d.., d,> BHU3HAYAIOTh
KOpTeXi, a MHOKUHU D), D, ,...,D, - TOMeHH.

VYHiBepcadbHUM 3aCO00M aKTyami3allii CXOBHII
maHux € MoBa 3amuTiB SQL [4], ska mo3Boisie
3pY4YHO 00pOOJIATH iHPOMAIII0 B PI3HUX peatizallisax
moxeneir BJI. 3posymino, mo komm 3 0a3u JaHUX
HeoOXiHO BHOpaTH [aHi, M0 MalOTh HETOYHHUH a0bo
HEYITKO BH3HAYCHHMU XapakTep, CTaHJAapTHUMU
3acobamu SQL 116 BUKOHATH HEMOKIIHBO.

Tpamumiitao MoBa SQL BHKOPHCTOBYETHCS IS
omucy 3anmuTiB M0 bJl B chmemianpHUX TepMiHAX.
OcraHHIM YacoM 0arato yBaru HpUAiSE€ThCS PI3HUM
crocobam (opMaizaliii HeUiTKUX 3aluTiB. 3BUYANHI
CXOBWINIA YITKAX MaHUX 3 TMIATPUMKOW YiTKHX
3aMUTIB HA3UBaIOTh YiTKUMH Oa3amu manux (Crisp
DataBases), a B pensniinux 6a3ax naHux 3 00poO-
KO0 cla00 (opMali30BaHUX 3alUTIiB BCE YaCTillle
B)KUBAIOTHCS TEPMIHHM «HEUITKI 0a3n manux» (Fuzzy
DataBases), «neuitki 3anmutu» (Fuzzy Queries for
DataBases). B B/l 3 migTpumkoi MexaHi3MiB
HEUITKUX 3allUTiB BUKOPHCTOBYETHCS TMIiAXiM, IO
0a3yeThCsl Ha BUKOPUCTAHHI HEUITKUX MHOXKHUH 3ane
[5] i HEeWITKHX BiAHOWIEHb 3 MIATPUMKOIO (OPMYI
HewiTkoi noriku. [linxin, skuit Oyino 3amporroHOBaHO
y 1984 pomi, Hajgami oTpuMaB PO3BUTOK B POOOTax
SArepa P. [6], dro0ya 1. Ta [Ipanma I. [7].

Osnauenns 1. [5] HeuiTkoro MHOXUHOIO A B
yHiBepcaJbHIi MHOXHHI X Ha3UBa€ThCs CYKYIHICTh
nap BUAY

A= {(x, (), (1)

ne x€ X,a pu; X —>[0,1] - dpynxuis nanesxuocti

HEYITKOI MHOXKUHU A .
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Osnauenns 2. HediTKUM BiIHOIIEHHSIM F ma
yHiBepcaabHOMY TpocTopi XxY Ha3MBa€eThCs HEUiTKA
MHOXXMHA  JIEKapTOBOTO  JOOYTKY XxY, 1m0
XapaKTepU3YyEThCA ¢byHKLi€I0 HaJIe)KHOCTI

p X xY —>[0,1].

Buxomsun 3 TpagumiiHUX IMOHATH, MPEACTaB-
JIeHb Ta Olepalif 3 HEYITKUMH MHOXHHAMH, B
ICHYIOUMX  BapiaHTax  HediTKuXx 0a3  JaHHX
peami3yeTbcs MIATPUMKa BHKOHAHHA  HEYITKHX
3aMUTIB JI0 YITKUX JaHWUX cxoBwma. [IpomyxiiiHi
mpaBuiIa HediTkoi 0a3m 3HaHb (POPMYITIOIOTHCS Ha
OCHOBI peartizanii BigoMux (GOpMyJ HEHIiTKOT JIOTIKH,
a 0a3za maHUX mpo NpoOJIeMHY 00NAaCTh MOJAETHCS Y
BHTJISIII THTIOBOTO YiTKOTO CXOBHIIA iHGOpMAITii.

TTokaxeMo, 1[0 TOHATTA HEUITKHX 0a3 JaHUX
Moxe OyTH PO3LIMPEHO Ta y3arajbHeHo. B 6aratbox
CydacHMX  IH(QOpMamiifHUX  CHUCTeMax, OKpiM
HEYITKMX 3allUTiB, MPUXOAUTHCS MaTH CIPaBy 3
HETOYHOI, HeYiTKoo iHdopMmamiero. Lle MOXyTbh
OyTu naHi OpO pe3yldbTaTH EKCHEPHUMEHTATbHUX
JOCITIKEHb HAa OCHOBI BUMIpIOBaHb; TAKUMH € JaHi
JUISL CUCTEM MiATPUMKH TPUIHATTS PillIeHb, B SIKUX
30epiraeTbcst i BeleThes iH(OpPMAIlis, HANPHUKIA],
PO PiBHI KOMIIETCHTHOCTI E€KCIIEPTiB, BaXKIHBICTH
KpuTepiiB Tomo. Hapemri, ne MoxyTh OyTH HaHi 3
yiTkux Tabmunp bJl, mo opopMiroroTees y BUIIISAL
NPEACTaBICHHS, SIKE  JONOBHIOETHCA  IOJIIMHU
BEITMIMH BiMTOBITHOCTI 3HAYCHBb KOXKHOTO TOJIS YCiX
KOPTEXiB ACIKUM TUHAMIYHUM KPUTEPIsM.

[HmmuMu ciioBaMM, IS JOBUIBHOI YITKOI Oasu
aHUX MO)Ke OyTH ToOyJ0BaHE HEUITKE IPeICTaB-
JICHHS, B SIKOMY iH(OpMALlis MPO XapaKTEePUCTUKU
(monst) 00’exTiB mpobaeMHOi 00JacTi MOJAIOTHCA
Mapor0 CTOBOIIIB: Y MEPIIOMY — KOHKPETHI 3HAYSHHS
MOKa3HUKa 3 TaOuuill 4iTkoi Oa3u maHux (BIK,
MOKa3aHHS  BUMIPIOBAIBHOTO  MpHIaxy, HOMEp
3aHATOTO MICIIsl, 3HAYEHHS KPUTEPis AKOCTI 1 T.1.), y
JIPYTOMY — 3HA4eHHS BiATIOBIMHOCTI MaHWUX IEPIIOTO
CTOBIIISl JESIKOMY MpPaBWIy (HEUiITKOMY IOHSTTIO).
s mnpouenypa wmae Ha3By (dasudikarmii dYiTKO
BH3HAYCHHUX JaHUX [8].

3po3ymiJio, 10 pe3ysbTar mnpoiecy ¢asudikamii
YiTKOTO BiAHOMICHH R={<d;, d,,..., d,>, ~MoxHa
BUpa3UTH y BUTIAAI R-tabmmmi. Lle HOBe HediTke
BIIHOIIICHHS

R ={<d, d,,.... d, |’UA7,- d),...d>}, ()
mo ¢GOpMyeThCsl SIK MHOXKHHA KOPTEXiB 3 n+/
CNEMEHTA, B SKHX BEIMUMHH 1y (d,) 3anaroth

CTYIIiHb HAJIe)KHOCTiI 3HAYEHb EJICMEHTIB di NeaKii
HeuiTKili MHOXuHI 4, = {(d,,uzl_ (d)),deD,}.

Takum YHMHOM, CIIMCOK 0a30BHX Ta HOXiI[HHX
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oreparii Hax  R-tadmuusMu MOXE Oyru (mampukian, JlemskiBcekoro [10]) Ha mowarok ix
PpO3IIUpPEeHUN oreparii€ero (hasudikarii sk po3poOku. Llelt miaxij gae MOXIMBICTH OI[IHUTH

Pi3HOBHIOM omepaii po3MHPEeHHS.

[ToTpiOHO 3ayBaKUTH, WO BiJHOIICHHS R,
chopmoBane 3a i-tum atpubyTom, [ =l,n, Oyzne
OpeACTaBIATUCS Y  BUIJLAI  Tabiouui 3 p

JOJTATKOBUMH CTOBOIISIMH, SKIIO Ha [-Wid aTpuOyT
HaKJIaJIEHO p HEYITKUX TMOHATH. TakuM dYHHOM,

BigHomeHHss R 3a i-um atpubyToM MOXKHA
MPEJCTABUTH Y BUIJIA/I TaONHIli 3 n+p CTOBOLIAMU

R = {<dyds.... d;| -y (d;)| 15 (d,)]
o, (di) e, di>}

OCTaTo4HO, SKIIO YACTHHA JOMEHIB (KpiM i-0T0)

He noTpedye dasudikaiii, To BimHOmEeHHS R
(bopMaIbHO MOXKHA 3aIUCATH Y BUIJISII

R={<d\|1.d,|1,d; |ty (d;)| 1, (d,)]
i, (d;), o d, 1>},

Osnauenns 3 [9]. Heditky mMHOXHMHY R, sika
BU3HAYAE€ HEYITKE TAOIWYHE BIIHOIIEHHS

R ={<d, | 5 (d)]...| 7, (d)),
dy | 13y (dy) || 3, ().
di |z (d)].l g, (dy), ..
d, | (d)| . pg,, (d,)>},

CKJIa/ICHOK) HEYITKOK MHOXHHOK B
yHiBepcanpHOMY npoctopi D, U ...U D,...U D, .

3)

Ha3BEMO

Osnauennss 4. ba3zy manmx iHbOpMamiitHOT
cucremu Oynemo HasuBaTu Hewitkoro (HBJI), skimo
JUIS TIPENICTABJICHHS JaHWUX TMPeAMEeTHOi o0acTi
BHUKOPHUCTOBYETbCSI  Xo4a O  OmHE  HEYiTKe

BigHomeHuss R (3) y Burmsami R-tabnuimi abo R-
MIpeCTABICHHS.

Posrnsinemo mpukinang HBJl  indopmaniiinoi
cucreMu. PosrisHemo ©0a3zy maHux mpo HaQTOBI
pomoBHINa, iH(pOpPMAIliE TPO SKi MICTHTH Ci1abo-
(dopmanizoBaHi MOHATTA «BiAHOCHA MOTYXHICTB» Ta
«IEePCTIEeKTHBHICTE po3poOku». Lli moHATTS naroTh
MOXXJIUBICTh OITIHUTH 1HBECTOPY TPHUBAOIMBICTH
IPOEKTY PO3POOKH KOXKHOTO POJIOBHIIA 3 TOYKH
30py OUYiKyBaHOrO NPUOYTOK BiJ 1HBECTYBaHHS.
[Ipouenypa dasudikarii 6a3yeTrbes Ha pe3yiabTaTax
00pOOKH EKCHEePTHUX [aHHX TMPO XapaKTEPHCTHKH
3amaciB pojoBuIll. EkcriepTd Ha OCHOBI HajaHOl iM
iH(opMarii IpoBOIATH OWIHKY 00’€MiB HaTH, IO
3HAaXOAWUTBCS Yy Hagpax poAoBuil. BigHocHa
MOTYXKHICTh BHUMIPIOETBCS Y BIJICOTKaX BiJIHOCHO
MIOTYKHOCTI HAMOLIBIINX IFOYUX POJIOBHIL Y KpaiHH

BEIMYMHY TOKJIaAiB HadTH Yy  BiICOTKOBOMY
CKBIBAJICHTI, & TAKOX CHPOTHO3YBATH, SIK AOBTO JaHE
HaTOBE pOAOBHING 3MOXe (YHKIIIOHYBAaTH ¥y
pexxuMi  BHpOOHHYOTO J00YTKY. IlepcrekTHBHICTH
PO3pOOKH — IHIIMHI SKICHUI IapaMeTp, 0 BPaxoBye
JIEK1JIbKA ITO3MIlIH, SKI BINIMBAIOTh HA MO3UTHBHICTH
OLIIHKY BKJIAJIaHHA iHBECTHIIIH Y PO3BHTOK IOOYTKY
HapTH Ha 3agaHid TepuTopii. Cepen  HUHX,
HaNpHUKIAA, 3PYYHICTH PO3TALIyBaHHS pPOZOBHUILA
BIIHOCHO OCHOBHHMX IDUISXiB TPaHCIOPTYBaHHS
HaTH, COPUATIMBICT NPUPOAHUX YMOB JJIS
OyniBHuITBa (penbed, KITIMATUYHI YMOBH, TIIHOMHA
3aJTaHHA ~ NOKJNAZiB, 3arpo3a  HECHPHUITIMBHUX
NPUPOJHUX SIBHIN), IHBECTHLINHA TNPHBAOIUBICTD
perioHy B €KOHOMIYHOMY ceHCi Ta iHmi. Jlus
YHUCIOBOIO  OLHIOBaHHS 3raJaHuX [apaMeTpiB
BUKOPHUCTOBYEThCS mikaja Bix 0 no 1.

He oOmexytroun 3aranpHocTi Bu3HaueHHs HB/I,
OynemMo BBakaTH, IO JOBUTbHAa iHGopMaIliiiHa

cucreMa 0a3yeThCs HA HEUITKMX BiIHOMICHHAX R ,
SIK1 TIOTAFOTHCS Y BATJISI CYKYITHOCTI KOPTEXKiB

R ={<d|uz (d)| .|z (dy),

cod Lt (d,)] .\t (dy), (4)
ne d; €D, c Rl, i=1,_m , M- KUIBKICTh POJIOBHIII,

HaJICKHICTh KOXKHOI BEITHIHHH Hi, (d;), j=Ln,

i=1,m, @0 BIANOBIAHOI HEYITKOI MHOKHHU
O0YHCITIOETECSL 32 JIOTIOMOTOI0  TpaneuienoaioHux

(YHKITIH, SKi MaIOTh BUTJISI

1—(b, —d) (b, —a,),a, <d,<b,,

1, b, <d, <c,,

ﬂzf(di)_ 1-(d,—c;)/(e; —c;),c,<d, <e,,
0, inaxwe,

j=ln, i=lm, (5)

3 3aJaHUMH TapaMeTpamu aj,bj,cj,ej,jzl,_n,

110 BU3HAYAIOTHCS EKCIIEPTaMH Ta KOPUCTYBadyaMH.

B sxocti cepenoBuiia po3poOKH BHKOPUCTAHO
CVYB]] Access, onny 3 cepeanbonotyxuux CYBJI,
NpEACTaBIEHUX ChOrOAHI Ha puHKy. Cucrema
Access — 1e Habip TOTY)XHHX I1HCTPYMEHTIB
KiHIIEBOTO KOPHCTyBaua JJjisi KepyBaHHA OazaMu
nanux. o 1 ckiagy BXOASTh KOHCTPYKTOPHU
Tabnmumb, ¢opMm, 3anuTiB 1 3BIiTiB. Lo cucremy
JOCUTHh 3py4YHO PO3IISAAaTH 1 SK CEpeloBUIIe
po3po0Ku HoaaTkiB. BukopuctoBytoun Makpocu abo
MOIyJl A7l aBTOMAaTH3alii po3B’A3aHHS 3aBHAHb,
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MOXXHa CTBOPIOBAaTH OpIi€HTOBaHI Ha KOPHUCTyBada
JOJIATKH, 1110 € TAKMMH K TOTYKHUMH, SIK 1 JOJaTKH,
HamucaHi 0e3rmocepeIHb0 MOBaMH MPOTpaMyBaHHSI.
[Ipu wpoMy, ciim 3ayBakHUTH TPO BiTHOCHO
CKIIaIHI Ail 3 peCTPyKTypH3aIlii TaOJUIb MTaHUX IS
orpuMaHHs (¢asudikoBanux naHux. OpHaK, He3Ba-
JKArOud Ha OKpeMi He3py4HOCTI PO3POOKH, CTBOPEHO
3aco0m MaHimyssmii  (akTyamizariii) TaOmuIe Ta
inTepdetic KOPHUCTYBaua, 110 3abe3meunB
HaTllOBHEHHs, MoAudikamiro 6a3d JaHUX Ta TOMIYK
HEOOXiHUX JaHUX 3 YypaxyBaHHSAM BU3HAYECHUX
rmapameTpiB QYHKIIIH HaJIeKHOCTI. Yci po3pobieHi
3ac00M 0OPMIICHO Yy BHUIVIAAI CYKYITHOCTI MaKpOCiB
Ta 3amuTiB A0 Tabmuue bBJ 3 BXigHUMH
rapaMeTpamu.
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Hagenenwmii mpuxman Hewitkoi b/l memoHcTpye
KOHCTPYKTHBHICTh BHKOPHCTAHHS MIiAXOMy IS
OTPUMAaHHS HEYITKO BH3HAYCHUX JaHUX HA OCHOBI
omepaTUBHOTO (pOpPMyBaHHS MOKa3HUKIB HAJIEKHOCTI
TAHUX BIIIIOBITHUM HEUYITKAM MHOXHWHAM.
3anponoHoBaHUN Miaxia 3a0e3neuye MOKIMBICTD
CTBOpeHHS Ta 00poOku crabodopmainizoBaHoi
iH(popMartii, J03BOJISIE PO3POOUTH CIIOCIO OTPUMAHHS
KOPTEXiB HEYITKOTO BIJHOIIEHHS HEYITKOi 0a3u
JaHWX Ha OCHOBi ¢opmyBanHa SQL-3anuTiB 10
HEYITKMX JaHWX 1 mpouenyp ix peamizarmii. s ix
BUKOHAHHS BHKOPHUCTOBYIOTHCS PIi3HI 3ac00H, IO
JIO3BOJISIIOTH 3aITUCATH HEOOXITHUHM 3amuUT y BUTIISIL
CHeIiaibHOI MOCIIJOBHOCTI OIepaTopiB, sika MOTIM
TPAHCITIOETBCS Y BIANOBIAHY MOCTiTOBHICTE SQL-
3anuTiB [9].
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The multi-index transportation problems
and approaches to their fuzzification
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Kyiv, Glushkova st., 4d,
e-mail: ivohin@univ.kiev.ua

B pobomi poszensnymo knacugixayiro b6azamoindekcHux 3aday niHitiHo2o npocpamyeants. Haeedeno
MeepodICeH s. U000 ICHYB8AHHSL PO36 A3KI8 6acamoindeKcHol mpancnopmuoi 3adayi. 3anpononosano 08a
NPUHYUNOB] NIOXO0U O/l BUBHAYEHHS HEeYImKUx 0a2amoiHOeKCHUX 3a0ad, 3A3HAYAEMbCSA MONCIUBICHIb
D036 °A3aHHA HeUImKOi MPAHCNOPMHOT 3a0ayi 3 pecypcamu, 3a0aHUMY HeYTMKUMU MPUKVIMHUMU YUCTAMU.

Kniouogi cnosa: mpancnopmua 3adaua, 6a2amoiH0eKcHa MOOeb, HeYimKa MHONCUHA.

This paper considers the approaches to the classification multi-index linear programming problems. It
were considered the concepts of indexes. The different types of transport problems were described. The
necessary and sufficient conditions for the existence of solutions of multi-indexed transportation problem are
given. The two basic approaches to define fuzzy multi-index tasks are offered. The possibility of solving the
fuzzy transportation problem with the resources given by triangular fuzzy numbers is proposed. Formulated
model of problems that is most close to the real transportation problems. Proposed scheme in which the
values of needs of consumers or carrying capacities of intermediate points are defined as the fuzzy variables.
Then it is being done the transform the problem to a parametric optimization problem of a special kind. It

was noted about the importance of the multi-index transportation problems solving.
Key words: transportation problem, multi-index model, fuzzy sets.

CrarTiO IpeACTaBUB 1.T.H., Tpod. Bomomun O.O.

Beryn. KnacwmyHa nBOXIHIEKCHa TpPaHCIOPTHA
3amada [1] BUHHMKae B pa3i TEPEBE3CHHS OIHO-
PIAHOTO TPOIYKTY MiX IMyHKTaMH BUPOOHMIITBA Ta
CHOXW-BaHHsA. [Ipore B  peampbHUX  yMOBax
JOBOAWTHCS 3IIMCHIOBATH TEPEBE3CHHS, U SIKUX
3arajibHa BapTiCTh TPAaHCIOPTYBaHHs (200 3HAYCHHS
SIKOr0-HeOYAb 1HIIOTO KPUTEPiI0) 3aJIeKUTh HE JIUIIE
BiJl BiJICTaHiI MK IIyHKTaMH, aJie i BiJ 1HIINX, 1HOAI
cy0’exTHBHMX, YMHHUKIB. Ile BuMarae 301mbIIeHHS
IHAEKCHOCTI 3a1a4il. Posrisinemo OCHOBHI
TEOPETHYHI  acmeKTH  OaraTOiHIEKCHUX  3alad
ninitHoro mporpamyBanHsa (3JII1), skuM ocTaHHIM
4acoM NpuiIseThes Oararo ysaru [1-3] .

®opMmyJ0BaHHA i Ki1acudikanis 6araro-
iHIeKCHMX 3a/1a4 JiHITHOT0 MPOrpaMyBaHHA

Hexanr f = {1, 2, , S} — MHOXHHA 3 §
MOCHIIOBHAX HATypalibHUX uncell. KoxHomy 4uciy
[l e f, mocTaBUMO y BIANOBIAHICTH Mapamerp j,,

[ e [, sxuli OyneMo Ha3uBaTH HAAAJI 1HIECKCOM, 110
MOXe NMpUIMaTH OJHE 3HA4YCHHS 3 MHOXUHH J,=
={1,2, ..., n; }. HaGip 3nauenn innexcis ( ji, jo Jj, )

Ha3BEMO S—iH,Z[CKCOM 1 TO3HAYKMMO qgepe3 F

F:(jl’jzv")js )’ (1)

©€.B.Isoxin, 2014

Hejl € ']l = {1,2,---, nl} 5
{1,2,., ny} 5o ;
{1,2,.., n,} .

Jr€J, =
jSeJSz

S
OueBugHo, mo icaHye N = H n, pi3HUX
=1
Ha0OpiB 3Ha4eHb 1HACKCIB ( /|, /55, ], ). Lli HabopH
B CyKYyITHOCTi YTBOPIOIOTh MHOKHUHY £ s-1HIEKCIB F
AKa € TPSIMUM J00YTKOM MHOXMH J,, J,,..., J,:
E=J, xJ,x.xJ_.
KoxHoMy s-iHnekcHOMY enemeHty F, F e€E,
MOCTaBUMO Yy  BiJNOBINHICTH  MiiCHE  YHCIIO
Xp =X

Jijsj. - CYKYIHICTD TAaKHX YHCEN IUISL YCiX

MOXJIMBUX 3HA4YeHb 1HIEKCIB j;,j, j, Ha3BeMoO S-

{HIEKCHOK ~ MATpHIEI0 1 MO3HAUMMO  {X.}=

={x }, AKa MicTuTh N eJIeMEeHTIB.

J1J2.+Js
s i i i

Hexait f; = {k{, k..., k, } = [ nesxa He-

MTOPO’KHS JTOBUTFHA BJIacHA MMHOXXUHA MHOXXHHHU f,

i=12,... . byaemMo BBaxkaTH, 110 MOPSAJIOK €ICMECH-

TiB B f; noBuibHui. Toxi icHye
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s—1

_ l _ s
M=>C =2 -2
1=l
BapiaHTiB QopmyBanHs miaMHOkuHK f,;. KoxHiit
miaMHOXHHI  f;, i =1,2,..., BianoBimae MHOXHHa
iHIeKCiB { ] ;5] ;o J ;v < F i=12,. .
ki kS ki
1
Habip 3HaueHb iHAEKCIB {jkf ’jk§ yeuvs jki },
i
IO € t;-1HAeKcoM, o3Hauumo F;, i=12,... . Takum
YHHOM,
Fiz(jki:jkiu--'ajki)CF’ (2)
1 2 ti
e (,2,,n )=J
e Ju€W2em)=J s
e (,2,,n  )=J .5 .
g € 02eam, )= 5 3)

hie@Lme=Jg-

t

CyKyIHICTb ¢, -iHAEKCIB F; AT yCiX MOMJIMBUX

1

j iaj i jz
Ky ky k

4

3HaYeHb 1HJIEKCIB YTBOPIOE

MHOXUHY E;, =J ,xJ . x..xJ ., sdKka MICTUTb
1 kl kl kl >

1 2 t;

N,; = Il n, enemenris, i=12,... .

le fi
JIonOBHEHHAM /;l = f\ f, niamMHOXMHM f; 1O
MHOHHHM f/ € MHOKHHA €JIEMEHTIB, 1110 HE BXOJATH B
Sfis i=L2,. JIOTIOBHEHHIO  f
muokunn F, =F\F, i E, =1 J,, i=12,... .
lef;

BiAIOBIIAIOTH

3ayBakuMo, 1o MHOKMHE F; i E, moB'si3aHi
MK CO0O: MpsAMUIl NOOYTOK IIMX MHOXHH Ja€

mHOxuHy £ = E. x E. | a nug 3agaHux MHOXUH
y 1 1

F, i F, cnpaBemmuBa piBHICTH

i i {x./l,jZ,---ajs ;=

={xp}= {xFiFi} 171t JoBUIBHOTO f;, i=12,... .

S-1HJAEKCHOT
THIeKCaMH

CyKkynHICTh  yCiX KOMIIOHCHTIB
MaTpumi  {xr} 3  (iKcOBaHUMHU
E :(/kf’jké""’jki ) € (s—t;)-MipHUM @epepizoM

”

1

opientanii F;, sxuii nosHauaroth X ;T' [1]. Ilepe-
piz X E YIBOPIOE (S —t;) -IHAEKCHY MiJMaTPULIO
{xfi} Mmatpui { x }. Yucno nepepisis opienTauii £,

nopisaroe N, = [I n, - noryxuocti Muoxunu E,,
le fi

i=12,.. .
3 METOol CKOpOYECHHS 1 CHpOIICHHS 3alHCiB
BBEJIEMO TaKi O3HAYCHHS:
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Z Z z Xjijnis = Z X 172w :ZXF‘ “)
J1€J1 jaeJy  jseJg JixJpx..xJg E

CyMy (4) Ha3BeMO MMOBHOIO CYMOI0. YaCTKOBHUMU
CyMaMH Ha MHOKMHaxX FE;, OyIeMo Ha3uBaTH CyMHU

) ) Z Yjiiaeis =
i.ed i joi eJ i i L .
Tri STk Thiy SV ki, Tk Ejklti
= 2 X sy = 25
Jklx']kZX""X']kzi E;

SKimo a8 3HaYeHb YacTKOBOI CYMH 3MIHHHX

X 3aJaHO0 OOMEKEeHHS, TOal BiAmoOBigHA

J1J2 - Js
piBHICTB (200 HEPIBHICTh) Ma€ BUTJISL

PIETIEDY X7 = (S)b%)aFi €k, . (5
Ej E;

BBememo s-ingekcHi Mmatpuui  {c.}, {aﬁ)},
{afP},... ,{ay"}, a TaKoX m TiAMHOKHH f;,
iel={1,2,.,m}.
no3HaveHHs, chopmymoemo Oararoinaekcny 3JII1 y
HaKOIbII 3aralbHOMY BUTJIISII:

BHU3HAUWTH Habip eneMmeHTiB X={x },

BukopuctoByroun  BBeleHi

o
MiHIMIi3y€ JTHIHHY QYHKITIIO

L(X)= ZCFXF

1 3a10BOJIbHSE OOMEKEHHAM
1 0 = 7. @. _ 10 7.
Za})xF _bf(?l)’Fl ek ,ZaF Xp _bl% I, ek, ;
Ey

(6)

)
o Xa e =bF, eBy (D)
Em
xp 20, Fek. ®)

CdopmynboBana 3amada (6)-(8) € s-iIHACKCHOIO
3a7jauero PO3MOAUICHHSA PECYPCIB 1 IO3HAYAETHCS R,
[1]. 3aramera ™Momens (6), (7) npwiryckae psn
JacTKOBMX  (popMmyimioBanb.  Hampukimam, — 1pu
aF(’) =1, F e E,ie{l2,.,m}, orpumyemo s-
IHAGKCHY TpPaHCIOPTHY 3ajady: 3HalWTH Habip
€JIEMEHTIB X={ X }, 10 MiHIMI3Yy€ JIiHIHHY (PyHKLI0

L(X)=D cpxp ©9)
E
1 3a10BOJIBHSAE OOMEKEHHAM
D xp =b%),Fl €E 5 ) xp =b1%),F2 €k, ;
£y 5]
vees ZxF =b;—m),F_meE_m; (10)
Ep "
xp 20, Fek. (11)
Tparcioptay 3amagy (9)-(11) mno3maunmo

cuMBosioM 7.
Hexaii miamaoxusan F,, i € {1,2,...,m} , - ue yci
MO>KJIMB1 CTIOJTyYEHHS I10 d €JIEMEHTIB 13 § €JIEMEHTIB
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MHOXWHH F. IIpn nmpomy, ¢, =1, =... ... =t,=d,ne J1, f2s s fim » 110 BU3HAYAIOTH CTPYKTYPY CUCTEMH

m = C Sd .

Mogens (9)-(11) € cUMeTpUIHOIO S-1HIEKCHOIO
3aJlaueto 3 d-TinepruiaHapHUMHU cymamu. [1Jis BU3Ha-
YEHHSI KIJIBKOCTI TPy 0OMEXEHb, 10 HAKIIAIAFThCS
Ha 3MiHHI 3amadi, mMomenb (9)-(11) me Ha3uBarOTh
(m,d)-rinepriiaHapHOIO S-IHIEKCHOIO TPAHCIIOPTHOIO

3amavero i mosHadarote 1,—mE,. Skwo d=l, To
OTPUMYEMO CHMETPUYHY S-IHAEKCHY S-aKCiaJbHY
TpaHCIIOPTHY 3amady [l]: Bu3HauuTH HAOIp

enementis X ={x, }, mo miniMisye GyHKIio

1J2--Js
n ny ng
L(X)= Z Z "'zcjljz---js X j1j2 s (12)
J=lja=l jg=1
1 3aJ0BOJIbHSIE OOMEKEHHIM
n]
_ (1) ,
lejljl“js =055y > T € Jis
ke f,=1{234,.,s};
ny 5 '
Z Xjijreds = bﬁ'ljzmjv s Ji € i
i=1
ke f, ={1,3,., s}; (13)
< _ o (s) -
lejljzm./'s =bii e Tk € s
ke f,={123,.,s-1};
x.fl.fz---./: 2 0 ? jk € Jk’
ke f,=14.,23,., s}. (14)

Tyr fi ={1}, f2 =12}, .y [ =15}, m=s.

VY Bunanky m=s, d=s-1 OTpUMYyEMO CUMETPUYUHY
MOJICNIb, IO HA3WBAETHCS S-IHIEGKCHOIO (S,5-1) -
rineprjiaHapHO0 TPAHCIOPTHOIO  3ajadyero, sika
no3Havdaerscs I, —sP,_, [2]. s 3agaua dopmy-

JMIOETHCS TAaKMM YWHOM: 3HAWTH HaOip eJIeMEHTIB

X ={x;,, ; }»wo MiHiMi3ye QpyHKuito L(X) Buny
(12) 1 3amoBoIbHSIE OOMEKEHHSIM
ny n3 n
ZZ Zslx =b. ", j, e J,;
VSRS VS N 13
ja=ljz=1  jg=1
ny  n3 ng )
22 2Ky =biy 0 J2 € J 25 (19)
A==l =l
nonmy A o
SEEDID D WITIR TN TR NPT
A==l js-1=l1
Xjinjs 2 0,/,€Jys Jh€dsyueey jo€J,. (16)

YV laHOMy BUMNAAKy MaeMO

fi={L2,..,i-Li+L..,s}, f,={i}.
TakuM 4WHOM, MOJENb S-IHAEKCHOI TpaHCIOPT-
Ho{ 3a/1a4i OAHO3HAYHO 33Ja€ThCSI HAOOPOM MHOXKHUH

oOMexeHb, 1 HabopoM uucen (ny,n,,... ,n, ), IO
BCTAaHOBIIIOE PO3MIPHICTh 3a/adi, siKa JIOPiBHIOE

1y XMy X XN .

IcnyBaHHSI po3B’sI3KiB 0araToiHgeKCHOT
TPaHCHOPTHOI 3ajayi.

ChopmynroemMo psit HEOOXIHUX Ta JIOCTATHIX
YMOB ICHYBaHHA pO3B’SI3KiB PI3HUX THIIB §-
IHIEKCHUX TPAHCIIOPTHUX 33]ad.

Po3risiHeMO s-1HAEKCY TpaHCIOPTHY 3ajgauy 7,
y Buriani (9)-(11). Hms moBimpHUX (i,k) e %1,
I ={12,., m} BBeneMo MO3HAYCHHS

fik:fiUfk’ fkl = fik \fi’ fi,: fik \fk .

Migmuoxunu [, , f/, f,)
JKYFOTh BiJIIIOBI/IHI iHACKCHI €JICMEHTH:

Fy € Ey ,Fy € Ey ,F/'e E],
F'e E/,F/e E,,FleE;.

Teopema 1 (ymoBa Oanancy)[1]. Jns icHyBaHHS

PO3B’ 3Ky S-IHICKCHOI TpaHcropTHOI 3amaui (9)-(11)

, Lkel, mopon-

HeoOxiaHo, mo6 mns Vi,k €1 BuxonyBamuch yMoBH

(i) _ (k) _ . .
;bﬁ _;bﬁk =Sz Fiw e Ew. (17)
k i

Hacainok.
aKclaJIbHOL

st icHyBaHHS
TpaHCHOpPTHOT  3amadi

pPO3B’SI3KY  S-
(12)-(14)

HeoOxiHo, mo6 mus Vi,k €1 BuxonyBamucs ymoBu

ng
§ b (1)
JiJ2 e JictJivr - Js

Ji=1

n;
_ (k)
- Z b.fl.fz e k1 Jksr e Js " (18)

Ji=l1
Teopema 2 [1].Hexaii gns ycix map (i,k) e I x[
CIIPaBEINBO flﬂ f , =& . Tonl nna icHyBaHHsS

PO3B’sI3KY S-iHAEKCHOI TpaHcnopTHOI 3axadi (9)-(11)
HEOOXiHO 1 AOCTAaTHO, II00 BUKOHYBAJIACS YMOBA

i k .
b= bP =8, kyelxl. (19
Ek i
OcraToyHo, IiCHy€ TpWHAWMHI OJWH IUIaH

X={X,} OGaratoiHJeKCHOI TpPaHCIOPTHOI 3ajadi,
uinboBa QyHKuis L(X) oOMexeHa 3HW3Y Ha MHOXU-
Hi 11 manHiB. O1xe, 3anaua (9)-(11) Mae po3B’s30kK.

®opMyJ/JIIOBAaHHA HeYiTKUX Oararo-
IHIEeKCHUX TPAHCIOPTHHUX 3a1a4

dopMyITIOBaHHS HEYITKUX TPAHCIOPTHHUX 3a]ad
MOXE PpO3TJISIIATHCS 3 YpaxyBaHHSIM JIBOX DPI3HHX
MPUHIUIIOBUX MiJXOMIB, IS SKHUX € XapaKTePHOIO
HEMOXXIIUBICTh HITKOI (popmaimizariii THX 9d 1HIIHX
napaMmeTpiB  3amadi. Jlus  mepmioro  BHMAKy
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TpaHcropTHa 3anmava (Hampukianm, (12), (15),(16))
MOXE MAaTH HEUiTKUH Hallp 1HJEKCIB MPOMIXHHX
nyHkTiB j, €J,, ..., j, €J,. g uporo y po6ori
[4] 3amponoHOBaHUI MiXil, M0 A03BOJIsE (hopMali-
3yBaTU [OBUIbHY 3ajady OINTHMI3amii 1 OTpUMAaTH
JesIKHd PO3B’SI30K, KUK BPaxoBYe HEUITKHH BUOIp
1H/IEKCiB OOMEKEHb.

binbm HaOMMKEHNM 10 pealbHUX TPAHCIIOPTHUX
mpo0yeM € iHmMH crmoci6 GopMmysroBaHHS HEUITKOI
OararoingexcHoi 3axadi [5]. Bin nomsrae y 3amaHsi
BEJIMYUH TOTPed CIIOXKKBa4diB ab0o MPOIyCKHUX
CIIPOMOKHOCTEH TIPOMDKHUX IYHKTIB Y BHUTIIAII
HEUiTKUX BEJIMYMH 1 MepeTBOPEHHI OTPUMAHOI 3a/1a4i
JI0 TIapaMeTPUYHOI 3a/1a4i ONTUMI3allii CHeIiabHOTO
Buriany. Jas tpancmopTHOi 3amaugi (12), (15), (17)
HediTKka 3ajada Moxe OyTH cdopMynboBaHa Yy
BUTJISZII TIOIIYKY ONTUMYMY LinboBOi ¢yHKuii (12),
10 3310BOJIbHSIE OOMEKEHHIM
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ny nj3 ng ~ (1)
22 2 Ny =by e
J2=13=1jg=1
n n3 ng
T2 )
22 2 iy X iy = 22 €33
n=lj3=l js=1
" @1)
nomy o ong ~ (1)
S . .
3 Citinis Xitinis =i 0 Js €55
J1=lj2=l jg—1=l
Xjijnojs 2 0,/,€dyy jo€dyy sy jo€J,, ne

~ ~
BEJIMYMHU TIOTPEO bil(),...,bis(s) BU3HAYAIOTHCS

HEYITKUMH TPUKYTHAMH YrciIaMu [5].

Ha 3aBepmieHHst BapTo 3a3HauuTH, L0 i1es
BUKOPUCTaHHS  0araTOiHAEKCHUX  TPAaHCIIOPTHHUX
3a7jay € BAXUIMBUM IPHUKIAIHUM IHCTPYMEHTOM Y
HayKOBHX JOCHI[DKCHHSIX y PI3HHX Taly3sax
€KOHOMIKH Ta TpaHCIopTy [6].
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B cmammi nposooumvcsi ananiz npeomemnoi obnacmi 0ns nodyoosu ingopmayiiunoi cucmemu «OQoaix
Pob01020 HacCy NPAYIGHUKIE U020 HAGUANLHO2O 3aKNA0Y». Buszmaueni ma 0oKymeHmo8aHi OCHOBHI
cymHnocmi npeomemnoi 0oaacmi ma 36 ’s3Ku Midc Humu. Busnaueni obmedcenms, SKi HAKAAOAOMbCs HA
cymuocmi. Busnaueni eumoeu 0o inmepgpeiicy Kopucmyeaua, a Maxoxc U020 HPAKMUYHA peanizayis.
Toxazana Ooyinbnicms GuKOpucmanus muny oanux ltree y 0asi 0aHux ma 3aCMOCY8AHHS OMPUMAHO20
pauiuie meopemudHo20 pe3yabmamy nooyoosu 6amvKiBCbK020 KIACY 3a 080MA KiACamu, pO3HOECIOOUGULU
pe3yabmam Ha maobauyi 6asu OaHux.

Kurouosi cnosa: opeanizayivino-uimamua cmpykmypa, ooaik pobouozo uacy, iHgopmayiina cucmema,
NpoeKmy8anHsi iHpopmayitinoi cucmemu, ycnaoxky8auHs madauyb.

One of the factors of enterprise expenditure minimization and optimization of proprietorship in
accordance with current market situation is information systems. The successful functioning of the latter is
defined by the quality of its design and practical realization. The paper presents analysis of the subject area
for information system construction “Working Time Accounting of Higher Educational Establishments
Personnel”. The essence of the subject area under research is singled out and documented and the
relationship between its basic notions is described. The restrictions that are superimposed on the essence are
singled out. The user interface demands, as well as the interface practical realization, are outlined. The
expedience of database use of the type ltree and the application of the earlier obtained research result of
parent class construction for two classes by spreading the result on database tables is presented.

Key Words: organizational personnel structure, personnel inventory, employee, working time, working

time accounting, information system, information system design, table inheritance.

CrartTio ipeacTaBuB 1.¢.-M.H., mpodecop byit J1.b.

HaranaiiMo 3arampHe 3MICTOBHE O3HAYCHHS:
iHpopmaniitaa cucrema (IC) — mporpamHo-anapaTHUA
KOMITJIEKC, SIKUH TpH3HAYeHUH IS 30epeKeHHs Ta
00po0OKkH iH(popMarii npeamerHoi obmacTi [1]. CraTTs
npucesiueHa mo0Oynosi IC mis mpeamerHoi oGnacti,
0  XapaKTEepU3YeThCSl ~ TaKUMH  OCHOBHUMH
MOHSATTSIMU (OHTOJOTISIMH):

MocranoBka 3agaui. HeoOximno pospodutu IC
JUIS BEIEHHS OO0JIiKy po0o4Yoro yacy mpaiiBHHKIB
BH3. [lns peanizamii mocramieHoi 3amavi moTpidHO
crBopuTH BifmnoBinHy IC, B OCHOBI SKOI JeXHUTH 0a3a
nanux (B/1). IC «O06mnik poboyoro yacy mpaiiBHHKIB
BH3» mnpusHayeHa Juis aBToMaTH3amii  OOJIKY
pobouoro uacy mpamipaukie BH3. 1ls IC moBunHa
MaTH HACTYITHI (PYHKI[IOHAIbHI MO>KITHBOCTI.

Benenns opranizaniiiHo-IITaTHOI CTPYKTYpH
BH3. Crpykrypy opranizaniitaux oguaunb (OO)

© C.B. Kommnas, 2014

BH3 (3a iHIIOIO TEpMIHONOTIEID CTPYKTYPHHUX
migpos3ainie BH3) MoxHa TpeacTaBUTH Yy BHIIIAII
KOpEHEBOTro  JiepeBa, sAKe OOMEXEHE YOTHpMa
piBHSAMH. A caMe, Ha TIEPIIOMY PiBHI 3HaXOAUTHCS
cytHicth “BH3”, Ha apyroMmy piBHI — “(akynbrer

(iHCcTHTYT)”, “pekTopar’, Ha TPEThbOMY piBHI —
“kacdenpa”, “mekaHar” 1 CTPYKTYypHI MiApO3ILIH
peKTopaty, Ha YETBEPTOMY “HayKOBO-IIOCTIiIHA

na6oparopis” (HJJI) aGo HaykOBO-IOCTIAHHI CEKTOP
(HAC). 3amaua IC momsArae y BeICHHI IIi€l
OpraHi3allifHO-INTaTHOI CTPYKTYpH, TOOTO Tpeda
nependavyuTH MOXKJIMBOCTI pelaryBaHHs aTpHOYTiB
OO, 3uunienns ta gogasanusg 00.

BeneHHsi IITATHUX PO3NUCIB CTPYKTYPHHUX
nigpo3aiiB (“aekanar”, “xkadeapu”, Tomo). IC
MOBHHHA MICTUTH iH(OPMAIIiIO PO MTATHUH PO3MHUC
BH3, 110 Moe npeacTaBisaTUCsS y BUIJIAAI TaOJHIIL.
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Takok  MmMTAaTHUH  pO3MUC TOBMHEH  MICTHUTH CTaplUiMid  HAYKOBWHA  CIIIBPOOITHUK,  JOIICHT,
HallMEHYBaHHs I0CaJl, YHMCEIBHICTh TEpCoHanIy, mpodecop;

HaJI0aBKM Ta JOMJIATH, NOCANOBI OklIaau. B Tabmuni  — cniBpoGiTHuK; 3amaethes  iHdopMalis — Impo

Kon 3a Kiacugikatopom Tnpodeciii BH3HAYAETHCS
3riIHO HallioHANBHOTO Kiacudikaropa npodeciit K
003:2010 [2].

Benennsi kaapoBoro ckjaanxy. IC moBuHHA
MICTUTH iH(QOPMAIiI0 TIPO CHIBPOOITHUKIB (IITATHUX
Ta CyMICHHKIB), #Ki mpukpiieHi go OO, Ta
MOXIIMBICTh BHBEJICHHSI Takoi iH(popMallii B 3BiTax.
Takoro iHdopmamiero €: ILLB, OO, go skoi
MPHUKPITUNIEHHHA ~ CHiBpOOITHUK, mocaaa  (3rifHO
MITATHOTO PO3IUCY), CTaBKa, HAYKOBHH CTYIIiHb,
BUCHE 3BAHHS, TOIIIO.

Benennsa rpagikiB Bigmycrok. IC moBuHHa
MICTUTH Tpadik BiJIIyCTOK KOXKHOTO TpaIliBHHKA
BH3, sixuit Moxe OyTH BUKOPUCTAHUI JUIsl TeHeparlii
3BITIB.

O0aixk podoyoro wacy. IC mnoBuHHa MaTu
MOXIIMBICTh HAJaBaTH MpPAIiBHUKY (IKCyBaTH dYac
MoYaTKy Ta 3aKiH4eHHS poOOYOro JHs, 3 BKa3aHHIM
NpPUYMH HEBUXOoMy Ha pobory. Takok IC moBuHHA
MICTUTH  iHpOpMalito mpo  O0iHIO  TepepBy
MpariBHUKA.

I'enepanis TadeniB 00Jiky po0oyoro uyacy Ta
pi3uux 3BitiB. Ha ocHOBi iH(OpMAIii, sika MiCTUTBCS
B IC, moBuMHHa HagaBaTHCS MOXJIMBICTh TeHepalll
3BITIB  mpo  poboumii yac MpaimiBHUKIB 32
PI3HOMaHITHUMH KPUTEPISMH.

Benennsi icropii 3min cyrHocti. IC moBuHHa
HAJaBaTH MOXKIIMBICTh BECTH iCTOPIIO 3MiH aTpHOYTiB
cyrHoctedl. Hanpukinan, icTopito 3MiHHM Tpi3BHINA
npaniBauka, Ha3B OO, Too.

ETanm KoHIENTyaJIbHOTO TIPOCKTYBaHHSI — I
CTBOpPEHHSI KOHIICTITYaIbHOT MOJIEN1 IaHUX, BUXOSTIH
3 TMPENCTABIICHHS KOPUCTYBadiB MPO MpPEAMETHY
obnmactb. [l BUKOHAHHS WBOrO €Tamy MOTPIOHO
BHKOHATH PsJ] TOCIIOBHUX KPOKIB.

BusHaueHHsI cyTHOCTEH Ta iX JOKYMEHTYBAHHA

PosrisiHeMo OCHOBHI CYTHOCTI HalIoOl MPeaqMeTHOT
obmacri:

— cTpykrypHi migposaim:  BH3, dakymerer
(inctutyT), Kadenpa (nekanat), HJT (HAC);

— HAayKOBO-JIOCHigHI TEMH —  BH3HAYAIOTHCA
MepeIikoM TeM, SKi BUKOHYIOThCsl B BH3;

— IITaTHHH pO3MMC, MICTUTH iH(OpPMAIIi0 PO
MOCaH CTPYKTYPHOTO MiPO3/ILTY;

— HaYKOBI CTYIEHI; HasBHUHN neperik
(kmacudikaTop) HayKOBHMX CTYIEHIB, SIKI MOXYTh
Matu mnpaiiBiukd BH3: kanaupmaT Hayk, JTOKTOP
HayK;

— BUYCHI 3BaHHs; HasSBHUIA nepenik (kiacugikaTop)
BUCHUX 3BaHb, sIKi MOXYTh MaTH TpaiiBaukd BH3:
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cniBpoditHuka: I1.I.B, mani mist ayrenTudikaiii Ha
caiiTi (JIOTiH Ta mHapojib), IOIITOBA ajpeca, BUCHE
3BaHHS, HAyKOBUI CTYIiHb, ()AaKTUYHHUHA 1 TUIAHOBUI
rpadiku poOOTH, HASBHICT aIMIHICTPATHBHHX IIPaB;

— TI0caJu; HasiBHUH mepenik (kiacupikaTop) mocan
MITATHUX PO3IMUCIB: HANpPUKIAJ, IHKEHep IEeBHOI
Kareropii, MONOAIIMKA HAYKOBHUH  CIHIBPOOITHHK,
HAayKOBHM  CHIBpOOITHHUK,  aCHUCTEHT,  JIOILICHT,
npodecop, JeKaH;

— 001K pobodoro yacy; BU3HAYAETHCS iH(OpMAIIis
Mpo Yac IMOoYaTKy 1 3aKiHYeHHS po00Y0oro JIHs
MpaIiBHUKA;

— TpPUYMHHU BIJICYyTHOCTI Ha poOOYOMY Micii; €
nepenik (knacudikatop) MPUYKH, 33 SKAX TPAIliBHHK
Moxe OyTH BiICYTHIM Ha pobouoMy  Micii
(;TikapHSHUH, BiAITycTKa, TOLIO);

— TutaHoBu# rpadik poOOTH; BU3HAYAETHCS rpadik
pOo0OTH, 3aTBEPHKEHUH aJMIHICTPALII€IO;

— pobouMii JeHb, MarOThCI Ha YyBa3l 4YacoBI
IHTepBally, i/ Yac SKAX MpalliBHUK 3HAXOAMBCS HA
pobouoMy MmicIii;

— Biamycrka; rpadik BIIMYCTKH NpaliBHUKA Ha
OCHOBHOMY MiCIIi po0OTH;

— 4Yac HUTTS CYTHOCTI; BelleHHs iHdopmarii mpo
ICTOpII0 3MiH XapaKTEPUCTUK CYTHOCTI.

Bu3nauyenHs 3B’A3KIB Mik CYTHOCTSIMH Ta iX
AOKYMEHTYBaHHA

3B’A3KM MiK CTPYKTYPHMMM MiIpo3aiJiaMu.
CTpyKTypHUH MiAPO3UT MiIOPSAKOBYETHCS OJTHOMY
cTpykrypHomy migposainy (CII) Bumoro piBHs, 3a
BUHSATKOM  MiDKKadenpanbHuX  (PaKyIbTeTChKUX
Jaboparopiii Ta MDK(paKyJIbTETCh-KUX JIabOPaTOpPiH.
Koxna  “HactymHa”  CyTHICTh 3B SI3y€ThCA 3
“romnepenHLror” y BIAHOIIECHH] “O1H 10 0arathox”.

Tabmumi, mo Bigmosigarots CII, MaroTs OaHAKOBI
aTpubytu. Tomi MOXXKHA CKOPHCTaTHCS PE3ylIbTaTOM
[3], sAKkuMM PO3MOBCIOKYETbCS HaA TaOMMIN, IO
3amatoTh cytHocti B BJI. A came, ckopucraemocs
MEXaHI3MOM YCHaJKyBaHHsIM TaOJuIlb, sSKE Hajaae
cucreMa ympaBiiHHsa Oazamm  ganux (CYBJ])
Postgresql [4] Ta BUHeceMO CijIbHI aTpUOYTH B HOBY
TaONHUIIO, siKa Oyne 0aTbKIBCHKOI; TOI TaOMNHMII, SKi
onucytote CII, OynyTs noximaumu. Takox moTpiOHO
BpaxoByBaTH TOH (akT, 10 B OATHKIBCHKIH TaOMIHMIlI
OyAyTh MICTUTHCS BCl 3aIIMCH MOXIJIHUX TaOJIHIIb, SIKI
OylyTh MaTu aTpuOyTH cxeMU OaThKIBCHKOI TAOIHIIL.
Le mae MOXIMBICTH IPH BHOIPIII 3aMTUCIB 3 JEKUTLKOX
TaOJIMIb 3aMicTh BUKOpucTaHHS B SQL-3ammTi
koHcTpykiii UNION [ALL] (nmpusnaueHoi Jyist
o0’eHaHHS PAAKIB  TaONWIL), BUKOPHCTOBYBATH
TUIBKM ~ OaThKIBChbKY — TaOmumipo. Buxomsunm 3
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HABEJICHUX MipKyBaHb, MOOYIYEMO CXEMY HACTYITHIM
YHHOM

3B’s130K MiK CYTHOCTSIMH daxyabTer
(incTutyT) — nmexanar. Ha koxHOMY (akyiabTeri
(IHCTUTYTI) € OJWH JEKaHaT, TOMY TaKi CyTHOCTI
3HAXOJATHCS Y 3B’ 3Ky OfuH 110 oaHoro (1:1).

3B’130K MiK CYTHOCTSIMM NpaUiBHHUK — BYeHe
3BaHHA (HAYKOBUIl CTymiHb). Y BHIIaJKy, KOJHU
MpaIiBHUK Ma€ JIEKiTbKa BUCHUX 3BaHb (HAYKOBHX
CTYIEHIB), MiJ Yac TaOeaOBaHHs OepeThCcs HAMBHILC
3BaHHS (HAyKOBHH cTymiHb). ToMmy 1Ii CyTHOCTI
MoB’s13aH1 MiX co0ot0 y BigHOImeHHi 1:1.

3B’130K MiK CYTHOCTSIMH NpaliBHUK —
niaHoBuii rpagik podooru. Koxen npaimiBHuk mae
rpadik poOOTH, 3aTBEpPKEHUH aJMiHICTpalli€ro, a
TakoK Mae ¢aktnuHuii Tpadik pobotu, sAKuit
BHU3HAYAETHCS 3 CYTHOCTI pOOOUHIA JICHb.

3B’f130K Mi’K CyTHOCTSIMM NMpPaniBHUK, TeMH Ta
mTaTHuii po3nuc. KoxkeH mpaimiBHUK Ha IITATHAX
3acajax Moxe mpaioBatu juiie B ogaomy CII. B
TOM K€ Yac, BIH MOXKE TPAIIOBATH 32 CYMICHUIITBOM B
nekinpkox iHmmx CII. [TpaliBHUK 3apaxOBYeEThCSA Ha
Temy (Ha OITHY Ha IITATHUX 3acajiaxX, Ha JIEKLIbKa TeM
3a cyMicHHITBOM). Ko)kHa TeMa BUKOHYETHCS JIHIIE B
onaomy CII. B CII MoXyTh BHKOHYBATHCS JEKiIbKa
TeM. TakuM YWMHOM, CYTHOCTI MpaIiBHHK 1 Tema
3HAXOIAThCS B 3B 3Ky Oararo qo O6aratehox (M:N), a
cyraocti Tema i CII — y 3B’s3ky Garato j0 OTHOTO
(M:1).

3B’f130K MizK CYTHOCTSIMH MPUYHMHA Ta POOOYHii
neHb. B oquH poOouunii qeHb MpaliBHUK MOXE MaTH
OJIHY TPHUYMHY HEBUXOIy Ha poOoTy. ToMmy BKa3zaHi
CYTHOCTI  3HaxOAiAThCA y  BiJHOIIEHHI 1:1.
PosrisinemMo mpu3HauYeHHsT aTpUOYTiB B TaONMHIISIX.
3po0MMO TPUIYIIEHHS: SKIIO B JBOX TaOIMIIIX
MPHUCYTHI aTpUOyTH 3 OJHAKOBHM IMEHEM, TO BOHH
HECYTh OJTHAKOBE CEMAaHTHYHE 3HAUCHHS.

1) Tabmui  Kopine CO, BH3, Pekropar,
Kadenpa, Cexrop (HJJI) mMatots Taki atpulytu: id,
depts_name, pidrozdil, unit. B Tabmuisax arpuOyt id —
NMepBUHHUNA KMoy Tabnwii, depts name — im’s
migposainy, pidrozdil — BuW3Hauae wMiclie JaHOTO
MiIpO3aly B OpraHizamidHid  CTpyKTypi, fKa
MPEACTABIIAETRCS Y  BUIJAAL  JepEBOMOIIOHOT
CTPYKTYpH Ta 3aJa€TbCs y BUINIAAI  YHCEI,
PO3IUIEHNX TOYKOK; KOXKHE UHUCIO BU3HAYAE
MPUHAISKHICTH 10 Bianorignoro CII, unit — npuiimae
oqHe 3 HacTynHuX 3HaueHb: BH3, pekropar,
dakynbrer, kadenpa, cekrop. CyTHIiCTh (akyabTeT
(IHCTUTYT) Ma€ Ie JBa JOJaTKOBHX aTpUOYTH
iddecanat Ta idaspirantura, siKi CIIyTyIOTb JJIsl 3B’ SI3KY
3 Tabnunsamu Jekanat i Bignin acniipantypu.
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2) B rtabmumsax Jexanat 1 Bimgnmin acmipanTypu
MICTATBCS aTpUOYTH, 3HAUYCHHS SKUX MH PO3TIISTHYITH
BHIIIE.

3) TaOmuns IlltatHuit po3mMc MICTUTH TaKi
atpubytu: id, posada — Ha3Ba mocaau MpalliBHUKA
sritno 3 kmacudikaropom  mocaa, pidrozdil,
kodklasifikator — xom mocaau 3rigHO KiacugikaTopa
nocan, nadbavka — BH3Hayae s TpalliBHHKA
3Ha4YeHHS HaJ0ABKH 32 HAYKOBUH CTax.

4) Tabmuus PobGorallpaniBHUK Tpu3HAYeHa IS
peamizamii 3B’s3ky M:N Mk Tabmuigsmu Pobora,
[pamieauk, IlltatHuiéi po3muc; BOHA  MICTUTH
aTpuOyTH, B SIKUX MICTATHCS 1IEHTU(DIKATOPH 3aIHCIB
BUIIICHA3BAHUX TA0IULIb.

5) Tabmuui [paniBauk ta Pobota (TeMu) MICTSITh
taki atpuOytu: id, pidrozdil, chief Ta secretary —
BHM3HAUYalOTh BIAIOBITHO KEPIBHMKA Ta CEKpeTaps
(rabenbHuka) 3 Tabmuni [IpariBHuMK, name — Ha3Ba
TemH, startdata, enddata — BiAIOBIAHO JaTa MOYATKY i
3aKiHYeHHs Temu. Jlusg Ha3Bu poOIT, sKi HE €
HAyKOBUMH TeMaMH, OyleMO BUKOPHCTOBYBATH
atpuOyT pidrozdil.

OO0MeskeHHd, AKi HAK/JIaJal0ThCA Ha aTpuOyTH
Tadauub B BJ1

PosrisineMo oOMe)KeHHsI Ha 3HAYEHHS aTpUOYTiB
TaOJINLL.

— id — mepBUHHMIA KJIFOY CYTHOCTI “Tiapo3ain’;
— path — Mae yHiKaJIbHE 3HAYCHHS TA OCTAHHE YHCIIO
IMOBMHHO CIiBHagaTH 3 id;
— IpaniBuuk, sxuii npamtoe B ogqaomy CIT (Ha Temi)
Ma€ OIHY IOcaay, TOMY BBEIEMO OOMEXKEHHs Ha
tabmumto  PoGorallpaniBuuk: arpuOyrn  workid,
userid — KOMIO3UTHHUH MEPBUHHHUN KITFOY.

Peanizanis 30epesxenHs icropii 3Min cyTHocTi

CyTHICTh MPOTATOM Yacy CBOTO iCHYBaHHS MOXE
3a3HaBaTH 3MIHA. Tak Hampukial, y CYTHOCTI
dakynpbTeT 3 YacoM MOXe 3MIHUTHCS Ha3Ba.
AxTyanbHa Ha3Ba (aKkylbTeTy HEOOXiJHa MpH
moOymoBi 3BiTiB. ToMy mocrae 3amada 30epeKECHHS
icropii 3MiH cyTHOCTI 3a yacom. L{to 3amady Oynemo
BUDINIYBATH  HACTYIHUM  YHHOM:  CTBOPHUMO
nojaaTkoBy Tabsuito (B iM’s momamo TTL — time to
live), sika € Komi€r TaOJuIll, MO SAKid MHOTPIOHO
BIICTE)KYBATH ICTOPIiIO, JOMABIIM 10 HOBOI TaOJIHMIII
nBa aTpubOyra start 1 end. B nux arpuOyrax Oyme
30epiraTics JaTa MOYaTKy Ta 3aKiHYCHHS iCHYBaHHS
3amucy. Jns motoyHoro crany 3ammcy atpuOyt end
Oyze piBHuit ocobnmBomy 3HaueHHO NULL.

Tabnuus, mo sKil BiACTEKYEThCS 1CTOpisS 3MiH,
Oyae 3B’s3aHa 3 TabOdMIe0, B SIKIH I 3MIHH
30epiratoThcst, y BigaomeHHi 1:N.

IcTopis 3MiHM CyTHOCTI Oyae 3aHOCHTHCA B
TAaONMUII0 32 JIONIOMOTOK0 TpHrepa, SKUH Oyze
CIIpaIibOByBaTH Ha JomaBaHHS HOBOro psiaka (Insert),
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oHoBNeHHs atpuOyTiB psaka (Update) Ta 3HUIIEHHS
panka (Delete).

YTounumo mocraHoBKy 3amadi. IC moBHHHa
HAJaTH KOPHCTYBady MOXIUBICT MPAIIOBATH B JJBOX
peXMMAaxX: PeKUM KOPUCTYyBada Ta aJMiHICTPaTHBHUI
pexuM (IpU HAsSBHOCTI BiAMOBiMHOrO mpasa). B
PEXUMI KOpPHCTyBada TPAI[iBHUK 3aXOJUTh MUITXOM
BBOJIy JIOTiHA Ta Mapojs Ha CBOIO CTOPIHKY, Ha SIKIH
npucyTHs  iHdoOpMalis: TOTOYHMA dac, SKUi
Oeperbes 3 cepBepy BJI, mocama npariBHMKa 3TiAHO 3
mratiuM ~ posnucoM  Bimmosimnoro CII, ILLB.
mpailiBHUKa, CHCTEMHHMI 4Yac, 00iaHs rnepepsa. Koken
MpaIiBHUK MOBHHEH MaTH 3aTBEpP/KCHHH
KepiBHULTBOM Tpadik pobotu (OymeMo Ha3uBaTH
Horo ruraHoBuM) Ta (aKkTHYHHNA — 1€ TOH 4ac, SKUi
BUTpaYae CIIBPOOITHUK HAa POOOYMIA Mporec 1 SKui
Oyne 30epiratuics B B/l IC. VYV Bunaaky, koiu
MpaliBHUK BiACYTHIH Ha pobodomy wichi, IC
MOBHHHA HAJaTH MOXJIHMBICTh BKa3aTH MPUUYHHY
BiZIcyTHOCTi. Ha cropiHIli KopHCTyBada MOBHHHA

BimoOpakatucss  iHdopMmallis 0po IUIAHOBUH 1
(daxTHaHMiA rpadiku podoTH.
Takoxk  mependauaerbes, 1o IC  moOBHHHA

30epiratu icropiro 3min Hase CII BH3, ILLB.
MpaIiBHUKIB, TUTAHOBUX TpadikiB pododoro uacy,
PO3MIpy CTaBKH, TOIIO.

Bumoru no intepgeiicy kopucryBaua

Ha cropinmi kopucTyBava moBUHHI OyTH PUCYTHI
JBI KHONKH: «IOYaTOK POOOTH», «3aKiHUCHHS
poGotu». Ilpu HaTucHeHH] Ha HUX B B/l 3anucyerbes
yac BIAMOBIMHO TMOYaTKy 1 3aKiHYEHHS POOOTH
npaniBauka.  [lpu  mpoekryBanni IC  cnmin
nepea0aynTH, 10 MPAIiBHUK MOXE MPAIIOBATH K 3a
OCHOBHHUM MicIIeM pOOOTH, TakK i 3a CYMICHHIITBOM Ha
BIJIMIOBIIHY YaCTUHY CTABKH.

B pexumi xoprcTyBaua MOBUHHA OyTH MPUCYTHS
KHOMKAa  JUIsi  TICPEeKIIOYEHHS  Ha  PEXHUM
aaMiHicTpyBaHHS  (IIpM  YMOBi, 10  JaHOMY
KOpUCTYBaueBi HaJaHi aJMIHICTpaTUBHI IpaBa).
AIMIHICTpaTUBHMM PSKAM HAJa€  MOXKJIMBICTS:
1) smintoBatu iH¢popmamiro npo BH3, CII, ILLB,
nmocajii TpaliBHUKIB, iX MIaHOBI rpadiku poOOTH,
PO3MIpH CTaBKH; 2) J0AaBaTH HOBUX KOPHCTYBadiB,
HaJaBaTH IM JIOTiH, Mapoiib, BCTAHOBIIOBATH MPAaBO
BXOJIUTH B aIMIHICTpAaTUBHUI pexuM; 3) I0omaBaTh
npamiBHuka 10 CI1. Takox B IbOMY pEeXKXHMI ITOBUHHA
HAJaBaTHCA MOXIIMBICTh  BBEIEGHHS  IUIAHOBOTO
rpadiky poOOTH TpalliBHHKA.

IIpakTyHa peasizanisi 3agaui

[Mporpamuy peamizamito IC mpoBememo 3a
TEXHOJIOTi€10 KiTieHT-cepBep. [1pu po3pooi IC ciip 1i
PO3IUIMTH Ha JBi CKiIaJOBi: iHTepdelic KopucTyBauya,
skuii Oymemo HasuBaTu (ponTeHa (front-end), Ta
cepBepHa YacTHHA, Kyqu OynyThb BXOJWUTH B SKOCTI
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komrioneHT BeO-cepBep Ta bBJ. [Hdocrym nmo IC
MOBUHEH OyTH 3 Oy/b-SKOT0 KOMIT'I0TEpa JIOKAIbHOI
Mepexi BH3. Toxi momineHO joriky poboru IC
MEpEeHEeCT Ha CTOPOHY CEPBEPHOI YacTUHH, IO
MOJIETIIUTb 3/1iliCHeHHS cynpoBokeHHs [C.

IMpu pozpobui IC B mepury uepry mnorpiOHO
BusHauutcss 3 CYBJl. Ilpu mnwpomy BHOOpi Tpeba
BU3HAYHTHCS 3 MOJCIUIIO JaHUX (CYKYITHICTIO
CTPYKTYp JaHHMX Ta Omepalliii HaJ HUMH). Sk BigoMo,
MOIIMPEHUMH  MOJIENISIMH ~ JTAaHUX €.  peslliiiHa,
00’exTHA Ta 00’ €KTHO-pensiiHa. Takox mpu BUOOpi
CYB/] nominbHO BpaxOBYBaTH, Y HaJa€ KOHKpETHA
CYBJl MOXIUBICTD 3IHCHIOBATH yCHaJKyBaHHS
tabmunb. Ile HamacTh OUIBIN THYYKI MOXXJIHMBOCTI
moOyIoBH  TaONWIb  CYTHOCTEH.  MOXKIIUBICTh
yCIaaKoByBaTH  TaOiuii Ja€ HaM 00 €KTHO-
pensuiiina CYB/I. B sikocTi peamnizanii dpoHTeHy Ta
rioro B3aemonii 3 BJl morinbHO 00paTtH 00’€KTHO-
opieHTOBaHy MOBY TiporpaMmyBaHnHs (framework), sika
HAJACTh 3aBISIKM BIJOMHUM KOHLENIIAM 00’ €KTHO-
OpIEHTOBAaHOTO  MporpamyBaHHs  (IHKaICYJISIiis,
ycraJKyBaHHs, TOMMOpPQi3M) HIMPOKI MOXKIHBOCTI
Ta FHY4YKICTh IIPH HAITUCAHHI KOy MPOrPaMHU.

B sikocti web cepBepa OynemMo BUKOPHCTOBYBATH
Apache [5]. PeanizoByBaru iHTepdeiic kopucTyBaya
Oymemo Ha MOBI mporpamyBanHs Python [6], 3
BUKOPUCTAaHHSIM  (QpeiMBOpKY sl BeO-10/aTKIB
Django [7], sikuii HO3BOJIUTH 3IHCHIOBATH 3B 30K
inTepdeticy kopucryBada 3 bJ[. B skocri CYB/]
BI3bMEMO 00’ EKTHO-pENSILIHHY CYb[
Postgresql [4, 8]. Jlana CYBJl mae mnepeBaru Han
IHIIUMHA  3aBASKH TOMY, IO BOHAa € 00 €KTHO-
PENSAIHO0, 3 MOXKJIMBICTIO YCIIa KyBaHHS TaOJIHIIb,
JI03BOJISIE TIPAIIOBATA 3 CKIAJAHUMH THIIAMH JIAHUX,
MiATPUMY€E MOXJIMBICT CTBOPIOBATH THUIH JaHUX
kopuctyBadya. B manii CVYBJl minrpumyerbes
MOXIIUBICTh BUKOPUCTaHHSI TPUTEPIB Ta 30epeKeHNX
mpoieayp. BoHa  TakoX ~— HaJgae  MOXIIMBICTh
BCTaHOBJIIOBATH OOMEXKEHHS MUTICHOCTI Ha aTpuOyTH
tabnumi, a came: not null — ve NULL; unique —
YHIKaJIbHICTh; primary key — MepBUHHUN KIIOY;
foreign key/references — 30BHINIHI KJIIOYH,
nocunanHs; check — mepeBipka; exclude -
nepeBipKka YHIKAIBHOCTI MO CKIIQIHI YMOBI.

B B[ nmepenbauaeTbcs ~ BHKOPHCTOBYBATH
HECTaHJApTHI TUMHU JaHuX. Sk 3aHavamocs BHIIE,
Taki cyrHocTi mpeamerHoi obmacti sk CIT MoxxHa
OIUCATH 3a JOMOMOT'0I0 JIEPEBONOIOHOT CTPYKTYPH.
Tomi MOLIBHO BUKOPUCTATU THI JaHUX Itree, sSkui
J03BOIIsiE  30epiratu  JIepeBOIOMIOHI CTPYKTYpH B
BHIJISIII MITOK, @ TaKOXX HaJa€ IIUPOKI MOXKIMBOCTI
MOUIYKY IO HUX.

JamMo oOTrpyHTYBaHHsI TepeBarud BHKOPHCTAHHS
caMme Takoro THIy AaHuX. [IpemmerHa obmacth, sK
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Oymo ckazaHO BHWIIE, Mae€ Taki cyrHocti: BH3,
¢dakynprer (iHcTHTYT), Kadenapa, HIAJT (HAC).
Koxnomy CII BiamoBigae psaoK BiAMOBIAHOT TaOJIHIII
BJl. EnemeHT omHi€el CyTHOCTI MOXKE MaTH JCKiIbKa
CNEeMEHTIB  iHIIO1  (MiAMOPSAKOBAaHOI)  CYTHOCTI.
Hanpukman, B8 BH3 € dakynprern (iHCTHUTYTH),
KOKeH (akyJabTeT MICTUTh NMpPUHAWMHI TpU Kadenpu
(IKi B CBOIO 4Yepry MOXYTh MICTHTH JeKillbKa
naboparopiii Ta ceKTopiB).

Jns peamizamii 1iei moxxiauBocti B BJ] Tabmmii,
SKI BIAMOBINAIOTh BKa3aHUM CYTHOCTSM, IIOBHUHHI
OyTH 3’€qHaHi 3a JIOMOMOIOK 30BHIIIHIX KJIIOYIB.
[Ipu takomy migxoni B SQL-3anuTi 1y BU3HAYCHHS,
HaTpUKIa], BCiX sabopaTopii (ceKTopiB) JesKoi
kadenpu, sdKka  3HAXOAUTBCI HA  BKA3aHOMY
¢dakynpreri, mnesHoro BH3 Tpeba 3acrocyBatm
3’€IHAHHS YOTHPHOX TAOJHIIb.

Sx BiIOMO, BUKOpPHUCTaHHS 3 €JIHAHHS CYTTEBO
BIUIMBAEC HA IIBHUIKOIII0 BHKOHAHHS 3alMTIB, caMe
ToMy OyB 00paHuil TUT laHuX ltree.

B pesynbrari 3aMicTh YOTHPHOX TaONUIbL Oyie
BHUKOPUCTOBYBATHUCS TUTBKU OJIHA, B SIKIiH B OTHOMY 3
aTpuOyTiB Oyne 3HAXOIUTUCS MITKa Yy TOYKOBIM
HOTallii, 110 OyJe BHU3HAYATH MPHUHAJISKHICTH TaHOI
CTPYKTYPHOI OJMHUIII JIO THIIHUX.
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6. Moga nporpamysants Python [Enexkrponnmii
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7. @petimBopk Django [Enextponnuii pecypc]
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IMokaxemo e Ha mpuknani. Hexait KuiBchkuii
HaIlloHaNFHUK yHiBepcuTeT iMeni Tapaca IlleBueHka
Ma€e KIIO4oBHU ineHTUdikaTop id=1, dQaxymnbrer
KibepHeTuku Mae BinnoBigHo id=3, a xadenpa Teopii
Ta TexHojorii nporpamysanHs id=2. Toxai mist Toro,
o0 MOKa3aTH OJHO3HAYHY NMPUHAICKHICTh Kadenpu
BIJMOBiTHOMY ~ (akyJbTeTy Ta  yHIBEPCHUTETY,
OyayeTbcs MiTka BUrsay 1.3.2.

BuchHoeku

B crarti HaBeneni pyHkionansHi MoxmuBocTi [C
“O6mik  pobouoro wacy mpamiBHuUKiB BH3”.
IIpoBeneno BHU3HAYCHHS CYTHOCTEH, ix
JOKYMEHTYBaHHS, 3B’SI3KM MK HUMH. Bu3HadyeHO
OOMEXeHHSI, SIKi HaKJIaIaloThCsI HA aTpHOYTH TaOIUIIb
B B/I. 3anpornoHoBaHi NUISXW MPAaKTHYHOI peaizaii

i€t CHUCTEMHU. 3anpornoHoBaHa peaiizartis
30epexkeHHs icTopii 3miH  cytHocTi. IlokazaHo
NpakTHYHE  3aCTOCYBAaHHS  PE3y/bTary  ILIOJO0

BHUHECEHHS CITUTBHUX aTpUOYTiB B OaTHKIBCHKUIT KIlac,
BHKJaieHoro B [3]. HactymauMm xpokom peanizanii [C
TUTAHYETHCS il MPaKTHYHA peaizallis.
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Ad hoc mepesici modxcyms cayscumu HOMYACHUM THCMPYMEHMOM BUPiUeHHs 3a0ay KOMYHIKAYii midxic
MOOITbHUMU NPUCPOAMU, SIKI NEPEHOCAMbCS TI00bMU Y HAMOGNI. Y makux ymoeax cmamoapmui 3acoou
38’A3KY 4acmo 8IOMOBIAI0Mb Yepe3 GUCOKe HABAHMANCEHHA HA YEHMPANI308aHi enemenmu mepexc. Y oaitl
pobomi nponoHyemvbca nioxio 00 opeamizayii WupoKomMosHoi nepedaui nogioomienv 6 mobinonux ad hoc
Mepedicax, akuti 6asyemocs Ha ioei nobyoosu 2inepky6iunoi mononozii 36 ’a3kie mixc gyziamu. Onucyemuocs
npoyec MoOento8anHs WUPOKOMOBHOI nepedadi nogioomiens y Hamoesni nooeti Ha 6asi cumyramopa ONE
ma nopisHIOEMbCA pO6OMA 3aNPONOHOBAHO20 MEMOOY 3 NABUHONODIOHUM AN20PUMMOM.

Karouosi cnosa: wupoxomosna mapuwpymuzayis, ad hoc mepeoici, 2inepxyo.

Bluetooth and Wi-Fi technologies used by modern mobile devices can transform principles of networks
organization on the base of self-organization ideas. Ad hoc networks can be a powerful instrument for
solving task of communication between mobile devices that are carried by people in a crowd. In such
conditions standard communication means often fail due to high load on centralized nodes. The article
describes an approach to messages broadcasting organization in mobile ad hoc networks. The method is
based on an idea of building a hypercube topology of links between nodes. As a result mobile nodes
connections are self-organized reducing number of links used by each node. It is described how broadcast
transmissions in people crowd are modeled with use of simulator ONE. Also performance of the suggested
method is compared to epidemic algorithm, which shows that the proposed approach reduces overhead in
data transmitted between nodes maintaining the same level of delivery probability.

Keywords: broadcasting, ad hoc networks, hypercube.

CratTiO mpeacTaBuB A.¢.-M.H., 1pod. AHiciMOB A. B.

3aBasku Tomy, mo MoOimeHI ad hoc Mepexi He

Beryn . -

noTpedyIOTh 3a3/]aJIeriTh CTBOPEHO]

YV Ham wac MOOUILHMH TenehOH CTaB  iHPPACTPYKTYpH, BOHH MOXYTh [yKE€ LIBHUIKO
NPAaKTHYHO ~ HEOJAMIHHMM  arpuOyTOM  KOXHOI pO3ropTaTHCs y peanbHOMy cepenosuii. Lle poOuts

TMOIWHU, €()EKTHBHO 33I0BOIHHSIIOUN HAITy MOTPEOy
y 3B’s3Ky. B ocTaHHI pOKM MOXXIHBOCTI ITHX
MPHUCTPOIiB BHHWIUIM JaJIEKO 332 PaMKH CTBOPEHHSA
3’€IHAaHHA 3 ONEPaTOPOM, HaJJal0Ul HaM MOXKJINBOCTI
KOPHUCTYBATHCS TAKUMU TEXHOJIOT1sMU, 5K Bluetooth,
Wi-Fi ta NFC. Ile, y cBow depry, 3yMOBIIO€
yTBOopeHHs MoOinmpHMX ad hoc mepex, e
KOMYHIKaIiss MDK By3l1aMH 3IHCHIOETbCA dYepes
TUMYacoBi 3’€HAHHA MDK TPHUCTPOSIMH,  AKi
ONMHAIOTHCA B 30HI JAOCSHKHOCTI OAMH omHOro. Pyx
JOJIeH, AKi MepeHocATh CBOI MOOUTBbHI TenedoHH,
CTBOPIOE BHCOKY IWHAMIKy 3MiHM CTaHy 3’ €JHaHHA
BY3JiB Y TAKHX MEpexax.

©P. ®. Mazyp, 2014

iX mpuBaOJIMBUMHM [JIs1 3aCTOCYBAaHHS y BiHCBHKOBIii
chepi abo B cucTeMax OMNOBIMICHHS  MPO
HeOesneky [1]. Y nmamiit poboTi po3rmsanaeTbes
O6nu3bKa 0 3a3HaueHUX BUlle cepa 3acTOCYBaHHS:
BHpiIIEHHS MpoOIeM KOMYHIKalii JIfo/1ell y HaToBI,
e 3BHYAliHI 3aco0M  CTIIBHUKOBOTO  3B’SI3KY
MepecTarTh MpanioBaTH gyepes BEJINKE
HAaBaHTa)XXEHHS Ha BUIIKK omepaTopiB [2]. A cawme,

pO3TIsAaeThCs  3ajJavya  IIHPOKOMOBHOI Iepenadi
MOBiJOMJICHb y HATOBIII.

Ha Bigkputomy mpocropi TenedoHH, AKi
nigTpumMyoTs  TexHosorito  Wi-Fi,  mMoxyTh
B3acMOIIATA OOMH 3 OJHMM Ha  BIICTaHIL
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mo 150 m [3]. Ilpu Takomy paniyci nii B ymoBax
HATOBITY KOKEH 3 BY3JIiB Ma€ JIy’K€ BEIHKY KUIbKICTb
MOTEeHIIHNX 3B’s3KiB. llpm 1bOMY, BHACIITOK
BiJICYTHOCTI (pikcoBaHOI iH(pOpMALil PO CTPYKTYPY
Mepexi, AMA KOXHOTO By3Ja BHHHKAE Mpodiema
BimOOpy THX 3’€QHAaHb, SKIi TOBHHHI OyTH
BUKOPHCTAaHUMHU TUTS ycmimHo{ JIOCTaBKH
MOBiIOMIIEHHS yciM mpucTposM. OAZHMM 3 NepIux
pilleHp IOCTaBIEHOI 3aJadi € JaBUHOMOMIOHA
MapuIpyTH3aLis, fKa 3yMOBJIIOE BUKOPUCTaHHS BCIiX
MOTCHIIHUX 3’ €IHAHD IJIS TIepeaadi MOBiMOMIICHHS.
Ha BigmiHy Bif momepegHbOro, 3alpOIOHOBAHHUN Y
po0oTi miAXig Mae MeTy 3MEHIINTH KiIBbKICTh
BUKOPHCTAHUX 3B’S3KIB 32 PpaxyHOK BHECEHHS
MeBHO{ OpraHi3arii M’k By3/IaMu.

Bukopucranas TonoJorii rimepky6a

3MEHIIUTH KUIBKICTH 3’€IHAHb, SIK1
BUKOPHCTOBYIOThCA U1 IIMPOKOMOBHOI Iepenadi
MOBiIOMJIEHb, MOXHA BUKOPHUCTAaBIIM MOOYIOBaHHUH
niarpad i3 rpada ad hoc mepexi. Ilpu mpomy B
YMOBaxX BEIUKOI KiNBKOCTI MOTECHIIMHUX 3B’S3KiB

MDK  BY3JIaMH  BaXJIHBO, 100 MK  HUMH
dbopMmyBamacs  TOMOJOTiS,  sIKa  3a0e3MeYuTh
piBHOMipHE HaBaHTAXEHHS HAa KOXEH 3 IPUCTPOIB.
ToGTo  Bapiamis 3HauYe€Hb CTENEHA  BEPLINH

yTBOpeHoro miarpaga mae OyTH HEBHCOKOIO, a B
imeani moBWHEH (opMmyBaTHCS OXHOPIAHMNA Tpad.
OpHi€ro 3 TAKUX TOTIOJNOTIH € TiepKyo.

3anponoHOBaHMIA X1 nepenbayae
MPUCBOEHHS KOXHIH 3 BepmuH rpada Mepexi
G= <V,E > HOMEpa BEpIIMHH Timepkyba 3

MOJABIIOI0 aKTHBALi€l0 TUX pedep y Tpadi, gki €
YACTHHOK IMMOOYI0BaHOTO Timepkyba G'=<V/,E'>.

AxTHBOBaHI pebpa BKa3ylOThb Ha 3 €IHAHHI MIX
BYy3JaMH, SKi HEOOX1IHO 3a1iATH IPH IHUPOKOMOBHIH
nepeaadi moBigomieHs (puc. 1).

Puc. 1 AxrtuBaris pebep, sSKi HAIEKATH YTBOPECHOMY
rinepky0Oy. ToHmUMH JiHIAMU TOKa3aHO Ti 3B S3KH,
aKki He OyAyTh BHKOPHCTOBYBAaTHCA A Iepeaadi
MTOB1IOMJIEHB.
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VYci noreHuiiiHi 3’€gHaHHA BepmMHU Vv, EV
MOJKHA OITUCATH K

i . .

L={(vi,vj)EE|l¢],vj€V}. (1)

Toni ¢pyskmis f, ska moBepTae 3’€qHAHHA, SAKi

BUKOPHCTOBYIOTbCA TIpU TIepeAadi IOBiJOMIEHb,

MpUMaloYd Ha BXOAl BCl MOTEHIINHI 3’€qHAHHSA, €

(YyHKIIEI0  TOTOXKHOCTI IS JIaBHHOMOJIOHOTO
ITOPUTMY:

i i

£(L)-r. )

Toxni sx mpum 3acTocyBaHHI migxoay Ha 0asi

Tomoyorii TimepkyOa BKasaHa (QYHKIISI MOXe

3MEHIIYBaTH 00’em MHOKHUHH pebep,

Bi(IIBTPOBYIOUH Ti 3 HHX, SIKi HE HaJexaTh rpady

rinepkyo6a:

i i ’

fh(L)=LﬂE. 3)

Hnst  nobymoBu rimepkyba G’ motpiOHO

BHU3HAYUTHCA, K (POPMYETHCSA KO KOXKHOI 3 BEPIIHH.

Jnsg 1poro posriISHEMO CHUTYAIlilo, KOJIM B 30HI

JOCSDKHOCTI By3Jla V, ONUHSETbCS Hablp By3IiB

X! ={Vj EVl(vi,vj)Elf}, KOKEH 3 SKHX BXE Ma€

BU3HAYEHUH KOl a; BepuMHH B rinepky6i G'. lpu
[[FOMY BBa)KaTUMEMO, 1[0 KOXKEH 3 BY3JIiB MHOXHHH
X' mae in(opmariio npo Koau ycix BepLIuH 3i CBOET
30HM JOCSXKHOCTL. ToOTO, A BEpHIMHU V; OKpiM

MHOKHUHH KOniB A' = {aj lv, € X'}MI/I TaKOX Ma€eMO

Ha0ip KOAIB BEpLIMH, SKi HaleXaTb HAHOMIKIOMY
OTOYCHHIO BYy31iB MHOXHHH X': B'= U AL,

vkEXi
Maroun Ha Bxoai MHOxMHH A' Ta B', HeoOximHO
3HAWTHU KOJ BEPLINHHU d, .

Jlema. [inepky0 3 komamm BepmuH A Ta
OJIHIEI0 HEB1ZOMOIO BEPIIMHOIO MA€ PO3MIPHICTH d,
TaKy IIo

d = p(A)=[log,max(A)]+1 4)

OCKibKM [T BEpIIMHA ITOBHHHA HAJIEXKATH
rinepky0oBi, TO IIYKaHWH KOX Mae OyTH OJHUM i3

cycignix komiB misi MHOXuHH A'. BukopucraBmm
¢yHkUuiro o 3 ¢opmynu (4), MOXKEMO BU3HAUUTHU

Habip CyCiOHIX KOAIB, IKMH HAC LiKaBUTHME:

n(4)= U {a®2"1m=0..p(4)}

ap€EA

)
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Ta HAKJIACTH IIEPIIy YMOBY Ha IyKaHUH KOJ 4 :

a, € n(A’) : (6)
Hpyra ymoBa, siky HOBUHEH 3aJI0BOJIBHITH KOJ
ai, TAKOX OYCBHIOHA. BiH HC IIOBHUHCH HOBTOpI/ITI/I

’KOJIEH 3 Ko/iB MHOXUH A' Ta B':

a, EA'UB'. (7

Otxe, 3amada BHU3HAYECHHS HACTYIMHOTO KOXIY
BEPIITMHMI 3BOJUTHCS IO 33Jadi MONIYKY eIeMEHTa B
MHOXHUHI (5) 3 oOmexennsmu (6) ta (7). Lle
n03BoJIsie Ham OyayBatu migrpa¢ rimepkyda G’ ta
BHKOPUCTOBYBATH IpaBmwio (3) amns Bigbopy 3B’ S3KiB
3 MEHOXUHH (1)

Baprto Big3HauuTH, IO OCKITBKH MHOXXHHH Al
ta B me mecyrs indopmanii mpo Bcro ad-hoc
Mepexy, y 3aragpHoMy rpadi G Koaum BepIINH
MOXYTh qyOmoBatucs (puc. 2).

Puc. 2 Curyanmis nyOmioBaHHS KOAIB BEPLINH
rinepky6a y mepexi uepe3 BiACyTHICTh iH(popmamii
PO BECh rpad y KOKHOTO 3 BY3TiB

Omgrak Ha poOOTy 3ampONOHOBAaHOI
IyOIIOBaHHS KOMIB BEPIIUH HE BIUIHBAE.

CXEMHU

MopenoBaHHs IIMPOKOMOBHOI mepeaayi

3amady OIMPOKOMOBHOI Ieperadi MOBiJOMIIECHb
Oyn0 pO3MISIHYTO Ha MOAENI HATOBIY JIIOAEH
KiapkicTio 200 4YONIOBIK, SKHMH 3HAXOOWUThCA Ha
wromi micta po3mipom 200 m x 200 m. 3a moaens
nepemimenas Oyino obpano Random Waypoint:
KOKE€H BYy30JI TIOYMHAE 3 TOTO, II[0 YEKa€ HAa OTHOMY
MicCIli BUIIJIKOBUI TIPOMIXKOK Yacy, a Jalli pyXa€eThCs
3 PIBHOMIPHOIO MIBUAKICTIO MO MEBHOI TOYKH. Yci
MapaMeTpu BHKOPHCTAHOI MOJENi HaBEACHO Y
Tabmumi 1.

Tabmuns 1

[MapameTpu Mopeni nepemimenHs Random Waypoint

. Jiama3oH MOXIIUBUX
[TapameTp moneni
3Ha4YCHb

KinpkicTp By3J1iB 200
Po3mip Tepurtopii 200 M x 200 M
Yac ouikyBaHHS B OJIHIN

YRy A 0-2xB
TOHULI
HIBHAKICTD PYXY 0,5-1,5wm/c
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Hmnst MapuIpyTH3arii 3

BH3HAYCHUM iHTepBaJIOM TeHEePYIOThCA

IIMPOKOMOBHI ~ TOBIIOMJICHHS TIEBHOTO 00’emy,

BHIIQJKOBO 00WMparounM By30J1-BimmpaBHuK. Jlami,

BUKOPDHCTOBYIOUM 3’€IHAHHA, SKI JUKTYIOTbCA

QITOPUTMOM MapIIpyTH3allii, Ta BPaxoBYIOUYH iXHIO

IIBUIKICTH, BimOyBamacs mepenada 3reHEPOBAHHX

nmoBimomsieHs Ha iHm By3nu. Ilapamerpu mopmemi
MapuIpyTH3anii 3Be7eHo y Tabmumi 2.

MOIOCIHOBAaHHS

Tabnuus 2

[NapameTpu MopeIni MappyTU3aLii

. Jliana3oH MOXJIMBUX
[TapameTp moneni
3HAY€Hb
3aranpHuii yac
200
MOJICIIOBaHHS
IutepBan remeparii
p repart 200 M x 200 M
HOBOT'O IOBiJOMIICHHS
Po3mip moBigomiieHp 0-2xB
IIBuaKiCTE 3’ € JHAHHS 0,5-1,5wm/c
Po3mip Oyde .
p Oydepy 5 MiB
MapuIpyTH3aTOPiB
Paniyc nokputts 10 M, 30 M,
KOXXHOTO 3 BY3JIiB 50 m, 90 M
MogenioBaHHs ~ 3AilicHIOBajgocs  Ha  0asi

cumynsaTopa onopTyHicTHuHuX Mepexx ONE, saxwmii
Oyno po3mMHUpPeHo 3 METOK peamizamii Momemi
IIMPOKOMOBHOI TIepesadi MOBiJOMJIEHb. 30KpeMma,
Oyo 1omaHO MIATPUMKY TeHepamii MHMPOKOMOBHHX

moBimomsieHp Ta  ix  0oOpoOky Ha  piBHI
MapuIpyTH3aTOPiB y By3/Iax.
Ilpukman Tomomorii, yTBOopeHOi mix dYac

MOJIETIOBAHHS 300pa’Ke€HO Ha puc. 3.

Puc. mig  4ac
MOJETIOBAHHS 3  BHUKOPHUCTaHHAM  alIropuTMa
MapmpyTH3amii Ha OCHOBI TOmOJOril rimepkyoa.
CyuiapHUMU JTIHISIMU TTOKA3aHO 3B’ SI3KH, K1 BXOIITH
y Tinepky0, MyHKTUPOM - MOJKJIMBI 3’€THAHHA MIX
BYy3JaMH, SIKi HE BXOAATH y TiepKyo.

3 ®parmerr ad hoc wmepexi
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Pe3yanaTn MOJACJIOBaAHHA

Pesynprat MomenroBaHHS BKIIIOYAIOTh JaHi A
JIBOX aJITOPUTMIB MapIIpyTH3alii: JJABUHOMOAIOHOTO
Ta Ha OCHOBI Tomousorii rinepky6a. Ilepmmit 3 HEX
3YMOBIIIO€ nepenavy MIOBiIOMJICHB,
BUKOPHCTOBYIOUM BCi MOXNIHBI 3’€IHaHHA BY3I7a,
TOAI AK JpYrWi BHKOPHCTOBYE JHIIE Ti, IO €
YaCTHUHOIO 3B s3KiB  moOynoBaHoro  rimepky0Oa
(puc. 3).

Jns MTOPIBHAHHSA pobotu aNrOpUTMIB
BUKOPHCTOBYIOTbCA  KoedimienT BuTpar O Ta
IMOBIPHICTh YCIIIIHO{ JOCTaBKH MOBiTOMIIEHB P, fKi
00uncIIoTHCS 32 hopMyIoio (8).

Ne i
(Nr_Nc) =§]\;j

0= , P
N. N, , )
ae
N, - cyMapHa KUIBKICTh BUKOHAHHMX Iepejau
MOBIIOMJIEHB MK MTapaMH BY3IIiB,;
N, - 3arajgbHa  KUIBKICTh  CTBOPEHHUX

MOBIIOMJIEHP Y MepeXi MpOTATOM BCHOTO HaCy
MOJICTIOBAHHS,

N,iz - KUIBKICTH BY3MiB, Y fKi OyJl0 TOCTaBICHO
IOBI1JJOMJICHHS 1;

N - 3aranbHa KiJIbKICTh BY3JIiB.

[opiBHSIBHI HiarpaMy MHUX MOKAa3HUKIB IS TBOX
aJNTOPUTMIB, 3aAisTHUX B MOJICTIOBaHHI, HABEJICHO Ha
pucyHkax 4 ta 5.

140

120

100 -

80 -
KoedinieHnt
BUTpaT 0

20 —

10 30 50 90

Paaiyc gocskHoOCTiI

JlaBuHomnoi6Hui ™ Ha 6asi rinepky6a

Puc. 4 3nauenHs xoeilieHTa BUTpAT NPHU Pi3HUX
pazaiycax JOCSIKHOCTI.
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0.7

0.6

0.4 -
IMoBipHicTB
AOCTaBKH P

0.3

01 +—

10 30 50 90

Pagiyc pocsaxHocTi

JlaBuHomnofi6Huit ™ Ha 6a3i rinepky6a

Puc. 5 3HadeHHA IMOBIPHOCTI yCHIIIHOI MOCTaBKH
MU Pi3HUX pajiiycax TOCSHKHOCTI.

3 miarpaM, 300pakeHMX Ha pUCYHKax 4 Ta 5,
MOJKJIMBO 3pOOUTH BHCHOBOK, IIO 3alPONOHOBaHHM
MigXig [0 IIMPOKOMOBHOI Mepenadi IMOBiJOMIICHB
JO3BOJISIE  3MEHIIWTH  HAJJIMIIOK  JAaHUX,  AKi
MepesaroThCsl B MEpexi MIATPUMYIOUH IMOBIpHICTH
YCHIITHOI ~ TOCTaBKM  IOBiJOMJIICHb Ha  PiBHI
OMM3bKOMY 1O TOrO, IO MOXXHAa OTpPUMAaTH 3
JIaBUHOIIOI0HMM aJITOPUTMOM.

BucHoBku

PesynmbraTt  MOAENMIOBaHHS ~ 3allpPOIIOHOBAHOTO
aJNTOPUTMY BKa3YIOTh Ha MEPCIEKTUBHICTH PO3BUTKY
MigXOMiB, OPIEHTOBAaHMX HA  CaMOpPTaHi3aIliio
BH3HA4YeHOI Tomouorii y Mo6ineHux ad hoc Mepexax,
OCKUTBKH BOHHU 3MEHIIYIOTh HAJUIMIIKOBICTh JaHUX,
SKi mepearoTbesa B MoOLThHMX ad hoc Meperxax.

Y craTTi JAOKIAgHO OMHUCAHO  IMapaMeTpHu
BUKOPUCTAHUX MOJEJIEH, a caM KOJA, BUKOPUCTaHUU
s eMyJsiii omyOikoBaHO Ha pecypcei github.com
[4] mis MakCHMMalbHOI MPOCTOTH BiATBOPIOBAHOCTI
MPOBEICHUX EKCIIEPUMEHTIB, IO € AYXKE BaXKIHUBUM
ISl TOAIOHUX mpais [5].
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MopenoBanHs o0MekeHOro panioHaabHoro | Modeling bounded rational choice using
BHOOpPY 3 BHKOPHCTAHHAM  HewiTkux | fuzzy sets

MHOKHH
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Posensadaemvces nioxio 0ns eupiulenHs 3a0a4 6a2amokpumepianbHozo ubopy. 3anponoHo8ano mooensb
subopy, saKka Oasyemvcsa Ha i0ei 0bMedceHOi payioHanbHOCMI 3 BUKOPUCMAHHAM anapamy Heuimrux
MHOICUH.

Knrouosi cnosa: bazamoxpumepianvhicmv, 300080J€HHA 6UMO2, HEYIMKI MHONCUHU, 00MedCeHa
PpayioHanbHicms

This paper addresses the problem of rational decision on a finite set of alternatives. Typically, these
problems are described by means of multicriteria choice model types which are provided. The approach of
constructing a model selection problem from the point of view of the theory of bounded rationality by H.
Simon , with the use of fuzzy sets is described. The concept point "meet the requirements"” is introduced. A
model for constructing membership functions of fuzzy sets using the terms " meet the requirements " and
convolution models that characterize pessimistic , cautious , moderate , optimistic estimates based on
piecewise linear, exponential and Gaussian functions are proposed. We displayed wording of some fuzzy
sets. We describe a general scheme for solving the problem of choice, based on this approach. The proposed
approach allows us to build a model of multi-task selection in a finite set of alternatives. The result is the
construction of fuzzy sets in terms of "best alternative" with the appropriate membership function. List of the
advantages of this approach are given.

Key Words: multi-criteria, meet the requirements, fuzzy sets, bounded rationality

CraTTIO peACTaBUB J.T.H., Ipod). Bomommuna O.0.

Beryn. Bupimenss npo0iieM, SKi BAHHKAIOTh BiJIIOBIJTHO JI0 33JTAHUX KPUTEPIiB €(PEKTUBHOCTI.
B CydYaCHOMY CYyCIIIBCTBi, TIIOB’SI3aHO 3 IlobymoBa MmaremaTtwaHOi MOJeNi Takoi
OPUAHATTAM pilleHb Yy Hag3BUYalHO CKIAJHUX 3a7a4dl CYNpPOBOMKYEThCS BpaxyBaHHIM JESKHX
ymoBax. CkimagHicTe YMOB OOYMOBIIOETBCS peabHUX YMOB, SIKi MOXKHA BUPA3UTH HACTYITHUM
HEOOXiZHICTIO BpaxyBaHHsS BeJHMYE3HHX 00’eMiB gypHOM. Ilo-mepme, kpuTepii 3a  AKUMH
pizHOpigHOi iH(OpMaITii, sIKa, 0 TOTO K, Xapak- MPOBOJUTHCSA  OITIHKA MHOXHHH — aJIbTEPHATHB
TEPU3YETHCS HEBH3HAYEHICTIO a00 HETOYHICTIO. MalOTh Pi3HI PO3MIPHOCTI, BH3HAYCHI Yy PI3HUX
[Ipobnema  mpWHHATTS  pilleHp  HaHOUIBII IIKauaxX, MOKPAIlEHHSAM pe3yIbTaTy BBaXKA€TbCA
aZIcKBaTHO  BIMOOpPa)Ka€TbCs 3a  JIOIIOMOTOIO IO JESKUX ITOKAa3HUKAaX iX 3pOCTAHHS, IO iHIIHUX —
Mojeieil OaratokpurepiaibHoro BuOopy [1,2]. cnanands. llo-mpyre, He 3aBxAu HaWKpalluM
PosrnsreMo kiracuuHy 3amady OaraTOKpHTEpiaib- pe3yabTaTOM BBaKA€THCA eKCTpeMallbHe
Horo BuOopy. Hexail 3amaHo MHOXUHY pillleHb 3HAYEHHS TOTO M iHIIOTO IOKa3HUKA.
(ampTepHATHB), peamizallii KOXHOI 3 SKHX Ax mnokazap ['.Caiimon [3], y Oaratsox
MPHUBOIUTH IO HACTaHHS AESKOTO HACHiAKY, SKHH BHIAJKaX pAaLiOHATBHUM BHOOPOM BBaXKa€THCA
OLIIHIOETBCS 33 JESIKOI MHOXHHOKI KpPHUTEPIiiB. JESIKHIA 33J0BOJIBHAIOYHUI PEe3yIbTaT.
OmiHka HaCHiIKiB 32 BHOpPaHWMH KpPUTEPIIMH IlocranoBka 3ajaui OaraTokpurepianb-
e(pEeKTHBHOCTI BHU3HAYa€ CTYyMiHb IepeBaru HOoro BuOoOpy. Bumoru, ski cTaBnsATBECA A0
BiANOBiAHKX anbTepHATHB. [loTpiOGHO MOOYMyBaTH mporenypu BHOOpY, BH3HAuYalOTh BHA 3ajadi
MOJieNlb  BHOOpPY  Halikpamioi  anbTepHATHBH NPUAHATTSA pimreHb. HaHOLIBII mommMpeHuMHI
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BBXKAIOTHCS HACTYTIHI 3a/1a4i BHOOpYy [2]:

1. Knacudikamis npocTopy aabTepHATHB.
3amaui  po3OMTTS  anbTepHATHB HA  KJacu
3yCTpiHalOThCd Y  MOBCSKACHHOMY  JKHUTTI.
Hampuknan, rpynu ToBapiB pO3pi3HAIOTHECS 3a
SKICTIO, BY3W KIAcH(]IKyIOTbCS TIO  piBHIX
aKpenuTallii, TECTOBI 3aBJaHHSI 10 PIBHIO
CKJIaJJHOCTI.

2. VYHopsnkyBaHHS —aimbTepHATHB. ICHye
Oarato 3amay, sKi 1OTPeOyIOTh BH3HAYECHHS
NOPSiAKY Ha MHOXMHI anpTepHatuB. lle B
OCHOBHOMY MO/JIEJIIOBAHHS npoOieMu
pelitunryBanHs. Hanpuxnaz, ynopsakyBaHHS
MTOKYTIOK T10 CTYIMEHI0 HEOOXiTHOCTI, BU3HAYCHHS
MOPSIAKY ~ BUKOHAaHHS  3aMOBJICHb,  HAaJaHHSA
NPIOPUTETIB HAMIPSIMAaM PO3BHTKY KpaiHH.

3. Bubip Haiikpamoi ansTepHaTtuBH. [lana
3ajaya BBaXXA€TbCI OCHOBHOIO B IPUHHATTI
pimens. Hampuknan, Bubip By3y, CreliallbHOCTI,
mpodecii, ™icus pobotu, BUOIp HaWKpamoro
BapiaHTy OIOIKETY.

CucteMHa MoJIeh 3a/1a4i BHOOPY MOXe OyTH
MpecTaBieHa HACTYITHUM YHHOM:

V.K,0,4,P, |R,}.

BixoMUMU SIBISIOTHCS:
— V- Bua 3amadi BuOGOpYy,
— K — MHOXMHa KpHUTEPIiB,
— O — 1IKaJH OIiHOK,
— A — MHOXWHA albTCPHATUB,
— Py —npaBwuio BuOOpYy.
Hesimomum R, — pesymnbTar
Pe3ymbraT BHOOpPY MOXKE OyTH:
—  aIpTEepPHATHBH PO30UTI Ha KIACH
R, ={(a.q)|ac Aq- mac(zm%a)},

BUOODY.

— BU3HAYCHUI MOPSAIOK aJbTCPHATHUB

R, ={(a.p)la e 4 p~ pane(uonep)},
— BuOpaHO 0HY 200 JEKiJIbKa albTePHATHB

R, = {a* = argopth(K(a))} :

acA

PosrnsHemMo kmac 3amad  KOJIM  MHOXHHA

aIbTepHATUB A = {al,az,...,an }e CKiHYEHOIO, a
e  MHOXHHA

K ={K,K,,..K,},
3HAYEHHS SIKUX 200 OOUUCIIIOETHCS 33 JOIIOMOTOI0
Mozeneil, abo  oTpuMaHO B  pe3yJbTari

BHMIpIOBaHHs, a00 3a JOMOMOTOK EKCIEPTHUX
oriHok. [lo3HaYMMO OIIHKK aJbTEpHATHUB dYepe3

MHOXWHA  KpUTepiiB  —
KpUTEpialbHUX  OIIHOK

xj (] = l,l’l), TaKUM YHWHOM, KOXKHY AJIBTCPHATUBY

Oyne
m

xX= (xl,xz,...,xm) 3 mpocropy R .

NpPEACTaBICHO Yy  BUIJBINI  BEKTOpa
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Muoxuna X OyJe cKiIagaTuch i3 7 OLHOK
anpTepHatuB: X = (xl,xz,...,x”). B nogansmomy,
Mi anbTepHATUBOIO OyneMoO po3yMiTd ii OLiHKY,
TOOTO Oynb-sKa anbTepHaTuBa a€ A Oyne
ACOLIFOBAaTUCS 3 BLAMIOBITHOIO OLIIHKOIO X € X .

3miBCTaBMBIIM  KOXKHIH ~ aNbTepHATUBl  a;

Bektop x’ € R (j = l,n), 3amady BHOOpY Ha
CKIHYEHI MHOXHHI
BUDIAA] TaOmumi 1.

MOXHa IPEJICTaBUTH Yy

Taomuus 1

x! X x"

K 1 2 n

! X X X

K 1 2 n

2 X X X

K 1 2 n
MareMaTHyHy  MOJENb  3adadi  BHOOpPY
3alMIIEMO HACTYIMHAM YHWHOM: IIOCTABUMO Y
BIJMOBIAHICTE KOXHIM ajgpTepHaTHBI X  m-

BUMIPDHHI BEKTOpP OILIHOK IO CQOPMYIbOBaHUX
KpUTEPIisX,

J— — J)i— i1y
10010 X{ =0y —Kl.(x ),z =lm;j=Ln,
MOJENb 3amadi BHOOpPY 3allUINEThCS y BHUTIIIL
MaTpHIIi PillICHb:

TOm1

011 012 Oln
0-|On On - On|
Okl Ok2 Okn

Jle KokKeH croBnenp marpulli (1) € m-pumipHUit
BEKTOp OIIIHOK BiJIIOBITHOI abTEPHATHBY HA BCiit
MHOXHHI KpPHUTEpiiB, a KOXEH pAIoOK € n-
BUMIDHHM BEKTOPOM OI[IHOK 32  BiAMOBiAHUM
KpUTEpieM BCi€i MHOKWUHHU aJIbTEPHATUB X, 0; —

TI¢ OIIiHKA j-aJIbTEPHATUBU 32 i-KpUTEPIEM.

SIx BHMOHO 3 BHINE HABEACHOTO, 3ajada
BUOOpY OMKMcCaHa Ha KpUTepialbHiil MOBI, ane AJs
il po3B’s3aHHSA MU 3aIPOIIOHYEMO BUKOPHUCTATH 1
MOBY «HEUITKUX MHOXKUHY.

Moaenn 3agaui odMmexeHol
paumioHaapHocTti. OmnumeMo 3amady BUOOPY 3
TOYKH 30py Teopii 00OMEeKeHOI parioHaTbHOCTI[3].
Mpunyctumo, mo  OIIP  mpu  BubOpi
pauioHaJIbHOTO pIIIEHHS NparHe BHOpaTH TOU
BapiaHT, SKWH 3a  BCiMa OI[iHKAaMH TpHUiiMae
eKCTpeMallbHl  3HaueHHs. Takwii BHOIp, SK
NpaBWIo, € HeMoXJiuBuM. lLle moB’s3aHo 3
HENOpiBHSAHHICTIO anbTepHatuB. Tomy OIIP Ha
MIPaKTHUIll MEPECTiAYIOTh IUTI «3aT0BOJIEHOCTI», a

(1)



HE  «eKCTpeMalbHOCTI»  (MakcuMmizamii  abo
MiHimi3amii). 3aJ0BOJIEHICTh TPAKTYETBCS — SIK
pe3yJIbTaT, KU € JOCUTh XOPOIIUM 1 MOTpedye
MiHIMYM 3ycwib. Takuil pe3ynbTar B JiTeparypi
Ha3UBAETHCS BapiaHTOM 0OMexeHOT
PaIliOHAIBHOCTI.

[TpoGiieMoro OIIHKK 33JI0BOJICHOCTI € Te, IO
caMa 3aJ0BOJICHICTH 3a 3MICTOM € TIOHATTS
po3mMuTuM. TOMy IOLUIBHO JJIsi HOTO ONMHCAHHS
3aCTOCYBaTH amapar HEYiTKMX MHOXHH. Sk
MoKa3ye MpakTHKa Ha Cy4YacHOMY  eTami
PO3PI3HSIOTH JBAa THITH HEYITKMX MHOKHH:

- HEUITKI MHOXHHH, SKI BU3HAUYEHI HA JEIKIi
YHUCIIOBIH IIKali i 331af0ThCA Y BUTIISIII HEUITKUX
gucen abo HEUITKUX iHTEPBATIB;

- HEYITKI MHOXXHUHU BH3HAYEH]I HAa HEUYMCIIOBIH

MHOXHWHI Y  BUIJISIAI  MHOXHH  «HEUITKUX
00’ €XTIBY.

3anponoHyeMo  MiAXiJ, SKHA  JO3BOJISE
noOyayBaTH  MaTeMaTUYHY  MOJAETbL  3aJadi

0araToKpUTEpiaTbHOTO BUOOPY 3210BOJHHSIIOYOTO
pe3yabTaTy Ha CKiHUYCHIH MHOXHWHI aJIbTepHATHB
[4].

BBememMo y po3risa  m-BUMIPHUE BEKTOp

m

T=(t, ... ty) 3 npocropy R;,, KOMIIOHEHTH
SIKOTO OyIyTh OITIHKH, SIKi MOTJIH O 3a70BOJLHSATH
oco0y, mo mnpuiimae pimenas (OIIP) Ha

BiJNOBIAHI MHOXXHHI KpUTEPIiiB.

Osnauenns. TOYKOIW0O «33JOBOJIEHHS BHUMOT
(B MOIANBIIOMY MPOCTO TOYKOKO «32/I0BOJICHHS)
HAa3WMBAETHCS ysIBHA allbTCPHATHBA, B SKOI OLIIHKH
3a BCiMa KPHUTEpiIMH MOTIH O 3aI0BOJBHATH
OIIP.

Hazgemo BekTop 7T TOYKOI «33J0BOJICHHS
BuMmor» OIIP. Touka «3am0oBONEHHSI» MOXKe OyTH
SK JTOCSDKHOIO (peaslbHOIO), TaK i HEAOCSIKHOIO
(imeanmpHOIO).

IloOynoBa  HewiTKHX  KpHUTepiaJbHHUX
MHOKHH. Sk Bimomo[5], HeUiTKa MHOXHWHA
OMHCYETHCS MHOXHHOIO CaMHX €JEeMEHTIB 1
CTYIIEHEM  HAJNEXKHOCTI X Iili  MHOXWUHI.
Buxoasaun i3 mOCTAaHOBKH 3ajadyl, BI3bMEMO 3a
MHOXUHY €IIEMCHTIB MHOXHUHY OITiHOK
anpTepHaTHB X, a (QYHKOII0  HaJIEXKHOCTI
noswaunmo  uepes  u,(x), Tomi  meuitka

MHOX>XHWHa AT 3alMMIETHCA HACTYITHUM YWHOM!

Ar =t (x)xe X )
Ockinbky, KOXHa anbTepHaTHBa X € X
MPENCTaBIss€  COOOK  TOYKY  M-BHMIPHOTO

eBKIIIIOBOr0 Tpoctopy R™, TOAi HAa MHOXHUHI
ampTepHaTUB X MOXKEMO BH3HAUUTH JESAKY
HEYITKy MHOXKUHY A , HANPUKIA], «aJIbTepHATUB
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ONMU3bKUX JI0 TOYKH 3aJ0BOJICHHsS». DYHKIIis
HaJIKHOCTI [, (x) XapaKkTepu3y€e «CTYIiHb
HaJCKHOCTI» albTepHATHBH X € X  HEUITKIH

MHOXHHI A, TakuM 4YWHOM 1e Oyne ¢yHKUis

HAJICKHOCTI TBEPIDKCHHS «TOYKa X ONH3bKa J0
TOUKHU .

IIutanas ToOymoBH (GYHKITT HAICKHOCTI €
OIHMM 13 HaMBaXUJIMBIMIMX THTaHb Yy Teopil
po3MHUTHX MHOXHH. ONUIIEMO MiIXix moOyIoBU
GYHKLIT HaANEXHOCTI 4 A(x) 3 BpaxyBaHHAM

ocobauBOCTEH 3a/1a4 BUOOPY, IO PO3TIISAAIOTHCS.

Mopeni ¢yHknii HagexHocTi. 3a CBO€O
CyTTIO (DYHKIIiS HaJIEKHOCTI BH3HAYAE TOPSIOK
€JIEMEHTIB Ul HE4iTKOI MHOXUHH. JI1s1 IpocTux
KaTeropii iHpopMarii OLIiHKa ¢$yHKLii
HAJIEKHOCTI € 3a7adero 3 Teopii MCUXOJOTIYHOTO
BUMIiproBaHHA. J[is OLIBII CKIAAHMX KaTeropiit
iHpopMaLii, SKi BU3HAYAIOTHCS HA JIEKApPTOBOMY
MOoOYTKY MiHIMHWAX mIKan, (yHKINS HaJleKHOCTI
MOke OyTH BH3HAadeHa SK 3TOPTKAa OIIHOK
iH(pOpMaLlii TPOCTUX KaTETOPIM.

Hexaii mam Bimoma matpuus pimens (1) i
3aJaHa TOYKa «3aOBOJCHHD» 1 = (ty,...,Ln).
[Ipunyctumo, mo mepeBaru OIIP  moxHa
NpPEACTaBUTH 3a JONOMOIOI0 HEUITKHUX YHCEll,
(YHKIIiS HAIEKHOCTI SIKUX 337a€ThCS 32 MEBHUM
BugoM Mozeni. OuiHka j— 1 anbTepHATHUBU 3a [ —

M KDHTEPIEM  BHU3HAYa€ThCH  BEJIUYHHOIO
HEYITKOrO 4HCia Z .
Busnauumo MHOKUHY BEJIMYMH

zgi=Lm;j=1n, BHUKOPHCTOBYIOYM OZHYy 3

HACTYITHUX MOJICIICH:
1. KyckoBo-miniitHa

|ti _O[j |
Z@'j =1- ] 5 (3)
max{ti —minO;;max O, — t,}

J J

2. INokasuukoga (IlyaccoHiBchKa)

—|¢; —Oi]- |/ max{ t; —min Oij ;max Oij ~t; }
J J

z; = l1-e ,
3. l'ayciBchka
—(t; —O,']' )2 / max{ t; —min Oij ;max Oij —t; }
_ ’ J J
z; = l1-e . &)

KoxHa Taka BeTMYrHA € BITHOCHOIO OITIHKOIO
Oonm3pkocti  enemenra  wmarpumi (1) g0
BIJITIOBITHOTO €JIEMEHTa TOYKH «3aJJOBOJICHHSD).
OCKUIBKH KOKHA aJbTepHATHBA X E€X € TOYKOIO

4)



R m

npocropy R,

TO BU3HAYEHA TAKUM YUHOM
Matpuns Z =(zij) XapaKTEpHU3y€ IO CTOBMISAX

BiJTHOCHI OI[iIHKM OJHM3BKOCTi allbTEPHATUBU X 1o
TOYKH  «33JOBOJICHHS» 1  JUIS  KOXKHOTO
KOHKPETHOMY KpHUTEpilo 1 3HIMa€e MUTaHHS Pi3HUX
LIKAJ OLIIHIOBAHHS.

Hactymaum kpokoM € moOymoBa (yHKIIIT
HaJIS)KHOCTI, SIK (DYHKIIIi 3rOPTKH JaHUX YHACIOBHX
BenuunH. Hexait OIIP Moxxe 3amaTté Barosi
Koe(IIieHTH KOXXHOMY KPHUTEPil0 €(PEKTUBHOCTI

{p1, p2 -, pm}. Tonl BH3HAUMMO HOPMOBaHI
BaroBi KOe(IilliEHTH JUISI KOXKHOTO KPHUTEPII0
e()eKTUBHOCTI:

Pi .1

i =1lm,
m
Zp,-
i=1

o. =

1

m
SIK1 BIATIOBIIAIOTh YMOBI Zai =1.
i=1
Hami OynyemMo (QYHKIIIO HaJIEXKHOCTi, SK

OOHY 13  3aIpONOHOBAHMX  3TOPTOK, 3
ypaxyBaHHAM ncuxocomaTtnyHoro tumy OIIP[6]:
; 1
w)=— (©)

3roptku (6)-(9) xapakTepu3ylOTh BiIIOBIIHO
SK  TICCUMICTHYHY, OOEpeXHy,  CEpeaHIio,
ONTUMICTUYHY. 3 MaTeMaTHYHOI TOYKU 30py IE €
BIMIOBIIHO 3 BaraMm CepelHE TapMOHilHE,
Cepe/IHE TeoMeTpHYHe, cepenHe apuMeTHYHE,
Cepe/HE KBaJpaTH4YHE 1 MDK HUMH, SK BIJIOMO,
iCHy€ HaCTymnHa CyOOpIUHALLiS:

1 (x) < 4 (x) < 445 (x) < a3 (). v e X

Hpuxnagm  HewiTtkux  MHOxkMH. Ilpu
MOJICJIIOBaHHI 3a7adi BUOOpPY 3a JOMOMOIOIO
PO3MUTUX MHOUH, KoxkHa OIIP moxe Bu3HAauaTu
CBOIO HEUITKY MHOXXHMHY. Hampwuroram, “He riprmi
3a TOYKY 3aJI0BOJICHHs’, “‘Ha0araTto Kpari 3a
TOYKY 337I0BOJICHHS Ta iH.

®)

)

164

OrnumemMo ekl HEYITKI MHOXUHA
BUKOPHCTOBYIOUM JUIsI 3HAXO/DKCHHS BCIIMYHMH

z.,i=1,m; j =1,n, KyCKOBO-JiHIHHY MOJEIb.

i]’!
Heuitka MHOXkMHA A, = {6JM3bKO BiTHOCHO

TOHKH<GaﬂOBOHeHHH»k

|ti_0ij|

Zij=1—

; i’
J v

max{ti —minO;;max Oy — 1, }
J ’

Heuitka MHOXMHa A, = {Kpaiie BiZHOCHO
TOYKH «33JI0BOJICHHS } |

|t, —O; |
— 0>t
z; = m?XOij_ti i=Lm;j=1n.
0,0, <t;

Heuitka MHOXuMHAa A4, = {ripme BiHOCHO
TOYKH «3a0BOJICHHS } :

|t, - O, |
L J .
—t— 'O,Oij<tl., R
Z?/Z i m}n i i=1, s j=1n
0,0, 21
BukopucroBytoun ormepanii  3amnepedeHHs,
KOHILIEHTpaLii u PO3TATYBaHHS MOXHa

o0y IyBaTH HOBI HEUiTKI MHOKUHHU:

A4/ ={He OIM3BKO BIJHOCHO IO
«3aJIOBOJICHHS» };

A'= {nyxe ONM3bKO BIJJHOCHO JO TOYKH

TOYKHU

«3a7TOBOJICHHS } ;
A"= {OinbII-MeHII ONU3BKO BiJHOCHO [0
TOYKH «3a7I0BOJICHHS };
A, = {ne kpame
«3a7I0BOJICHHS } ;
5 = {Habarato Kpamie BiJHOCHO 10 TOYKH

BIIHOCHO O TOYKH

«3aTTOBOJICHHS | ;

"

, = {OinpII-MeHII Kpalie BiZHOCHO 10
TOYKH «3a70BOJICHHS» } ;
A; ={ne ripme
«3aJI0BOJICHHS» }
Aj = {Habarato ripiie BiJHOCHO [0 TOYKH

BIZHOCHO JO TOYKH

«3aJIOBOJICHHS» } ;
A= {6iabII-MeHII Tiplie BITHOCHO [0 TOYKH

«3a/I0BOJICHHS» } 1 T. 1.

Cxema po3B’a3yBaHHA 3agadi BHOOPY.
Buxoasuu 3 BUIIEBUKIIAAEHOIO, OMMIIEMO ITiAX1]
PO3B’si3aHHs 3a/1a4i BUOOPY Y BUIVIAII HACTYITHOI
CXCMH.



Hexaii mam 3amaHi MHOXXHWHA ajlbTepHATHB,
MHOXHHA KpUTepiiB 1 Marpuus omiHok (1).
[MpumycTrMo, 110 BCi aJbTEPHATUBU HAJICKATh
MHOXuHI [lapero, TOOTO € HETOMiIHOBAaHUMH i
HETIOPIBHAHHUMH, 1  HAWKpamow  OIHKOIO
BB)KAETHCS MAKCUMAaJIbHA.,

Kpok 1. OIIP noBHHHAa BH3HAUUTHCH 3
TOYKOIO «3aJOoBOJICHHS» 1 1 chOopMyITIOBaTH
HEYiTKy KpHUTEpiaJbHy MHOXHHY A BiTHOCHO
aHOl TOYKH.

Kpoxk 2. Bubip mMomeni o04rCIeHHsT BETHINH
z; MaTpuui Z 3a opHi€ro 3 mogenei (3) — (5).

Kpok 3. BusHaueHHs (YHKIIi HaJIeKHOCTI
HeuiTKOI MHOXXHMHU. HeoOXigHo 3agaTH Barosi

koedimieHTH  UIT  KPUTEPiiB  €PEKTUBHOCTI
{p1, p» ..., pn} T4 BUOpPATH MOJECIL 3TOPTKU
BEJIMYMH Z; 3a OJHi€H0 3 (6) —(9).
Tabaums 2
x' X’ X'
Kl Zy Zi Zi,
K> 21 2y Zyy
Km Zm1 Zm2 Znn
1 2 n
ule') als?) ')
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Kpok 4. IIpopanxxyemo MHOXXHUHY
aNbTEPHATHB 32 3HAYCHHSMHU 3BaXCHUX BENIWYHH
OIIIHOK (PYHKII{ HAJIEKHOCTI HEYITKOI MHOXHHU
«Kpama albTEepPHATUBAY» Y TOPAAKY CIaJaHHs IX
3HAYECHb.

BucHoBok. 3anponoHOBaHMIA miaxig
JTO3BOJISIE o0y ayBaTH MOJEIb 3ajaui
OaraTokpuTepialbHOrO BHOOPY Ha CKIHYEHIH
MHOXHHI ~ aJIbTEpHAaTUB y BHUTISAL  3ajadi
00MeKeHO1 pallioHATBHOCTI B TEPMIHAX PO3MUTHX
MHOXHWH. Pesymprarom € moOymoBa HEUITKOL
MHOKMHH B TepMiHAX «HaWKpalla aJbTepHATHBA»
3 BiAMOBIAHOIO (PYHKIII€I0 HATIEKHOCTI.

Janwmii miaxin Mae HACTYTHI ITepeBary.

1. Bim He morpebye  HOpMAami3aii
KpPHUTEPialbHUX OILIHOK.

2. B HbOMy He mpoBOIATBHCA MapHi
MOpIBHAHHSA ~ MDK  BCiMa  allbTepHATHBaMH.

[MopiBHIOETBCS KOXHA ajbTEpPHATHBA JIHIIE 3
TOYKOIO «33/10BOJICHHS.
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Jocniooiceno cemanmuuni mooeni nepulonopsaokosux aocik V-keaziapuux npeduxamis iz l-enemenmuumu
npeomemuumu ooaacmamu — Vcuneynsapui cemanmuyni moodeni. Onucano Keasiapi Qynkyii ma npeouxa-
mu, 3a0ani Ha \-CUHSYTAPHUX IMEHHUX MHOJICUHAX, MaKi QyHKyii ma npeduxamu Hazeani \-CUH2YIAPHUMU.
Poszensanymo xomnosuyii V-cuneyasipnux ynxyiti ma npeouxamis. Jocniodxceno nioknacu MOHOMOHHUX
V-cuneynsaprux ¢hynxyit ma npeduxkamis, HageoeHo 0CcoOAUBOCII OOHOZHAUHUX MOHOMOHKHUX V-CuH2YISAPHUX

npeouxamis.

Krrouosi cnosa. nozixka, npeouxam, ceManmuuna mooes.

Semantic models of first-order logics\Wguasiary predicates with 1-element subject domaingsin
gular semantic models — are investigated. Quadiangtions and predicates defined on V-singular mati

sets are described. Such functions and predicates called V-singular. Compositions of V-singular

functions and predicates are considered. V-singtddal predicates of classical logic are constanegi-
cates. At the same time, each V-singular quasieggdipate is defined by its truth and falsehood,setsch
are subsets of V. So, composition systems of Wainguasiary predicates are much richer comparethw
the corresponding system of classical logic. Sigsga of monotone V-singular functions and predécate
studied. The cardinality of sets of quasiary amitéiary monotone V-singular functions and predisaare
estimated with respect to the cardinality of the afesubject names. Properties of single-valued otmre

V-singular predicates are considered.
Key Words: logic, predicate, semantic model.

CratTio ipeAcTaBuB 1. ¢.-M. H., npod. byit [1.5.

Po3BuToK iHpOpMALITHUX TEXHOJIOT1H Ta mporpa-
MYBaHHS 3YMOBIIOE€ PO3ILIUPEHHsS cepu 3acTocy-
BaHHs MaTeMaTU4HOI JIOTiKH. BogHOYac MpUHIUIOB]
0OMEKEHHSI KJTaCHYHOI JIOTIKK Tpeaukaris [1] po6-
JIATh aKTyaJIbHOI Mpo0sieMy MOOYyI0BH Ta IOCII-
JUKEHHST HOBUX, IMPOTPaMHO-OPIEHTOBAHUX JIOTITHUX
¢dopmanizmiB. TakuMu € KOMIIO3ULIHHO-HOMiHATHB-
Hi noriku (KHJI), siki OynytoThcs Ha OCHOBI CITUTEHO-
TO JUIsl JIOTIKK ¥ porpaMyBaHHsI KOMITO3ULIHHO-HO-
MIHATHBHOTO ITiIX0Ty. BHBUECHHIO IEPIIOMOPSIIKO-
Bux KHJI kBaziapHHX mpenuKaTiB MPHUCBSUCHA TaHa
po6ora. Ii MeTor0 € MocHmimKeHHs CremiaTbHuX ce-
ManTuaHuX mozenedt KHJI kBaziapHux mpenukaris
i3 1-emeMEeHTHOI0 mpenMeTHOI0 obmacTio. Taki ce-
MaHTHUYHI MOJIEJi Ha3BaHO CUHTYJISIPHUMH.

[lonsTTA, AKI TYT HE BH3HAYAIOTHCS, TIIyMAdYUMO
B ceHci pobir [2, 3].

© M.C. Hikituenko, O.C. HIKkiIbHIK,
C.C. lIkinpusx, 2014

Jlis TOJeTIIeHHs] YUTAaHHS HaBEJIEMO OCHOBHI
BU3HAYCHHS HEOOX1THI TSI TOAATBIIIOTO BUKIIATY.

V-imenna maoxnHa (V-IM) Hax A — e ogHO3HA-
yHa (ysKIis Bursay O:V - A, Tyt V — MHOXMHA
npeaMeTHHX iMeH (HeCKiHYeHHa, B3araji KaKydm),
A —MHOXMHA TpEIMETHHX 3HaueHb (0a30BUX ma-
uux). Kinac Beix V-IM Hag A mo3saummo YA.

V-xBa3ziapHa GyHKIlS HA MHOXHUHI A — 11e HyHK-
uis Burmsmy P V4 - A. V-xBasiapuuii npenuxar Ha
MHOXHHI A — ne ¢ynkuis surmsany P: V4 - {T,F},
ne T ta F —icTUHHICHI 3HAYEHHS.

Mu po3risgaeMo siK OJHO3HAYHI, TaK i HEOMHO-
3HAYHi, SIK TOTaJbHI, TaK 1 YaCTKOBI MIPEIUKATH.

YacTkoBi HEOTHO3HAYHI KBa3iapHi MpEIUKaTH Ha
MHOXWHI A MU TPaKTyeMO [3] sk BimmoBimHOCTI (Bif-
HOIIIEHHS) MK A Ta MHOKMHOIO iCTHHHICHUX 3Ha-
yenp {T, F}. HasuBaemo iX mpemukaTaMu permsiii-
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Horo turty. [Ipu nbomy Tpaktyemo P(d) sik MHOXHHY
3HAYeHb, sKi npenuKar P moxe npuitastu za dOVA.
s V-xBaziapHoro mpenukara P 3amaeMo obiac-
Ti ICTHHHOCTI Ta XUOHOCTI:
T(P) = {dO"A | TOP(d)};
F(P) = {dOA | FOP(d)}.
V-kBaziapuuii npeaukar P omHO3HAYHUM, SKIIO
T(P)nF(P) =0.
V-kBaziapHuii mnpenukar P ToTanpHMIA, SKIIO
T(P)OF(P) ="A.

1. CunryaspHi pyHKUIT Ta NpeAnKaTH
V-IM nHan 1l-enmeMeHTHOI0O MHOXHHOIO 0a30BHX
JaHUX Ha3BeMO V-CHHTYIAPHOIO. SIKIIO MHOXHHA
iMeH V 3po3yMina i3 KOHTEKCTy, TO V HE MUIIEeMO |
HazuBaeMo V-CHHTYISIpHY IM mpocTo CHHTYIISIPHOIO.
Koxua V-cumrymspra IM dO0'{a} oxno3sauno

sagaereess MuHOkuHOIO asn(d) = {vOV |w-ald} ii

imen. Tomy V-cunryspai IM surnsy d0'{a} mox-
Ha TpPaKTyBaTH SK MHOXHHU iMEH, 1O CyTi OTO-
toxkuroroun d Ta asn(d).

TakuM yMHOM, JIOTiKa MPEIUKATIB HAJl CUHTYIISP-
HuMH [M (pakTH9IHO € JIOTIKOIO TpenuKaTiB Haj Ja-
HUMU THITY MHOKHHA.

Teopetuko-MHOKMHHI omeparnii /, N, [ Bu3Ha-
4yeHl [UIA BCix map cuHTyispHux IM. 3okpema, 1ie
BipHO 1 s [1, Ha BiAMIHY BiJ 3aTaJIbHOTO BHIIAJIKY
IM. IIpu upomy mMaemo:

asn(d;/d;) =asn(d,)/ asnd,);
asnd;nd,) =asr(dy))nasnd,);
asn(d;0d,) = asn(dy)dasn(d,).

Js cuarynsapaux IM oneparist Hakinaaku [ crae
omeparieto [J.

Oneparlii peHoMiHallii I Ta po3MMPEHOi peHo-
MiHa1ii r;’g 3aJal0ThCs TPAAULIIHUM YUHOM:

v — .
re(d)=d|lL, O[v; > alx U asr( 9];
V,u —
reo(d)=d|Ly, Olvi—> al x 0 as d].
Cunrynspaa IM d onHO3HAYHO 3aa€THCS MHO-

*wuHOI0 asr(d), Tomy 1i BU3HAYCHHS MOKHA MEpPeT-
CaTH, TPAKTYIOUH CUHTYIIApHI IM K MHOXXWHU iMEH:

rr(X)=(X\{¥) X' ¥ x0OX;
ren(X)=(X\{v i) K y xOX.

MHOXHHY BCiX CKiHYeHHHUX V-CHHTYIsIpHUX IM
Haz {a} mozHavaemo {a}r.

V-kBaziapHa (yHKUist Ha 1-eeMeHTHIH MHOXHHI
{a} — ne BimoOpaxeHHs (4acTkoBe, B3araji KaKy4du)
sursiny ‘{a} —{a}.

Ilpu TpakTyBaHHI mMX (YHKLOIH SK BiTHOLICHB
mixk {a} Ta {a} yci Taki pyHKUil oxHO3HAYHI.
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V-xBaziapHy (yHKINIO 3agaHy Ha l-emeMeHTHIH
MHOKWHI, Ha3BeMO V-CHHTYIISPHOIO.

V-kBaziapHuil npeaukaT Ha l-eneMeHTHIH MHO-
xkuHi {@} — e BimoOpakeHHS (YACTKOBE HEOIHO-
3HauHe, B3araii Kaxyun) Bursay ‘{a} —{T, F}.

V-xBa3iapHuil penuKar, 3aanuii Ha l-emeMeHT-
Hil MHOXXHHI, Ha3BeMO V-CHHTYIISIPHIM.

SAxmo V 3po3ymina i3 KOHTEKCTY, TO V-CHHTYIAp-
Hi QyHKUIl i npeaukatu OyaeMo Ha3MBaTH MPOCTO
CUHTYJISIPHUMU.

V-cunrynsapHa KBasiapHa (YHKINS CKIHYCHHO-
apHa, SIKIIO BOHA Mae BUTIILT { a} ¢ —{a}.

V-CUHTYJISIpHUA KBa3iapHWHA TNpEauKaT CKiHYCH-
HO-apHHUil, SIKIIO Bid Mae Burisix {a} ¢ —{ T, F}.

Jns ckiHYeHHO-apHMX (YHKIIA Ta NPeIUKaTiB
KO)KHE BXIJHE JaHe € CKiHdYeHHOI0 IM, BogHOYac, Ha
BiIMiHY BiZ (YHKLill Ta MpeauKaTiB KIACHYHOI JIO-
TiKH, IOTY>KHICTh Takoi IM Hamepen He oOMeKeHa.

CeMaHTUYHUMH MOJICTSIMUA  TIEPIIOTIOPSITKOBHX
KHJI € xomno3umiiiHi cucteMu KBasiapHuX QyHKLiN
Ta TPEIUKATIB BHUIIIALY (VA, Fr'OPr?, C), ne C
3a/1a€ThCSI MHOXKMHOIO 0a30BUX KOMITO3UITIH BifIIO-
BigHOTO piBHA. KOXXKHA Taka KOMITO3UIlifiHA cucTeMa
3ajae 1Bi anre6pu: anre6py namux (A, Fn'OPr?) ta
KOMIIO3MIiHY npeaukatHy anrebpy (Fn'OPr*, C).

TepMu KOMIO3ULIHHOI anreOpu TPaKTYeEMO SIK
dhopmynu moBu KHJI BiAmoBigAHOIO piBHS.

Jns unctux nepmonopsakoBux KHJT (UKHJI),
a6o KHJI kBanTopHOro pisas, Maemo Frni'= .

MHOXHHH 0a30BHX KOMIO3ULIH NEPIIONOPSIIKO-
Bux KHJI BignoBimHOTO piBHS:

—{~,0, RY, X} ans UKHJT;

—{~, 0, RZ ,[X, =y} s UKHJI 3 piBHicTIO;

—{=,0, R},[X, =} ans YKHJI i3 ctpororo pis-
HICTIO;

- {~, 0, s X, IX} s KHJT ¢yHKIiOHAIBHOTO
piBHS;

-{-,0 S X, K, =} mns KHJI ¢yHKItioHanpHO-
ro piBHS 3 PIBHICTIO, a00 (YHKITIOHATBHO-CKBAITii-
HOTO piBHS,

—{~, 0 S, %, K, =} s KHIT dyHkiionanbHO-
'O PiBHSA i3 CTPOTOIO PiBHICTIO.

Jns UKHJT nonatkoBo BuniieHo (muB. [4,5]) Ha-
CTYTIHI MiJPiBHI:

— &-UKHJI (YKHJI i3 mpeaukaTaMu-iHIuKaTopa-
MH £Z HAsIBHOCTI 3HAYCHHSI JJIsl SMiHHUX);

— YKHJIPP (UKHJI i3 po3mmpeHrME peHOMiHA-
IiSIMH);

— &-UKHJIPP (nmoemnyrots MoximBocti YKHIIPP
ta e-UKHJI).
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Anrebpu nanux i3 1-emeMeHTHUM HOCieM OyneMo
Ha3WBaTH CHHTYJISIPHHMH.

Anre6pa manux (A, Fn*0Pr") cunrymsipa, skmo
A = {a}. Taxi anre6pu nosnagaemo ({a}, Fn*OPr?).

JInst 9UCTHX MEePIIONOPSAKOBUX JIOTIK CHHTYIISIP-
Hi anre6pu manux nosnavaemo ({a}, Prd).

Komrmoswumiiiai cuctemMu V-CHHTYISIpHUX KBasiap-
HUX (QYHKLIHA Ta NpeAuKaTiB HAa3BeMO V-CHHTYJISp-
mHMH. Taki cucremu anst KHJI ¢yHxmionansHEX
pisuis marots Burmsn ({a}, Fn*OPr?, C). dus KHII
KBAaHTOPHOTO piBHA V-CHHTYJISPHI KOMITO3HUITIHHI
cucremu matots Burisig ({a}, Pr?, C).

2. CHHTYJISIpHIi aJIre0pH KJIacH4YHOI JIOTiKH

VY BUmagKy KJIacHM4YHOI JIOTikM 0a30Bi QyHKHIT Ta
MIPEANKATH TOTAIbHI N-apHi.

basoBa n-apua cunryssipaa ¢yskiis f 3acrocoBna
gumie a0 N-xu (a,...,a), Ae BOHA MOXKE MpUHAMATH
JUIIE €WHE 3HAYCHHS &, TOMY Taka (QYHKIS €
KOHCTaHTHOIO. OTXe, iICHy€e €quHa CHHTYJISIpHA N-ap-
Ha QyHKIs: KoHcTanTa .

bazoBuit nN-apuuii cunrynspHuii npenukat P
3aCTOCOBHHUI jumie 10 N-ku (a,...,a), Je BiH MOXe
npuiiMaTy OJHE 3 ABOX 3HAauYeHb | uu F, ToMy Takwuii
MPEIUKAT € KOHCTAHTHUM.

TakuMm dWHOM, iCHYe 1Ba N-apHi CHHTYJSPHI
NpeINKaTH: KOHCTaHTHUH T" Ta KOHCTaHTHUi F'.

KoHCTaHTHUMH € TakoX TOTaldbHI CHHTYJISPHI
(dbyHKIIT Ta TpeANKaTH BiJ 3MiHHUX

TBepmxkenns 1. ToranpHi cuHTYNISIpHI X-apHi
(dbyHKIII] Ta TPEeANKATH € KOHCTAHTHUMH.

Jlosedenns. €MUHUM MOXIIHBHM BXiJTHHM JaHUM
st cUHrYJISApHOT  {Vi,...Vn}-apHOi  QyHKIIT 4m
CHHTYJISAPHOTO  {V1,...V,}-apHOTO  IIpeauKaTa €
[vi>a,...,v4—a]. Ha upomy nanomy {Vi,...Vn}-apHa

TOTaJbHA CHHTYJSIpHA (DYHKIIS MYCHTh TNPHHHATH
€IMHE 3HAYCHHS &, TOTAJIbHUI CHUHTYJISIPHUMA
{V4,...Vn}- apHUit IpeuKaT — OfHE 3 ABOX 3HAYECHH |
gn F. OTke, KO’KHA TOTalbHA CHHTYIISIPHA {V1,... Vo}-
apHa (YHKLIS i KOXHHUHA TOTaJIbHUH CHUHTYJISPHUHA
{V1,... Vn}- apHUit IpeaUKAT € KOHCTAHTHHUMH.

[Tpu cynepro3utisix (MiACTaHOBKAaX) CHHTYJISPHUX
Y-apuux QYHKIH y CHHTYIsSpHY X-apHy (N-apHy)
(YHKLIIO 9¥ IPEeJUKaT apHICTh Pe3yIbTYI0UO0i (PyHK-
i1 YM MpearKaTa BU3HAYAEMO TPAIULIHHUM YHHOM.
ApHicTts pyHKil (IpeankaTa) g mo3Hagaemo ar(g).

Hexait MaemMo cymeprno3uIlito CUHTYISIpHUX (PyH-
Kuiit fy,...,f, y cunrymsapay ¢yskuito (npeaukar) g 3a
iIMeHaMH  Vy,...,Vn, 1€ {Vi,...vojJar(g). ApsicTs
pe3yibTytouoi GpyHkuii (mpeaukara) h 3agaeTbes Tak:

ar(h) = @r(g)\{ vu,...va}) Dar(f) 0...0ar(f,).
ko fy,...,f,, 9 — TotaneHi, To h Tex ToTaNMBHA,
ToMy Taka h —koHcTanTHa QyHKINS 9M IpeaUKar.
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IIpono3uiiiiai 3B’ A3KW 11 KOHCTAHTHUX CHHTY-
JSPHUX TPEIUKATIB 3a1a€MO TPAAULIHHUM YHHOM.
Sxmo P — X-apawmii, To =P — X-apuuii; skmo P — X-
apuuii Ta Q — Y-apuuii, To PLQ — X[ Y-apHuii.

KsanTopu [X Ta [IX 1it0Th Ha CHHTYIISPHI TIPEIU-
KaTH TaKUM YHHOM.

XP(X, V1, ..., Vi) = OXP(X, Ve, oo, V) =T =
= P(X,Vvy,...,vy) =T,

XP(X, vy, ..., Vy) = OXP(X, Vy, ...,V) =F =
= P(Xvy,...,Vvy) =F;

[(XP(Vy, ..., Vn) = OXP(Vy, ..., Vn) = P(vy, ..., V).

Takum unHOM, KBaHTOpH [ X Ta [IX Mif0Th Ha CHH-
TYJSpHI TpeAMKaTH SK TOTOXHI BigoOpakeHHs i3
MOYIMBUM 3BYKCHHSIM apHOCTI.

Ile o3Hadae, MO U CHHTYISPHUX TPEIAHKATIB
KIITACUYHOI MEPIIONOPSIIKOBOT JIOTIKK KBAHTOPH HEic-
TOTHIi, TOMY (DAaKTHYHO MilOThH JIUIIEC 3aKOHH IPOIIO-
3UIIHOT JIOTIKH.

3. CHHTrYJISIpHi KOMIIO3UHIiFiHI CHCTEMM JIOTIK
KBa3iapHUX MpeauKaTiB

Jlns xoxsoro dOYA 3mauenns V-cHHrymspHOi
KkBaziapHOi QyHKLUIT yu npeaukara Ha 0 0JJHO3HAYHO
BH3HAYAETHCSA MHOKHHOIO asn(d).

Koxna V-cunrynspaa kBasiapHa (QyHKLisS Mae
Burisin {a} —{a}, ToMy BOHa € MaiKe KOHCTaHT-
HOIO, aJ)Ke Ha KOXKHOMY BXiTHOMY AaHOMY MOKE
MPUHHATH €AMHE 3HAUYCeHHA a abo OyTm HEBW3HA-
yeHoro. Ha BigMiHy Bim CHHTYISIpHUX (DyHKII#H Kia-
CHYHOI JIOTiKH, SIKIi € KOHCTaHTHHMH, CHHTYJISpPHI
KBaziapHi QyHKUii BesbMH pi3HOMaHiTHI. Hanpuxiaz,
moxna 3agatu f(O)1, f({x}) = a, f({x,y}) 1 Tomro.

KosxHa V-cuHrynspHa kBasiapHa Qyskuis f ogHo-
3HAYHO 3aJJa€THCSI MHOKUHOIO BU3HAYCHOCTI

Ds = {XOV)|f(X)! = a}.

OmiHMMO TOTYKHOCTI MHOXXHH KBa3iapHUX Ta
CKIHYEHHO-apHHUX CUHTYISIPHUX (QYHKILIH.

IToTyXHICThP MHOKHHH BCiX V-KBa3iapHUX CHHTY-
JspHUX (YHKLOIA piBHA MOTY>KHOCTI OylieaHa MHO-
KUHU TIpEIMETHHX iMeH V.

VYV Bumanky 3/MYeHHOI MHOXHHH V OTPHMYEMO
KOHTHHYaJIbHY MHOXHWHY BCiX V-KBa3iapHHX CHHTY-
TSAPHUX (PYHKITIH.

Po3rnsiHeM0 MHOXHHY CKiHUCHHO-apHUX CHHTY-
nspaux ¢GyHkmii. Haragaemo, mo aas Takux QyHK-
i BCl BXigHI maHi € ckimdeHHUMHU IM, mpote ix
NOTYXHOCTI Hamepe He OOMEKeHi.

VY BuUmaaKy HECKIHYCHHOI MHOXHWHU V IOTYyX-
HICTP MHOXXMHHM CKIHYEHHO-apHUX CHHTYJISIPHHX
(yHKUIN piBHA MOTYKHOCTI MHOKHHH V.

3okpeMa, SIKII0 MHOKHHA V 37i4eHHa, TO MHOKHUHA
BCIX CKIHYCHHO-apHHUX V-CHHIYJIAPHUX (YHKINH Tex
37i4eHHa.
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JI7sl KO’)KHOTO YacCTKOBOTO OJTHO3HAYHOTO IPEIIH-
KaTa MOXJIMBUMH pe3yJIbTaTaMH HOTO 3aCTOCYBaHHS
MOXyTh OyTu T, F, HeBU3HAUCHICTH; UIsI TOTAJIBHO-
ro HeogrozHaynoro — T, F, T ra F; mms gactkoBoro
HEOJIHO3HAYHOTO — YCi 3a3HA4eHi BUIle 4 MOXKIH-
BocTi. ToMy Kilac CHHTYJISIpHHX NPEIUKATiB iCTOTHO
OaraTInui 3a KJ1ac CHHTYJIAPHUX (QYHKIIIH.

Koxunii V-cuHTYyIIpHMA KBa3iapHUiA npenukar P
OIHO3HAYHO 3ajaeThes maporo MHOXUH T(P) ta F(P)
— 00JIacTAMU HOTO ICTHHHOCTI Ta XUOHOCTI:

T(P) ={X0OV|TOPX)}
F(P) = {XOV | FOPX)}.

OIiHUMO TIOTY>KHOCTI MHOXXHH KBa3iapHUX Ta
CKiIHYCHHO-apHUX CUHTYJISIPHHUX MPEAUKATIB.

VY 3aranpHOMY BUMNAJIKY IMOTYXHICTH MHOXHHH
obnacTell iCTUHHOCTI BCiX V-CHHTYISpHHX KBasiap-
HUX TPEAMKATIB Ta TOTYXHICTh MHOKHHH 0OJIacTel
XUOHOCTI BCiX V-CHHTYISIpHUX KBa3iapHUX IpeInuKa-
TiB PiBHI HNOTY>XHOCTI Oyiieana MHOXuHHU V. Sxmmo V

37Ti4eHHAa, OTPHUMYEMO KOHTHHYaJIbHY MHOXHHY
obnacTeld iCTUHHOCTI Ta KOHTHHYaJbHY MHOXHHY
obmacteid xuOHOCTI V-CHHTYJSIpHHX KBa3iapHHX

MPEIUKATIB. 3BiJIC MAEMO KOHTHHYAIIbHY MHOKUHY
BCiX V-CHHTYJISIpHUX KBa3iapHUX MPEIUKATIB.
PosrinsaeMo MHOXWHY CKIHYEHHO-apHHX V-CHH-
TYJISpHUX TPEAUKaTiB. Y BHIIAAKYy HECKIHICHHOL
MHOXWHHU V MOTYXKHICTh MHOYXXHHH TaKUX TpPEIHKa-
TiB piBHA MOTY>KHOCTI MHOXHMHHU V. 30Kpema: SKIIO
MHOXWHA V 3)1iYeHHa, TO MHOXXHHA BCiX CKiHYCHHO-
apHUX V-CHHTYJISIPHUX MPEIUKATIB TEX 3JIIUCHHA.

JlocmiauMo 0coOTUBOCTI KOMIIO3HININ CHHTYIISP-
HUX KoMmo3umiianx cuctem KHIIL

bazoBi mpomoswumiitHi Kommo3uIlii -, [ mifoTh
TpaaUIiiHO.

Kowmroswuiii peHomiHartii RZ Ta POITUPEHOI pe-
HOMIHAIIii R;UD BU3HAYAIOTHCSl 4epe3 BIJIOBLIHI
omepauii Iy, Ta ryp:

Ry (P)(X) = P(rz (X));
V,u — v, u
%0 (P)(X)= P(r;5(X)).

3ayBakumMo, 110 s pizHUX X [V MOXyTh OyTH
pi3HOMaHiTHI criiBBiTHOMmEHHs Mk X Ta Iy (X) —
HespiBHAHHICTE X Ta r)(X) II0M0 BKIIOYEHHS,
ry(X)O X, ri(X)0 X, ry(X)= X. Tomy cunry-
nspui npemukatd P ta RY (P) MoxyTh GyTH icTOTHO
pizaumu. Te came crocyerscst P ta R;UD P).

Jusa migpiaie €-YKHJI ta e-UKHJIP crnierianbHi
MPEeIMKATU-THINKATOPY €Z HASBHOCTI 3HAYCHHS IS
3MIHHHUX 3aJal0ThCS TaK.
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_|T, axmo zO X,
ez(X) _[F, axmio z0O X.

OyHKITIT JeHOMIHAIT 'Z 3aJar0ThCS TaK:
. a, gxmo z0O X,
2(X) = o
HeBU3HaueHe, ko zZ[] X.
Kommosuii cyneprosunii S’ itoTh CHPOIIEHO,
BOHH 33/1al0ThCSI TaK:

=XM% WD B X )
Tyr hOFn*OPr?, f,0FNn®, XO V.
CrenianbHi TpeAMKaTH PiBHOCTI
PiBHOCTI =,y IIIOTh TaK:
_ (X)=[ T, o 20 Xra yl X
zy HEBU3HAUEHE, B 1HIIUX BUMNAAKAX,
=, (X)=

T, axmo zO X, y{I Xa6o ZJ X ¥l X
F, B yciX iHIIMX BHIaKaX.

=xy Ta CTPOroi

CrenianbHi koMnosunii ciabkoi piBHOCTI = Ta

CTpOroi piBHOCTI = AIIOTh MOTIOHUM THHOM:

SR IR A
, JKax,

=(f,9)(X)=

={T, axmo f(X)1, g(X)! a6o f(X)1, o X1,
F, B yciX iHIIMX BHITaIKaX.
Jns CHHTYISIpHAX TIPEIUKATIB KOMITO3HUITI KBaH-
trdikarii aitoTh crpomeHo. Maemo:
YOT(IXP) = YO{X}OT(P);
YOF(IXP) < YO{x}OF(P);
YOT(OXP) = YO{x}OT(P);
YOF(OxP) = YO{X}OF(P).
TakuM YUHOM, OTPUMYEMO
Teepmkenns 2. s ais koxxuaux YOV ta xOV
maemo [XP(Y) = OxP(Y) = P(YO{x}).
Hacainok 1. XKP=OxP==[k-P=-=0Ox-P.
VYci BIIacTUBOCTI KBa3iapHUX MPEIUKATIB IEPIIIO-
nopsnkoBux KHJI cripaBmkyroThes sl TIpeIuKaTiB
CUHTYJIAPHUX KOMIIO3MUIIIHUX CHCTEM BiJ[IIOBITHUX
PiBHIB, a/Ke Il CHCTEMH YTBOPIOIOTH MiJKJIac KJIacy
CeMaHTHYHUX Mojenei nepuonopsakoBux KHIL.

4, MOHOTOHHI CUHTYJIAPHI PyHKIIIT Ta npeanKaTH

Po3risiHeMO 0COOJIMBOCTI MOHOTOHHUX (€KBITOH-
HHUX) CHHTYJSIPHUX (DYHKIIIH Ta IpeIuKaTiB.

MownoTtonni pyukuii. SAxmo ¢yukmis f MoroTOH-
Ha, To i3 XOY ta f(X)! Burumsae f(Y)!. Cunry-
JspHaA KBaziapHa (YHKIIiS MOXKE MPUHAMATH €IUHE
3HA4YEHHS 8, TOMY BCi MOHOTOHHI CHHTYJISIpHI (DyHK-
il € OTHO3HAYHUMH.
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OIiHUMO TTOTY>KHOCTI MHOYKHUH CKiHUEHHO-apHUX
Ta KBa3iapHUX MOHOTOHHUX CHHTYJISIPHUX (DYHKILIH.

Teepmkenns 3. [loTyxHicTs MHOXXHHU V-CHHTY-
JIIPHUX KBa3lapHUX MOHOTOHHMX (DYHKI[IH piBHA IO-
TYXKHOCTI OyJieaHa MHOKHHHA V.

Jlosedenns. 10Ty XHICTh MHOKUHH yCixX V-CHHTY-
JSApHUX KBaziapHUX (PyHKIIH piBHA MOTYXHOCTI Oy-
neana V. BogHouac MOKHa 3a1aTH MHOKHHY MOHO-
TOHHUX V-CHHTYISPHUX KBa3iapHHUX (DYHKILIH, OTY-
XKHICTB SIKOI TEX piBHA MOTYXHOCTi Oyneana V. s
poro Ut AoButbHOT X [V Bu3Haunmo ¢yskumito fy
taky, mo fyZ)t nmns xoxHOro Z TaKoro, IO
Z\X=0 (robro ZOX), ta f{(2)! nns xoxuoro Z
takoro, mo Z\X# . 3po3ymino, mo KOXHa Taka
¢ynkuis fy MonotonHa, npudomy fy # fy mpu X 2 Y.

Hacainok 2. V Bunaaky 3;1ideHHO0T V MOTYXHICTh
MHOXHHH BCiX MOHOTOHHUX V-CHHTYJSIPHUX KBa3i-
apHUX (YHKLIH Ma€ MOTY>KHICTb KOHTUHYYMY.

Muoxuny XD HazBeMO MiHIMAJIEHUM €JIEMCH-
TOM BHM3HAUEHOCTI CUHTYIsApHOI ¢yHKIIT f, sKiio
f(X)! taf(2)1 mis koxuoro Z[JX.

He xo)xHa MOHOTOHHA CHUHTYJISIpHA (QYHKIIS Mae
MiHIMalbHI €JIeMEHTH BH3HadeHocTi. CrpaBni, po3-
rusHemMo ¢yHkmiro f, Bu3HaueHy sKpa3 Ha BCiX
HecKinyeHHux migmaoxuHax V. Jus takoi f maemo
D = {XOV | X weckinuenna}. Aje Isg KOKHOI He-
CKIHYCHHO1 MHOKHMHHM X iCHYy€e HeckiHdenHa Z [ X.

JIJis CKIHUCHHO-apHUX CUHTYJISIPHUX (DYHKIIH CH-
Tyaris kpama. Ob6macts Bu3HadeHHS Df ckiHueHHO-
apHOi MOHOTOHHOI CHHTYJspHOi f omHO3HAYHO
3aJIa€ThCSI MHOXKHHOIO BCIX MIiHIMAQJIIbHUX €JIEMEHTIB
md{f) = {XOV |f(X)! Ta f(Z)1 ans xoxnoro ZU X}.
OTxe, KOXHA CKIHYCHHO-apHAa MOHOTOHHA CHHTY-
nsipHa f onHO3HAUHO 3amaeTbest MEHOXKHHOW MA(T).

Hexait XOmd({f), YOmdf) Ta X#Y, Toxi HeMOx-
muBo XUY Tta memoxmmBo Y[ X. TakuM YuHOM,
enemenT MAf) yTBOpIOIOTH aHTHIAHIIOT Ha Oylie-
aHl MHOXUWHH V, BIOPSIAKOBAHOMY 32 BiJHOIICHHIM
BriroueHHs []. EneMeHTH Takoro aHTHIaHIIOTA 37Ti-
YCHHI, TOMY TOTYXHICTh MHOXHWHH TaKUX aHTH-
JIAHITIOTIB piBHA NOTYXHOCTI V. OTXe:

TBepmxkenns 4. Y BHUIMaIKy HECKIHUCHHOI V 1M0-
TYXXHICTh MHOXHWHH CKiHUEHHO-apHUX MOHOTOHHUX
V-cuHrynspHux GyHKLIN piBHA MOTYKHOCTI V.

Hacainok 3. Y Bunanky 3miyeHHoi V NOTYXHICTh
MHOXUHHU CKIHYCHHO-apHUX MOHOTOHHHUX V-CHHTY-
JIIPHUX (QYHKIIH TEX 3J11YCHHA.

MoHOTOHHI npeauKaTH. Y 3araIbHOMY BHIIAIKY
MOHOTOHHUX KBa3iapHUX CHUHTYISPHHUX IPEAUKATIB
MaroTh BUKOHYBATHCS TaKi YMOBH:

i3 XOY ta TOP(X) summmBae TOP(Y);
i3 XOY ra FOP(X) summueae FOP(Y).
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TakuM 9UHOM, /It MOHOTOHHHX KBa3iapHUX CHH-
rymspaux npeaukatie maemo P(Y) O P(YO{x}).

BpaxoByrouu TBepKeHHS 4, 3BIZICH OTPUMYEMO

TBepmxennst 5. YV BUMajaKy MOHOTOHHHUX V-CHH-

TYJISApHUX KBa3iapHUX MpeauKaTiB i Koxxkaux Y [V
ta XV maemo P(Y) O IXP(Y) = OxP(Y).

O1miHAMO Terep MOTYKHOCTI MHOXXHH CKIHYCHHO-
apHUX Ta KBa3iapHUX MOHOTOHHHX CHHTYJISIPHHX
NpeHUKaTiB.

Teepakennst 6. Y Bumajaky HeckiHueHHOT V Imo-
TYXHICTh MHOXMHM MOHOTOHHHMX V-CHHTYJISIPHHX
KBa3lapHHUX IpPEIUKaTiB piBHA MOTYKHOCTI OyieaHa
MHOXUHU V.

Jlosedenns. I1oTyX)HICTh MHOKHHH YCiX V-CHHTY-
JSPHUX KBa3iapHUX MPEeIUKaTiB piBHA MOTYKHOCTI
Oyneana mHoxuHH V. BogHouac MOXHa 3a1aTH Taky
MHOXHHY MOHOTOHHUX V-CHHTYJSPHHX KBa3iapHHX
NpEeaHNKAaTiB, MOTYKHICTb K01 TeX piBHA MOTY>KHOCTI
Oyneana muoxxunu V. Ile noBoanmo Tak, sk A7 BU-
MagKy MOHOTOHHUX V-CHHTYJSPHUX KBa3iapHHX
(YHKIIH, po3rIsgaloYd OKPeMO 00JIacTi iICTHHHOCTI
Ta XHOHOCTI LUX MPEIUKaTIB 1 BPaxoBYIOUH Te, IO
KOXKHUH KBasiapHui mpenukatr P omHO3HAYHO 3a7a-
erbes maporo T(P) Ta F(P).

Hacuaigok 4. Y Bumanky 3;mideHHO1 V MOTYXHICTh
MHOXMHH MOHOTOHHUX V-CHHTYJISIpHHX KBa3iapHHX
MIPEINKATIB Ma€ TOTY)KHICTh KOHTHHYYMY.

Jlnis cKiHYeHHO-apHUX MOHOTOHHUX HEOJIHO3HAY-
uux npeankatie Muoxkuan T(P) ta F(P) onnosnauno
3a/1al0ThCS MHOXXUHAMH iX MiHIMaTbHUX CIIEMCHTIB
mT(P) = {XOV | TOP(X) ta TOP(Z) mast KOKHOTO
Z0X} ta mHP) ={XOV | FOP(X) ta FOP(Z) nns
koxkaoro Z[0 X}, Tloxi6uo Bunaaky md(f), emementn
MT(P) ta emementu MHP) yTBOpIOIOTH aHTHIIAH-
IIIOTH Ha OyJieaHi MHOXXWHU V, BIOPSJAKOBAaHOMY 3a
BITHOIIIEHHAM BKJIFOUeHHS [].

TakuM 4YMHOM, KOKHUI HEOHO3HAYHUN CKiHUCH-
HO-apHUH MOHOTOHHUN CHHTYIApHUN mpeaukar P
OJTHO3HAYHO 3a/Ja€Thcs Mmapor MHOXKUH MT(P) Ta
mHP). 3Bincu:

Teepm:kennst 7. Y BUMaaKy HecKiHueHHOI V mmo-
TY)KHICTP MHOXXWHH BCIX CKIHUEHHO-apHHUX MOHO-
TOHHUX V-CHHTYISPDHHUX MpPEIUKATiB piBHA IOTYX-
HOCTI MHOXUHH V.

Hacainok 5. Y Bunazaky 3miueHHoi V MOTYKHICTh
MHO’KHMHH BCiX CKIHUCHHO-apHHUX MOHOTOHHUX V-CHH-
TYJISIPHHX TIPEAUKATIB TEXK 3JTiUeHHA.

PosrnssHeMo 0cOOIMBOCTI OTHO3HAYHUX MOHO-
TOHHUX (CKBITOHHUX) CHHTYJISIPHUX MPEAUKATIB.

Teepakennst 8. Y BUNAAKY OJHO3HAYHMX MOHO-
TOHHUX V-CHHTYJIIPHUX KBa3iapHUX MPEIUKATIB IS
koxxaEX Y UV ta XUV Maemo:

P(Y)! = P(Y) = IxP(Y) = OxP(Y) = P(YO{x}).
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TBepmxenHs 8 € meranizalli€lo TBEPIKEHHS 5 Ha
BUIAJI0K OJTHO3HAYHUX MOHOTOHHUX MPEIUKATIB.

OnHO3HAaYHI MOHOTOHHI CHHTYJISIpHI HpEAHKaTH
MYCATh OyTH Maii)ke KOHCTAHTHHMU.

Crpagni, sikmo juist neskux X [V ta YV maemo
P(X) =T ta P(Y) =F, 10, 3riiHO MOHOTOHHOCTI, MY-
cutre 6yt P(XOY) =T ta P(XOY) =F — cynepeu-
HICTh OJJHO3HAYHOCTI.

3BificH KJlac OJHO3HAYHUX MOHOTOHHUX CHHTY-
JIIPHUX KBa3iapHUX MPEAUKATIB pO3NAIa€ThHCS Ha!

— I IKJIaC MOHOTOHHHX | -TIPEIUKATIB;

— Mi/IKJIaC MOHOTOHHUX F-mipenukaris;

— BCIOJIM HCBU3HAUYCHUM MTPEINKAT.

[Ipn 1poMy KOXHIHA KBaziapHii MOHOTOHHIH
cuHrysipHii ¢GyHkuii f i3 Dy Z U 3icTaBnsioThes:

— MOHOTOHHHUU CHHTYJISpHUN T-peaumkar P i3
T(P)=D; ta F(P)=0;

— MOHOTOHHMI CcUHTYIsApHHE F-npegukar Q i3
F(P)=D; ta T(P)=0.

TakuMm 9UHOM, CHHTYJIIPHI KOMITO3HUIIIHHI CHCTE-
MH KBa3iapHUX MPEANKATIB iICTOTHO OaraTii 3a CHc-
TEMU CUHTYJISIPHHUX MPEANKATIB KIIACUYHOT JIOTIKH.
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BucHoBKH

B po6oTi gocmimkeHo ceMaHTH4YHI MOZEN Tep-
MIOTIOPSAKOBUX KOMIIO3HITIHHO-HOMIHATUBHUX JIOTIK
V-KBaziapHUX MpeAMKaTiB i3 l-eneMeHTHUMH Mpea-
METHUMH 00JacTsMu — V-CHHTYJISIpHI KOMIIO3HITIHHI
cucremu. Onrcano kBaziapHi QyHKUII Ta MpeAUKaTH,
3a1aHi Ha V-IMEHHUX MHOXHHaX Haj 1-eIeMEHTHOIO
MHOXHHOIO 0a30BUX AaHUX — V-CHHTYJISIpHUX 1MEH-
HUX MHOXKHMHaX. Taki GyHKIIT Ta IpeANKAaTH HA3BaHO
V-cunarynsapauMu. Po3risiHyTo Kommoswuiii V-CHHTY-
nspHuX (QYHKUOid Ta npenukaTiB. CHHTYIApHI mpe-
JMKATH KJIACHYHOI JIOTIKM € KOHCTAaHTHHUMH, TOMY
CHHTYJISIDHI KOMITO3HLIIHI CHCTEMH KBa3iapHHX IIpe-
JIUKATiB ICTOTHO OaraTii 3a CHCTEMH CHHTYJISIPHHX
MIPEeNKATIB KJIACHYHOI JIOTiKH. JloCiimKeHo miaKia-
CH MOHOTOHHUX V-CHHTYIISIpHUX (QYHKLIH Ta MOHO-
TOHHUX V-CHHTYJISIPHUX TIPEAUKATIB. 3p00JICHO OIIHKH
MOTYXHOCTI MHOXHH KBa3iapHHMX Ta CKiHUCHHO-ap-
HUX MOHOTOHHHX V-CHHTYJISIpHHUX (DYHKITIH Ta MOHO-
TOHHHUX V-CHHTYJSIpHUX TPEIUKATIB 3aJI€XKHO BiJ 1MO-
TyHOCTI MHOKMHH V. HaBeneHo 0co0nMMBOCTI OAHO-
3HAYHUX MOHOTOHHUX V-CHHTYJISIPHUX HPEIHKATIB.
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3acToCyBaHHS KOMIIETEHTHICHO The use of a competency-based approach
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Pospobxa npocpammnozco 3abesneuenns ¢ Ykpaini ¢ iHOycmpicio, wo OUHAMIYHO PO36UBAEMBCAL.
Ilpobnema niosuwenna saxocmi npogeciiinoi niocomoexu IT-cneyianicmis, xeanighikayia ma pigens
KomMnemeHryitl akux gionosioanu 6 cywachum nompedoam IT-punky ma ceimosum 8umo2am € akmyaibHOI.

Oonum 3 kmouosux eremenmie npogeciinoi niocomoexu |T-paxisyie € Oucyuniinu yuxmy
npogecitinoi ma npakmuyroi niocomosxku ¢haxieyis 3 inpopmamuxu. OOHIEN 3 KIOYOBUX OUCYUNTIH YUKILY
npogecitinoi ma npaxmuuroi niocomoexu gaxisyie 3 iHopmamuxu € oucyuniina «llpoepamysanusny. B
cmammi nepecniadacmvcs nepeiiK OUCYUNIIH Yukiy npoghecitinoi ma npaxmuynoi niocomoexu. Haoaromvcs
PpeKoMeHOayil 3 OHOGNEeHHs 3Micmy OUCYuniin npo@eciiinoi i npaxkmuyHoi nideomoeku @axieyie 3
iHhopmamuku 3 ypaxy8aHHam po3pooKU KOMNEMEHMHICHO OPIEHMOBAHO20 CINAHOAPMY 3 IHOpMAmMuKuy.

Ha npuxnadi pospobru pobouoi naguanvnoi npoepamu oucyuniinu «llpoepamysanusy, ska €
CKAAO080I 0OC8IMHbO-NPOPECiiHOL npoepamu nid2omosKu Gaxieyie 3a 0CeIMHbO-K8ANIQIKAYIUHUM piHeM
«bakanagpy eanysi 3nanv “‘Ingpopmamuxa” 3 manpsamy niocomosxu 6.040302 , Ingpopmamuxa” ma
YMaemvbcs CMyo0eHmam 0py2020 Kypcy.

Toxazano, wo Ha ocHosi €sponeiicokoi pamku IKT-komnemenyiti 2.0 mooxcua pozpooumu
KOMNEeMeHmHICHO —~ OpiEHmosanuti  cmavoapm  euwjoi  oceimu, 6 aAKomy Oyoymv  cgopmosani
KomMnemenmuocmi, wo gionosioarome eumozam |T-eanysi ma ceimosum eumocam. Taki 3axoou
CIPUSIMUMYMb  NIOBUWEHHIO SIKOCMI NIO20MOGKU KEANi(IKOSaHUX haxieyie 3 iH@oOpMamuxu 3 Memoio
00CsieHeH s 8ION0BIOHOCMI PIGHS KOMNEeMeHYIU sumo2am cyiacto2o IT-punky ma ceimosum cmanoapmam.

Kniouoei cnosa: ingpopmamuxa, oceimuiti cmanoapm, €eponeticoka pamra e-KomMnemeHyit.

Software programming in Ukraine is a dynamically developing industry. Urgent problematic issue is
regarding the improvement of training of IT specialist, whose qualification and level of competency would
meet current needs of IT market and international standards. To solve this problem the national IT education
system shall be reformed focusing on the achievement of high international standards.

Professional and practical training disciplines in computer science are one of the key elements in
training IT specialists. Discipline "Programming” is one of the key disciplines in training IT specialists. The
list of professional and practical training disciplines is provided in the article. It contains as well
recommendations on upgrading the content of professional and practical training disciplines in computer
science bearing in mind the development of competency-based computer science standard.

For example syllabus for the subject "Programming”, which is part of the educational and vocational
training program for the qualification of "Bachelor" area of expertise science of specialty 6.040302
"Information."

It is shown that competency-based computer science standard of the higher education involving
competencies which meet the requirements of IT-industry and international standards may be developed due
to the European e-Competency Framework 2.0. These measures will improve training of qualified specialists
in computer science with a view to achieving a compliance of competency level with requirements of today's
IT market and international standards.

Key Words: informatics, educational standard, European e-Competence Framework.
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Beryn

Po3poOka mporpamHoro 3abe3medycHHS B
YkpaiHi € iHIyCTpi€ro, IO TUHAMIYHO PO3BUBAETHCS.
3a 1aHUMU, ONIPUITIOTHEHUMH T0JI0BOI0 Jlep:kaBHOTO
arcHTCTBa 3 TIMTaHb HAyKW, IHHOBAIlid Ta
inpopmarmzantii  B.I1. CeMuHoxeHKOM, — AedilluT
¢daxiBUiB y Tamy3i iHGOpPMaLidHUX TEXHOJIOTIH B
VYkpaini ceorogni cranoButh 30 %. [Ipu oMy BiH
3a3HA4YMB, IO, IONPH Takui maedimuT, 3HAUTH
pobory B IT-kommaHisx MoXyTh mnume 25 %
BUITYCKHHKIB, iHII HE BiJMOBIAAaIOTh PIBHIO CBOEL
kBami¢ikarii [1]. Omke, akTyanpHOIO € mpobiema
MIIBHINEHHS SIKOCTI Tipodeciitroi mimroroBku IT-
CHeLiaNicTiB, KBali(ikamis Ta piBeHb KOMIETEHIIH
SKUX BignoBiganu O cydacHuMm morpebam IT-puHKy
Ta CBITOBUM BUMOTaM.

Jlis BUpIIICHHS IbOTO 3aBJaHHS IOTPIOHO
MOJICpPHI3yBaTH HalllOHAILHY cucTeMy IT-ocBiTH,
OpIEHTYIOUNCHh Ha JOCSITHEHHS BHCOKHX pIiBHIB
CBITOBHX CTaHAApTIB. 3 ONIALYy HA 1€ OCOOIMBOI
Bard  HaOyBae  3a0e3MleucHHS  BiAMOBIJIHOCTI
YKpalHCBKOTO  CTaHJApTy OCBITHBO-TIpO(deciifHOl
migrotoBkn  (axiBmiB B IT-ramysi Bumoram IT-
iHAYCTpil Ta BUBHAHUM CBITOBHMM 3pa3KaM OCBIiTHBO-
npodeciiiHoi miAroToBkH ¢axiBiuiB y ramysi. OqHumM
3 KJITFOYOBUX €JIEMEHTIB IpodeciitHoi miarorosku IT-
¢axiBIiB € AUCUUILIIHM LUKIYy TpodeciiHoi Ta
MPaKTUYHOI MiArOTOBKU (axiBIiB 3 1H(QOPMATHKH.

Po0Ooui HaBYAJIbHI MporpamMu JTUCIATUTIH
3a3HAYCHOTO0 MUKy  CIiJ] MOJEpHI3yBaTh 3
BpaxyBaHHIM PO3pOOKH KOMIIETEHTHICHO

OpIEHTOBAHOTO CTAaHAAPTY 3 iIHPOPMATHKH.

1. Iixxoau 10 po3podKku KOMNETEHTHICHO
OpPi€HTOBAHOI'0 CTAHJAAPTY OCBITHHO-
npodeciiiHoi NiAroToBKM 3 iHpopMaTUKH

B [2] posrisiHyTO AesKi miaxoan 10 pPo3poOKu
KOMIIETEHTHICHO OpIEHTOBaHOT'O CTaHAapTy
OCBITHBO-TIPO(ECiiiHOT MArOTOBKU 3 iH(OPMATUKH.
3ragani mpomno3uuii po3poOIsUTUCS 3 ypaxyBaHHSIM
Bumor IT-rany3i Ta mopiBHsuIbHOTO aHamizy [3, 4]
YKpaiHCBKOTO  CTaHAapTy OCBITHRO-TIpodeciitHOT
porpaMu MiAroToBKU OakamnaspiB 3 “Indpopmarukn”
[5] 3 mupoKO BU3HAHMM y CBiTI MiKHAPOIHUMH
craumapramu  Computer Science’2013  [6] Ta
Jep)KaBHUM  OCBIiTHIM  craHaaptoMm Pociiicbkoi
@enepanii 3a HanpsmoM miaroroBku 230100
“Tadopmarrka Ta 00UHCITIOBAIbHA TexHiKa” [7].

B [2] 3anpomoHOBaHO JesKi KpOKH 10
pO3poOKH KOMIIETEHTHICHO OpIEHTOBAHOTO
CTAaHAAPTy BHUINOI OCBITH, B SIKOMY OyAyTh
chopMOBaHI KOMIICTCHTHOCTI, IO BIJIIMOBIIaIOTh

BuMoram |T-ramysi, Ha ocHOBI €Bponeicbkoi paMKu
IKT-xommerenttit 2.0. [Ipu mboMy 3a3HaYa€THCA, 110
3000yTTS 3a3HaYCHUX KOMIIETEHTHOCTEN

nepeabaueHe y MeKax 3acBOEHHS JTUCHMILIIH,
MEPeNiK SKUX y3TOKEHHUH 3 TepeTiKaMul JUCIUTUTIH
MPOBIAHUX CBITOBUX 3pasKiB CTaHIAPTIB OCBITHBO-
npodeciiinoi miarorosku IT-daxiemis. Taki 3axoau
CIIPUATAMYTH  MIJBUIICHHIO SKOCTI  MiATOTOBKH
KBarmidikoBaHUX (axiBIliB 3 iHPOPMATHKH 3 METOIO
JIOCSITHEHHS ~ BIATIOBIIHOCTI  PiBHA KOMIICTCHITIH
BuMoram cydacHoro IT-puHky Ta  CBITOBUM
CTaH/iapTaM, a TaKOoX MDKHApOAHOMY BH3HAHHIO
YKpaiHCHKOTO AWIIIOMY B CBIT.
Hns dopmyBaHHA HEOOXIAHUX KOMIETEHIIN
CTi TEeperasHyTH 3MICT yMiHb Ta HaBHYOK,
(OpMYBaHHIO SKUX CHPUATUMYTH JAHCHUTUTIHH,
BU3HAUEHI  CTaHJapTOM  OCBiTHBO-TpodeciitHol
miAroToBKHM (axiBUiB y Tamy3i iHpopmatuku. [lpu
(hopMyBaHHI KOMIIETECHIIIH HAJI3BHYAHO BaKITUBUM
¢dakTopoM € TicHa B3aemonis 3 |T-ramyssio.
BaxnuBoro NepeayMOBOIO BUPOOJICHHS
3aTpeOyBaHUX KOMIIETEHII € HaOyTTS CTyIeHTaMHu
IOCBiy poOOTH, SAKOTO y MeXaxX OCBITHBOL
NporpaMyl MOXKHA JOCATTH MiJ 4Yac J1a0opaTOpHHUX
poOIT Ta TPYMOBHX MPOEKTIB HA MOYATKOBUX Kypcax
Ta 3a PaxXyHOK MiABHINEHHS pOJNi BUPOOHMUIOL
npaktukn B IT-xoMmaHisix Ta crnpusHHS (PaxoBiit
cepTudikamii Ha cTapIIuX Kypcax.
AKXTyallbHUM € 3aBJIaHHS ()OPMYBaHHS OIHCY
KOMIIETeHIIIH, HeoOximnux mus IT-nmpodeciit Ta

(¢bopMyBaHHS  CIIBBIJIHOIIEHb  JUCHUIUIIH  Ta
KOMIeTeHIid BiamoBigHo 10 |IT-mpodeciit, 1o
3000yBalOThCs. 3 METOK0 BHUPILIEHHS HpoOIeMu

YIOCKOHAJIEHHsI Ta YHiBepcaji3aiii KOMIETEHIH y
ramysi iH(OopMaIliitHO-TeNIeKOMYHIKAIIHHAX
TEXHOJIOT1H (IKT) 3a IHIIIATHBOIO €C
3all0YaTKOBAaHO PO3POOKY €TaJIOHHOI MeTapaMKu
KOMIICTCHIIIA y Iii ramysi European e-
Competence Framework (e-CF) [8]. 3 ommcom
3arajbHOi  CTPYKTYPH €BPONEHCHKOI pamKH €-
KOMITIETEHITIH MOXHa o3HaiiomutHcs B [9]. 3 MeTo10
MiJBUIICHHS  OCBITHHO-KBaNi()iKalliHHOTO  PiBHA
BUITYCKHHUKIB Ta JOCSTHEHHS aJE€KBATHOCTI 3MICTY
npopUILHUX  OCBITHBO-IPOQECIHHUX  Tporpam
BUMOTaM pWHKY TMpami B Tranmy3i iHpopMamiiHux
TEXHOJIOT1H Ta MDKHAPOJIHOTO BU3HAHHS
kBaiikamii 3 IT-cremianbHOCTEH, MPOMOHOBAHUX
BH3  Vkpainm, BBaXkaeMo  3a  JIOIUIbHE
3allpOBa/KCHHSI  €BPONEHUCHKMX  CTAaHIApTiB  Ta
NPUHOMIIIB ~ 3a0e3neueHHs  SKOCTI  OCBITH 3
ypaxyBaHHSIM BAUMOI'  DHUHKY  mpari JI0
KOMITETEHTHOCT] (paxiBIIiB.

VY 2011 poui Kabiner MinictpiB Ykpainu
3arBepauB HarioHanbHy paMky kBajidikariiid (mami
HPK) [10], sixa € cHCTEMHHM i CTPYKTYpOBaHHUM
OTHCOM KBaJTiikaminHuX piBHIB 3a
KOMITETCHTHOCTSIMU. 3 ypaxyBaHHsAM EuUropean e-
Competence Framework (e-CF) ta HamionaibpHoOi
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pamku  kBamidikamii  MoXxHa  3ampomoHyBatH 2132) HaJeKaTh: MOJIOTITTHI HayKOBHU
npeacTaBieHy B Tabaumi 1 Mojaenb CHiBBIIHOLICHHS CHiBPOOITHUK (mporpamyBanHS), HayKOBHH
piBHiB e-CF piBusm HPK Ta ocBiTHBO-TIpodeciiHux criBpoOiTHHK (mporpamyBanH), HayKOBHH
CTYTICHIB. CIiBPOOITHUK-KOHCYTBTAaHT (mporpamyBaHHS),

Taoauus 1 CrisBigHomeHHs piBHiB €-CF 3 piBHsIMHK
HKP Ta ocBiTHBO-TIpOheCciiHUMI CTYTICHIMHA

PiBui | Bimmo- | OcBiTHbO-nipodecilinumii
e-CF BinHi CTyNiHb
piBHi
HKP
8 Marictp
e-5
7 Bbaxanasp
e-4
6 Momnoammmii crieriamict
e-3
415 KsaridikoBanuit poOiTHHK
e-e-2
3 [ToBHa cepenHs OCBiTa
e-1
2 bazoBa cepenns ocBita
1 ITmouaTkoBa ocBiTa
0 JlomkinpHa OCBITA

Sk 3a3HadaeTbess B E€BpONEHCHKIH pamil
IKT-kommereHIii European e-Competence
Framework, g0 Takoro cHoiBBigHOIIEHHS MiX
piBasimu  e-CF, HKP ta ocBiTHBO-TIpOdeciiHmX
CTYNEHIB CIiJi ParHyTd, aje MpH [OMY HE CIij
3a0yBaTH npo Ha/I3BUYANHY BaXKITUBICTh
npodeciiiHoro mocBimy ans HaOyTTS KOMITETEHITIH
3rigHo 3 piBHsAmu e-CF.

BiamoBigHo 10 mepeniky HampsMiB, 332 SKHAMH
3MIACHIOEThCS MIATOTOBKA (haXiBIiB 32 OCBITHBO-
KBaJiQikaliifHuM piBHEM OakajaBpa Ta IiJrOTOBKa
CHCI[aICTIB  Ta MaricTpiB  3a  CIHEIaJIbHICTIO
“Indopmarnka” BinOyBarOThcs B Tranmy3i 3HaHb 0403
“CuctemMHi Hayku Ta KibepHetnka”. 3rimHo 3
HamionaneanM  knmacudikaropom npodeciii [11],
npodeciiini  Buau  poOiT, AKi nependavaroTh
3n100yTTs KBamiikauii OakanaBpa, HaleXaTb 0
po3nminy “daxiBmi”’, a poOOTH, sKi MOTPeOyIOTh
kBaridikarii cremianicra ado Marictpa, HaJleXaTh
1o po3ainy “mpodecionanu”. 3okpemMa, 10 (axiBIliB

KBaJTiQiKamiifHoro YTPYIIOBaHHS TEXHIKHU-
nporpamictd  (kox  3121) HamekaTh: TEXHIK-
MPOrpamicT, (axiBenp 3 iH(QopMaIiHHUX

TEXHOJIOTiH, (QaxiBenp 3 KOMI'IOTEpHOI rpadiku
(mm3aiiny), ¢axiBenb 3 po3pOOKH Ta TECTyBaHHS

MIPOrPaMHOr0 3a0e3MeyYeHHS, (axiBenp 3
po3poOsieHHsT ~ KOMIT'IoTepHHX  mporpam.  [lo
npodecioHaniB - KBamiikamiiHOTO  YrpyImOBaHHS

“mpodecionanu” B Tamy3i mporpamyBaHHS (KO

IHKeHep-Tiporpamict, nporpamict (06a3a JaHHX),
MPOTPaMiCT MPHUKIAJAHUH Ta MPOrpamicT CHCTEMHHUH.

IIpencrasneni KBamiGikamiiai
XapaKTEePUCTUKH TIPAIliBHUAKIB 3ragaHux mpodecii
He € nopiBasaEMMEU 3 HPK Ta e-CF. Takum umnHOM,
aKTyaJIbHUM € 3aBIaHHi chopMyBaTd NpodeciitHi
CTaHJAPTH Ha OCHOBI CHUCTEMHU KOMIIETEHTHOCTEH
HPK ta 3icTaButu piBHI mpodeciinux kBamidikamiit
3 HPK. 3a ocHoBy mnpodeciiiHux craHmapTiB, Ha
IYMKY aBTOPA, OMUTFHO B3ATH €BPONEHCHEKY paMKy
IKT-xommeteniii [8].

HaBeneni Bume IT-nmpodecii HeckimagHo
cruiBBimHectr 3 IKT-ipodinsmu, pernpeseHTOBaHUMHU
European e-Competence Framework 2.0: po3po0HHK
(Developer), cnemiamict 3 TtecryBanus  (Test
Specialist), cmemiamictr 3 wMemia (Digital Media
Specialist).  CrmiBBiZHOIIEHHS e-KOMIIETEHINH Ta
npodecii, MPEICTABIICHUX HarionansHuM
KJIaCU(iKaTOPOM HABEACHO B TaOJIHIII 2.

BigmoBimro nmo wmaeemenwx IKT-mpodinis
MOKHa BH3HAUUTH Teperik mpodeciiHuX piBHIB
IKT-xomnerennii ~ €sporneiicbkoi  pamku  IKT-
komnetennid 2.0. Lli piBHI MatoTe HaOyBaTHCsS Ha
pisaux piBHAx HPK, a Ha ix 3m100yTTs Mae OyTu
CIIPSIMOBaHA OCBITHBO-TIpO(eciiiHa mporpama
MiArOTOBKM  (haxiBIiB  BIAMOBIAHOTO PpiBHA. Y
Tabnuii 3 HaBeleHa «CKEIEeTHa» CTPYKTypa piBHIB
KOMIIETEHIIIH,  3alpolOHOBaHa  €BPOIEHCHKOI0
pamkoro IKT-komnerenmiin 2.0, HEOOXiMHUX IS
neBHux |IKT-npodinie i, BiamomigHo, mms IT-
npodecii, 3iICTABUMHX 3 HAMU.

Obcar craTTi HE  JI03BOJISIE  JIETABHO
MpOaHaTi3yBaTH HaBeJCHI KOMIIETEHIlii. Y TOUHEHHS
3a piBHAMH, 3HAHHSAMH Ta HABUYKAMH MO>KHA 3HAWTH
B €Bpomneiicekiit pamir IKT-kommerenmiii 2.0 [2, 8].

HaBenemo KOpOTKHiA OmHC HaBEAECHUX y TaOII.
3 e-KOMIIETEeHIIi}.

A6. Po3podka. CyTh KOMIIETEHIIIi: BU3HAYAE
IT-pimenns, HaiOLIBII y3ropkeHi 3 [T-momiTHKORO i
norpedbamMy KOPUCTYBava/CHOXKHUBaYa; TOUYHO OLIHIOE
BUTpaTH  Ha  pPO3pOOKYy,  BCTAHOBJICHHA 1
TE€X00CITyrOByBaHHS MIPOMTOHOBAHUX pillieHsb;
BUOMpae aJeKBAaTHI TEXHIYHI MapaMeTpu s
MIPOEKTYBaHHS pilieHHs, 3 ypaxyBaHHSIM
CIIBBITHOIIEHH] “I[iHa — AKICTB .

Bl. IlpoexktyBanHss Ta po3podka. CyThb
KOMIIETEHIIIi: MPOEKTYE 1 KOHCTPYIOE KOMIIOHEHTH
mporpaMHoOro 3a0e3leueHHs Ta/a0o  amapaTHUX
maThopm, 110 BIJIITOBIIAIOTH BHMOTaM
crierudikarii; 3aCTOCOBYE CHUCTEMHY METOJOJIOTIIO
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JUISL aHATi3y Ta CTBOPCHHS HEOOXiTHUX KOMIIOHEHT
Ta iHTEepdeEiiciB; TeCTye KOMIOHEHTH W CHCTEMH Ha
MIpEAMET BiATIOBITHOCTI BUMOTaM.

B2. InTerpamis cucrem. CyTh KOMIICTCHIIII:
BCTAHOBITIOE JTOTaTKOBI arapaTHI/TporpaMHi
KOMITOHEHTH B ICHYIOYi YW TPOIMOHOBAHI CHUCTEMH;
BMi€ MOETHYBATH iX 3 HasBHUMH IIpoliecaMu Ta/abo
MpoleaypaMy Ha OCHOBI BpaxyBaHHA crienudikamii,
MPOAYKTHBHOCTI ~ Ta  CYMICHOCTi;  TepeBipsie
MPOAYKTHBHICTh CHCTEMH, OQiIiiiHO 3aBepirye W
peecTpye yCHilHy iHTerpariro.

B3. TecryBanns. CyTh  KOMIIETEHIIIi:
po3pobisie 1 pealizye  peryisipHi  mpouexypu
tectyBanHs IT-cuctem abo  mepeBipkd  Ha
JIOTPUMAaHHS BUMOT 0 eKCIUTyaTaliiHo1

MIPUIATHOCTI 3 OOKY 3aMOBHHKA; 3a0e3euye poooTy
HOBUX 200 MOJEPHI30BaHMX KOMITOHEHTIB 1 CHCTEM
BIJIMOBITHO JIO IPOTHO30BAaHMUX OYiKYBaHb; TaPaHTYE
JOTPUMAHHS CTaHAAPTIB; CKJIAJa€ JOKYMECHTH Ta

3BITH, 110 MiATBEPIKYIOTh BIIITOBIIHICTH
cepTu(iKaliiftHIM BUMOTaM.

B4. Po3ropranus pileHsb. Cytb
KOMIIETEHINIi: 3TiTHO 3 Hamepexl BH3HAYCHUMH
3arajibHUMU ~ CTaHAapTaMH  JiSUIbHOCTI  BHKOHYE
3alUTaHOBaHI HEOOXiJHI BTpy4YaHHsi B PoOOTY

pitnensb; KoH(Irypye amapaTHi 3aco0H, MpOrpaMHe
3a0e3neyeHHs ab0 Mepexi Ui 3a0e3leyeHHs
oreparfiiiHoi CyMICHOCTI KOMITOHECHTIB CHUCTEMH;
yCyBa€ TIOMWJIKH 1 HEBIJIMOBIHOCTI, 110 BUHUKAIOTh
y 3B’S3Ky 3 mUM; O(iliifHO TIepesac KOPUCTYBadYeBi

FOTOBE JO eKCIUlyaTamii pilieHHs 1 Beje
JIOKYMEHTaITbHUN 00K BCi€l HeoOX1THOT
iH(opMarrii.

B5. Po3podka  poxkymenrtamii. CyTb

KOMIIETEHIIIi: CKJIajae JOKYMEHTH, IO OIHUCYIOTh
TOBapH, MOCIYTHM, KOMIIOHEHTH abo [dOJaTKH 3
ypaxyBaHHSM HOTOYHMX BHUMOI 110 OGOPMIICHHS
JIOKYMEHTAIIIT; CTBOPIOE mabI0Hu CHUCTEM
JOKYMEHTAJILHOTO O0O0JIiKy; TapaHTye 3aKOHHICTH i
a/ICKBAaTHICTb HAsIBHUX JOKYMEHTIB.

C4. KepyBanusn mnpodoaemamu. CyThb
KOMIIeTeHINIi: ieHTU]iIKye U YyCyBae OCHOBHI
MPUYMHU 1HOUACHTIB; 3aCTOCOBYE MPOMiTaKTUIHUN
MiAX1T TpU BUSIBICHHI OCHOBHUX MPUYHH TPOOIIEM
IC; posroprae 0a3u 3HaHb, IO 3aCHOBaHI Ha
MOBTOPIOBAHUX TUIIOBUX MOMMIIKAX.

Otxe, Ha ocHOBI €Bponeticekoi pamku IKT-
KOMIIETEHIIi i 2.0 MO>XKHa po3poduTu
KOMIIETEHTHICHO Opi€HTOBaHMH CTaHIAPT BHLIIOL
OCBITH, B SIKOMY OynyTh chopmoBaHi
KOMIIETEHTHOCTI, IO BIAMNOBIgaOTh BuUMoram |IT-
ramy3i. 3700yTTs 3a3HAYCHHX KOMITETEHTHOCTEH
nepeabadueHe y MeKax 3acBOEHHS JUCIHMILIIH,
TIEPEITIK SKUX Y3TODKEHUHN 3 MepeTiKaMi TUCIIHILTIH

MPOBIIHUX CBITOBHX 3pa3KiB CTaHIApPTIB OCBITHBO-
npodeciitaoi miaroroBku | T-daxisiib.

2. JlocBia po3podku po6o4oi HABYAIBHOT
nporpaMu 3 THCHUILTIHI
«ITporpamyBaHHsI» HA OCHOBI
KOMIIETEHTHICHO OPiEHTOBAHOI0 MiAX01Y
BaxnuBoro 3agauero € 3abe3nedeHHs] HaO0yTTs
OTMHCAaHUX B TAOMWII 3 KOMIIETEHTHOCTEH B MeKax

TUACIIATITIH MIpOrpaMu OCBITHBO-TIpO(eCIHHOT
MiAroTOBKH (haxiBIiB 3 IHPOPMATHKH.
BigmoBimro mo [3, 4] aucmuIutiHa

MPOTpaMyBaHHS Biirpae Ba)XJIUBY POJIb B MEPETIKY
JMUCIUILTIH, SKAW Yy3TO/KEHUH 3 MIXHApOJIHUMHU
CTaHJapTaMHu.

Ha ocHOBI KOMIIETEHTHICHO OpiIEHTOBOHOTO
MiJX0y aBTOPOM PO3POOJICHO poOOUYy HaBYAILHY
nporpamy 3 mucumiutiad «[IporpamyBanHHs», sika €
CKII/IOBOTO OCBiITHBO-TIpo(eciiiHOi  TporpaMu
MiArOTOBKY (DaXiBIliB 32 OCBITHBO-KBaMi(iKariitHIM
piBHeM «OakanaBp» ramy3i 3HaHb “‘lHpopmaTHka” 3
Hanpamy nioeomosku 6.040302 IadopmaTnka”,
cneyianvnocmi - 6.040302 ,Iadopmatuka” Ta
BHUKJIAIA€THCA aBTOPOM y 3-4 cemecTpax 2 Kypcy B
00cs3i 288 ronuH. [dani HaBeaeHo ¢parMeHTH wmi€l
poOouoi HaBYaIbHOI MpPOrpaMH 3 KOMEHTaPSIMH
aBTopa.

Jana gucrurutina 6a3oBa HOpMAaTHBHA 3a
cneyianvnicmw “Ingpopmamura”. Buknagaerscs y
3-4 cemecTpax 2 Kypcy B 00cs3i — 288 roz.

(8 kpeoumie ECTS) 3oxpema: nexyii — 68 200.,
nabopamopni —68 200., camocmitna poboma — 152
200. 3 HuUX y 3 cemectpi: sexyii — 34 eoo0.,
nabopamopui — 34 200., camocmitina poboma — 76 200.
VYV 4 cemectpi: nexyii — 34 200., aabopamopui — 34
200., camocmitina poboma — 76 200. Y Kypci
nepeadaueHo 6 swmicmosux modyai Ta 6 MOOyabLHUX
KOHMPOAbHUX pobomu. 3aBEPITyEThCS JUCITUILTIHA —
iciutamu B 3 Ta 4 cemecTpax.

Mema oOucuunninu — 3acBO€HHS 0a30BUX
3HaHb 3 OCHOB TNPOTpaMyBaHHs], BKJIIOYAKOYU
00’ €KTHO-OpPIEHTOBaHUI CTHIIb, HAa0YTTS HABHYOK
MPOLIETYPHOTO Ta 00’ €KTHO-OPIEHTOBAHOTO
MporpaMyBaHHs Ta OBOJIO/TiHHS MOBOIO
nporpamysanHs C#.

3ae0anna — HaOyTTS KOMIETEHIH, 3HAHB,
YMiHb Ta HaBUKIB Ha PiBHi HOBITHIX JOCSTHEHb Y
MporpamMyBaHHI,  BIAMOBITHO A0  KBawmidikarrii
¢axiBens 3 iHGOpMaLIHHIX TEXHOJIOTIH.

C mpyKkmypa Kypcy

B pesymprari = BUBYEHHS
JICIIMTUTIHU CTYJICHT TIOBUHEH

HaBYaJILHOI
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3namu: 3acobu mpoektyBaHHA cucteMm; MI Kynsaboxko I1LI1.), ne cTyneHTH MalOTh MOXKIIMBICTD

CTaHAApTH MOJEIOBAaHHSA, METOJM aHalizy motpeo;
METOAM PO3POOKH MPOrPaMHOTO 3a0e3MEeUCHHS;
TPUHIAITN MPOCKTYBaHHS KOPUCTYBAIbKHX
iHTepdeiiciB;  IHCTpyMEHTalbHI  3aco0m A
dopmamizamii  QyHKIIOHATBHUX  crienuQiKaIiii;
3acTocoBHE Iporpamue 3ade3nedeHds, CYB/] 1 MoBu
MpOrpaMyBaHHS, TIEPEAOBI  TEXHOJOTi(; MOBH
MPOrpaMyBaHHS;, @Mimu: PO3POOISATH MAOIOHH 1
MOJIeTIi TIPOEKTyBaHHS;, 30upatH, (hopMaizoByBaTH i
OIIHIOBaTH (YHKI[IOHANBHI Ta IHIOI  BHUMOTH;
po3pobisatH  cneuudikamii 3 ypaxyBaHHAM
BCTaHOBJICHUX BUMOT';, PO3'ICHIOBATH 1 MIPEJCTABIATH
MPOEKTH / pO3pOOKH 3aMOBHHUKAM; BUKOPHUCTOBYBATH
Mojeni maaHux; po3pobyiatu 13 Ha ocHOBI Mojeri;
po3pobusati 113 3 BHKOpPHCTaHHSM Cy4YaCHHUX
TEXHOJIOT1 PO3pOOKH; CKIIAJATH TUTaH TECTYBaHHS i
KOHTPOJIFOBATH HOT0 BUKOHAHHSI.

Micye oucyunninu. HopMmaTuBHa HaBYaibHA
TUCTIHILTIHA ,, [[porpaMyBaHHS” € CKIaIOBOIO IHUKITY

mpodeciiHoi  TATOTOBKKM  (paxiBIiB  OCBITHBO-
KBaTi(DiKaIiifHOTO PiBHA ,,0aKaJIaBp”.
36’30k 3 iHwuMu oucyuninamu

Huctumnina “IlporpamyBanHs” € 0a30BOIO IS
3aCBOEHHSI BCiX IHIIUX KypCiB Ta CIEHKYpCiB
MPOTPaMICEKOTO CIIPSIMYBaHHS, OKPEMHX PO3ALTIB
TEOopii AMTOPUTMIB T2 MATEMaTHYHOT JIOTIKH.
30kpemMa, Ha CHEUiUIBHOCTI iH(popMaTuka
dakynbTeTy KiOepHEeTHKH KuiBcbkoro
HallloHAIBHOTO  yHiBepcuteTy  imeHi  Tapaca
[leBuenka JUCLMITIHI JIpyroro Kypcy
«[IporpamyBanusi» mnepenye «lIporpamyBanus» (1
Kypc) (uuTae JIOLIEHT Kadeapu TK
CraBpoBcekuii A.B.), ne BuB4aeThcsi MoBa C++ Ta
ocHoBu OOII. Kpim Toro, npuzinsgerscs ysara
TaKUM TIMTaHHSM, SK OCHOBH IPOrpaMyBaHHS
QITOPUTMIYHOIO  MOBOIO, OCHOBHI  KOHIIEMIIii
QITOPUTMIYHUX MOB, NPOLENypHE NPOrpaMyBaHHS

Ta OCHOBaM 00’ €KTHO-OPIEHTOBAHOIO
MIPOrpaMyBaHHs.

OnpHovacHO 3 JIHUCIUILIIHOIO
«[IporpamyBaHHs» B  YETBEPTOMY  CEMECTpI
YUTAETHCS JUCLUUIUNIHA «AJTrOpUTMiKa»y (YUTa€E
noueHT kadeapu  MI Mensenes M.I'.), ne

po3rIAgaoThesl 0a30Bi aNrOpUTMH Ta iX MojanblIe
3aCTOCYBaHHS JUIS BUDINICHHI pI3HUX 3ajad 3
MporpaMyBaHHSI.

Ha TtperbomMy Kypci CTyneHTH Hampsmy
miaroroBkn  6.040302 , IndopmaTrka” ciayxarwTh
«CucrteMHe TIporpaMyBaHHs» (JOIEHT Kadeapu
TTII Bonoxoe B.M.), ke BKItOYa€e OrISAOBI JICKIIiT
3 MOBM mnporpamyBanHs Java. Kpim Toro, Ha
TPETbOMY KYpPCl YUTA€ThCS TUCHUILTIHA «ba3u naHux
Ta iH(opMaliiHi cucTeMu» (YUTAE JOLEHT Kaderpu

JeTaJbHO O3HAHOMUTHCS 3 MPUHLUUIAMU MOOYJOBU
0a3 nanux, CKB/I, SQL.

Takum 4uHOM, Ha JYMKY aBTOpa, Ha JIPyroMy
Kypci B Mexxax aucuurmtinu «l[IporpamyBanHs cltif
3poOUTH akIeHT Ha ocHoBax Ta npuHimnax OOII,
OCHOBax MPOrpaMHOI iHXEHepil Ta Ha 3aCTOCYBaHHI
cydacHUX iH(QopMamidHuX TexHonorii. [Ipu mpomy,
mucuurutina  «[IporpamyBaHHsS» MOXeE CHOPHSITH
HaOyTTIO KOMIIETEHIIiH, TpeICTaBIeHUX B TaOIHII 4.

Takum YHHOM, JHMCIUILTIHA
«IIporpamyBaHHsS» €  BaXXJIMBOIO  CKJIaJOBOIO
NporpaMd  OCBITHBO-TIPO(ECIHOT  MiArOTOBKH
¢axiBmiB 3 iHGOPMATHKH TSI HAOYTTS HEOOXiTHUX
IT-koMIeTe .

O6car craTTi HE  J03BOJISIE  JIETABHO
NpOaHali3yBaTl Ta MPEACTABUTH IIOBHUH OIUC
3alpoNOHOBAaHOI  aBTOPOM pPo00OY0i  HAaBYAITBHOL
nporpamMud 3 nauctuiuniad  «lIporpamyBaHHS» IS
CTYIEHTIB JeHHOi (OpMH HABYaHHA HAMpsAMY
MiTOTOBKH «IadopmaTrka» CIEIiaTbHOCTI
6.040302 3 sixkoro MokHa o3HaifomutHcs [12]. 3rigHo
3 I[i€0 MpOrpamMoI0  CTPYKTypa  HaBYaIbHOI
MUCIUIUTIHA  POMOJUTSIETECS HAa 2 CEMeCTpH B
KO’KHOMY IT0 TPY MOTYJIi.

30kpeMa, B TPETbOMY CEMECTpi B Tporpami
MIPEJICTaBICHO HACTYITHI MOJYJIi:

3MICTOBHUHI MOAYJb 1. OO0’ exTHO-
opieHToBaHa MeToponoris. OCHOBHI NPUHIIMITA
MOJICIIOBAaHHS nporpamMHux cucreM. IllaGiioHu
MPOCKTYBaHHS.

3mictoBHuE Moaynb 2. Orisa  TeXHOJIOTI
NET Framework. Anmroput™mu Ta CTpyKTYpH JTaHHUX.

3microBHuil  Moxymb 3.  (DyHKIiOHAIBHI
MmoxamBocti  C#. PobGora 3  ¢alimamum  Ta
nmupekropisimu. Pobota 3 XML-nokymentamu.

B ugerBepromy cemecTpi B  mporpami
MPEICTABICHO HACTYIIHI MOAYJIi:

3MiCTOBHUI MOJTYJIb 4. Orisig Ta
3acrocyBands ORM (Object-relational mapping,
OO0’ ekTHO-peJIsILiHe BiT0OpaKEHHS)-TEXHOJIOT1H.

3micToBHui Momyiab 5. Pospobka web-
3aCTOCYBaHb.

3mictoBHUE Monynb 6. Enmementu imxeHepii
MPOTPaMHUX CHCTEM.

Sk 3a3HA9aI0Cs BHIIIE, BaXKIIMBOIO
NEepeayMOBOI0  BHpOOJIeHHA 3arpeOyBaHux IT-
rajmy33i0 KOMIETeHLiH € HaOyTTsS CTyJeHTaMH
JIOCBily pOOOTH, SKOIO y MEKax OCBITHBOI
MporpaMu MOXKHA JOCATTH Tia dac J1abopaTopHHX
poOIT Ta TPYNOBUX MPOEKTIB HA MOYATKOBUX Kypcax
Ta 3a pPaxyHOK IMiABHIICHHS pOJi BUPOOHHYOT
npakTUKd B IT-koMmaHisfsX Ta CHOpUsSHHS (haxopiit
cepTudikamii Ha crapmmx KypcaX. TakuM UYHWHOM,
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poboya HaB4ajgbHa mporpaMa 3 AUCHUILIIHU
«IIporpamyBaHHSs MOBUHHA BKIIOYATH JTaOOPaTOPHi
pobotn (TIpOEKTH), 3amader0 SKUX IOBUHHO OyTH
HaJlaHHS CTYJCHTaM JOCBiy MpakTHYHOI poOoTH 3
cydyacanmu | T-texronorismu. llle oxniero BaXkIMBO
3ajauero HOPMAaTHUBHOI JUCIUTUTIHA
«[IporpamyBaHHs» € MiATOTOBKAa CTYACHTIB [0
ICIIMTIB I OTPUMAaHHS MDKHAPOAHUX TpodeciitHux
cepTudikamiii (Hampukiag, po3pobieHa aBTOPOM
poboda TIporpamMa € KOPHCHOIO I cepTHdiKamii
Microsoft MTA (6a3oBuii piBeHb cCrHeIliaTicTa
MOYATKIBISI), & caMe 10 3[adl HACTYITHUX ICTIHTIB:
Exam 98-361: Software Development Fundamentals;
Exam 08-362: Windows Development
Fundamentals; Exam 98-363: Web Development
Fundamentals; Exam 98-372: .NET Fundamentals;

Exam 98-375: HTML5 App Development
Fundamentals. A Takox g0 ceprudikaiiitnux
icutiB  ocHoBHoi Tpymu  Microsoft MCSD

(Microsoft Certified Solution Developer) Ta MCTS:
.NET Framework 4, Data Access: Exam 70-516:
NET Framework 4, Data Access (MCTS); Exam 70-
480: Programming in HTML5 with JavaScript and
CSS3 (MCSD); Exam 70-483: Programming in C#
(MCSD). Exam 70-486: Developing ASP.NET
MVC 4 Web Applications (MCSD)). Ceprudikartis

BOXIMBA JUIA  MEPEBIpKHM 1  MiATBEPIKCHHS
KOMIICTEHTHOCTEH, OTPUMAaHUX CTYICHTaMH 3
kBamdikami — «PaxiBerms 3 iHGOpMAMIHHEX

TEXHOJIOTii», MiCIIsl MPOCITyXOBYBAaHHSI HOPMAaTHUBHOT
mucuuiuting «IIporpamyBaHH».

BucHosku

TakuM dYHMHOM, Ha OCHOBI €BpomeEHCHKOT
pamkn IKT-kommerenmiit 2.0 B Mexkax po3poOKH
KOMITETCHTHICHO OpI€HTOBAHHWM CTaHIApPT BHIIOI
OCBiTH, B sAKOMY OyayTb c(hOpMOBaHi BiIMOBigHI
BuMoraM  |T-ramy3i  KOMOETEHTHOCTi, MOXHa
pO3pOo0IATH pobodi HaBYaJIbHI TIporpamMu
JUCITUILIIH, TIEPEITIK SIKUX Y3TOPKCHUH 3 TIepesTikaMu
JUCITUILIIH TTPOBITHUX CBITOBUX 3pPa3KiB CTaHAAPTIB
ocBiTHRO-TIpodeciitrol migrorosku IT-daxismis. Lle
MOKa3aHO Ha TMpHUKIami  po3pobku  pobouoi
HaBYAIBHOT mporpamu 3 JUCHUTUTIHHA
«IIporpamyBaHHA», sIKa € CKJIaJOBOI OCBITHBO-
npodeciiiHoi TporpamMu MiATOTOBKH (DaxXiBIB 3a
OCBiITHBO-KBaNMi(piKallilHUM  piBHEM  «OakaiaBp»
ramy3i 3HaHb “‘[HpopmaTHKa” 3 HAMPSIMY MiATOTOBKH
6.040302 ,,Iapopmarnka”.

Taémuus 2. CriiBBiTHOIIEHHS e-KOMIIETeHIIiN Ta podecii, mpeacraBiernx HamioHanmsHUM Kitacu(ikaTopom

€Bponeiich-Kkuii

YxpaidncbKi Ha3Bu npodeciii

IKT npodinn OKP “bakanaBp”

OKP “maricrp”

Po3pobHuK
KOMIT FOTEpHUX MIporpam

TexHiK-TIporpamicT, (haxiBensb 3 po3poOKu

[mxeHep-niporpamicr,
nporpamicT (6a3a JaHux),
POTPaMICT MPHUKIIAJTHUH,
HPOrpaMiCT CHCTEMHUH

CreriamnicT 3
Mezia

®daxiBelb 3 KOMIT FOTepHOI rpadiku (IU3aiHy)

[Iporpamict npuknaaHAl

CreuianicT 3

TCCTYBAHHA 3a0e3neyeHHs

daxiBelb 3 pO3pOOKH Ta TECTYBaHHS MPOTPAMHOIO
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Tabauus 3. Posmoxin e-kommerentiit BianmosigHo mo IKT-nipodisniB 3a HampssMoM miarotoBky “ladopmarrka’

Jeckpunrop 1, Jeckpunrop 2, Jeckpunrop 3, piBHI 3acTOCYBAHHA KOMIIeTeH i
e-KoMIeTeH il e-KoMMmeTeH il
Po3podnuk | Cpoenianict | Cneniamict | Ycboro
3 3 Mefia
TecTyBaHHS

[TnanyBaHHs A.6. Po3pobka e-2 e-1, e-2

[MoOynosa B.1. [IpoekTyBaHHs Ta e-3 e-3,e-4 e-3 e-3,e-4
po3pobka
B.2. InTerpariist cuctemMm e-2 e-2, e-3 e-2, e-3
B.3. TecryBanus e-2 e-2,e-3 e-2 e-2, e-3
B.4. Posropranns pimeHs e-3 e-3 e-3
B.5. Po3pobka e-3 e-3 e-3
JIOKYMEHTaIIii

3amyck C.4. KepyBanHs e-3 e-2,e-3 e-2,e-3
poOyieMaMu

Taoauus 4. Po3nonin e-komrneTeHuil, npeactaBieHux B Kypci «IIporpamyBannsy, BianosigHo qo 1KT-
npodisiB 3a HanpsMoM miarotoBku “Indhopmarnka”

Heckpunt Heckpunrop 2, Kypc Heckpunrop 3, piBHi 3acTOCYBaHHA
opl, e-KoMIeTeH il «IIporpa- KOMIIeTeH i
e- myBaHHsD»» | Po3pod- | Cnemiamict3 | Cnemia- | Ycbor
KOMIIETEH HHUK TeCTYBaHHS Jicr 3 0
il Mexia
[InanyBann | A.6. Po3pobka e-1 e-2 e-1, e-
s 2
INoOymora | B.1.IlpoexryBanus | e-2, e-3 e-3 e-3,e-4 e-3 e-3, e-
Ta po3podKa 4
B.2. InTerpariis e-2, e-3 e-2 e-2, e-3 e-2, e-
CUCTEM 3
B.3. TecryBauus e-1 e-2 e-2,e-3 e-2 e-2, e-
3
B.4. Posropranus e-3 e-3 e-3
pileHb
B.5. Po3poOka e-1 e-3 e-3 e-3
JIOKyMEHTaIli{
3amyck C.4. KepyBanus e-3 e-2, e-3 e-2, e-
npobiaemMaMu 3

Cnucok BUKOPHUCTAHHUX JZKepeJI

MMATOTOBKH 3

inpopmaruku ta Computer

Hediunt IT-daxiBuiB B Ykpaini — 30 %
[Enextponnnit  pecypc] /  Iadopwmariiine
arenrcteo  YHIAH. Pexxum  poctymy:
http://education.unian.net/ukr/detail/190597.

Omenvuyx  JIJI. lo 1nMTaHHA  PO3POOKH
KOMITIETCHTHICHO  OpI€HTOBAHOTO  CTaHAAPTy
OCBITHBO-TIPOdECiitHOT i TOTOBKH 3

inpopmaruku / JI. Omenpuyk / Buma mkosna.
— 2013. — Ne 11. — C. 43—49.

Omenvuyx  JILJI.  TlopiBHANBHUN  aHami3
YKpaiHCBKOT'O CTaHAAPTy OCBITHBO-TIPOdeciiHOT

178

Science’2013 / JIJI. Owmenbuyk // Bichux
Kuiscvkozo nayionanvrnoeo ynisepcumemy imeni

Tapaca Lllegyenka. Cepin Qizuko-
mamemamuuni Hayku. — 2013, — Bum. 2. —
C.216—227.

Omenvuyk  JIJI.  TlopiBHSIIBHHH  aHai3

YKpaiHCBKOTO CTaHAAPTY OCBITHBO-TIPOdeciiiHOT
MiATOTOBKH 3 1H(QOpPMATHKH Ta JAEP:KaBHOTO
OCBITHBOTO cTaHIapTy Pociiicekoi Deneparii 3
iHpOPMATHKH Ta OOYMCITIOBAIBHOI TEXHIKH /
Bicnux Kuiscvroco HAYIOHATBbHO2O
yuieepcumemy imeni Tapaca Illesuenxa. Cepis



10.

11.

12.

@izuxo-mamemamuyni nHayku — 2014. — Bum.
1. —C. 174—178.

lamy3eBuil crangapT BUIIOI OCBITH MiATOTOBKA
OakamnaBpiB 3a HampsiMOM 040302
«Iadopmaruka». — K., 2010.

Computer Science Curriculum 2013 : Strawman
Draft. The Joint Task Force on Computing

Curricula,  Association  for ~ Computing
Machinery, |EEE-Computer Society [EI.
resource]. — URL:

http://ai.stanford.edu/users/sahami/CS2013/stra
wman-draft/cs2013-strawman.pdf.

®denepanbHbIi roCcyJapCTBEHHBIN
00pazoBaTeIbHbIN CTaHJapT BBICILIETO
po(hecCHOHATHHOTO o0Opa3oBaHHA 1o
HaIpaBJIEeHUIO MO/ATOTOBKHU 230100

“UudopmaTika W BBEIYMCIHTEIbHAS TEXHHUKA .
— M., 2009.

European e-Competence Framework, e-CF [EI.
resource]. — URL: www.ecompetences.eu.
Moposzosa T.B. Jlo mnpobiremu  B3aeMofii
npodeciiHuX i OCBITHIX cTaHaapTiB B IT-ramysi
/ T. Mopo3zosa, I. Mennze6poBcrkuii / Bura
mkona. — 2012, — Ne 12. — C. 45—53.

I[Ipo 3arBepmxenHs HamioHanpHOI  paMKH
kBamiikamiit. [loctanoBa Kabinery MinicTpis
Vkpainu Bix 23.11.2011 Ne 1341 [EnexrponHuit
pecypcl]:. Pexum JOCTYILY:
http://zakon4.rada.gov.ua/laws/show/1341-
2011-%D0%BF.

Knacudikarop npodeciit K 003:2010. — K. :
Couindopwm, 2010. — 746 c.

Omenvuyx JIJI. IlporpamyBaHHs. 1 cemecTp.
[Enextponnuii pecypc] / Omenvuyx JI.JI. KHY
piM. Tapaca IlleBuenka — Moodle. — Pexum
JOCTYILY:
http://195.68.210.50/moodle/course/view.php?i
d=55
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CraTucTHYHE MO/IEJTIOBAHHS Statistical simulation of the generalized
y3arajJbHeHOro BiHepiBCLKOro nmpouecy Wiener process
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B pobomi oocridocyromscsi  oyinku  moOyHOCMI [ HAOTUHOCMI MOOENOBAHHS  V3A2ANbHEHO20
BIHEPIBCHKO20 BUNAOKOBO20 Npoyecy 6 HOpmi npocmopy Lo ([0,1]), OMPUMAHI MOOei UKOPUCHOBYIOMbCSL 8

npuKkiIadHux 3adavax. B sxocmi moleni posensdaemvcesi poskiad npoyecy y ueiidi CmoXacmuyHo2o
cybeayccigcovko2o psoy.

Kurouosi cnosa: cybeaycciecoka mooens, HAOTUHICMb MOOEE, MOYHICIb MO0, Y3a2aibHeHUll
BIHEPIBCLKULL npoYyec, CMAMUCMU4He MOOETI08AHHS.

This paper investigates algorithms for simulation of the trajectories of a fractional Brownian motion
with given accuracy and reliability. Spectral representation of fractional Brownian motion as random series
examines as a model. Estimates of the accuracy and reliability investigated in in functional spaces -

LZ([O,l]). Given the accuracy of the numbers and simulation algorithms error of Gaussian random

variables in the model are used strictly sub-Gaussian random variables. Examples of simulation are
represented below. Statistical models of Wiener processes are used in many applications, for example, when
calculating the integrals over Wiener process, for the numerical solution of stochastic differential equations,
in problems of actuarial mathematics. In problems of statistical modeling to assess the accuracy of the
simulation is usually used or evaluation points, or evaluation of weak convergence of distributions. The
paper describes the calculations for different values for the accuracy and reliability and simulation results
are generalized Wiener process.
Key Words: simulation, generalized Wiener process, sub-Gaussian random model, accuracy and

reliability of model.

CratTio nipenctasus I.¢.-M.H., mpod. Xycainos JI.51.

CraTucThuHi Mozeni BiHEPIBCHKUX MPOLECIB  AOCHIIKYETHCS TOYHICTH 1 HaJIHHICTD
BUKOPUCTOBYIOTbCS B 0ararbox TNPUKIATHUX MOIETIOBAHHS BiHEPIBCHKOT'O mpomecy Ta
3ajadax, HaMpUKIald, Tpu OOYUCIICHHI IHTErpajliB 3a  y3arajJbHEHOrO CTpOro cyOraycciBcbKoro
BIHEPIBCBKUMHU  TPOIECAMH, TIPH YHCEIBHOMY BIiHEPIBCHKOI'O TMPOIECY B HOpPMi TIPOCTOPY
PO3B’s13aHH1 croxacTunux  jaudepenuiitnnx L ([0,1]).
piBHSAHB, B 3aJa4aX aKTyapHOi MarTemarTukd. B Osnayenns 1. Y3aralbHEeHUM BiHEPIBCHKHM
33/lauaX  CTaTHCTUYHOTO  MOJEMIOBAHHS UL mporecoM  (MpOGOBMM GPOYHIBCHKHM pyXoM) 3
OL[HIOBAHHS TOYHOCTI MOJENIOBAHHA, SIK NPABHIO,  jgjekcom Xopera a<(01) HA3MBAETECS

BHKOPHCTOBYIOTHCS 200  OIlIHKM MOMEHTIB, abo
OLIIHKH clIa0Kkoi 30DKHOCTI posmoainiB [1-2].

B poborax [3-4] nmocmimKyBanmuch OLIHKA
TOYHOCTI 1 HAJIHHOCTI MOJEIIOBAaHHS CyOrayccoBUX bymkiieo R, (t,s) = 1 (|t|2a N 2a - 2a) .
BUIAIKOBIX TMPOLECIB B PIi3HUX (QYHKIIOHAIBHUX o 2
MpoCTOpax, Mo 0a3ylThCs Ha OIIHKAaX IIBUKOCTI
30DKHOCTI 3a WMOBIpHiCTIO. B sKkocti  mopeni

raycciBepkuit mporec W, (t), te[01] Takmit mo
W, (0)=0, EW,(t)=0 Tta KopemiiiHOO

1 N o
HpI/I a= E Ma€MO CTaHAAPTHUHN BIHCPIBCHKUU

PpO3TIIAat0ThCA CIICKTPaJIbH1 300paKeHHs mporiec. JlJis MOJENtOBaHHS BUIIAJKOBHX IIPOIIECIB

BUNAIKOBUX  IIPOLECIB y  BUIVIANL  BHUIAKOBUX  ByKOpHUCTAEMO TPEACTABICHHS MPOIECY Y BUTIISAIL
psaaie  abo  iHTerpamiB. B gmamiii  poboti
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o0
CTOXaCTHUYHOro psagy &(t) = Z f )Xy , me {Xk} -

k=1
MOCITiTOBHICTh HE3aJISKHUX BHUIAJAKOBHUX BEITHUYHH 3
HYJILOBUM CEpEIHIM Ta Ele = GIE' Mogens
M
Oynmyemo y Burisiai Sy (t) = Z fire )X -
k=1
Hexait T - medxka mapaMeTpuyHa MHOXKHHA,
Bci Sy (t) Ta E(t) HamexaTh  JCIKOMY

¢yskionaasHOMy Tipoctopy A(T) .

Osnavennsa 2. Monens S, (t) naGmmxae
npouec  &£(t) 6>0 i
HagiiHicTIO 0<&<1 B HOpPMI (DYHKI[IOHAJIEHOTO
npocropy A(T) , sIKiio P{|§(t)—SM (t)||A >5}§ l1-¢.

[Ipu peansHOMY MOAENIOBaHHI MOCIiZOBHOCTI
{X\} orpumyemo, six TIpaBUIIO, CTPOro CyOrayccosi

3 3aJaHuMHU TOYHICTIO

BUIIAJIKOBI BEIMYNHH.

Knac cyOrayccoBux BHUIAJKOBHX BETHYUH €
OaHaxoBUM. BmacTHBOCTI CyOrayccoBHX BEIHYHH
JOCIIDKYBaJIHCh B poOOTi [5].

BpaxoByroun = BIacTHBOCTI  BiHEPIBCHKOTO
mporecy [6], Oyaemo po3risgaTé BiHEpPiBCHKH
mpolec Ha BiApi3ky T = [0,1]. BinepiBcpkuii mporec
MOXXHa TPEACTABUTH y BUTJISAI BHMAAKOBOTO PSAY,
TaKk, pO3KIan  3a  BIACHUMHU  (PyHKUOiAMH
KOpeISIifHOro omepaTopa OpOYHIBCBKOTO MOCTY

= sin(izt
mae  BurL - Gi(t) =t +\/§Z¥ni, nie
i-1 17
{’7017711772:---} - He3aJNeKHI CTaHOApTHI TayccoBi
BUMAJKOBI BEMMYMHY, A =iz - BIAcHI 4ucla

KopersiiitHoro omnepatopa. Poskian y psn @yp’e Ha
te [0,1] Mmae BurIiz [6]

_ o sin(2zit) - 1-cos(27it)
éz(t)—tno+ﬁ§[nn bl e j

ne {1,;,1, ] - He3aIeKHi CTaHIApTHI rayccosi
BUIIA/IKOB1 BETMYMHHU.

0

OckubKH Z —
iz (i7)
npencrasieHHAX &1 (f) Ta £y (t) BUKOpUCTATH CTPOrO

<00, TO AKIIO B

CyOrayccoBi BHUIAJKOBI BEIMYHUHU, TO OTPUMAEMO,

mo &(t)ta  &y(t)e  cTporo  cyOrayccoBUMH

BUIIAJIKOBUMH mpouecamu. llpm  MonentoBaHHi

BiHEpIBCBKMI TpoleciB B SKOCTI Mozedi, B

3aJIeKHOCTI Bif MpeaCTaBIICHHS, MOXHa

BHUKOPUCTOBYBATH abo MOJENb
M ainfc

S,(t,M) =tn, + ﬁZMﬂi , abo  Mozenb
~ ir
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M . . .
sin(2zit) 1—cos(2xit)
SHo(t,M) =t +\/§ ; +19; :
2(t, M) =tng é[nn o 2T
Ha ocHoBi pesynbrariB poOit [3-4] mae
Miclle HacTyITHa Teopema.

Teopema 1. Monens S, (t,M) nabmmxae

nporec & (t) 3 Toumictio 6 >0 Ta HagilHICTIO

l1-g, O<e<l B Lz([O,l]) , SIKIIO BUKOHYIOTHCS
HEPIBHOCTI 52>, 4
{1} 5 5°
exXpl=p———exps——— <&
2) Iy o 231, 4
abo
52>, 4
1
2 _ 2 2 _
O Il J1M+1+1 exp _0 Iy <g
‘]2M+1 2‘] 2M+1

i%“f

i=M +1

ne Iy.a= D A" iJZMH:[

i=M+1
BinepiBcpkuii mpouec 3 ITOBUIBHHM 1HIEKCOM
X1opcTa MOJKHA MTPEICTaBUTH Y BUIIIsiAL psiy [7]
o0
W, () = D (ak sin(xit)X  +by (L-cos(ykt))Vk ),
k=1
ne  {Xy,Yq |- HesamexHi cTaHAapTHi TaycciBChbKi

(1)

BUMAJKOBI BENMUUHHM, {X) }- milfcHi mymi QyHuii

Beccens  J_, (X), {yx}- midicui mym dynxuii
beccens Ji_ (X),
a r%2C r%2C
k = k =
l 1 l L
X " I1g (Xk) VeI (k)
co (20 +1)sin(za)
ﬂ2a+l
Hexail BuMIajgkoBi BEIWYMHU Xy, Y -
He3aJIeKHI  CTporo  cyOrayccoBi — BHNAJIKOBI
BEJTUYMHH. Posrastnemo
o0 o0
Z(az (sin(xyct))? +b? (1 cos(y 1)) ) <> (alf +4b? )
k k
k=1 k=1
Ha ocnogi po6otu [8] maemo
3 « 4a® -1
Xp=|N+——-—=1——F—=+...
4 2) 2z(4n+3-2a)

5 a 41l-a)? -1
Ynp =|nN+——=|r——F—————<+..., a came,
4 2) 2z(4n+1+2a)
Xn®Ynp~an  TOpu n—oco. Hug yHKUiHA
beccens J, (X), @ >-1 Mae Micue acUMITOTHYHE

cmiBBimHOmIEeHHS  J Ea (x)+J 12_a (x)= 2 TUTS
X
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BENMHKUX X. Tom mig X Ta CIIpaBCaJINBO <
2 aio s Xp yn crpasen P{”\/\/a (t)—sa(t,Mj‘L >5}s
2
32 (xp)=—— Ta 3?2 (yn)= nmpu N— oo,
1-a ﬂXn —a n

o0
Tomy Z (alf + 4bk2 )z
k=1

- - 1 4_
= (F(ZO[ +1)SIH(7Z'O!))Z{ 200+1 * 200+1 J =%
Xn

= Yn
Otxe, Bunagkosuii mpouec W, (1) B
npencrapienni (1), xomm  {Xy,Yy}- Hesanexwi

CTporo cyOrayccoBi BHIIaJKOBI BEIWYMHH OyJe
CTpPOro CcyOraycciBCbKMM BHIIAJIKOBHM IporecoM. B
SKOCT1 MOJIeJi MOXKHA PO3TIISIIATH Pl

M
Sq (t. M) =" (ay sin(xyt)X y +by (1-cos(yx )Yy ),

k=1

ne {Xy, Yy }- HesanexHi ctporo cybrayccosi

BUMaAKoBi BennuuHUA. OCKINbKH HyNni  QyHKOIT
Beccens ToyHO 3HaliTH HE MOXEMO, TO OyaemMo
3HAXOAUTH IX 3 IESIKOIO0 TOUHICTIO, L€ K BIIHOCUTHCS
1 10 koedimieHTiB po3kiany. [lo3HauMMo HAOIMKEHI

3HaueHHd 4, ,b,, X, Y, BIINOBIIHO ak,Bk,Xk,yk.

v = a - b
Hexaii |ak—ak|shk, ‘bk—bk‘sh ,
. y _ y
=% <hé v —vi<he
e hf,hf,h; , hky TOYHICT, OOYHCIIEHHS.

[ToxuOku OymeMo BBaKaTH BiIOMHUMH.
Tomi  mMomenp  mporuecy

§Amm=i@ﬁMﬁm9+&@4m@mm)
A 110x1/161<;_1 mozemoBanust  A(t) Oyme piBHOIO
A)=W,, (t) =S, (t,M).

Teopema 2. Mogens §a (t, M) HaGmmxae

Mae BUT'TIA

nporec W, (t) 3 tounmictio 6 >0 Ta HafiliHiCTIO
1-¢, 0<eg <1 Buopmimnpocropy L,([01]), sxmo
BHKOHYIOTbCSI HEPIBHOCTI

52> By @)

Ta
EXp{l} d exp{— 5 }ﬁg,
2] fBy 2By,

[00)
ne By = Z(af+4bk2)+

k=M +1

+I§:l((akhx+ha)2 (bkhy+2hb) J

Jlogedenns. Ha ocnosi nemu 2.5 mpu N =1
pobotu [3] Mmaemo 115t § > Z

©)

{1} 5 52
<expi= exp< — ,
2]\ Zm zz,f,I

1
= [EW, 0 -SqtM)f dt
0
Ouinumo Zyp .
E(Wa ® _§a (t’ M ))2 =
= EW ()~ S (t.M)+ S, (6, M)~ S (6. M)F =

< E[ i(ak sin(x,t) X, +b, (L-cos(y,1))Y, )j +

2
e ZM

+ E(i(ak sin(x,t) — &, sin(X,t))X

k=1

+ (b, (1 - cos(y,t)) by (L— cos(y, )Y, j <

<E(B,)* +E(B,)".
O]_[iHI/IMO KOXCH JOAAaHOK. I[J'ISI nepmoro

0

E(B;)? < Z(a|f+4bk2) Juis  E(By)?
k—M+1

MaeEMoO

orpumaemo E(B; )? Z ay sin(xt) — & sin(xt))% +

+ (b, 0~ cos(y,1)) b, (1 cos(z, 1) <

M= 1=

hthef+3 (et 20 ).
k=1

=~
Il
N

[IpoinTerpyemo IIpaBy YaCTHUHY.
OTpumaeMo HEOOXITHY OLIHKY IS Z) .

[Ipu moOymoBi Mojenell HEOOXiAHO s
3aJaHUX TOYHOCTI 1 HaMIHAHOCTI Ta TOYHOCTIL
obuucnenns kopeHiB becceneBux (QyHKUIIA OMIHUTH
KUJIBKICTHh JOJAHKIB B MOJENL.

Puc. 1. Peamizaiis y3araibHEHOT0 CyOraycciBChKOro
BiHEPIBCHKOTO Tportecy s o = 0.2
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Tabmuus 1

Oninku M mnst pisHEX TOYHOCTI 1 HAJIHHOCTI
1) £ M h o
0.1 0.05 150000 0.00002 0.3
0.1 0.05 550 0.0002 0.5
0.05 0.05 2400 0.00007
0.01 0.05 100000 0.000004
0.1 0.05 22 0.001 0.8
0.05 0.05 80 0.0006
0.01 0.05 500 0.00004
0.01 0.01 700 0.00003

Hexant hfzhf =h|2( =h|¥ =h.

3nauenHss M HeoOximHO BuOuMpatH 3a
dopmynoro M = max{Ml, Mz}, ae Mj 3a10BOJIbHSAE
HepiBHOCTI (2), a M 9 3a10BOJIbHSIE HEPIBHOCTI (3).

B Tabnuui 1 naBemeHi pospaxyHku mist M
IPY PI3HUX 3HAYCHHSIX TOYHOCTI 1 HAJIIHHOCTI.

Ha puc. 1 MPEACTaBIEHI  pe3yJabTaTH
MOJICIIOBAHHS IS y3araJlbHEHOTO CyOraycciBChKOro
BiHepiBchKoro npouecy (o =0.2).

[Tpu 3pocTanHi ¢ 3Ha4eHHS M MOMITHO
3MEHIIYEThCA. TeopeTnuHo, mpu a —> 1 npouec
BUPOJDKY€EThCSI B TpSAMY JIiHIIO, a peaiizarii
CTAIOTh OUIBII TIaJIKUMH.
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B pobomi nobyoosana mpusumipna HeniniiHa MameMamuyHa Mo0enb 2IOPOOUHAMIKU 3AKPUINUX

600otim. L1 moodenv 3acHO8AHA HA DIBHAHHAX 2IOPOOUHAMIKU MITKOBOOHUX B00OUM. [ 3anucy pieHsAHbL
BUKOPUCMOBYBANACL O -cucmema Koopounam. [[na po3e’sa3amHa cucmemu pIiGHAHb N0OY008AHA HeABHA
pi3HUyesa cxema, 0 peanizayii AKoi 3acmocosano imepayiinull npoyec, wo 0OA3YEMbCA HA Memooax
Hviomona ma nocnioosnoi eepxuvoi perakcayii.

Kurouosi cnosa: pisnaunna Has'e — Cmoxca, xoeghiyienm mypoyieHmno20 00OMiHy, Hes6Ha pi3HUYesa cxemd,
Memoo NONPasKu 00 MUcCKy.

The three-dimensional nonlinear mathematical model of the hydrodynamics of closed water bodies is
built in this paper. The model is intended to estimate and forecast of the water environment taking into
account effects of wind. This model is based on the equations of hydrodynamics of shallow waters. The
governing equations are solved in the sigma coordinate system. To solve the problem using the method of
hydrodynamic corrections to the pressure. This method is an additive scheme of splitting on physical
processes and ensures the implementation of the mass balance. The Poisson equation used for calculation of
pressure distribution. Pressure is calculated so that to enforce continuity equation. The implicit difference
scheme is constructed for solving the equations. The iterative process based on Newton's method and
successive upper relaxation method is applied to implement this scheme. Considering model is part of
computer-modeling complex to prediction of the behavior of interior waters depending on impact of various
factors. The architecture of complex allows to configure complex for different objects, particularly reservoirs
and interior seas.

Keywords: Navier - Stokes equations, the coefficient of turbulent exchange, implicit difference scheme, the
corrections of the pressure method.

CrarTio npeacraBuB A.T.H. Kyain B.1.

Beryn

Mertoto naHoi po6oTH € moOy10Ba TPUBUMIPHOL
HETIHIHHOT MaTeMaTU4HOI MOJENi TiIpOAMHAMIKH
3aKpUTHX BOAOMM. Mopenbp NpU3HAYAETBCA IS
OLIHKM Ta MPOTHO3YBaHHA CTaHy  BOJHOTO
CepeIOBHILA 3 YPaXyBaHHSIM BIUIUBY BIiTpY.

B poborax, ki mpucBIYeHI MaTeMaTHIHOMY
MOJICITIOBAHHIO TiIPOIWHAMIKH MOPCHKHUX BOJIOWM,
BUKOPHCTOBYBIMCh  SIK  JIBOBHMIpHI ~ Tak 1
TpuBuUMipHi Mogeni. JlBoBumipHi Mozmeni Oymu
3actocoBaHi B pobortax [1, 2, 3]. Ane mia OUTbII
MIOBHOTO JIOCITI/KCHHSI PYXY BOIHOTO CEpEIOBHINA
0a)kaHO BHUKOPHCTOBYBATH TPUBHMIpHI Mozeni. Tak,
B pobotax CyxiHoBa i Unuctsikosa [4, 5] po3pobieHa

© JLI Iloranenko, I'.'M. Cremenko 2014

TPUBHMMIipHA HENiHIHA MaTeMaTHYHA MOJCTh IS
PO3paxyHKy TOJIS HIBUAKOCTEH BOJTHOT'O
CEpeJIOBHINIA CTOCOBHO MIIKOBOAHHUX BOAouM. [liis
YUCENFHOTO PO3B’s3aHHS TiAPOJAWHAMIYHOI 3amadi
BUKOPUCTOBYBABCS METOJI IOMPABKH JIO THCKY. B
poboti [6] mobynoBana 3D-undpoBa Momenb pyxy
piAMHYU 3 BITEHOIO MOBEpXHE. Mozens po3podieHa
32 YMOBH TIPHUCYTHOCTI TiIpPOIUHAMIYHOTO THCKY,
gKy Tpeba BpaxoBYBaTH, SIKIIO BEPTUKAIHE
NPUCKOPEHHS € 3HAYHUM.

3HauyHa KIUIBKICTH pOOIT TIO MO/IEIIOBAHHIO
MOPCBKHX BOJOHM TPHUCBSYEHA MOJICIIOBAHHIO
JUHAMIYHUX TpoueciB B A30BcbkoMy Mopi. Tak, B
poborax [7, 8] moOymoBaHa TpWBHMIipHA HeJiHilTHA
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MaTeMaTHyHa MOJICNb, SIKa JIO3BOJISE JTOCIIIKYBaTH
QUHAMIYHI TPOIECH, IO BHUHHUKAIOTH i i€
3MIHHOTO B 4Yaci BITPY 3a HasBHOCTI CTaIliOHAPHHUX
tedid. B pob6oti [9] mobynoana 3D-maremarnuna
MOJielb TifpoauHamiku A3oBchkoro Mmops. [lpu
MOJICITIOBaHHI TeUisl MOJA€ThCS Y BUIIIAAL PyXy JBOX
mapiB  pigUHHA: BEPXHBOTO 1 HWXKHBOTO. Pyx
BEPXHBOTO IIAPY OIHUCYETHCS PIBHSAHHAMHU MIIKOL
BOJU. PyX HIDKHBOTO IIAPY OMUCYETHCS PIBHIHHAMHU
TiApOAVMHAMIKA: PIBHSIHHS KUIBKOCTI PYXY, PIBHSHHS
HEPO3PUBHOCTI, 1O SIKUX JIOJAETHCS PIBHIHHS
FiIPOCTATUYHOTO THUCKY. BIUTUB BIiTpYy BpaxoBYEThCS
B PIBHSHHSIX BEPXHHOTO IIApY.

[TobynoBa mareMaTiaHOi MOETI

TpuBuMipHa MaTeMaTHYHa MOJEIbh 3aCHOBaHA
Ha HEJIHIAHUX PIBHSHHSIX TiApoIuHAMIKT
MUTKOBOIHUX Bojoim [10], siki BKIIFOUarOTh B cebe
piBusaHs Hag'e — Crokca:

ou Oou Ou Ou 10P 0, oOu
—tu—+v—F+w—=-——+—(u—)+
t ox oy oz pox O ox
0, Ou, O u
— (= v—)+av, 1
p (1 ay) 3 (v +av 0]
ov.  ov ov ov 1oP 0, ov
—tU—+Vv—+w—=———+—(u—)+
o ox oy oz poy Ox  Ox
0, ov, 0 \Z
)+ (vo)-au, ()
oy 0Oy 0z oz
ow ow oOw ow 1oP 0, ow
—tu—+v—tw—=———+—(u—)+
ot ox y oz p oz Ox  Ox
o, ow, 0,6 ow
+—u—)+_—-(vo)-¢g, 3)
oy oy 0z Oz
PIBHSIHHS HEPa3pHUBHOCTI:
ou + & + w =0. 4
ox 0Oy Oz

[loBHMI TiApOAWHAMIYHUN THCK TOB'S3aHHUN 3
TJIMOWHOKO CITIBBIHOINIEHHIM

P=pgn-2)+q, )
e u,v,w — KOMIIOHEHTH BEKTOpa IIBUIKOCTI V
P — noBHMIt TUCK, ¢ — TiAPOAMHAMIYHUN TUCK, O —

OIUTBHICT, & — KyTOBa INBHUIKICTH OOEpTaHHS
3emii, ¢ Ta vV — TOpPU3OHTAIbHA 1 BEpTUKAIbHA
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CKIazoBi KoedimieHTa TypOyJIeHTHOTO OOMiHY, M —

00ypeHHS piBHS MOBEPXHI.
O6mactpb pO3B’s3KY
Q={x,yeD,~H(x,y)<z<n(x )},

ne D — obmacTs moBepxHI BogoliMa, H — rouOwHAa.
Yepes nepeBakaHHs TOPU30HTAIBHOTO
Maciitady HaJ{ BEPTHKAIBHUM MOXHA BBa)KaTH
HECYTTEBOIO POJIb TOPHU30HTAIBGHOI TYypOyJIEeHTHOL
B'SI3KOCTI B TIOPIBHSHHI 3 BEPTHKAIBHOIO. Tomy
BBa)Ka€EMO KoeQilieHT TOPU30HTAIBHOTO
TypOyJIEHTHOTO OOMIHY A TIOCTIHHUM i PUHAMaEMO
2
fioro smauennst mopsiaky 10% —10° M Koedirmienat
c

3a1aqi

BEPTUKAILHOTO  TypOyJleHTHOro  oOMiHYy 1%
00YHCITIOETHCA BUXOASYH 3 MoJesli CMaropuHCbKOTo

[4]:
yol [ ou, Ov,
=CN — () +(2) .
v=_C; 5 (az) +(8z)

3nauenHs koHcTanTH C, 3MiHIOeThCA Big 0,1 1o

(6)

0,2, A — xapakTepHHii MaclITad CITKH IO BEPTUKAII.
I'pannuHi yMOBM Ha BiNBHIA TOBEPXHI MArOTh
BUTJIA;

S L Y

_ o
=N ot Oox

oy

(7

=71

z=n Ox>

(®)

z=n - TOy >

e o, =C (W], =, =C. ] -

NpOEKLii JOTHYHUX HAIPY>KEHb BEKTOpPa ILBUAKOCTI

BiTpy W Ha Bucoti 10 M Hax piBHem mops, C,—
Koe(DiIieHT MTOBEPXHEBOTO TEPTS:

00088, x <662
C,(x)= R 0e3po3MipHHi
0,0026, x>6,6>
c
KOCIIIEHT.
Ha OiuyHMX TpaHUIIX BUKOHYETHCS YMOBH
NPUTHATIAHHS.
Ha nui z=—-H(x,y) BUKOHYIOTBCS YMOBH:
(w+ua—H+va—H) | =0,
ox oy =H
ou
=T )
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ov B
Vg st Clyo
_ 2, 2 _ [, 2
re 7, =CuNu”+v°, 7, =Cyvu" +v°,
C, —  KOe(]iI[ieHT JOHHOTO  TEepTs, SKUH

00YHCITIOETHCS 3a (HOPMYIIOK0
C, =k>In2(%2),
20

Z, — KpOK IO BEPTHKali B NPUAOHHOMY IIapi,
z,=0,003% — mapaMerp LIOPCTKOCTI, WIO
XapaKTepHU3y€ BIIACTHBOCTI TiACTHIAIOUOI JOHHOI
MTOBEPXHI.

VY nouatkoBuii MoMeHT 4acy (¢ =0) pyx pinuHu
BiJICYTHIiH, a BUTbHA ITOBEPXHS TOPU30HTAILHA!

u(x,y,z,t) =0, v(x,y,z,t) =0,

w(x,y,z,t) =0, n(x,y,z,t)=0. (10)

Cucrema piBHSIHb, KpaHOBHUX 1 IIOYATKOBUX
yMoB (1)—(10) po3BsizyeThCst B 00NacTi 3 BUILHOIO
noBepxHer. 1[[o06 BpaxoByBaTH 3MiHY IOBEpXHi B
gaci IS 3amucy pIiBHAHR MaTEMaTHYHOI MO

BUKOPHCTOBYEMO O -cucTeMy KOOpJAMHAT.
[lepeiinemo BiJg KOOpAMHATH Z A0 KOOPAMHATH G 32
hopmyoro:

c=(cz-nm/(H+n). an

Toni cucrema piBHsHB (1)—(4) 3amUIIETHCS TAK:

ou Ou Ou w  Ou 10g On
u V—-+ — =" —g—+
ot ox Oy H4+noo p Ox ox

0,6 ou, 0,6 Ou
+—( )+ —(u)+
ox oOx oy Oy

PR S (12)

+i( @)Jri( @)Jr
ox Max oy “ay
1 0, ow

+—(H+n)2% V%), (14)
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ou Ov 1 8w:O

—+—+ — (15)
ox o0y H+noo

CkiHUCHHOPI3HUIIEBA MOICITH

Jnsg  gucenpHOI peamizallii  THCKPETHOI
MaTeMaTH4YHOI MOJENi BBOIUTHCS CiTKa @, A€
T — KpPOK 3a 4acoMm, h,, h,, h; — Kpoku 3a
NPOCTOPOBHMH 3MIHHUMH, AG — KpOK 3a
KOOPJIMHATOK G .

Hns po3p’sizaHHS 3a4avi  TiAPOJUHAMIKU
BUKOPHUCTOBYETHCSI METOJ TIOTIPABKU JI0 THCKY.
Jlaamit MeTon sBISE COOOIO AIUTHBHY CXEMY
po3mierieHHss 1O  (i3UYHUM  Opolecam i
rapaHTye BUKOHaHHs OanaHcy Macu (piBHSHHS
HEPO3PHUBHOCTI). 3TiTHO METOAY BUXiTHA MOJICTH
pO30MBAETHCS HA TPH MiA3aqaui.

B mepmi#i  mim3amadi  00YHCITIOIOTHCS
MIPOMiXHI 3HaYeHHS BEKTOpa IBHIKOCTI. J[pyra
mif3ajada MoOJsrae B PO3PaxXyHKY pPO3MOJLTY
TUCKYy Ha ocHoBi piBHsaHHA [lyaccona. Tuck
00YHCITIOETHCS TaKuM YUHOM, o0
BHKOHYBAJIOCh PIBHSHHS HEPO3PHUBHOCTI. Tpers
mij3ajadya  KOPHUTYE  3HAYCHHS ~ KOMITOHEHT
BEKTOpA IIBHIKOCTI HAa MOTOYHOMY YacCOBOMY
mapi 1Mo SIBHUMH (GOpMyJIaMH 3 ypaxyBaHHSIM
Tpajli€HTy TUCKY.

Hdns  oOuuciieHHS TNPOMDKHUX 3Ha4YeHb
BEKTOpa  IIBHIKOCTI  MOOyJOBaHA  HEsBHA
pI3HHIIEBA CXEeMa:

u ., —u u 5 —u
i+ Jk i+ Jk i+ Jk i Jk
+tu | ————+
T HEJk 2]’11
u —u w
i+—j+lk i+5j—1k i+—jk

+v X

i+ jk 2h, (H | +17 ;)

i+—j i+—j
u -

i+—jk+1 i+—jk—1

% = Qv 1 771+1] 771] +
2Ac i+ jk h
u 2u | +u
t+51k l+5_1k i—-—jk
+ u( 5 +
h,
u 2u | +u

i+—j+lk i+51k i+—j—-lk

+ > +
h
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ac u,v,w — KOMIIOHCHTH BCKTOpa H.IBI/II[KOCTi Ha

MOTIEPEeTHFOMY JacoMy Imapi, u, v, w — TIPOMDKHI
3HAYCHHS KOMIIOHEHT BEKTOPA MIBUAKOCTI.
AnpokcuMarisi piBHSIHHS HEPO3PHUBHOCTI:

u | —u 4 V 1 =V
ik ik ok ok
+ +
hy hy
wo o =Ww o
1 ik ik
=0. (19)

+
(H it 771.1.) Ao
3HaveHHs] KOMIIOHEHT MBHUIKOCTI Ha (1 + 1) -My
mapi 1o 9acy 3HaxoauMo 3a GopMyIaMHu:

n+l T

u =u —— (i — 9t )5 20
i+%jk i+%jk phl (q1+1_]k quk) ( )
n+l _L _

Vij+%k = ij%k o, (qij+1k qijk)’ (21)
n+l _i _

Wijk% = lek% o, (qijk+l qijk)' (22)

MigcraBmsaroun  (20)—(22) B (19), onmepxyemo
CKiHUeHHO-pi3HUIIeBe piBHsHHA [lyaccona s
THCKY:

it — 20 +q;_y; Qi1 —2G;0 + G,
T i+1jk ijk i-1jk +7 ij+1k ijk ij—-1k +

2 2
h h
u ., —u
+ T Dijiv1 — 2qgjk + Q1 p( '+§~’k ’_E’k n
2 2 -
(H +T],-j) Ac h,
V 1 =V w =W oy
ok ik 1 el gt
+—2 2 4 = 2, (23)
h, (H;+n;) Ac
Jns 00YHUCIIEHHS CITKOBUX 3HA4YEHb

Koe(ilieHTa BepTUKAIBHOTO TypOYJIEHTHOTO OOMIHY
V. Ta V. BUKOPUCTOBYEMO Pi3HULEBUH
ijk+ % ijk— % P Yy p 0

aHajor ampokcuMarii CMaropuachKoro (6):

U —U.. Vi o — V..
v, =(Ch 2 ijk+1 k-1 2 + ijk+1 ijk—12 )
O e I e

Jus uncenvHOi peamizamii pizHUIEBOI cxemu (16)—
(18) BUKOPHUCTOBYETRCS ITEPAIMHIIA MPOTIEC.
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YucenpHa peanizamis pi3sHALIEBOI CXEMH

PizaunieBa cxema (11)—(14) € mesBHOIO. BoHa

npencraBise  co0OK  CHCTEMY — HENiHIHHHX
pisHumeBux  piBHAHb. Mg 1 po3B’si3aHHA
BHKOPHCTOBYETHCSl  iTepalliiHWiA  TpoIec, KU

Oazyerbcss Ha MeTonax HbIOTOHa Ta MOCIiIOBHOI
BepxHbOI penakcaii [11].

Hdns  mobynmoBu  iTepamiiiHoro  mporecy
3anuimreMo pizautiesi piBHIHAS (11)—(13) y BUTIAII:
Fl(unl P L L T

2’ 2/ / 2 2/

T L P
Y, Y,

Fz(vij Y v v

Kotk
+— ~1j+—
1 j 2

2
v , )=0,
ij+5k+1

"
15V 15V 3,
TP TS L
TR TR T,

Virker’
ij+—k—
A

1> W

Fy(w ,

- - 1> W
jk+=  i-1jk+—
v 7

w w
i+1jk+%’ L 1

ij—lk+— ij+lk+—
TRy TR

wo,w 3)=0.
ik=— " ijk+
2 2
Tomi itepaniiHuii mporec I  PO3B’sA3aHHS
piBHsHB (16)—(18) 3anmumieTscst y BUTIIAII:

— . F,
us +1 :ub . _ w_l ,
i+— jk i+—jk F
2 2 11
E
vs+11 :vs L - o 2 ,
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Y 2 2 21
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1 1
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CnHcoxk BUKOPHCTAaHUX JXKepes

1. Epemees B.H. Mogenuposanue
JUIMHHBIX ~BONH B  A30BCKOM  MOpe,
BBI3BIBAEMBIX IPOXOXKICHHEM LUKIOHOB /
B.H. Epemees, A.B. Konosamnos, 0.B.
Mannnok, JI.B.  Uepkecos // OxeaHonorus.
—2000. — 40. — N5 — C. 658-665.

2. Kpykuep JI.LA. Maremarnyeckoe
MOJEJIUPOBAHUE THIPOIUHAMUYECKUX
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FZI:1+2m(i2+L)+

b b

+ 2
(H i +m 1)

ij+—
]2

2

1 1
F, =1+2m(h—2+ )+

72
1 h2
n T Vi T Vi
2 2
(H;+n;) Ac
0<@ <1, s —HOMep iTepauii.
Jns  moOymoBW  iTepamiifHOTO  IpoIecy
PO3B’SI3yBaHHS  PI3HUIIEBOT CXEMH IS TUCKY
3anuiieMo piBHSHHA (23) y BUATIAIL

F, (qijk’qi—ljk’qi+1jk5q4‘/—lk5qg/‘+1k9%jk—l9Q;‘/k+1) =0,
ne F, (qijk’qi—ljk’qiﬂjk’Q{/—lkﬂQ{/‘Hk’qu‘k—l’ngkﬂ) =

b

ik _2qg/‘k T4 n D — 2‘1;,'/{ + Gk n

2 2
h h
u  —u
N 1 G — 2G5 + Qs _B( ok ik n
2 2
(H,;+n;) Ac T h,
V o =V w o =Wy
ok -~k 1 ijk+— ijk—
AL 2 L 2 2y
h, (HU + nl.j) Ac

PosrisiHyTa MOzENb € CKIafoBOIO YacTHHOIO
KOMITIOTEPHO-MOJICTIIOIOYOTO ~ KOMILIeKca ISt
nepen0aYeHHsT TMOBEMIHKH BHYTPIINIHIX BOJOWM B
3aJIe)KHOCT] BiJ] BIUIMBY Pi3HOMAaHITHHX (DaKTopiB.
ApXITeKTypa KOMIUIEKCA JO3BOJIE HaJAIITOBYBATH
Horo Ha pi3Hi 00'€KTH, 30KpeMa BOJOCXOBHIIA Ta
BHYTPIIIIHI MOpPHI. 3apa3 3MIHCHIOETHCS
HaJAIUTYBaHHS IPOIPaMHOrO 3a0e3MedYeHHs st
yMOB A30BCHKOTO MOpSI.
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Posensoaemuvcs 3a0aua npo no6yoogy — onmumanrbHO20 HOYAMKOB020 THEECTNUYIUHO020 nopmabenst aKyill.
Kuroyosi cnosa: mamemamuuna mooensb, ONMUMAIbHE iH8eCYBAHHS, nopmensb aKyi.

The problem of optimal portfolio diversification is investigated. In a class of ordinary differential
equations constructed mathematical models of the dynamics of the formation of the market value per share
and stock portfolio. Such models are needed to build the trajectories of the market price of shares and the
optimal portfolio diversification. Initially, based on the method of variation of arbitrary constants is based
procedure that enables an analytical solution of the corresponding equation. Based on the mathematical
model of the market value per share the model of the dynamics of the portfolio is constructed. This model is
used to its maximum diversification and building the initial values of the optimal vector of shares of
different types in the portfolio. At that applies mathematical set theory and methods of optimal control
theory. The problem of partitioning of investment interval on subintervals. On each of them solves the
problem of constructing an optimal investment portfolio taking into account constraints on the control.

We also consider the problem of identification of parameters of the mathematical model of the dynamics
of formation of the market value per share. For this purpose built procedure that allows you to build a
guaranteed set, you always get the desired financial performance of investment operations.

Key Words: mathematical model, control parameters of portfolio, diversification of the investment
portfolio

CraTTiO IIpeAcTaBuB J.T.H., pod. [apamienko O.T".

I[lpu  pos3p’si3aHHI  MaTeMaTHYHHX  3a]a4
(OH/IOBOTO PUHKY 3HAYHHU IHTEPEC MOXKE SBISTH
3a7a4a Ipo MOOYIOBY ONTHUMAIBHOTO IOYaTKOBOI'O
noptdens MiHHUX ManepiB MpH BU3HAYEHOMY piBHI
Horo ouikyBaHoi HpPHOYTKOBOCTI MJIsl 3aJaHOTO

() =r, g St<t, u(t)eU(t), re U(t) -

MHOXKHHA JIONYCTUMHUX KepyBaHnb, 1=1K.

b
| (ult-) teg) =min( [ fo (1 (1), u(e), Ot +

MOMEHTY 4Yacy y MalOyTHbOMY. A @)
[ToOynyemo  airoputm, SKAHW  J03BOJIMTH D(r(t,)).
BU3HAYUTH CTPYKT ONTUMATILHOTO . .
. - PYKIYPY BBaxaemo, mo ¢ynkmis d(r(t,)) —sigoma. Tyt
IHBECTHUIIIITHOTO TOPT(]ENs NUITXOM KOHCTPYIOBAHHS
IIOCITiZOBHOCTI ~ ONTHMAnbHHX HA  iHTepBajax MOMEHT  wacy  t —samammit; U= (Up,...,U.);
KepyBaHb, NOYMHAIOYHM 3 OCTAHHBOIO, JI€ 3HAYCHHA KepyBaHHS U = U(t) € KYCKOBO - HEIIEPEPBHOK  Ha
TbOBOT (QYHKINT Y KiHI[CBHHA MOMEHT Hacy BIIOME. 4o apomy  pinpisky; f(ry,u,pt)-  samama
MatematuyHo (OPMYJIIOBaHHS Takol 3aaadi MOXKe _
GYTH 3aIHCaHO TaK HemnepepBHa Ta OOMeXKeHa (YHKIIisI.
s po3B’si3aHHS  3a4adi  ONTUMAJILHOTO
dr_ (t) inBecTyBaHHs y miHHi manepu (1) - (2)
P =f (r o (t) u(t),t), (1) 3aCTOCOBYIOTh TaKi METOJIH:
dt - migxin . MapkoBuiis, 0 BHUKOPHCTOBYE
JIOITyCTUMY Ta e()EKTUBHY MHOXHHHU, KPHUBI
0aiiTyK0oCTi IHBECTOPA;
190

© B.B. Pyrtuipka, 2014


mailto:ivanenko@unicyb.ki.au

Bicuux Kuiscokozo nayionanvhozo ynieepcumemy 2014, 2 Bulletin of Taras Shevchenko
imeni Tapaca Ileguenka National University of Kyiv
Cepis ¢hizuxo-mamemamuuni HayKu Series Physics & Mathematics
- po30UTTA  3aragbHOI  ABOKPHUTEPIaTbHOL X; (t)ri (t) dxi (t)
3a1a4i ornrTuMizarii 1HBECTHULIIIAHOTO Z X (1) dt = Z X (t)ri t) - Z Z X; (t)x
i i i i

nopTdens Ha 1Bi OJHOKPUTEPiabHi;
- METOIY TeXHIYHOTO aHaji3y;
- Meroau GyHAaMEHTaIbHOTO aHaJIi3y.
[TocranoBka 3amaui (1) — (2) € goBomi
3arajJpbHOI0 1 Cepell HEeBIIOMHUX HOJaTKOBO MiCTHTH
ty_1 1@ Iy (t_y), WO, BIANOBIAHO, € MOMEHTOM Yacy

MEPeKIIOUEHHST ~ KepyBaHHS  Ta  OYiKYBaHOIO
MpUOYTKOBICTIO 1HBECTUIIIHHOTO MOpPTQeNns y IeH
MOMEHT 4Yacy. Y Takiii TOCTaHOBIII 3afada €
HQ3BUYAHHO  CKJIAQMHOI, TOMY  CIPOOYyEMO
crpocTUTH ii. 32 MOMEHTH JuBepcudikaiii MoxeMo

PO3IJITHYTH  BiJioMi to, b, by Heo0xigHo
BusHaunTH Iy (), i=1k.
Posrnsaemo MaTeMaTHYHY MOJIEIIb

(opMyBaHHS PHHKOBOI BapTOCTI 1HBECTHUIIITHOTO
moprdenst i moOyayeMO aHAJIITHYHO BiJIIOBIIHY
TPa€EKTOPIIO.

Ha inTtepBami wacy te[t),T] piBHAHHA, IO

ONMUCy€e MPHOYTKOBICTH TOPTQENsS aKIii ly, Mae

BUTJISIT

(=2 %O, ®
i

Je X; — 4YacTKa akuii i-Toro Bumy y mnoptdeni;

I, —odiKyBaHa HpUOYTKOBICTh aKLiif i-TOro BUILY.

[poaudepentiroBaBmn obuaei yactuau (1) 3a t,
OTPUMAEMO

d
Jil—z<a)

VYBenemMo HOpMyIOYi BHpasu, SKi 3a 3MICTOM €
OOCpPHEHMM 4YacoOM peakilii CHUCTeMH Ha 3MiHY
JMHAMIKH O4YiKyBaHOI NPUOYTKOBOCTI Ta CTPYKTYpH
noptdens

O, %0
20t 2x0

Jlns i # j MaroTh MicCIie CMiBBiTHOIICHHS

in(t)n(t)%=in(t)ri(t)—22xi(t>><

(1)

dx (t) dr, (t)

X (O —). (4)

=1, telt,,t,].

N
r;(t) ,

dx; (t) 1

i) dt x;(t)

Junamiuna Monens GopMyBaHHS PUHKOBOI BapTOCTI
mopTders akmiii MaTHMe BUTIIS

dr,(t)
Cdt ( )
dx;(t) 1
dt  x. (t)) )

lle mimifiHe pIBHAHHSA TMEPIIOTO TOPSAKY 1
3aCTOCYEMO METOJI Bapiallii JOBIIBHOT CTAJIOl JJIs
moOyIOBU HOTO 3arajbHOTO PO3B’SI3KY.

dr, (t)

—2r,(t)=0.

r, (M) =c (%, ()

Je C; — JOBLIbHA cTaya. 3riHO METOy Bapiallii
JIOBIJIBHOI CTaI01, BBAKaTUMEMO

€ =Cy (). (6)

[lincraBumo po3s’sizok  (5) y audepeHiianbHe
piBHsHHS (4), 6epyun 10 yBaru (6). OTpumaeMo

a1
2t J J
o) =—[¢ zzyawm“af " MMML
Toni
ty = 02t [ /- j
rp () | 0
dx;(t) 1
7
™ ")
OcTaHHE CIIBBIJHOIICHHS, TPH HPUIYIICHHSIX,

3po0JICHUX BHILE, ONMUCYE AMHAMIKY (OpPMYBaHHS
PUHKOBO{ BapTOCTi MOPTQENs PU3MKOBAHUX LIHHUX
nanepiB. Binpin geranpHMil Horo aHami3 BKazye Ha
IBI BaXIJIMBI BIACTUBOCTI, SKi XapakTepU3YIOTh
PUHKOBY BapTicTh HOpTQess i MOJsAralTh B TOMY,
M0 0O JIWHAMIKa 3aJIe)KUTh  BiJ [JOUHAMIKU K
OYiKyBaHOI TIPHUOYTKOBOCTI akIliii, Tak 1 3MiHH
crpykrypu noprdens. YV cmisigromenni (7) f i€

MPaBOI0 YaCTHHOIO JU(EPEHLIATEHOTO PiBHIHHS,
AK€ ONHCye JWHaMiKy (opMyBaHHS PUHKOBOI
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BaptocTi akimii [2] i 3a CBOEW CTPYKTypowO Ta
3MicTOM BiamnoBifae puHkoBiid moneni [lapna  [1].

OTpuMany MOMIMBICTH MOOYIyBaTH TOCII
JOBHICTh TPAEKTOPi Ha BUOpAaHUX 1HTEpBAJIAX 4acy,
o J103BOJISIE cHOPMYBATH CTPYKTYPY IOYATKOBOTO
IHBECTHIIIIHOTO mOpTders.

Pazom 3 TuUM, TakMil Migxig HeE J03BOJISIE
e(eKTHBHO BIUTMBATH HA CTPYKTYPY IHBECTHUIIIH 1 HE
B MOBHIK Mipi BHKOPHCTOBYE  BJIAaCTHUBOCTI
MaTeMaTHYHOTO  OINHKCy, IO HaBeACHHUI y
MaTreMaTH4IHi# Momedi (4).
OxpiM  iHIIOTO, BOHA

dg®, 1
dt X ()

CTPYKTYpH iHBECTHIIiH.

MICTHUTE MHOXXHHUK

MOXJIMBI 3MIHU

SIKUM  OTMHCYE

CKOpHCTaeEMOCH €0 MOXIJIHBICTIO ISl MTOOYAOBU
OIITUMAJIBHHUX Ha iHTCpBaHaX K€pyBaHb, MAarO4YM Ha

MeTi chopMyBaTH  ONTUMAJIbHUH  IMOYATKOBHI
moptdens. Jns OCTaHHBOTO IHTEpBANTY 3amada
MaTHME TAKHH BUTJIS
telt, st ], 8)
rp(t) ="y ©)
p Lk P’

|
rp (1) = rS‘l = > X (ten)rj (B, (10)
i1

IvHaMika (QOpMyBaHHS PHUHKOBOI BapTOCTi OAHI€l
dr;

aKIil , (j=11) npu uboMy OmHCYETHCS

BIJIMOBITHOIO MOJEIIIIO, SIKa HaBeJeHa 1 JeTalbHO
omnucaHa B [2], Mmae BUIIIsI

dr(;t(t) = (,SM (1) + o, | (1)) i )+ ZN:’B” i ®,
j=1n.

3amaua mossirae 'y moOynoBi (yHKWii KepyBaHHS
Xj(t), ixa  /103BONMTHL  3iHCHMTH ONTHMAIBHHUI

MepexiJ| BiJi TOUKH rg JI0 TOUKH rg_l.

Hns  chopomieHHs — NOJANbIIMX — BUKIAJOK
MaTeMaTHYHy Mojens (4) HaBegeMo B OUIBIN
3aralpHii hopmi

Fo = FP(rp, %, %, 5, 6), =11 (11)
Kpurepiii sKocTi, M0 1a€ MOMJIMBICTE BH3HAYHUTH
ONTHMAJIbHMAN 3a PHHKOBOIO BapTIiCTIO mMOpTdens
iHBeCTULIl A1 MOMEHTy wacy f,_;, 3amumemo y

BUTIIAIL

2014,
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[
z Xj (tk—l)rj (t—1) — max
" X
=1
[Ipu po3B’s3aHHI 3a7adi ONTHMAaIbHOTO KEpyBaHHS
(9, (1), (12) ckopucraeMochb  METOIOM
[OCJIIJOBHHUX HAOIMKEHD.

Sx 3miEHa (a30BOTO CTaHy pPO3TISLAAETHCS
PMHKOBa BapTICTh Moprderns akuiid r,. 3a kepyroui

(12)

napameTpu, 31"iI[HO 3 MOZACIIJIIO, - BEKTOP

dx dr.
ut) = (% (1)1, 1), XO'H“), rc'f)). (13)

OO0uucioBaIbHA MPOIEIypa METOIy MOCIiI0OBHUX
HaOINKECHD TOJIsATaEe y KOHCTpPYIOBaHHI

TOC/Ti0OBHOCTI JonycTuMuX KepyBanb {U* (t)}akoi,

10 Ha KOXKHOMY HAaCTYITHOMY KpOIIi
u“t(t) =Ru* (t), k=012,...,

me U —jeske mOYAaTKOBE HAGNMKEHHS BEKTOPA
KkepyBaHb, RuU(t)—moBinmbHa nmomycTuMa (GYHKIS,
mo Hajgae MakcumMyMmy ¢yHkmii [aminerona 3a
KepyBaHHAM.  OCOONUBICTIO  MOCTaHOBKH  Ta
3aCTOCYBaHHS METOJAY IIOCIIJJOBHUX HAOIMKEHb €
To (¢akt, mo Ha QyHKIIO KepyBaHb U(t),
telt,ty_1] y KOXKeH MOMEHT 4acy HaKJIaJaloThCs
JOCUTH XKOPCTKI OOMEKEHHS

u(t) €U(), (14)
e U(t;) —MHOXMHA NOIYCTHMHX KepyBaHb, SKa
XapaKTepu3ye HasIBHICTP Ha PHHKY HEOOXiTHOL
KUTBKOCTI BiTIOBIHOTO BUy IIHHUX TATEPIB.
HaBenena Buine mpomeaypa /Ja€ MOXIHBICTh
noOy/yBaTH MOCIIIOBHICTh KEPYBaHb, IO JIO3BOJISIE
3NIHCHUTH ONTUMaNbHUH nepexiz Big Toukn Iy ()

mo TtoukH Ip(tc;). 3acrocyBaBmM IOCIIZOBHO

KPOKH IbOTO ajJrOpUTMY OTPHMAEMO CTPYKTYPY
ONTUMAJIBHOTO TI0YaTKOBOI'O MOPTdEs iIHBECTHUIIIH.
3acTocyeMO amapaT MHOXHH JOCSIKHOCTI

[3], mo6 oTpumaté MOXKIHBICTH 3aCTOCYBATH
po3pobiieHi aNropuT™MH  JJIA MIPAKTUYHOTO
3aCTOCYBaHHSI.

3rifHO O3HAYEHHS, MHOXXHHOIO JIOCSKHOCTI
D(t,s,M) cucremn kepyBauus (4) 3 yMOBOI Ha
KiHII TpaekTopii (9) mpu t <Se CyKymHICTh KiHIIB
TpaekTopiit r(-) Iiei cucremu, IO MOYMHAIOTHCS Y
MOMEHT S B TOYKaX MHOXXHWHHM MOYAaTKOBUX CTaHIB
M.

Buxonsun i3 moiaokeHb KIacuIHOi Teopii I,
MapkoBuLd, IPUXOJUMO IO BHCHOBKY, L0 Y KOXKEH
MOMEHT 4acy BOJIOJiHHs MOpTQeeM iHHMX ManepiB
iHBECTOp aHaNli3ye MHOXHWHY albTepHATHB, 3 SIKOI
obupae €quHy ONTHMANBHY JUIS HBOTO Y JIaHUH

192



Bicuux Kuiscokozo nayionanvhozo ynieepcumemy 2014, 2 Bulletin of Taras Shevchenko
imeni Tapaca Ileguenka National University of Kyiv
Cepis Qizuxo-mamemamuyni HayKu Series Physics & Mathematics
MOMEHT qacy. 3actocyemo (dbopmansHUI J=F(r,(), t<s. (15)

MaTeMaTHYHUN alrOpuT™M, MNOOYyIOBaHWN BHUILE i
KA BHKOPHCTOBYE MHOXMHHI OLIHKM CTaHIB
cucteMu y BUOpaHi MOMeHTH 4yacy. Po3B’ 5130k 3amadi
Komi amnst cucremu (4) pu ymoBi (9) no3HaunMo

- p
p=rp(t,s,n ).

Chopmynroemo muTaHHS, SKi HEOOXiTHO BHUPIIIUTH
nmpu  TOOYJIOBI  ONTHMANIBHOTO  I[MOYATKOBOTO
noptdensi 1HBECTHINH A BiOMOI HOTro OaskaHoi
MpHOYTKOBOCTI Y KiHIIEBUI MOMEHT 4acy.

1. 3naroumn MHOXKUHY JOCSHKHOCTI
D(t,s,M) cucremu kepyBanHs (9), MoxHa

OIIIHUTH MOJIMBOCTI KepyBaHHS. Tak, €
3MOra JaTH BIANOBIAL Ha IUTAHHS , YU
MOXJIMBO TIEPEBECTH CUCTEMY KepyBaHHs (9)

y 3ajnanmii paszosuit cran I, (t) y nesxwmit

(ikcoBaHuii MOMeHT 4acy t<S. Jlis mporo
JOCTaTHRO  TEPEBIPUTH  TPUHAIEKHICT

BEKTOpa I’; (t) maoXHHI D(t,s,M).

2. lIlepeBectu cuctemy (9) y 3amaHUii MOMEHT
qacy tHam 3amany MHOkHHY Ny dazoBomy

npocropi. Llg 3amada, oueBHOHO, Mae
PO3B’S30K Y TOMY 1 TINIBKH Yy TOMY BHIIQJIKY,
KOJIH

N A D(t,s,M)=0.

3. 3maiiTu Take kepyBaHHs U(t) 1 Takuii BeKTOp
r(s)eM, mo s
BHKOHaHHI oOMexeHb (14) mocsraerbes
ONTUMAJIbHE 3HaYeHHS (DYHKI[IOHATIA

cucremu (9) mnpu
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3amawa 1m. 3 3 kputepiem (15) moxe Oytn
chopMynboBaHa SK 3aJada OpO TMOIIYK MIHIMyMY
¢yHKLIOHATa HA MHOXHHI JOCSDKHOCTI

min ~ F(ry).
r,eD(t,s,M) ( p)

F = (16)
CdopmynpoBaHa BuIlIe 3a1ada BXXE HE € 3a7ayero
ONTUMAJILHOTO KEPYBaHHS, a SBISETHCS 3a7adyero
MiHiMi3amii GyHKIIT N3MIHHUX Ha 3a/1aHiii MHOXKHHI.
Takum uyuHOM, 3amaui  (15) abo (16) mo3BONAIOTH
MOCIIZIOBHO OTPUMYBAaTH MHOXXHUHHU TPAEKTOPIH, IO
JAI0Th MOKIIUBICTD 1HBECTOPY MPUMMATH MPaKTUYHI
pillieHHsT PO ONTHUMAJBHUN CKJaJ 1HBECTHIIHHOTO
noptdens. Taka mocTaHoBKa 3amavi 1 moOyIOBaHUHA
JITOPUTM ii PO3B’SI3aHHSl 3HAYHO PO3LIUPIOIOTH
MOJJIMBOCTI TpPH i1HBECTYBaHHI, a/Ke y KOXEH
MOMEHT AuBepcu(ikalii € MOXJIHBICTh OTPUMATH
MHOXHHY aJbT€PHATUB, CKBIBAJEHTHUX 3 TOYKH
30py OOpaHUX KpUTepiiB sAKocTi. [HBecTop, sK 1 B
kiacuuHoMy — miaxomi I MapkoBuis, — Mae
MOJKJIMBICTh BpaxyBaTH IPH MPUAHATTI PIMICHHAS
IONAaTKOBI  (haKTOpW, IO MOXYTh BHHHUKATH B
MPOIIECi MPAKTUYHOTO IHBECTYBaHHS 1 TOB’s3aHi 3
0COOJIMBOCTSMH TIPOLIECY MOJICIIOBAHHS JTUHAMIKH
CHCTEMH.

3amponoHOBaHa MaTeMaTH4YHa TPOLEeaAypa
quBepcudikamii  moprdens  iHBECTHLIH  Ja€
MOXJIMBICTH Ul  JUHAMIYHMX  MaTeMaTHYHHX
MoOJIeJIeH O/IHI€T aKilii Ta mopTQelis akilii po3B’sI3aTH
3ajauy BUOOPY MOYATKOBOIO MOPTQEIis iHBECTHIIIH
mpu  BIIOMOMY  3Ha4eHHI HOro  OYIKyBaHOL
MpuOYyTKOBOCTI Ha 00paHUil y MailOyTHEOMY MOMEHT
qacy.
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Y cmammi O0ocnioxceno mooeni cxinwenHux [-xyOimosix KEAHMOBUX ABMOMAMIE V NPUNYWEeHHI, W0
acoyiiiosani yHimapHi onepamopu 6usHauaioms obepnenns cgepu bnoxa naexono oci opounam, a
BUMIDIOBAHHA CMAHY 30IUCHIOEMbCA e 8 ocmaHHil momenm udacy. O0’ekmom 00CaiOHceHHs € mooei
MO-1QFA ma k QFA (k > 2), axi 30iticnioloms nepemeopeHHsl YUCmo20 NoYamKo8020 Cmany agmomama, a

maxoxc ix yzaeanvhenns L-QFA ma L-k QFA (k 2 2), saxi 30itichioiomb nepemeopeHHs: 3MIUAHO20

nOYaAmMK08020 CMAHy agmomama (Mmobmo CKiHUeHHOT MHONCUHU MOICTUSUX NOYAMKOBUX CIAHIG, KOJCHUU 3
KOMpUXx Modice mMamu micye 3 3a0anor timosipHicmio). [Ipeomemom Oocniodcents € mosu, AKi 6KA3aHI
Mmooeni po3nisHaioms abo 3 3a0aHoI0 UMOSIpHicCmIO, abo 3 3a0anol0 noxubkow. Cmpykmypy yux Mmos
OXapaKmepu3o8ano y MepMIHAX QaKmop-MHONCUH, SKI BUBHAYEHO HA OCHOBI 6KA3AHOI 61ACMUBOCMI
VHImapHux onepamopis. Bcmanoeneno kpumepii, npu kompux 6Ka3amni MOSU € CKIHUEHHUMU MHONCUHAMU.

Kmouosi crosa: cxinuenni 1-xybimosi xeanmoei asmomamu, obepuenHs cpepu bnoxa Haexono oci
KOOpOUuHam.

In the given paper there are investigated models of finite 1-qubit quantum automata under assumption
that associated unitary operators are rotations of the Bloch sphere around the y -axe, and measurement of a

state is produced at final instant only. The objects of investigation are models MO-1QFA and k QFA (k > 2)

intended for transformation of pure initial state of an automaton, and their generalizations L-QFA and L-
k QFA (k = 2), intended for transformation of initial mixed state of an automaton (i.e. for some finite set of

admissible initial states, each of which can take the place with given probability). The subjects of
investigation are languages accepted by investigated models either with given probability, or with given
error. The structure of these languages is characterized in terms of the factor-sets that are determined by
considered assumptions on unitary operators. Criteria under which characterized languages are finite ones
are established.

Key Words: finite 1-qubit quantum automata, rotations of the Bloch sphere around some coordinate
axe.

Crattio nipeactaBus npodecop byii 1.b.

Introduction.

There were proposed a variety of finite quantum
automata (QA) models (in what follows the word
“finite” is omitted) intended to recognize languages
in the given input alphabet [1-6]. Main efforts of
researchers in QA theory are directed to determine
the class of languages accepted by this or the other
model of QA, to compare recognizing capacities of
different models of QA each with the others, as well
as with classic deterministic or probability automata,
or to establish criteria of states equivalency for QA.

In [7] some QA models were characterized under
assumption that unitary operators commute each

with the others. Languages accepted by these models
of QA either with given probability, or with given
mistake were characterized in terms of the input
factor-set determined via the above pointed property
of unitary operators.

In the given paper we investigate some simple
QA models, such that unitary operators are rotations
of the Bloch sphere [8] around fixed coordinate axe,
i.e. they commute each with the others.

It what follows it is supposed that for any number
« € R, Unitary operator u , is defined via identity
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cos 05 a - sin 0,50,] M 2. For any integer k =2 there hold identities
u = ) k-1 . .
sin 0.5 cos 05« UAJAL'As,, =2 and A ns,,, =2.

i.e. unitary operator u_ (« € R,) maps any unit

vector |¢ >e ¢’ to the unit vector u_(l¢>)

represented by the point obtained by rotating of the
radius vector from the center of the Bloch sphere to
the point | > through the angle 0,5« around the
y -axe.

It is worth to note that for any numbers
a,,a, e R, there hold identities

u,u,

=Uu_UuU_=U
agn a

) h ayta, = (ay+ay)(mod 4z) "
In the given paper some models of QA are
investigated under the following three assumptions:

1. The set of basic states is Q =B, ={/ 0 >,|1>}

(where [0 >=(1,0)" and |1>=(0,1)" ), and the set of
accepting states Q. is some one-element subset of
theset @ ,i.e.either o, ={0>},0rQ, . ={1>}.

2. Measurement of a state of QA is produced at
final instant only.

3. For considered finite alphabet A some
injection v:A — (0;4r) is fixed, and with each
letter a < A it is associated unitary operator u

defined by formula (1).

The rest of the paper is organized as follows.
Chapter 1 consists of technical results. In chapter 2
investigated models of QA are defined. In chapter 3
languages accepted by investigated models of QA
either with given probability, or with given mistake
are characterized. The last chapter consists of some
conclusion remarks.

1. Technical results.

Let A be any finite alphabet, k e N be some
fixed integer, and P:A - {01} be some fixed
predicate. We set

A, ={ae A|P(a) =0},
A ={ae A|P(a) =1},

v(a)

k-
i k

A = UlAliAOk’ U A
i=1
and
Spapc={a,..a,e A" [leN&I=2k &
& (Vi=1,...,1 -k +1)(a, € A)) &
& (Vi=l-k+2,..,0)a, eA}. 2

It is worth to note that there hold the following
two statements:
1. For any integer ke N it holds inclusion

AA T es, ., (if k=1 wegetthat A® = A and

S = A, ,and thus inclusion A, < s, ., holds).

APl

i=2

Let v:A™ - (0;47) be some fixed injection.

Foranystring a,...a, esS,,, Weset
_ I-k+1
vi(ag...a;)= X v(a;...a;,,). (3)
i=1
Equivalence ¢, ., on the set s, ., defined by

formula

(Wl,WZ)e&‘A’PYk =
S v(w,)=v(w,) (md 4z) (w,,w,eS,..) (4)

determines the factor-set s /& such that for

APk APk

each element Be s l& there exists unique

APk

number y, e[0;4x) such that
B={weS,, [(3keZ )v(w)=y, +4zk)}. (5)

Let u

Ak

APk

={U, ., lac A"} be the set of unitary

operators, where u (ae A3} is defined by

v(a)
formula (1). For any string a, ...a, €S, .,

we set
I-k+1
u v(ag..a) nmu v(a

n (6)

Thus, the set of unitary operators u L generates

|---a|+k—1)

the set of unitary operators

U RO ={U v (ay...a)) la,...a; €S, 5.}
it holds identity
()

Since forany string a,...a, €S, .,

U =U

17(31...a|) ;(al..,a|)(mud 4z

we get that
U, w ={U 0 amod ary 1813 €S 50} (8)
and formulae (4), (5) and (8) imply that
JA(k) ={U,, IBeS, p/éapil: ©)
Now we consider in detail the case, when k =1.
Wegetthat A® = A ,s,,., =A and

U ocU (10)

Formulae (3) and (6) imply that for any string
a,..a, eS,,, therehold identities

v (a, ... a,)=1x v(a) (1)

A

and

|
Uiaan = iHlU via) (12)

Since s,.,=A, then ww,es, ., for any

strings w,,w, € S and formulae (11) and (12)
imply that
u

AP,17

v (wyw,) =u viwy) T v (wy) T U V(w,) ‘U vV (wy) (13)
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Thus, (JA(U ) IS commutative semigroup and

formulae (7), (11) and (12) imply that the following
theorem holds.
Theorem 1. For any finite alphabet A and any

predicate P:A — {01} the semigroup (u o) is
isomorphic to the semigroup (G ,®) , where
G={( xm,v(a)) (mod 4r)[(Vae A)m,eZ, )&

ae Ay

& (Fae AY)m, =0)} (14)
and
9,®9,=(9,+9,)(md 47) (9,,9,<6G). (15)
Corollary 1. For any finite alphabet A and any

predicate P: A — {01} the semigroup (u o) is a

finite group if and only if all numbers v(a)

v

(ae A are rational ones.
Proof. Since A% -a,,

0O<v(a)<4r (aeA)),and

then we get that

v(a)

0< <4 (aeA)).

T

It is evident that formula (14) can be reduced to
formula

6-f(x m, S

aeAp T

)(mod 4)|(Vae Ai(m,eZ )&

& (3ae AY)m, = 0)}
v(a)

v

(16)

Let all numbers

(ae A,) be rational ones.

K 1)
Then we get that v@ K
T K (2)

a

(ae A,), Where

kP kP en, kP <ak!® and eep (kP kPy=1.
Thus, formula (16) implies that

(1)
a

k(Z)

a

G={(x m,

ach

)(mod 4)|(Vae Aj)(m,eZ )&

& (Vae A)(m, <4kP)& (3ae A)(m, =0)}. (17)
Formula (17) in its turn implies that the following
three conditions hold:
1. The set ¢ is a finite one.

2. 0eG (since we get that it holds identity
1)

a
2
k()

a

(z 4kl?

ae A

) (mod 4)=0).

(1)

k?Z) Yy (mod 4) e G

a

-beG.

3.Foranyelementb=(x m,

ae Ay

there exists the inverse element This

element is defined by identity
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(1)

-b=(x 4k -m,) S
a a k(z)

a

) (mod  4) ).

ach

Thus, the semigroup (G ,®) is a finite group.

Let there exists some ae A, , such that v(a) is
T
an irrational number.
Let us consider the sequence
{mv(a)mod 47)}, (18)

of elements of the set G .

Let us suppose that the sequence (18) is finite
one. Then there exist integers m,,m, e N (m, >m,),
such that

m,v(a)(mod 4z)=m,v(a)(mod 4r7) <
< ((m;, -m,)v(a)) (md 4r)=0<
< (ke N)(m, -m,)v(a)=47k) <
v(a) 4k )

z m,—m,

& (Fk e N)(

v(a)
Va

Thus, the sequence (18) of elements of the set G

is infinite. This factor implies that the semigroup

(G.,@) isinfinite.

Q.E.D.

Now we consider factor-set s

Let B,.B,eS le

APl

i.e.

is rational number. We get a contradiction.

apale

Then for any strings

w, e B, and w, € B, We get
v (w,w,) (mod 4z)=(v(w,)+v(w,)) (mod 4r)=
= (w,)(mod 47z)+v(w,)(mod 4z)) (mod 4r) =

(19)

then formula (19) implies

= (7/Bl + }/Bz) (mod 4r7).

Since w,w, €S

AP11

that for any elements B,.B,esS,,, /¢ there

1 AP

/e such that

exists single element Bes, . /¢,,,
inclusions 8,8, c B and B,B, c B hold.

This factor implies that we get some commutative
semigroup (S ,,,/,,,.2), Where operation o is
defined as follows

(vB,.B,,BeS,,,/¢e,,)(B,cB, =B

APl
< B,B, c B).
Formula (19) implies that for any elements
B,.B,eS,,,/¢ it holds identity

AP

Vo8, = (7g, +7g,) (mod 47), (20)
i.e. forany elements B,,B, S, ., /¢,,,
Biemy U (B, +78,) (mod 47) (21)
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Theorem 2. For any finite alphabet A and any
predicate P: A — {0,1} the semigroups (JAU) ) and

(S aps o) are isomorphic.

Proof. Formula (7)-(9) imply that we can define
some mapping

/8A,F‘,l’

f :SA,P,l /gA,P,l - UA(l)
by identity
f(B)=U, (BeS,p,/6,p,): (22)
Formula (5) implies that for any elements

B,.B,eS,,,/¢ such that B, = B, we get

- = f(B,),

i.e. the mapping f is some injection. Formula (9)
implies that the mapping f IS some surjection.
Thus, the mapping  is some bijection.

Formula (21) and (22) imply that for any
elements B,,B, S, ,,/¢,,, Weget

A,P.1

f(B)=U, =U,

f(B,oB,)=U,

BBy U (78, +78,) (mod 47) =
= f(B,)f(B,).

We get that the mapping f is some bijection,
such that identity (B, -B,)= f(B,)f(B,) holds
for any elements B,,B,eS,,.,/¢,,,. This factor
implies that the mapping ¢ determines some
isomorphism of the semigroup (s , ., /¢ ) on

=U =U_ U
7B,

7By t7B, 7By

AP 1"

) and

A,P.1"

the semigroup (U ,,.). Thus, (S ., /=

U, are isomorphic semigroups.
Q.E.D.

2. Investigated models of QA.
We would deal with the following models of QA.
MO-1QFA is any 1-way 1-head quantum Turing
machine (QTM) M = (Q, X ,|¢, >,/ h >,v), such that
Q =B, is the set of basic states, x is finite input

alphabet, some unit vector o, >e C* is pure initial
state, some vector |h>e B, iS accepting state, and
v X — (0;47) IS some injection. It is supposed that

U={U,, Ixex} is the set of unitary operators,

such that u (x e x) is defined by formula (1).

v (x)

Let a string w e X © be written in the input tape
of MO-1QFA M . At initial instant QTM M exists
in the state |, > and its head observes the first

symbol of the string w .
If QTM M exists in the state |» > and observed

symbol is x e x then the state | > is transformed
in the state U, ,,(1¢ >) and the head moves by one
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cell to the right. If QTM M exists in the state | o >
and observed symbol is A then the state | > is
measured in the basis 8, and m halts.

If in the result of this measurement we get
accepting state |h > then a string w is accepted,

otherwise it is rejected.
For any input string w = x,... x, e X © we set
- |
v(w)=3Xv(x;).

Formulae (1) implies that for any input string
x, e X " holds identity

U

W =X, ...

=V Yo (23)
Thus, probability that MO-1QFA M accepts a

string w = x,... x, e X " equals to

v(w)

(24)
where p_ =|h><h| (<h|=/h>" and t is the
Hermitian conjugation), and |[|¢ > |= /< ¢ |-l¢ > .

L-QFA differs from MO-1QFA so much that it
deals with some initial mixed state {( ¢, >.a )},

2
Py (oo > W) =1 P Uz log > 17,

t

such that |, >e c* (ie N ) are pair-wise different
unit vectors, «,>0 (ieN,), and sa,=1. The

ieN
number «, (i< N,) is referred as probability that at
initial instant QTM M exists in the state | ¢, > .
Measurement of the state in the basis B, is when

the head observes the symbol A .
If in the result of this measurement we get

accepting state |h> then a string we x* is

accepted, otherwise it is rejected.
Thus, probability that L-QFA M accepts a string

we X equalsto

PM ({( |¢)i >’ai)}ieNn’W)= ZaiPM (|¢7i >1W) . (25)

ieN,

k QFA (keN) is any 1-way k -head QTM
M =(Q,X,l¢, >lh>v),suchthat Q =B, is the set
of basic states, x is finite input alphabet, some unit
vector |p, >e C° is pure initial state, some vector
|h >e B, IS accepting state, v : X — (0;4z) IS some
injection, where

and A’ (jeN) isthestring A .. A .
j times
It is supposed that u ={u , ,, |u e X} is the set of
unitary operators, such that u , ,, (u e Xx) is defined

by formula (1).
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Let a string we x © be written in the input tape and xa,=1. Thus, probability that L-k QFA

of Kk QFA (ke N) M . At initial instant QTM M
exists in the state | o, > and its k heads observe first

k symbols of the string wa*™*.
If QTM M exists in the state | > and observed

fragment is u e X then the state | > is transformed
in the state u , (l¢>) and all heads move
simultaneously by one cell to the right. If QTM m
exists in the state |» > and observed fragment is A"
then the state | > is measured in the basis B, and
M halts.

If in the result of this measurement we get
accepting state |h > then a string w is accepted,

otherwise it is rejected.
For any input string w = x,... x, e X © we set

)=

v(wA T

k-l+i-1

[
Tv(X... X\ A ), if 1<I<k

k—l+i-1

[

\

Jv(x....x|)+zlv(xi...x|A ), if 1=Kk
= =, .

\

\

I .
ZV(Xi..A Xi+k71)+ ZV(Xi... XIAk—I+|71

1 i=l-k+2

[ if 1>k
Formulae (1) implies that for any input string

),

w = x,... x, € X * holds identity
7 (wak =
|
{HU v (% xl/\k"*"l)’ if 1<l<k
i=1 i
| |
=3V x) ~£[2U TR if 1=k . (26)
Ilfk+1 1 -
nu V(X Xipk-1) Inmu BTN if | >k

i=lk +2

Thus, probability that k QFA (k e N) M accepts
astring we x * equals to

2
Pullpg > W) =lP U wilog>l" (27)

It is evident that if k =1 then the model k QFA is
just the model MO-1QFA. Thus in what follows the
model k QFA (k e N) would be considered under

supposition that k > 2 .

Similarly to the case when the model L-QFA was
defined as some generalization of the model MO-
1QFA we can define the model L-k QFA (k > 2) in

the following way. L-k QFA (k = 2) differs from
k QFA so much that it deals with some initial mixed
state {( 1o, >, @)}y ,Such that [p, >e C* (ie N )

are pair-wise different unit vectors, «, >0 (ieN,),

(k >2) M accepts a string we x " is defined by

formula (25) under supposition that p,, (|¢, >, w) is
defined by formula (27).

Any model of QA can be interpreted either as
acceptor of a language with given probability, or as
acceptor of a language with given mistake. Formally,
the language L c x * is accepted:

1) with probability p (0.5 < p <1), if any string
w e L is accepted with probability not less then p,
while any string w ¢ L is accepted with probability
not exceeding 1 - p;

2) with mistake (p,; p,) (0< p, < p, <1), ifany
string we L is accepted with probability not less
then p,, while any string we L is accepted with
probability not exceeding p, .

Formula (2) implies that for any integer k > 2
only some partial semigroup can be determined by
the factor-set s as well as by the set of

l e

APk APk

unitary operators u L Moreover, formula (6)
implies that these partial semigroups are not
isomorphic. Besides, partial semigroup determined
by the factor-set U is not isomorphic to the

RG
semigroup (G .®) .

These factors characterize essential inherent
difference between models MO-1QFA and k QFA
(k = 2) from algebraic point of view.

It is worth to note that if all numbers v(a)

v

rational ones then the factor-set
as well as the set of unitary operators

(ac X) are

S l e

APk

U, are finite ones.

AP .k

3. Main results.

In accordance with [9] for any set s which
elements are subsets we would use denotation ys
instead of s, where it is convenient.

seS

Firstly, we characterize the sets of languages
accepted by models MO-1QFA and L-QFA defined
in Section 2.

In terms of Section 1 in this case we get that
A=X u{a}, and the predicate P:A — {01} IS
defined in the following way:pP(x) =1 (xe X ) and
P(A)=1.

+

Thus, we getthat A = x and s, ., = X
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denoted by ~, and we get that

UX:{UyB|BeX+/~1}. (28)
For any element B ¢ X "\ ~, we set
Pullp, > B)=lP U lo,>I". (29)

Theorem 3. MO-1QFA M accepts a language L
with probability p (0.5< p<1) if and only if the
following two identities hold

L=U{Be X /~,|P,(lp, > B)= p}
and

X" \L=U{BeX " /~,|P,(lg,>B)<1- p}.

Proof. Formulae (7), (11), (12) and (23) imply
that for any element Bes, . /~, and any string
w e B there hold identities

UJ(w):UJ(w)(mod 47[):U;/B . (30)

Formulae (24), (29) and (30) in its turn imply that
forany element Bes, ., /~, andany string we B
it holds identity

Pulley > B) =Py (lg, > w). (31)

Formula (31) and definition of a language
accepted with given probability by MO-1QFA imply
that theorem 3 holds.

Q.E.D.

Corollary 1 and theorem 3 imply that the
following corollary holds.

1

v(a)

v
rational ones then a language accepted with any
given probability by MO-1QFA m is union of some

elements of finite factor-set x "\~ .

Theorem 4. MO-1QFA M accepts a language L
with mistake (p,; p,) (0< p, < p, <1) ifand only if
the following two identities hold

L=U{Be X" '/~ |P,(lp, > B)=p,}

Corollary 2. If all numbers (ae X) are

and
X"\L=U{Be X" "/~ |P,(lg,>B)< p,}.

Proof. Formula (31) and definition of a language
accepted with given mistake by MO-1QFA imply
that theorem 4 holds.

Q.E.D.

Corollary 1 and theorem 4 imply that the
following corollary holds.
v(a)

v

rational ones then a language accepted with any
given mistake by MO-1QFA M is union of some

elements of finite factor-set x "\~ .

Corollary 3. If all numbers

(ae X) are

with probability p (0.5< p<1) if and only if the
following two identities hold
L=u{BeX /~,| a,P, (lp,>B)=p,}

and
X"\L=u{BeX /I~ zaP,(lp;,>B)<p}.

Proof. By definition of L-QFA m formula (31)
can be applied for this model.

Formulae (25), (27) and (31), and definition of a
language accepted with given probability by L-QFA
imply that theorem 5 holds.

Q.E.D.

Corollary 1 and theorem 5 imply that the
following corollary holds.

v(a)

v

rational ones then a language accepted with any
given probability by L-QFA M is union of some

elements of finite factor-set x "\~ .

Theorem 6. A language L is accepted with
mistake (p,, p,) (0<p, < p,<1) by L-QFA M if
and only if the following two identities hold

L=U{BeX I/~ | zaP,(lg,>B)=p,}

ieN

Corollary 4. If all numbers (ae X) are

and

X "\L=U{Be x*/~1_zaiPM (lg, >.B)< p,}.

Proof. Formulae (25) and (31), and definition of
a language accepted with given mistake by L-QFA
imply that theorem 6 holds.

Q.E.D.

Corollary 1 and theorem 6 imply that the
following corollary holds.

Corollary 5. If all numbers 2

(ac X) are

VA
rational ones then a language accepted with any
given mistake by L-QFA ™M is union of some

elements of finite factor-set x "\~ .

Now we characterize the sets of languages
accepted by models k QFA (k > 2) and L-k QFA
(k = 2) defined in Section 2.

In terms of Section 1 in this case we get that
A=X u{a} and the predicate P:A > {01} IS
defined in the following way:P(x)=1 (xe X) and
P(A)=1.
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Thus, we get that A®-x, e Theorem 8 implies that the following corollary

k-1 . . . i
A = ux'A¥T U x®, where A' (jeN) is the
i=1
1 + , k-1
string A...A,and s, ., =X A",
j times

1

Equivalence &, ., on the set x “A** would be

denoted by ~, , and we get that

Uy ={U, [BeX A"/~ 3. (32)

For any element B e x "A"“"'\~, we set
Pylle,>B)=1P, U, lo,>1". (33)
Theorem 7. k QFA (k=>=2) M accepts a

language L with probability p (0.5< p<1) if and
only if the following two identities hold
L=U{BeX A /~_IP,(lp, > B)=> p}
and
X " \L=U{BeX A"/~ [P,(lp,>B)<l- p}.
Proof. Formulae (7), (11), (12) and (23) imply
that for any element B < x *A“*/~, and any string
w e B there hold identities
U;, =U
Formulae (24), (33) and (34) in its turn imply that
for any element Be x "A“'/~, and any string
w e B it holds identity
Pu(lo, > B) =P, (Ip, > W), (35)
Formula (35) and definition of a language
accepted with given probability by k QFA (k > 2)
imply that theorem 7 holds.
Q.E.D.

Theorem 7 implies that the following corollary
holds.

u, . (34)

v(w)(mod 47) T = yg

v(a)

v
rational ones then a language accepted with any
given probability by k QFA (k > 2) ™M is union of

Corollary 6. If all numbers (ae X) are

some elements of finite factor-set x “A**\~, .
Theorem 8. k QFA (k=2) M accepts a
language L with mistake (p,,p,) (0< p, < p,<1)
if and only if the following two identities hold
L=U{BeX A"/~ [P, (lg,>B)=p,}
and
X \L=U{BeX A"/~ P, (lp, > B)<p,}.
Proof. Formula (35) and definition of a language
accepted with given mistake by k QFA (k= 2)

imply that theorem 7 holds.
Q.E.D.

holds.

v(a)

v

rational ones then a language accepted with any
given mistake by k QFA (k =2) ™M is union of

Corollary 7. If all numbers (ae X) are

some elements of finite factor-set x “A**\~, .
Theorem 9. L-k QFA (k=2) M accepts a
language L with probability p (0.5< p<1) if and
only if the following two identities hold
L =
I~ ZaPy,(lg;>B)=p}

ieN

+ , k-1

=U{Be X" A

and

+

X " \L=

—uU{Be XA/~ zaP, (lp,>B)<1-p}.
ieN

Proof. By definition of L-k QFA (k > 2) formula
(35) can be applied for this model.

Formulae (25), (27) and (35), and definition of a
language accepted by L-k QFA (k = 2) with given
probability imply that theorem 9 holds.

Q.E.D.

Theorem 9 implies that the following corollary
holds.

v(a)

VA

rational ones then a language accepted with any
given probability by L-k QFA (k = 2) M is union

Corollary 8. If all numbers

(ae X) are

of some elements of finite factor-set x “A* "\~ .
Theorem 10. L-k QFA (k=2) M accepts a

language L with mistake (p,,p,) (0< p, < p, <1)

if and only if the following two identities hold
L=U{BeX A"/~ | 2a,P, (lo,>B)=Dp,}

and
XT\L =
—u{BeX'A'/~, zaP, (lp,>B)<p,}.
ieN
Proof. Formulae (25), (27) and (35), and

definition of a language accepted by L-k QFA
(k > 2) with given mistake imply that theorem 10
holds.

Q.E.D.

Theorem 10 implies that the following corollary
holds.
v(a)
T

rational ones then a language accepted with any

Corollary 9. If all numbers

(ae X) are
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given mistake by L-k QFA (k >2) M is union of
some elements of finite factor-set x “A“™*\~, .

Conclusions.

In this paper the simplest models of 1-qubit QA
are investigated. These models of QA are determined
by assumptions that measurement of a state is
produced at final instant only, and associated unitary
operators are rotations of the Bloch sphere around
the y-axe (and thus, associated unitary operators

commute each with the others). Investigated models
of 1-qubit QA are MO-1QFA, L-QFA, k QFA
(k= 2) and L-k QFA (k = 2) (we think that the last

model was not considered earlier at all, and is firstly
determined in the given paper).

The structure of languages accepted either with
given probability, or with given mistake is
characterized for investigated 1-qubit models of QA
in terms of the factor-set determined by considered
assumptions on unitary operators. Criteria under
which characterized languages are finite ones are
established.
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It is evident that we get similar results if
instead of rotations of the Bloch sphere around the
y -axe we consider rotations of this sphere either

around the x-axe, or around the :z-axe. Indeed,
rotations of the Bloch sphere around the x -axe are
unitary operators of the form

0.5
[ cos ¥ij J , (36)
isin 0.54 cos 05 p

and rotations of the Bloch sphere around the :z -axe
are unitary operators of the form

ein.Sy 0
W? = i0.5 )
0 e 7

Thus, if we substitute instead of formula (1)
either formula (36), or formula (37), we get the same
results as the ones established in the given paper.

More complicated cases take the place if the set
of associated unitary operators consists of rotations
of the Bloch sphere around different coordinate axes.
Investigation of these cases in detail determines
some trend for future investigation.

—isin 0.58

Vi

37)
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Cmamms npucesvena oocniodxcennto N-epamuoi mooeni 01 PO3NI3HABAHHA ClI0G HCLKUX MO8 Md
Memooy  321A0HCYEAHHS, NPUSHAYEHOMY OJi 3MEHUWEeHHA PO3MIpYy MoOeni ma NiOBUWEeHHS AKOCI
PDO3NI3HABAHHAL.

Kuroyosi cnosa: N-epamua modensb Mo8U, pedyKyisa Mooeii, MoOelb Ha KIaCax, 321A0HCYBAHHSL.

The article investigates n-gram language model for Slavic language recognition. Syntactic links in Slavic
languages are built mostly with changing forms of words and less with word order. It leads to creation of
vast vocabularies with many wordforms matching single word (or lemma). Subsequently it increases
transition matrix size and reduces frequencies of most elements in the matrixes. This makes models designed
on Markov chains and n-grams less reliable for Slavic language comparing to Germanic and Romance
languages. Method of smoothing aimed both for reduction of the model and decrease of recognition rate loss
is developed. It is based on decomposition of word form n-grams into n-grams based on grammatical classes
and lemma classes. Partial filtering is used for trigrams to reduce the model size. Trigrams composed of
codes only are filtered. New smoothed pseudocounts are calculated based on decomposed model. Numerical
tests have shown possible improvements in entropy of the model thus implying improvements in recognition
rate.

Key Words: n-gram language model, model reduction, class-based model, smoothing.

Crartio nipeacraBus 4i.-kop. HAH Ykpainu, 1.¢.-M.H., npod. AnicimoB A.B.

[IpononyeTbest po3poOuTH MoaMGiKOBaHY MOJIEIB,
I0OM OLIIHIOBATH IMOBIPHOCTI KPaI[M YHHOM.
3Buyaiina moaean
ITocmigoBHICTE CIIiB MOBH W;...W, Ha3UBacThCA N-

w'. Tomi

3aBIsSKU pO3BUTKY Mepexi [HTepHeT 3Ha4HO 3pic
00’eM naHuX (HOPMAIBHO JAOCTYITHUX Y €JICKTPOHHIH
¢opmi. YacTHAa MAaHWX NpPEACTaBIIEHA Yy BHIJIAII
300paxeHb JOKYMEHTIB Ta ayAio 3amuciB i Ie
MEBHOIO MipOI0 YCKIIaIHIOE 1X 00poOKy. BinnosigHo
BUHHUKAE TIOTpebda Yy CTBOpEHHI 3aco0iB, MIO
JO3BOJIAATE  TIEPETBOPUTH 300pakeHHs Ta ayxAio
3allUCH B TEKCT. PO3MOBCIOKEHOI0 € MOJelNb, L0

rpamMor0 JOBXWHU N, TO3HAYUMO 1l

IMOBIPHICTH W,' MOYKHA OLIIHUTH 33 (POPMYJIOH:

CIUPAETHCSI HAa XapKIBChKI JIAHIFOTH, a BIAMOBIIHO 1 p(wr) = p(w; [w; 1) P(Wi [wy 2)""p(W1) 1)
Ha N-rpamu[l]. 3a 1i JAOMOMOroH MOMKHA 3PY4YHO . )

OIIIHIOBaTH WMOBIPHICTH MOSIBH JIAHITFOXKKA 3 N CIIB Y YMOBHI IMOBIP HO_CTI BU3HAYAIOTBCS K

nesskoMy TekcTi. [Ipu 3acTocyBaHHI Takoi MOAENTi 0 A (Wi | Wil )= C(w ) ’
YKpaiHCHKOT MOBH 1 JIO CJIOB’SHCHKHX MOB B3araii, PO Wi-n-s Cwt,)’ )
MPOSIBIISIOTHCS npobiemMu, 1o pOOIIATH i . ..

BUKOPDUCTAHHS Ii€i MOZENI MEHII 3py4YHUM, A€ C(Wi_p,y) - HaCTOTA BIANOBIAHOT I’?-FpaMI/I.
MOPIBHAHO 3 POMAHO-TEPMAHCHKMMH  MOBAaMH. B CroOBAHCBKMX MOBaX € BIIYYTHO BHINA

© B.IO. Tapanyxa, 2014
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KUTBKICTE  cOBOGOPM 3 pO3PaxyHKy Ha OJHY
nemy[2]. Ile npu3BOAMTH 1O  HEOOXIJHOCTI
30ibLIyBaTH CIOBHHK. Uepes me 3HA4HA KiTbKiCTh
N-rpam HaOyBa€ MajuxX 3HAYEHb YacTOT, i OIliHKA
iMmoBipHOCTEH 1O Qopmyni (2) crae 3HA4YHO
YyTIUBIILIOIO 10 30ypEHb.

st omiHIOBaHHS SIKOCTiI MOJEIi TPOTIOHYETHCS
3aCTOCOBYBATH OIIHKY Ha OCHOBI KPOCEHTPOITii:

H(p,m)= Iim—ilogm(wlwz...wn) 3)

ne  mM(WW,...W,) - Momenb A8 MOBIPHOCTI

P(W,W, ...w,) . ITpu ipomy Binomo, 1m0
H(p)<H(p,m) 4)

B skocTi MeTOAy BHPpIIICHHS BHILE3raJaHol
mpo0JieMr  TPOTIOHYBANOCS PO3IUICHHS MOJAET Ha
IIBi: MOJEJIb Ha JIeMax Ta MOJENb Ha TPaMaTHYHHX
knacax[1,2]. Takox mpomoHyBanacs QinpTparis Ha
OcHOBI  pi3Hmx  eBpuctuk[3]. ExcnepumeHTH
MoKazajay, IO Il METOAM, B3ATI OKpemo abo
00’enHaHl B oOaHIA Mozmeii MPaKTUYHO HE
pO3B’A3YIOTh MOCTaBICHY 3ajgady. besnocepenns
¢binpTpariss BuUMarae JIOJAaTKOBUX 3aco0iB  Ta
MOTIPIIYE MOJECb, PO3AUICHHS Ta OI[IHIOBAaHHSI
KOMITOHEHTHHX MOJEJIEd HE3aJlIe)KHO, I[0O0H IMOTIM
JIOJTATH OIIIHKH, O/Ipa3y ITiIBUIIYE EHTPOIIIIO.

3raamxxena Mojaesb

B sKocTi HOBOrO MeETOAQy IPONOHYETHCS
MOM(iKyBaTH MOJIENb 3aCHOBaHY Ha KJlacax.

Jnst po30UTTS Ha Kiacw BBOAMTHCA (YHKITiS
pO3OUTTS, IO CTaBUTHh Y BIiAMOBIIHICTH KOXHOMY
CIIOBY W; 3 clioBHHKA cucteMu V kiac €. [Ipu npomy
BUKOHYETBCSL:

P, [w;™) = P(w; [c)P(c; [¢), Vil<i<n (5)

BucynyTo npurmymieHHs, mo uis CiiB, Ipo sKi
BiJOMO, II0 BOHHM MAaIOTh OJJHAKOBY CHHTAKCHYHY
MOBEJIHKY MOXHa CTBEPIKYBAaTH, IO Y CXOXKHX
KOHTEKCTax BOHM IOBHHHI MaTH CX0Xi IMOBipHOCTI

3yCTpidaHHSI.

Hexaii s cmiB  ,,crineus’, ,,CTUIBLS,
,,MOJOTOK”, ,MOJIOTKOM”  , CHUHIH’, ,,CHHHOTO”
,»KOBTUH”, , KOBTUM” B KOPIIYyCI CIOCTEpPIrajucs
Oirpamu ,,CUHIM cTijeup’, ,,CHHbOTO CTLIBLS’,

,,JKOBTUH MOJIOTOK”, ,,J)KOBTUM MOJIOTKOM .
Ha ©6a3i 3Hanp mpo Te, mO IIi IMCHHHUKH Ta

MIPUKMETHUKHU MaloTh CXOXYy  TpaMaTH4Hy
MOBEIiHKY, a caMme. MaloThb OJHAKOBI MHOHHU
rpaMaTU4HuUX  KJaciB, MOXHa  1oOyayBaTH

MPUITYIIEHHS MMPO IMOBIPHOCTI MOsBU iX B (hopMax,
0 HE CITOCTEPIranrcs B KOPITYCi.
BpaxoByloun, OMOHIMiI0O B YyKpaiHCBKii MOBI
MOJIEINTb Oy Ty€EThCS TAKUM YHHOM.
k
L(w;) -

CYKYITHICTh  TOCIIiJOBHOCTEH
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KaHOHIYHUX (OpM U1 TIOCHIZOBHOCTI CIiB W‘I.
G(W‘{) — CYKYIHICTb NOCIIIOBHOCTEN IpaMaTHIHUX

Kiacie s mociimoBHocTi cmie Wi, El(WE) —

micis
MaroTh

CHiB, IO
hopm
OJITHAKOBHH 3allUC, TOOTO CYKYMHICTh W'I'l‘ , TaKHuxX

CYKYIHICTh ~ TIOCJiIOBHOCTEH
NPUBEACHHS  JIO  KAHOHIYHHUX

. o
mo, L(w)=L(w;),Vi.
Toxl ominka 4acToTH W'l‘ BU3HAYACTHCS:

C(L(W))C(G(wy))
C(w;) = S6 6)

GEeG(El (w'l‘ »

[Tpu npoMy B X0O[li EKCTIEPUMEHTIB
BCTAHOBJICHO, III0 BUMOT'a HE BUKOHY€ETHCS, 00N
004HCIIeHi HAHOBO TICEBAO YacTOTH OyIn
KOPEKTHUMHU:

_ V| .
Cwi_ns2) = Z Clw W o) ()
J:
ne |V| - po3mip crioBHHKA.
Hdns  3a0e3medeHHs  KOPEKTHOCTI  Moedni

BHCYBA€THCS BUMOTH: HEOOXiTHO 1100 CymMa 4acToT
KaHOHIYHMX (OpM Ta CcymMa 4YacTOT TpaMaTHYHHX
KJIaCiB TicIst MIEPEePO3NOALTY JIUIIaiacs
He3Minoro[4].

I\
GCW ) =Y. GCwim)  (8)
m=1

4
LCwf™) = L(Cwim)) (9)
m=1

Sxkmro (8) ta (9) BUKOHYETHCS, TO 1€ J03BOJIHUTH
CYTTE€BO  onTuMi3yBatd oOumcienHs (6), Ta
3a0e3MMeYnTH HOTo KOPEKTHICTb.

YucenbHU EKCIEPUMEHT MOoKa3aB, IO IONpPH
MOKPUTTS BCIX ICHYIOUMX B HaBUaJIbHIH BuOipLi
KOMOiHamii JieM Ta KOMOIHAIid IpaMaTHYHUX
KJIaciB, MIOBHE TIOKPHUTTS BCIX MOTEHIIHO iCHYIOYHX
MOBHUX SBUII He BinOyBaerbcsa. Tomy BHHHKae
norpeda y A0AaTKOBii (GopMyIti 3riia/pKyBaHHS, 110
JO3BOJNUTH OOYHMCIWUTH OLIHKK IICEBIO 4YaCTOT IS
TUX €JEeMEHTIB, IO MalTh 3HAYeHHS YacTOTH
piBauM O HaBiTh mmicns 3actocyBaHHs (6). B skocti

TECTOBOI MOJENI 3IJIaJKyBaHHsA Oyjl0 BHOpPaHO
MOJIEINTh Birrena-bena[5] B BapiaHTi 3
MOBEpHEHHSIMH.  Mogeni Ha OCHOBI EBPUCTHUKH

I'yna[6] € HempumaTHEMH, TOMY IO HEMOIKJIHBO
KOPEKTHO moOyayBaTH iX QopMy ISl HEIUINX
3HAYEHb MCEBJ0YACTOT.

Mojiens BU3HAYAETHCS TaK:

203



Bicnux Kuiscbrkoeo nayionanvbhoeo yHisepcumemy
imeni Tapaca Llleguenxa
Cepis Qizuxo-mamemamuyni HayKu

E)(Wi ‘Wi—n+1 W) =

d(Wipsg--- W), C(Wi_gpp...W;) >0 (10)

N
A1 Wi p(WI ‘Wi—n+2 "'Wi—l) Hakuie
ne d(W_,4...W;) - BiINOBIIHUM YMHOM 3IIaIKEHE

suaueHns, C(W,_,1) , @ 1wy BiINOB1THUI

kKoeQillieHT, 10 BU3HA4Ya€ IMOBIPHICHY Macy,
Mepepo3nOIiIeHy Iy TOOYIOBH iIMOBIpHOCTEH Ha N-
rpaMax MOJIEJi MEHIIIOTO TOPSIKY.

ﬂWi—n+l--~Wi—l

z /F\) (W

Awi_piq.. Wiy = 4 (11)
W
I-n+

(12)

P g owig =1

_Zd(wjim)

Wi :C(Wil—n+1)>0

Jnst metony Birrena-bena mapametp d OMIHIOETHCS
TaK:

" cw .,

1 -

dV\/B (Wi ‘Wil—n+1 = i — i (13)
C(Wi—n+1) +T (Wi—n+1)

re TW._,.,) KUIBKICTh THIIB N-rpaM, IO

nepeaywors  ciaoBy Wi Ilpm  neomy, 3a

3aMOBUYBaHH;IM, N-TpaMH HaWBUIIOTO TMOPAIKY 3
4acTOTOI | BUAANSIOTHCS 3 MOJIEN MICHIS OOy J0BH
BCIX TaOJIHUIb.

YnceJbHUI eClIepPUMEHT

i 4UCeNbHOTO EKCHEPHUMEHTY BHUKOPUCTAHO
MOJIeNIb Ha N-Tpamax posmipHocTi < 3, 3i0paHux 3i
creHorpam BepxoBHoi Pamu VYkpainu. bByno
chopmoBano kopiryc obcsrom 112,5 Mb. [lnst iboro
BIJIMOBiHI cTeHOrpamu Oyno 3i0paHo 3 calTy
http://rada.gov.ua/meeting/stenogr Ha xopmyci
Oyno BumieHo cioBHUK cuctemu 3 10.000
cioBo¢opM, BCi iHIII coBa OyiH 3aMiHEHI HA CTOM-
cioBo “#”. CnoBHuK OyJI0 TIPOIYIICHO dYepe3
cucreMy MOp(OIEKCHIHOTO aHami3y, 1 copMoBaHO
CIIOBHHKM KaHOHIYHMX (opM Ta  CIOBHHUKH
rpamMatnyHuX knaciB. [lpy  1pOMy  MHOXHHA
rpaMaTU9YHUX KIIACiB OJIHO3HAYHO BU3HAYAE CIOBHUK
KaHOHIYHMX (opM. 3a 3aMOBUYBAHHSM JI€SIKi CJIOBa
HE 3aMiHAJMCA Ha JIeMH Ta TpaMaTU4Hi KJacHy,
HAmNpUKIa]:  IMEHHUKH  POJOBOIO  BiJIMIHKY,
3aiMEHHHUKH, TOIIIO.

Entponito Oyno oOYHCIEHO A TPHOX Pi3HUX
BapiaHTIB peaiizarmii 3riamkyBaHHsi. B bazoBomy
BapiaHTi  3acTocoByeThcs  Jmrre  (opmyma(l).
»3TNaKyBaHHs 17 mepenbauae BUKOPUCTAHHS Yy
¢dopmymi (6) auIe rpaMaTHYHUX KJIAaCiB OTPUMAHHUX
i3 MOP(HOJIOTTYHOTO CJIOBHHKA. BapianT

2014, 2

Bulletin of Taras Shevchenko
National University of Kyiv
Series Physics & Mathematics

»3TNIaDKyBaHHS 2”7 Tmiepen0adac  BHKOPHCTAHHS
CTpPOTHX TpaMaTHYHHX MiJKIaciB KiaciB, Imo0u
3a0e3neynTy BUKOHAHHA yMOB (8),(9) sk ommcaHO B
BuMmorax[4]. SIK BUSBHIOCH, 3 HASBHOK HABYAJIHHOIO
BUOIDKOIO  HEMOXIHMBO  3a0€3Me4YuTH  CTpore
BukoHaHHS (8) Ta (9) ©e3 BHECEHHS y CIOBHHK
BEITMKOI KUTBKOCTi CIIiB, IUIS SKMX HEMae N-rpam B
HaBYANBHIA  4YacTWHI  Kopmyca. ExcnepumeHT
MoKa3aB, M0 3a TakuXx OOCTaBMH BapiaHT
»3TJIaKyBaHHSL 2” TIOKa3ye MOTaHUH pe3ynbTarT.
Tomy Oyno BupimeHO KOMOIHYBaTH MiAXOAW, MIOOH
OTpUMATH HaWKpanie HaOmmwkeHHs 0e3 3aiiBoi
BTpaTH sikocTi. Byno 3pobneHo nexinbka iTeparii,
CIIOBHMK  OOHOBJIIOBaBCA  METOJOM  3aMiHH
cinoBoopM (K Ha HasBHI Y KOMIUICKTI N-Tpam
3i0paHuX 3 HaBYAJIBHOI YaCTHHHM KOpIlyca Tai i Hi),
mpu 30€peXeHHI 3araibHOI KITBKOCTI EJIEeMEHTIB.
3actocoByBanacs QinbTpatis: BiaQiIbTPOBYBAIHCS
N-rpaMu 4acTOTH 1 3 KOMILJIEKTIB IpaMaTUYHUX
Ta JEeMaTHYHUX N-TpaMm TpH OOYHCIEeHHI (HOpMyIH
(6). PesynpraTu HaBemeHo B Taomwumi 1.

Taomums 1
PesynbpraT excriepuMeHTy
MeTton Entpomist
Bazosuii 7,272+ 0,036
3rnamkysanns 1 7,281+0,034
3rnamxyBanns 2 7,283+ 0,043
Ha pi3HEX iTepamisix 3HaYeHHS EHTpOMIl

MIHSIJIOCS, TIPH YOMY Ha JESIKUX iTeparlisix pe3yabTaT
»3TJaKyBaHHs 2” OyB kpammi 3a bazoBuit mns
OTPUMAHOTO CIIOBHHKA.

BucnHoBku

IMokaszano, 1m0 ¢opmyaa 3riaJKyBaHHS Ha
OCHOBI TEMaTW4HOI Ta TpamaTHdHOi iH(opmMarii
no3Bolisie  e(eKTUBHO  3MIIAJKYBaTH  N-TpaMHY
MOJIeJIb MOBU. 3aCTOCYBaHHs amnpiopHoi iHpopmarii
po MOp(HOJIEKCHYHI Ta TpaMaTHYHI XapaKTePUCTUKU
CIIiB JO03BOJISIE BU3HAYaTH CTPYKTYPY KIAciB, st
onrtuMmizamii Mozenel MOBH 3 METOIO MOKpPAaLIeHHS
posmizHaBaHHs. UHCeNbHI eKCIIEPUMEHTH TOKa3aiH,
mo mpo OesmocepenHe 3actocyBaHHsI hopmynu (6)
HE TapaHTye€ XOpOUIOro pe3yjibTaTy HaBiTh 3
GibTpaIielo Ta BUKOPHCTAHHSAM OiJBII CTPOTHX
KjaciB. BiamosigHo, HeOOXi1IHO BUKOHYBATH MiaOip
eneMeHTiB cnoBHUKa. [lpm wmpoMy KpiM mnpsmoi
NEPEeBipKH 3HAYEHHS EHTPOIi HeMae Crocoly
rapaHTyBaTH I IBUIICHHS SKOCTI.

Takox, meTon BiTTena-bena xo4 1 € MOKa30BHM,
NpOTe B pealbHUX 3a/Jadax Tpeda BUKOPUCTOBYBAaTH
MeTox Ha 3pa3ok Kuecepa-Hes[7], mo B cBoro uepry
YCKJIaIHIOE  TIpoIec  MOOYTOBH  OCTaTOYHOTO
KOMIUICKTY TaOJIHIb Ta Koe(ilieHTIB y (hopMyIiax.

Ilogampmii  mOCHIIDKEHHS  IMOBHHHI — OyTH
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CIpsSAMOBaHI Ha IIOIIYK MOXIMBOCTI TrapaHTyBaTh BHKOHaHHA BuMmor (8),(9) mpo cymicHicTh Ta
3pOCTaHHS SKOCTI MOJEI JJIsS BHIIAJKIB, KOJM HECYMICHICTh KJIaciB O3 BTPATH SIKOCTI MOJIEII.

HaBYAJIbHUH TECTOBHH KOPIYyC Ma€ MOPIBHSIHO
Manuii 00’eM 1 HE [1a€ MOXKIMBOCTI TapaHTyBaTH
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Y pobomi pozensoacmoca memoo nepesgipku modxcaugocmi nobyodoeu mpiancynayii [lenone nianapuozo
epacpa 3i cxnaonicmio me cipwioro 3a ON?). ITio uac ananizy 3adaui posensdanuce 06i 20106Hi 3a0aui.
Ilepwa 3a0aua nonseac y MOMCIUBOCMI O00ABAHHA HOGUX MOYOK Yy MPUAHRYIAYIIO, WO GAKMUUHO
3600umbca 00 noby0osu mpuanzynayii, 6 AKill Ha OKpemi MPUKYMHUKU MONMCYMb HAKNAOAMUCS NeGHi
obmedxcenHs npu oocniddxcenHi. /[pyea 3adaua noaseae y nobyooei mpiaueynsayii [erone ona  obaacmi 3
Oipkamu max, woo x#cooue 3 pebep mpuaneyiayii He nepemunano epanuyb oonacmi. Ilpu eupiweni nepuioi
3a0ayi 3anponoHO8aHO KOHMP-NPUKIAO, AKUU 6KA3VE HA me, WO He OJis KOHCHO20 NIAHAPHO20 epagha icHye
mpianeynayii [enone. Jna poss'azanus Opyeoi 3a0aui 3anponoHo8aHo memoo, AKUll 6azyemvcs Ha
iHKpeMeHmanvHoMy aneopummi nobyooeu mpianeynayii [eiouwe i 0036011€ o0depocamu ancopumm i3
sazanvroio oyinkoro ckiaonocmi O(N?).

Kurouosi cnosa: mpuaneynyis /lenone, inkpemeHmManibHul an2opumm, NiaHapHui 2pag.

We consider the method to check the possibility of construction of Delaunay triangulation of flat planar
graph with complexity not worse than O(N?). During the analysis We considered the problem of two main
sub-tasks. The first sub-task is the ability of adding new points in the triangulation. 1t is actually reduce to
the construction of triangulation in which 10 individual triangles may be imposed certain limitations at
research. The second sub-task is the construction Delaunay triangulation for a domain with holes so that the
triangulation edges not crossed its boundary. To solve the first subtask, we proposed a counter-example
which shows that not for every planar graph Delaunay triangulation exists. To solve the second subtask, we
proposed a method based on incremental algorithm for constructing Delaunay triangulation and which
allows to obtain algorithm with a general assessment of the complexity O(N?).

KeyWords: Delaunay triangulation, Incremental algorithm, planar graph.

Crartio nipescraBus 1.¢.-M.H. AHiciMoB A.B.

1. Bctyn Ha croropnimHiii f1eHb, A po3B's3aHHs 3amadi
. TpiaHrymsnii - Jlenone icHye BelHMKa KiJIbKICTh
Ilocmanoska npobaemu. B pobOTI po3rsIIaeThCs PIAHTy AL . Y
. . anmroputMmiB  [1]. Bsarami 3amaua  moOynoBu
QITOPUTM  TIEPEBIPKM  MOXKIIUBOCTI  TIOOY/IOBH . .
TPUAHTYJSILiI PO30MBAaETbCI HA Taki OCHOBHI

tpianrymaunii  Jemone(T/l) mutockoro miaHapHOTo
rpada, mo Oa3yeTbcsi Ha 1HKPEMEHTAJIBLHOMY
aIropuTMi MOOY/IOBH TPUAHTYIIALII, a TOYHINIE €
foro  moaudikamiero. ['0lOBHOIO  IepeBaroro
TPUAHTYJAIT € Te, MmO BiJ 00'€kTa, SKUUA €
MOTEHIIHHO YK€ CKJIAIHHA, MU MOXEMO HEepEHTH
710 OINIBII MPOCTHX TMOJITOHIB (TPUKYTHHKIB), IS iX
MOJAJIBIIOTO JOCHIKEHHS.

miazanadi: moOymoBa CTPYKTYpH IaHUX, MepeBipka
ymoBu Jlemone, mobynoBa anroputmy. s KoxHOL
13 mig3agad IIyKaeTbCsl HaWKpamuid  PO3B'S30K.
ITpoBeneMo KOPOTKUH aHaI3 HUX Mix3agay.

© B..M.Tepemenxko, 2014 206



Bicnux Kuiscbrkoeo nayionanvbhoeo yHisepcumemy
imeni Tapaca Llleguenxa
Cepis Qizuxo-mamemamuyni HayKu

1.1 CTpYKTYypH AaHHUX.

Haii0inpm BXMBaHUMH CTPYKTYpPaMH JaHUX JJIS
TplaHrymauii €: “gyzmu 3 cycidamu”, ‘“‘noogitini
pebpa”, “eyznu i mpuxkymHuku’, “8yziu, pebpa i
MPUKymMHUKY’”’ Ta THIII.

VY crpykrypi manux «Bysnm 3 cycimamm» s
KOXXHOTO BYy3Ja TPHAHTYIAMIi 30epiratoTecsi HoOro
KOOPAWHATH Ha IUIOMIMHI i CIIMCOK BKAa3IBHUKIB Ha
CyCiZiHI By31H (CIIMCOK HOMEpiB BY3IiB), 3 SKUMH €
crijibHI pedpa [2]. Bagoro 1i€i cTpykTypu naHux €
HEsSBHE 3aBJaHHS TPHUKYTHUKIB Ta T€, MO0 PO3MIp
CTpyKTYypu € nuHamiuauMm. lle,  3a3Buyaii,
MPU3BOAUTE 110 HEe(EKTUBHOIO BHKOPHUCTAHHS
mam'siTi mpu MOOYIOB1 TPiaHTYIIAIIII.

VY crpykrypi «llogBiiiHi pedpa» IS MiATPUMKA
TPiaHTYJIALIT 3a1a€ThCS CITUCOK OPIEHTOBAHUX pedep
Tak. 10 KOXXKHE peOpo BXOAUTH 1O CTPYKTYpHU
TPHUAHTYJIAII] IBiUi, ale HalpaBlIeHE B MPOTHIIEKHI
croponu [3]. HemomikoM 1i€i CTPyKTypH HaHUX €
TaKk, SK 1 y TONEpeaHiH, HEesSBHE 3aBJaHHSI
TPUKYTHHUKIB, IO TaKOX, AK 1 Yy TMONEPEeTHHOMY
BUIIAJIKY HPU3BOINTH bi (6] Hee(heKTHBHOTO
BUKOPUCTAHHS T1aM’SITi.

VY crpyktypi «By3nmm Ta TPUKYTHHUKH» IS
KOXXHOTO TPUKYTHHKA 30€piraroThCsl TPU BKA31BHUKH
Ha YTBOPIOIOYI HOro BY3NMM 1 TpU BKa3iBHHKH Ha
CyMDKHI TpPUKYTHHUKH. Xoya pebOpa B JaHii
TpiaHTYNAil B SBHOMY BHIJIANI He 30epiraroThcs,
BOHM YKa3ylTh TPUKYTHHK 1 HoMmep pebpa
yCepelMHI HBOTO 1, TUM CaMUM, POOJIATH IO
CTPYKTYpY BIJJHOCHO TPOCTOI0 1 3py4YHOIO JUIS

peamizartii.
3 TOYKHM 30py BUKOPHUCTaHHS ‘‘@y31u, pebpa i
mpuxkymuuky’ €  HAWOUThII ~ ONTHUMAJBLHOIO

crpyktypoto nanux [4]. Xoua BoHa # morpebye
3HaYHUX 00’eMiB TaMsATi (TaKk sIK 1 CTPyKTypa
«IlonmBiitHi  pebpa»), aje  JO3BOJSAE  3PYUHO
orepyBatTd 3 MOOYJOBAHOK  TPUAHTYJISIIIENO,
OCKINBKM BCi 1i 00'€KTH 3aJalOThCS B SBHOMY
BUTJLSAL.

1.3 AHaJ1i3 iCHyI0YHX aJITOPUTMIB

Ha cporomHimuii aedp Bimomo Oinbire 30
miaxomie go mobymosu TJ[ [1, 5]. Haiikpami
JOCSTHEHHsT 10 4Yacy MOXKHa OTpuUMard 3a
JIOTIOMOIOI0  aJITOPUTMY “pO3AUIAH 1 BoJomaproit”
O(NlogN) y ripiiomy i cepeTHbOMY BHIAIKaX.

Po3pi3HAlOTE Taki rpynu alroputMmiB moOynoBU

TPUAHTYJALIl: iTEpaTHBHI aNroOpuTMH (HaiMeHII
e eKTUBHI 1 IOCUTH CKJIaIH1 B
peanizanii),IrOpuT™MH  3ITUTTS (HadtmBuAmi i

BITHOCHO NPOCTi B peajizauii), aJlfOPUTMH MPSIMOT
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moOynoBu (maroTh HemoraHy (HaBITh JIHIWHY)
HMIBUAKICTH MOOYJOBH B CEpelHbOMY, NPOCTi B
peaiizaiiii), JBOIPOXiJHI anropuTMu (HAWOLIBIT
CKIIa/IHI B pealizallii, He qyxe e(heKTHBHI).

V po6ori [1] meTambHO PO3rISAaEThCSA CTPATETis
“po3minsii Ta maHyil” Ha OCHOBI TPBOX CHOCOOIB

3MUTTS -  “Bumansai 1 Oyay#”’, “Oymyi i1
nepeOymoByi” 1 “Oymyit mepeOymoByroum”, sKi
CIHPAIOTHCS Ha OIyKIIICTh mo0yJ0BaHUX

TPUAHTYIALIN 1 3a0e3MedyroTh MIBHAKICTH 3IUTTS
Bim O(N) no O(NlogN) B 3ameskHOCTI Bif METOY.
Pobota [5] mpucBsueHa HOBUM criocobamM Mmooy 10BU
TJ1 3a wac O(NIlogN), 3 BUKOPHUCTAHHIM JAOAATKOBOT
iHdQopMariii i, 30KpeMa, 3ampoIOHOBAHO METOJ
mBUAKOTO 3muTTsa T/I.

[Tix yac ananizy moxiuBocTi modymoru TJI mms
IIaHapHoro Tpada, po3rsigaroTh [Bi TOJOBHI
3amavi. [lepwia 3adaqua TIONATAaE y MOXKIHUBOCTI
JNOJAaBaHHS HOBUX TOYOK Yy TPUAHTYJSAIMIIO, IO
¢akTiyHO  TpaHcOpMye  3amady  TaKy, IO
TPUAHTYJAIISL  OyayeThCs  3aBXau, ane rpad
3aJIa€ThCs HE JKOPCTKO[6], pakTuuHO, 1Ie mae 3Mory
nepedTH 10 Takoi 3ajgadi, IO TPHAHTYIAILISL
OyayeTbcs, aje Ha TEBHI TPUKYTHUKA MOXKeE
HaKJIaIaTUCs TIEBHA YMOBA TP JOCTiKeHHI. /pyea
3a0a4ya € KIaCHYHOI B JICIKOMY PpO3YMiHHI.
3amaeThcst 00acTh 3 JipKaMM 1 3ajlada IOJSrae B
nmoOynosi TJI Tak, mo0 »xoaHe 3 pedep TpUaHT YISl
HE TMEpPeTHHAIO TpaHulls obOsacTi. @dakTHYHO
3a7a€ThCsl HAOIp TOYOK, SKHW anmpOKCUMYE TPaHUIIi
JIpOK 1 3a/1a4a 3BOTUTHCS 10 TTOTIEPEIHBOI.

B zaranpHOMYy BHIQJKy ajada MepeBIpKH
MOXJIMBOCTI T0OymoBu TJI B YHUCTOMY BHII €
BiJIKPUTOIO TTPOOIIEMOIO.

Mema cmammi. Po3pobutn meron moOynoBu
ANTOPUTMY TIEPEBIPKM MOXIIHBOCTI 1moOymoBu T/
JUTS TUTACKOTO TIaHApHOTO rpada.

Hosusna ma ides. B po0OTi 3amponoHOBaHO
HOBHM MiAXIiJ 10 pO3B’sA3aHHSA 3aJayl IMepeBipKH
MOJKJIMBOCTI TOOYIOBH TpiaHTyIsiii Jenone.

2. [locTaHOBKa 3a4a4i Ta aJITOPUTM
2.1 IlocTaHoBKa 3aJayi.

Hexaii 3amanma mHoxkuHa S 13 N Touok Ha
TUTOMIMHI 1 IeSKi BIAPI3KH, M0 HE MEePETHHAIOTHCS 1
CIOJYy4YarOTh JIEAKI 3 IMX TOYOK, SKI pa3oM
yrBoprotoTh Trpad G. HeoOximHO BH3HAYMTH 4K
MoxuBo moOynysatu T/l rpada G, He momaroum
HOBMX TOYOK.

2.2 Ilo6yaoBa po3B’A3Ky 3aJavi
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Hexaii 3amana mMHO)kmHa S i3 N TOWoK Ha
IUTOIIMHI 1 AesKI BiPi3KH, 110 HE MEPETUHAIOTHCS 1
CHONY4YaloTh JedKi 3 [HUX TOYOK, SAKi pazoMm
yTBOproroTh Tpad G. Hexaii marorh wMicnie Taki
(haxTu:

1) TpuaHrymsmist icHye, SIKIIO 33JaHO HE MEHIIe 3X
HE KOJIIHEapHHUX TOYOK;

2) TPUAHTYIISIS € €IWHOIO, SKIIO B S HE iCHye 4X
TOYOK, IO JISKATh HA OHOMY KOJIi.

BinnoBigHo, SIKIIO po3IisIaTh 3a4a4dy MepeBipKu
MoxiuBocti  moOymoBu T/ rpada,  saxwmit
3aJ]0BOJIbHSIE YMOBI (2), moctatHbo moOymyBatu T/]
muoxuan S 3a O(NlogN) y ripiioMy BHUMAaKy,
HalpUKIa alrOpUTMOM “pO3MINAN TamaHyi’, a
MOTIM 3a JiHIMHWIA Yac TepeBipUTH, UM HAIICKATh
3ajani  pebpa  MOOYAOBaHI  TpUAHTYIISMIIL.
3ynMHUMOCH JIETaNIbHINIE HA aIrOpUTMax, M0 He
OyAylOoTh TPHAHTYJIIIIO TOBHICTIO. Po3rmsHemo
IHKpeMeHTaJIbHUH anroput™M noOymoBu T, skuit
0a3yeThCs Ha TAKUX BJIACTHUBOCTSIX:

1. Pebpa omykioi 000TOHKH OYAyTh YACTHHOIO

TPHUAHTYJISII].

2. SIKmo TPUKYTHUK BXOAMTH A0 TPUAHTYJISIIT,
TO KOJIO, OIMCAaHE HAaBKOJO HBOTO € MiHIMaJbHOTO
IiameTpy.

3. Anroput™m Jgodae MO ONHIA BEpUIMHI [0
TPHAHTYIIAIIIT 32 OJIHY iTepallifo.

4. Ha koxHi# iTeparii anroputmy, moOymoBaHa
YaCTHHA TPUAHTYJIAILIT HE TIepeOyI0BYETHCS.

Leii anroput™ € HaI3BUYAWHO MPUBAOIUBUIN IS
pO3B'si3aHHS  IOCTAaBJICHOI  3a/1adi,  OCKLIBKH,
TPUAHTYJAISS B mpomeci  NoOynoBH — He
nepeOyOBYEThCSL 1 KpUTepiid BUOOpPY BEPIIMH, IO
nomaroTbess €  mpoctuM.  IlIBuakicte  pobotH
aJITOPUTMY B HAHMTIPIIOMY BUITAKY KBaJpaTHIHA.

B mpomeci po3poOKH  anropuTMy  IOCTaIo
MUTaHHS aKTYalbHOCTI 3aaadi, TOOTO: 4Yu B
MIPUHIIMIII MOXKIIMBA CUTYyallis, 3a skoi He icHye T]]
s nieBHoro rpady? s aemMoHcTpaiii HaBexeMo
MPUKIIAJ, pUC.2:

=

Puc. 2. . Bunagok HeBUKOHaHHsS yMOBH JleoHe.

SKIO y BXIIHUX JaHUX 3aJaHO YOTHPH TOUYKH, i
3alaHo peOpo, sKe BKa3aHE HAa MAIIOHKY, TO HE
MOJKJIUBO MOOYAyBaTH TPUAHTYJIALIIO, OCKIJIBKH HE
BUKOHYETbCA yMmoBa JleqoHe g KOJHOro 3
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MOKJIMBUX TPUKYTHHKIB. 3 MaJFOHKY JIETKO OadnTH,
o0 3 YCiX MOXIUBUX TPHAHTYISILINA >KOOHA He
3a70BONIbHSE yMOBi JlenmoHe. 3po3yMmino, MO0 Taka
CUTYyaIlisl MOKe OyTH CTBOpPEHA IITYYHO 33 PaxXyHOK
3aBHAHHS CIEIU(ITHOTO IOJIOKEHHS pedep 1 TOUOK
rpady. Ha oxnHe muTanHs MU BiANOBITM — HOIHCHO
ICHYIOTh Tpadu, s SKHX HEMOXJINBO 3aJaTH
TpiaHrymsmito Jlemone.

3anumaeTsCsl 1€ OAHE MHTaHHA — SIK
ANTOPUTMIYHO 1 32 MPUHHATHUI Yac MEepeBipUTH, YU
moryckae Tpad moOymoBy TpuaHTyIsmii? s
BUDILIEHHS. ~ ObOTO  NHTAaHHA  HPOMOHYETHCS
HACTYMHUH aITrOPUTM.

2.3 ANropuTM nepeBipKyU MOKJIMBOCTI
No0YyA0BM TPUAHTYAALII A5 rpada

Po3i6'emo pobnemMy Ha MEHIITi YaCTHHH:

1. BupauieHHd — MOYATKOBUX — OAHUX  UIA
IHKPEMEHTAJILHOI'O aJITOPUTMY.
2. Bu3HaueHHS Ha KOXHOMY KpOIli HOBOI

TOYKH, Ky Oy/e JOJaHO 0 TPUAHTYJIIAIII.

3. TlepeBipka, un Moke BHOpaHa TOYKa OyTH
JTOJIAHOKO JIO TPiaHTYJIAII.

4. JonmaHHs HOBUX pe0ep 0 TpiaHTYIIAIil

PosmumiemMo OUTBIN JIETAJIbHO AITOPUTM  JOJAHHS
HOBHX pebep MyHKTY 4.

Anroputm
Vi pebpa TpuaHTyIISILii JUTSIThCS Ha KIIACH:
- "cmmsaai" pebpa — Ti, AKi e He 3HANIIOB
AITOPUTM;

- "xwuBi" pebpa — Ti, 10, IO 3HAKMIIIOB aJITOPHUTM,
aje BiJloMa JIMINE OAHA i3 OOJacTeH, sIKi PO3Jiisie
pebpo;

- "MeptBi" pebpa — Ti, IO AITOPUTM 3HAKMIIOB i
BiJJOMi OOH/IBi 0OJIACTI.

Ha mouwatky po0oTH anroputMy, XHBUMH €
muire Bigomi peOpa rpada, 0 € Hamepen 3ajaHi,
abo pebpa Bumykioi o6onoHku. DopmyeThcs
MHOXWHA “QpOHT”, siKa MICTUThH XKHBI pebpa. Jlns
KOXHOTO pedpa MPUMNHCYEThCS 1HAEKC — KiIBbKICTh
BioMux obnacreit. Ha koxHOMY KpoIli alrOpUTMY,
npd  JIOJJaBaHHI HOBOi BepIIMHH, 3 (QPOHTY
BUJIAJIIETHCS OJHE PeOpO i MOXKYTh JOAaBATHCh HOBI.
Ha xoxxHOMy Kpomi poOOTH aaropuTMy UYacTHHA
pedep 3MiHIOE CBil 1HIEKC, Ha OUIBIIMHA. AJTOPUTM
3YNHUHSETBCS, KO HE MOXe OyTHh JojJaHa HOBa
TOuKa, ado uepes Te, 0 TPHAHTYJIALIT He icHye, a00
TOMY 10 BOHa 1moOyoBaHa. KoHKkpeTH3yeMo Kpoku
ANTOPUTMY:

1. IlouaTkoOBI NaHi: MacWB TOYOK, MacuB pedep,
pedpo OImyKIT01 00OTOHKH.
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2. BuzHaueHHS HOBOI TOYKH BiIOYBaeThCs 3a
MPUHIUIIOM HAMEHIIOTo pajiyca OMMCaHOTo KoJa.

3. IlepeBipka monsirae B  TOMY, IO
nepeBipseTbcsi ymoBa [lemoHe, 1 4M 3aBa)xaroTh
pebpa, mo 3amani Tpuanrysmii. [lepeBipka ymoBu
Henone Moxe OyTH peasli3oBaHO JOCUTH IPOCTO,
HANpHKJIa] 3a JOMOMOTOI0 DIBHSHHS OITHMCAHOTO
KOJa, SKui orrcano y [1].

4. NomaBaHHsl i BUIydeHHs pebep 3 GpoHTY, 1is
3MEHILIEHHS MPUIIBUILICHHS TTOIIYKY.

3. OGrpyHTYBaHHA CKJIAJHOCTI

TBepaaeHHs1. 3aIpOIIOHOBAHUM aJTOPUTM Ma€e
KBaJpaTUYHY CKJIATHICTh y HAWTIPIIOMY BHITQ/IKY.

Jlosedenns. Ha xoxHii iTepamii 3 rpaHuUIi
TPHAHTYIALIT - (POHTY BUIIYHa€eTbCs OIHE Pedpo,
BHJAJICHI pebpa Bke He AoHaroThcs. OCKiIbKU B
Oymp-sKiii TpiaHryssiii mictutbes He Oinbire O(N)
pebep, To BinnosigHo Oyne He Ounbiie O(N) iTepamiit
ITOPUTMY, Ha KOXHIN 3 SKUX OyJe BUTpAueHO HE
oinpmie  O(N)  omepariii it mepeBipok i
3HaXO/KEHHsI HOBOT TOYKH, TO CyMapHa CKJIaJIHICTh
Oy/ie KBaApaTUYHOIO B HANTIPIIOMY BHITAJIKY.

4. BucHOBKH

Y poOoTi 3ampoIrOHOBAHO aITOPUTM IEPEBIPKU
MOXJIUBOCTI ~ moOymoBu  Tpianrymsamii  [lemone
TUTOCKOTO TUTAaHApPHOTO Tpada. AJITOPUTM Tpairoe 3i
cxnagmictio O(N®)  Bij KiNBKOCTI BXiZHEX BepIIHH.
3a OCHOBY B3TO iJIel0 3 1HKPEMEHTAILHOTO
aNTOPUTMY TOOYIOBM  TPHAHTYJISALII  IUIACKOTO
npsMoliHiiiHoro rpada, skuii Mae BIACTUBOCTI, IO
MOXYTh OYTH 3pYYHO BHUKOPHCTaHI MpH TepeBipIi
yMoBH JlesToHe 1 OITyKy HOBOT TOUKH.
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An Equivalence Diagram of Star Partitioning
and Simple Polygons Generation
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B cmammi poszensioaemucs cnocib6 no6y0o8u MHOMCUHU ONOPHUX MOYOK OISl e6PUCIMUYHO20 ANICOPUMMY
2eHepayii npocmux MHO2OKYMHUKIG HA 3A0AHII CKIHYEHIU MHOMCUHT MOYOK HA NJIOUJUHI.
Kurouosi cnosa: npocmuti MHO2OKYMHUK, 3ipKOGe po3oumms, 0iazpama eKei8aileHmMHOCHIL.

In this paper we consider a way of constructing the set of reference points for the heuristic algorithm of
simple polygons generation for a given point set in the plane. It is shown that the introduced equivalence
diagram of star partitioning of the point set answers the previously set and left open question regarding
finite set of reference points for the simple polygon generation algorithm of cutting out and attaching convex
hulls. In combination with mentioned generation algorithm the presented construction allows to introduce an
approximation method of searching polygon constrained by the certain criterion. The proposed diagram
allows to eliminate asymmetry of polygons generated by the algorithm of cutting out and attaching convex
hulls by applying it to the separate triangular segments built on edges of the convex hull of the point set.
Since the introduced equivalence diagram contains information on intersections of segments between points
of given set it can be used for speeding up computations for many algorithms utilizing this construction in

particular for different methods of generating simple polygons.
Key Words: simple polygon, generation, star partitioning, equivalence diagram.

Crattio npencrasuB wieH-kop. HAH Ykpainu, a.¢.-M.H., npod. AnicimoB A. B.

Beryn
IHocTanoBka npoodaemMu. Hano
S={p1, p2, ..., PN} — MHOXHHA TOYOK Ha ILIOLIMHI,

N>3 Ta yci TOUKH y 3arajbHiid Mo3uLii, ToOTO Oyab-
AKI TpPU TOYKM 3 S HE HAIeXKaTh OAHIA MPSMIH.
3ajmaya moisrae B MOOymOBI  €(EKTHBHOTO
TOPUTMY UL a) WIAPaXyHKY YCiX MOMKIJIMBUX
NPOCTHX MHOTOKYTHUKIB; ©0) TreHepalii MpocThUX

MHOTOKYTHUKIB 3 TICBHUMHU BIIACTUBOCTSIMH Ha
3aJaHiil MHOXKHMHI TO4OK S. Y€l TOUKM MHOXHHHU S
IIOBUHHI Ooytu BepIIMHAMU OTPUMaHHUX
MHOTOKYTHHKIB.

Ananiz pocaimkenb. B [1] 3ampomonoBaHO
EBPUCTHYHHIA HAONKEHUH aJropuT™M TeHepanii
MHOTOKYTHUKIB BHpPi3aHHSIM Ta HapOIIyBaHHIM
ONyKJIHX 000J0HOK. Asie B [1] y stkocTi BigKpUTOro
NUTaHHS 3aJMOIEHO crocid MmoOymoBHM MHOXKHUHU
OIOPHHUX TOUYOK, HA OCHOBI SIKHX IPALIOE aJTOPUTM.

© A.Jl.®icynenko, 2014

[IpeacraBneHa craTTa HajJae BiOMOBiAR  Ha
MOCTaBJICHE MUTAHHA, MPOMOHYIOYU Take PO3OUTTA
3aJaHOl MHOXXHHU TOYOK, SIK€ Ja€ OJHO3HAYHO
BU3HAUEHY  CKiHYeHY  MHOXHMHY  oOjacrei
€KBIBAJIEHTHOCTI 15l BUOOPY OMOPHUX TOYOK.

AKTYaJIbHICTb. 3amaya reHepartii
MHOTOKYTHUKIB Ha 3aJlaHiii MHOXXWHI TOYOK MAa€ sK
CYTO TEOPETHYHE 3HAYCHHS (€ OJHOI0 3 BIAKPUTHUX

npobjieM  OOYMCIIOBANBHOI — TeoMeTpii), Tak i
NpaKkTHYHE 3aCTOCYBAaHHS - HacaMIiepel, MepeBipka
KOPEKTHOCTI QJITOPUTMIB, 110 OIEPYIOTh
MHOTOKYTHUKaMH.

HoBu3na poboru momnsirae B 3acCTOCYBaHHI
JiarpaMu eKBIBaJICHTHOCT1 3IpKOBHX pPO3OMTTIB AJIs
OJHO3HAYHOT0 BUOOPY MHOXXHHH OTOPHUX TOYOK, Ha
SAKHX IPYHTY€ETHCS reHeparis MIPOCTUX
MHOTOKYTHHKIB Ta TOIIYK cepel HUX THX, IO
BiJIIIOBi1al0Th IIEBHUM BIIACTHUBOCTSIM.
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3ipkoBe po30uTTA TA Aiarpama
eKBIiBaJIECHTHOCTI

B po3nimi IEeTaIbHO PO3TIISAIAETHCS
KOHCTPYKIIisl, SIK& € OKPEMHM BHIAJKOM PO30OHTTH,
IO OIJISIOBO omucaHe B [2] Ta 3acTocoBaHO [UIst
pO3B’si3aHHA  3amaui  Hepeliky ycix  3ipKOBHX
MHOTOKYTHHKIB JUIsl 3aJaH0i MHOKMHM Touok (*“Star
Universe”).

Jns  Oynp-KOi mapu TOYOK OOHMParoThCs
MIPOMEHI, 10 YTBOPIOIOTHCS MPSIMOIO, SIKa MPOXOANUTH
4yepe3 Ii JBi TOYKH, BUKIIOYAIOYH BiJPi30K MiX
HuMH. [lepeTrH NMPOMEHIB 3 OMyKJIOK 00O0JIOHKOIO
CH(S) yrBoproe MHOXHMHY Bifpi3kiB. Po30ouTTs, 1o
MOPOKYEThCS BCiMa OOMEXKYIOUMMH  BiJpi3KaMHu,
BH3HAYAE yCi sApa 3ipKOBUX MHOTOKYTHHUKIB. OKpiM
BUIIA/IKy 3IPKOBUX MHOT'OKYTHHKIB, 15l KOHCTPYKIIiS
Ma€e KOPWCHI BIACTHBOCTI JUIsl TEHEpaIii 1HIINX
KOH(]irypamiii MHOrOKYTHHKIB.

PosrisiHeMO  OkpeMuii  BHIIQZOK  BKa3aHOTO
pO3OUTTH, BIAKUAAIOYM BipPi3KH, SKi BH3HAYCHI
OpsIMAMH MDK BHYTPIIIHIMH TOYKAMH MHOXHHH 1
HAJal04yM HACTYIHI GOopMaIbHi O3HAUECHHS.

Osnauenns 2.1. Hexali Py - BHYTpIIIHS TOYKa
CH(S) ta Ti(po) — TPUKYTHHK, LIO0 BHU3HAYAETHCS
BHYTPIITHBOIO TOYKOIO Pg Ta BEpPIIMHAMU I-TO pedpa

CH(S); po2CH(S) A po€S; 3ipxosum pozoummsam

[1(S, po) MHOXMHM TOYOK Ha IUIOHIMHI S €

[1(S, po)={Si(Po): ¥1=1..h Si(po)€Ti(Po) A Si(Po)<=S},

ne h — xinpkicts BepurH onykinoi ooononku CH(S).

Tak, HanpukiIam,

Puc. 1 mokasye MHOKHHY TOYOK Ha TJIOIIMHI
S={p1, P2 .-, Ps} Ta T  3ipkoBe  PO3OUTTH
[1(S, po)={S1,S1, S5}, me Si={ps}, S2={pe}, Ss={pa}-
TpuUKyTHUKH, IO YTBOPIOWOTHCS Ha pedpax Ej, Ej,

E3: T1(po)=Ap1P2Po, T2(Po)=Ap2psPo, T3(Po)=AP1Pops.

Osnauenns 2.2. Tlpumyctumo P o#p’o; Gyaemo
Ka3aTy, 110 IBa 31pKOBI po30UTTS
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[T:(S, p'o) Ta [Tx(S, p°) exsiBanentHi Toi, Ta TinbKM

TOJ1, KOJIH Si(plo)=8i(p20), vi=1..h.

Osnayenns 2.3. I'eomeTpuyHe Miclle TOYOK Ha

TUTOLLMHI Rk(S) Ha3UBAETHCS o0nacrio
€KBIBAJICHTHOCTI ~ 3IPKOBOTO  PO30OUTTS,  SKIIO:
vp'o, p’o: PY€ERKS) Ta phE€RK(S) Bimmosiami
zipkoBi  posourts  [u(S, plo) Ta [I2(S, pP) €
€KBIBAJICHTHUMHU.

F2

Puc. 1. [Ipuknan 3ipkoBoro po3outts 3 10
001aCTAMHU €KBIBAJIEHTHOCTI JUISI MHOKHUHU 3 6
TOYOK.

3pobumo HACTYIHI MO3Ha4YEHHS Ta
MPUITYLICHHS.
1. {Pch@), ---s PcHm}CS - MHOXHMHA yCiX

BepIMH omykioi odoononku CH(S);
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2. S\CH(S)={piq),---Pin-n) }©S — MHOXKHHA yCiX

BHYTPILIHIX TOYOK; PO3MIIAAAEMO TUIbKH HE
Bupomkeri Bunaaku: N-h>0;

3. r(S,1, j) - mpoMmiHb Ha IPAMIH Py(;)PH(), IO
BUITYLICHUIT 3 BHYTPIIIHBOT TOUKH Py(j) Y
HAaIpsIMKY, SIKHi TIPOTHIICKHUN BEPIINHI
PHG)»

4. A(S,i, J) — KyT, 10 yTBOPIOETHCS IPOMEHIMU
r(S,i, j) Tar(S,i, j+1) ado r(S,i, 0), sxuro
j=h.

Jlema 2.1. OOGnacri, mo yTBOpPEHI NEPEeTHHOM
OmyKJIoi  OOOJIOHKM MHOXHHH TOYOK S ma
muodxcunoro yeix npomenis r(S,1, j) (1=1,..., N-h, j=1,
..., N; h>2; N-h>1) € onyxnumu muocoxymnuxamu.

Hoseoenns: Yci xyru A(S,i, J) € omykiumu
MHOKUHaMU. [lepeTuH ONmyKIMX MHOXHH — OIYKIIa
MHOKHHA.

3acTOCOBYEMO MOYEProBO VI BCiX BHYTPIIIHIX
TOYOK Ta yCiX MOXIMBHX KyTiB HACTyITHE.
Oo6upaemo A(S,i, J) Ta poOMMO MEPETUH MO TMapax:
A(S,1, DNA(S,m,n), where m#i, n=1, ..., h. Kinnesuii
pe3yabTaT — HEMOPOXKHS OMyKJIa 00J1acTh, OCKUIBKH
3a ymoBamu Jlemm 2.1 h>2; N-h>1 Ta icHye
NpUHAHMHI OmWH TpoMmiHb kyta A(S,m,n), o
neperuHae oxauH 3 mpomeHiB A(S,i, j). OcranHe
BUTIKa€ 3 TOro, MmO KOXeH 3 h mpomeHiB, 1m0
BUXOJMThH 3 KOXKHOI BHYTPIIIHBOI TOYKU JICKHUThH Ha
NpsIMii, SKa BU3HAYCHA II€I0 TOYKOI Ta BEPLIMHOIO
onykJioi ooomonku CH(S).

[lepeTnnatoun oTpuMaHi 00JacTi Mo mapax 3
onykioro odononkoro CH(S), orpumaemo oOMexeHi
onykimi obmacti  Ry(S). Tobro R«(S) omyxmi
MHOTOKYTHUKH M.

3a3HauuMo, MO0 K TOHapHUX MepeTHHIB N
BiZIpi3KiB Ha TUIOLIMHI MOXYTb OyTH OOYHMCIEHI 3a
gac O(nlogn+kK); yac BUKOHaHHS € ONTHMAJBHUM,
Bumorn mo mam’sti O(n+k). Ils Teopema Oyna
nosenena  Chazelle and  Edelsbrunner  ([3],
Theorem 5). OueBuaHO, IO Y BUMAAKY PO3OUTTS,
o posrsaaeTbes, N=h(N-h).

Osnauenns 2.4. [IpunyctumMo  HacTymHe:
R(S)={Ri(S),... , R«k(S)} - w™mHOXHMHa oOmyKIHX
MHOTOKYTHHKIB, SKa OTpUMaHa MpOLEAyporo, IO
BUKOpHCTaHa B JoBeneHHi Jlemu 2.1. Muoxuny R(S)
OyzemMo Ha3uMBaTH JiarpaMol0 eKBiBaJIGHTHOCTI
MHO>KMHH TOYOK S.
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Teopema 2.1. Koowen onyxnutl MHOZOKYMHUK
R«(S) € obracmio  exsisarenmuocmi  3ipk060co

pozoumms [[(S, po) 011 6y0b-sxoi mouxu PeERK(S).

Hoeeoenns: bepemo onykiy obnactb Ry(S) ta

JIOBUIBHI JB1 TOYKH plOERk(S), pZOERk(S), plogépzo Ta

npunyctumo nporunexse. Tomi [Ti(p'o) a [T2(p%)
ue € exsiBanentHIME: Ji: Si(p'0)#£Si(p%).
Tpuxyruuku Ti(p'0)£Ti(p%) MaroTh crinbhe i-e
pebpo onykoi o6ononku CH(S). Ockinbku p'y Ta
p’o — BHyTpimmHi Touku, neperun Ti(p'o)NTi(p%) € e
MOPOXKHBOK MHOXKUHOIO (TPHUKYTHUKOM). MHOXHUHH

Ti(plo)\Ti(pzo) Ta Ti(pzo)\Ti(plo) €,  TaKoOX,
TPUKYTHUKAMHU.
€ Hni crocio 3aJI0BOJILHUTH Hale

npunymenns  Si(p'o)£Si(p%) — ue npuiiHaTH, 10

PETI(P?)\Ti(p"0).

abo

IpEeS:  PETIP \Ti(P0)

Bunyckaemo mpomeHi i3 3arajabHUX
tpukyTHHKIB Ti(p") i Ti(p%) uepes Touky ;.

Touku p'o Ta P’ JeKaTh HA MPOTHICKHUX
CTOpOHAaX OJHOTO 3 X npomMeHiB. lleit moxinsrounii
MPOMiHb BUXOIWTH 3 BEPUIMHU OMYKIOi OOOJOHKH
CH(S) uepe3 BHyTpimHIO TOUKY Pj (auB.

Puc. 2). 3 Jlemu 2.1 BuTikae, 1110 1ei mpomMinb
BH3HAYAE TPAHULIIO OJTHIET 3 OMYKITUX 00JIacTel.

Ile o3mauyae, moO Bimpi3ok Mix P’y Ta P
MEPETUHAE TPAHMII0 OMyKiIoi objacti. Aje 1e
cynepeuntb omykiocTi  Ry(S), mo moBomuth
TeopeMy M.

BEPLIMH
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Puc. 2. ImocTpanis ms goBenenHs Teopemu 2.1 ta
ii Hacminky 2.1.

[Tpumyctumo, mo oOpaHa Oyab-sKa BHYTPIILIHS
TouKa Py obmacti ekBiBaneHTHOCTI Ry(S). OGepemo
Oynb-iKuil TpUKYTHHK Ti(Po) 3IpKOBOrO PO3OHTTS
T1(S, po). Jlerko GaumTH, ko miAMHOXKHA Si HE €
MOPOXKHBOIO (TOOTO, iCHYE TPUHANMHI OHA TOYKA)
TOA1 YCl MOXJIMBI MPOCTI JIaHIIOTH (TOOTO Ti, IO HE
MalTh CaMO-TIEPETHHIB), $Ki IOYHHAIOTHCS Ta
3aKiHUYIOThCS Ha KIHISAX pedpa I, IO € OCHOBOIO
TPUKYTHHKA, HE 3aJIGKHUTH Bil TOYKHU Po JOKUA BOHA
3aJIMIIAETBCS BCEPENUHI OONACTi eKBiBaJEHTHOCTI

Rk(S) (
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Puc. 2). Ils BnacTuBicTh HampsMy BHUTIKae 3
O3HaueHHs1 oOmacTell ekBiBaJieHTHOCTI Ta Teopemu
2.1. TakuM YUHOM, MU MOXEMO C(OPMYITIOBATH
HACTYIHUHN HACTIJOK.

Hacainok 2.1. Ilpumycrumo, mo Ei — pebpo
onykioi obomonku CH(S); [I(S, po) — 3ipkoBe
po30uTTss MHOXMHH TO4oK S; Ry(S) — oOmacri

exBiBasieHTHOCTI: Ry(S)CR(S); Tomi MHOXHMHA ycix

MPOCTUX JAHIIOTIB, 10 MoOyaoBaHa Ha KiHngx Ei ta
BHYTpIIIHIX TOYKaX, T4, BIAMOBITHO MHOXHHA YCIiX
MPOCTUX MHOTOKYTHHKIB, fIKi € 00’€JHaHHSIM YCiX

1ux Janiroris i=1..h, e oqaakoBumu Ypo€ Ry (S).

Komoéinanist 3 anroppTMoM BHpi3aHHS Ta
HAPOUIYBAHHSA OMYKJIHX 000JI0HOK

OcHoBHa mporeaypa, mo onucana B [1] mae
«acUMETpUYHI» KOoH(]Iirypamii MHOrOKyTHHKIB. s
BUpILIEHHS Li€l MPOOIEeMH MOXINBO 3aCTOCYBaHHS
JiarpaMyd  €KBIBQJIGHTHOCTI Ta anroputmy [1]
HACTYITHUM YHHOM.

Ha mepmomy kpoui OynyeTbes —niarpama
€KBIBAJICHTHOCTi JUIsl 3a4aHOi MHOXXWHHU TOYOK S.
TlotiM o6HpaeThest Touka P BCEPEIMHI KOXKHOI 3
obnmacreir Ry(S) miarpamm ekBiBaneHTHOCTI R(S).
Haranyemo, o 3rigao noeenenoi Teopemu 2.1 ta ii
Hacninky 2.1 11 Touka MOke oOHMpaTHCS ITOBLIBHO.
Hampuknan, ne Mmoxe OyTH LEHTp Mac OyIb-IKHX
Tphox BepmmH obnacti Ry(S); ockimpku Ry(S) —
ONYKJIMH MHOTOKYTHHK, TO Taka TOYKa 3aBXKIH
BcepeauHi Ry(S).

Touka p*) Bu3Hauae 3ipkose posoutTs [[(S, p%o).
Hdns  koxHoro 3 TtpukytHUKIB Ti(po) 1=1,...,h
poséurrs [](S, p*o) moBTOprOEMO HACTYIHI KpOKH.
[epeBipsieMo, 4u  MICTUTh  TPUKYTHUK  Ti(Po)
BHYTpimmHi TOoukH. bepemo rpans E; omyxmnoi
obomonku CH(S), mo € OfHOYaCHO OCHOBOIO
TpUKyTHHKa Ti(Pp) Ta 3aCTOCOBYEMO MpPOLEAYPY
BUpI3aHHS Ta HapollyBaHHs o00oioHOK  [1].
OO0’eHaHHS JIAHITIOTIB, MO MOOYAOBaHI Ha TPaHIX
Ei - mpocTuit MHOrOKyTHUK.

Jis  BupimieHHs — onTUMI3alifHUX  3a/4ad
HaOMKEHHM  METOAOM, TaKUX K  MOIIYK
MHOTOKYTHUKa MIiHIMQJIbHOI IUIOUIMHY, BUKOHYEMO
OmMcaHi BHIIE KPOKH JUIS KOKHOro 3 obnacreid Ry(S)
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miarpamu  ekBiBasieHTHOCTI  R(S), 3acTOCOBYHOUM OTpUMaHHS MHOXHHH OHNOPHHUX TOYOK MOXKE
BIJMOBIAHUHN KpUTeEpiil BiTOOPY. BUKOPHCTOBYBAaTHCA  JiarpamMa  €KBIBaJICHTHOCTI
3ipKOBHUX PO3OHTTIB, mMoOymoBa siKOi 0a3yeTbesi Ha
BucHoBkn OOHOMY 13 aJNropuTMiB TEPETHHY  BiIpi3KiB.
[ndopmaniss mpo mepeTHHH  BiAPI3KIB  MOXeE
B pobori HamaHO BiINOBiAb Ha BIIKPUTE JOAATKOBO BHUKOPUCTOBYBAaTHCS Ha TONAJIBLIAX

MUTaHHS LIOJ0 CIOCO0Y MOOYAOBH OMOPHUX TOYOK
ISl €BPHCTHYHOTO ONTHUMI3AI[IfHOTO alTOpUTMY
BUPI3aHHSM Ta HapOUIyBaHHSIM OIYKIUX OOOJIOHOK.
[lokazano, MmO Yy $SKOCTI OCHOBHOIO CHOCOOY

CnHcok BUKOPHCTaHMX JKepeJt

1. ®icynenxo A. JL I'enepariis MIPOCTUX
MHOTOKYTHHUKIB BUpi3aHHAM Ta
HapOIIyBaHHIM OMyKIUX oOomoHok / A. JI.
dicynenko  //  Bicamk  KwuiBcbkoro
HallOHAaJILHOTO YHiBepcuteTy imeHi Tapaca
[IleBuenka, cepit  Qi3uKo-MaTeMaTHUYHI
Hayku. — 2013. -cneuBumyck. — C. 190-193.

2. Auer T. Heuristics for the generation of
random polygons / T. Auer, M. Held// In
Proceedings of the 8th Canadian Conference
on Computational Geometry, Ottawa,
Ontario. — 1996. — P. 38-43.

3. Chazelle B. An Optimal Algorithm for
Intersecting Line Segments in the Plane. /
B. Chazelle, H. Edelsbrunner // Journal of
the Association for Computing Machinery.
Vol. 39. No. 1, -1992. - P.1-54.

KpOKax TreHepalii MpPOCTUX MHOTOKYTHHKIB JUIS
MEepEeBipKH CaMOMEPETUHIB, L0 MiABHUILYE 3arajbHy
e(peKTUBHICTD aNrOpUTMY.
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BHKOpPUCTAHHS TEXHOJIOTII J0NOBHEHOT Use of Augmented Reality technology in
PeaLHOCTI B IMCTAHIIITHOMY 0CBITHHOMY E-learning process
npoueci

! Kuipebknil Haionanshuil ymisepcurer imeni | - Taras Shevchenko National University of Kyiv,

Tapaca Illepuenka, 83000, m. Kuis, mp-r. | 83000, Kyiv, Glushkova st., 4d,
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e-mail: Shabeliuk@gmail.com

B cmammi pozensmymo nowsmms 00noeHenoi peanvHOCMI, a4 MAKONC MeXaHizMu ma areopummu ii
peanizayii. Onucani cyuacHi meHoeHyii GUKOPUCAHHS YI€i MEXHON02H 6 MOOLILbHOMY OUCMAHYIUHOMY
nasyanHi. Knacugixoeami mpu OCHOGHI cpynu MOOLIbHUX OCBIMHIX 000AMKi6@ HA OCHO8I MEXHON02ll
O0ONOBHEHOI peanlbHOCMi 3a Memooonozicto ix pobomu ma po3pobku. Illepwa epyna euxopucmogye
MexXHOI02i0 00NOBHEHOI peanbHOCmi 014 8I3yanizayii HA8uaNbLHO20 Mamepiany. /pyaa epyna aukopucmosye
MEeXHON02i10 OONOBHEHOI PeanbHOCMI 0Jis PO3NI3HABAHHS MA MAPKYBAHHA peaibHux 00 ‘ekmis. Tpems epyna
BUKOPUCTNOBYE MEXHON02TIO OONOBHEHOT PeaibHOCI OISl 83AEMOOIL TIOOUHU 3 NOOYO0BAHUMU GIPMYATLHUMU
00 ‘exkmamu. Hasedenni icuyioui npuxnaou @ pisnux 2any3sax Hayk ma cneyianvrocmei. Hagooumwcs onuc
Xapaxmepucmux MoOibHUX meneqhonis, wo 0036010Mb BUKOPUCMOBGY8amu ix 01 pobomu OUCMAHYIUHUX
HABYANIbHUX CUCHeM HA OCHO8I O0nO8HeHOi peanvHocmi. llpoananizosano axmyanvhicms ma nepeeazu
BUKOPUCTAHHS OAHOI MEXHOI02IT 8 OCBIMHbLOMY NPOYECI. 3anponoHOBAHO CMBOPEHHS MOOIILHOL HABYANBLHOL
OUCAHYIUHOT cucmeMu HA OCHOGI MeXHONO2i O0NOBHeHOI pedanbHOCMi Ofid CMYOeHMI8 MeXHIUHUX
cneyiaibHocmell.

Knrouosi cnoea: donosnena peanvHicms, oucmanyiline Haguanusa, AR-0odamoxk.

The article deals with the concept of augmented reality, mechanisms and the algorithms of its
implementation. Described the modern trend of using this technology in the mobile distance learning.
Classified into three main groups of mobile educational applications based on augmented reality technology
by the methodology of their work and development. The first group uses augmented reality technology for
visualize of learning material. The second group uses augmented reality technology for recognition and
labeling of real objects. The third group uses augmented reality technology for human interaction with
builted virtual objects. Reviewed existing examples in differerent fields of science and specialties. Describes
the characteristics of mobile phones that can use them for distance learning system based on augmented
reality. Analyzed of the relevance and benefits of using this technology in the educational process. Proposed
a creation of mobile learning application based on augmented reality technology for students of technical
specialties.

Key Words: augmented reality, distance learning, AR-application.

Crarrio pezacraBus 1.¢.-M.H. pod. AHiciMoB A.B.

I[OHOBHeHa pCaJ'II)HiCTB — IIOHATTA, 4KC OIIMCYE OOIIOBHCHY pCaJ'II)HiCTB MOXXHa BHU3HAQYUTHU K

nporec JIOTIOBHEHHS ~ ICHYFOYOI ~ peajlbHOCTI CHCTEMY, sIKa:

BipTyaJIbHAM 00’ eKTamH. Komymikarrist 3 1. ToenHye BipTyallbHE Ta peasbHE;
BIPTYaJIbHOIO PEaJbHICTIO BHKOHYETBCS B PEXHUMI 2. Bsaemojie B peanbHOMY daci;
on-line, a mis 3abe3nedeHHsT HEOOXIMHOTO epeKTy 3. Tlpamoe B 3d.

HeoOXiZiHa nmine BeOKamepa — 300payKeHHS 3 SIKOI
Oyze ONOBHIOBATHCH BIPTyaJbHUM 00’ €KTamu. 3a
cioBamu  gociigHuka Ponamema  Asymum 1]

Ha cporogHi MokHa JIeTKO Ha3BaTH KiJibKa
BIIOMHX TPUKIAAIB BHUKOPUCTAHHS TEXHOJIOTIl
JIOTIOBHEHOI  peanbHOCTI. 30Kpema TeNeBi3iiHui

© O.B. llIabemok, 2014
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MoGinbHUi NpuUCTPIR
3 kamepoo

‘ enbuﬁ E:aaa AaHux
p - BipTYanbHUX
QL:€KT. ob’ekTiB

Puc. 1 Cxema monoBHEeHOI peajbHOCTI

. Cnmcok Moauuis |
3axonneHmit 3HanfeHnx opieHTaLlis
BIAEO NOTIK MapKepiB Mapkepis

BusHayenHa | T;={P;R}
noauyii Ta

opleHTauli

Po3nisHaBaHHA

Mapkepy
BipTyanbHuii
b ek
i [Mo3uuitoBaHHA
nigcymkoBe )
HakrafaHHs ggzrey'gx;bﬂoro

Bif€o NoTiK
ANsi BigobpaxeHHs

Puc. 2 Cxema anroputmy poOOTH CUCTEMHU
JIOTIOBHEHOI PeaibHOCTI

MPOTHO3 TIOTO/IM, B SKOMY BiJIeO MOTIK BEIy4OTO
HAaKJIQIA€THCS Ha KOMII FOTEPHE 300paKeHHS MalHd 3
norojior0. PaxyHOK Martyy, BiJICTaHb BiJl TOYKH
BUKOHAHHsSI ITpagHOro yaapy 4M JiHisg odcaiiay B
(yTOONEHUX TENETPAHCIIALIAX.

AKTyanbHiCTh BIIPOBAJIKEHHS TEXHOJIOTI1
JIOTIOBHEHOI peajbHOCTI B OCBITHIH MPOIEC MOJISrae
B TOMY, 1110 BUKOPUCTAHHS TaKOi HOBITHBOI CHCTEMH
0Ee3CYMHIBHO 30iJIbIINTH MOTHBAIIO CTYACHTIB, a
TaKOX TIBUINUTH PiBEHb 3aCBOEHHS iH(opMaIii 3a
paxyHOK pi3HOMaHITHOCTI 1 IHTEPaKTHBHOCTI il
Bi3yaJIbHOT'O IIPE/ICTABICHHS.

Ha croroanimHiii geHb icHye 6arato miaxoiB 10
BUKOPUCTAHHS TEXHOJIOT11 JOMOBHEHOI PEalbHOCTI B
ocBiTi. Taki MOOiJbHI HaBYaJbHI CHUCTEMH MOXKHA
YMOBHO PO3/IUTUTH Ha TPU OCHOBHI TPYIIN:

1 rpyna Bi3yamnizye 3d 300paskeHHs 1711 HAOYHOTO
Ipe/ICTaBICHHS HABYAJIbHOIO MaTepiay.

SAckpaBum npukiagoM € pobota Tanra i Oy [2]
fKa JI03BOJISIE CTyAEHTaM OionoraM BHPOIIYBATH
BIpTYaJIbHUX METEIMKIB Ha pEalbHUX POCINHAX,
BUBYAIOYM IPH LBbOMY iXHI TOBHUH >KUTTEBUHA
UKL

B pobori [3] omucana iHTepakTMBHA HaBUajbHA
cUCTeMa, IO JO3BOJSE CTYJCHTaM MEJUYHOTO
CIIPSAMYBaHHS 3p03yMiTH OY0BY JIIOJACHKOTO Yeperna
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Bi3yasti3ytoud #oro B 3d, 3 MOXJIMBICTIO BHJIIJICHHS
fioro okpemux dactuH. KoykHy Taky 4aCTHHY MOXKHA
MaciTadyBaTH 1 po3MIAAaTH B MPOCTOPI, TAKOK €
MOXJIMBICTh TPE/ICTABICHHS TEKCTOBOI HAayKOBOi
iHdopmartii mpo Hei.

B poGori [4] omucana MoOinbHA HaByYajbHA
cucTeMa  Bi3yalmizalii  acTpOHOMIYHHUX 00 €KTIB
COHSIYHOT CHUCTEMH, IO JIO3BOJISE Bi3yalli3yBaTH
nexinbka 3d Mozenel oHOUACHO.

B poborti [5] ommcana HaBuanbHa cucTeMa IS
CTYIEHTIB 10 BHBYAIOTH XiMilO, BOHA JO3BOJISIE
Bi3yasi3yBaTH aTOMU 1 3B’SI3KM M)XK HUMH B PI3HHUX
XIMIYHMX CIIOJNyKaX, a TaKoX OMNHcaHa cXema
HABYAJIBHOTO KJACy Ui MaKCHUMaJbHOI 3pyYHOCTI
BUKOPHCTAHHS CHCTEMH.

2 rpyna BUKOPHUCTOBYE TEXHOJIOTIIO JOMOBHEHOI
peasbHOCTI [UId  PO3Mi3HABaHHS 1 MapKyBaHHS
peabHUX 00’€kTiB. Taki MOXKJIMBOCTI JTO3BOJISIFOTH
peanizoByBaTH MOOINBHI HaBUaJbHI CHCTEMH, IO
OpieHTOBaHI B TpocTopi, 30kpema Emizaber
@imKepanba y cBoiil poOoTi [6] HABOAWTH MPUKIIAIH
BUKOPUCTAHHSI TEXHOJIOTIi JIOMIOBHEHOI PEeaIbHOCTI
JUIE  TIOOY/JIOBH MOOINBHOI CHCTEMH HaBYaHHS
CTYJICHTIB CITCIiaIbHOCTI TYpu3M (Teorpadis).

Takox aBTOp HABOIUTH NMPHKJIIAJ] BUKOPHCTAHHS
miel TexHosorii B MOOUIBbHIM CHCTEMI HaBYaHHS
ICTOPHKIB Ta €KCKYpCOBOJIB 3a  JIOIIOMOTOIO
Bi3yaJlbHUX ayAi0 eKCKYpCiii Ta iCTOpHYHUX ayadio
JIOBIJIOK, IO MPHB’ A3aH1 10 MapPKOBAHHUX 1CTOPHIHHUX
nam’ ITOK.

Ha croroaHimmHii 1eHb icHye 6araTo HaBYaJIbHUX
MOOITBHUX CHUCTEM pO3Mi3HABAHHS 30pSHOr0 Heba
JUIS BUBYCHHS PO3TAIllyBaHHS 3ipOK Ta BU3HAYCHHS
JI0 SIKOT'O Cy3ip’ sl BOHU HAJIeKaTh.

3 rpyma moOyJoBaHa Ha OCHOBI B3aeMOJIii
BIpTYaJIbHOTO 00’ €KTY 1OOYI0BaHOI'O KOMIT IOTEPOM
(cMapr(oHOM) 3 IIIOJMHOIO B PEXUMI PEaTbHOTO
qacy.

Y cBoiii poGori [7] aBTOpHM AEMOHCTPYIOTH
IPOTOTUIT HABYAJbHOI CHUCTEMH, IO JIO3BOJISIE
OynyBatu reomeTpuuHi ¢irypu (cTepeomMeTpuyHi
00’€KTH), 8 TAKOXX B3aEMOJISTH 3 HUMH B pPEXKHMI
peasbHOro yacy.

Jns  moOymoBH  CTEPEOMETPUYHMX 00’ €KTIB
BUKOPUCTOBYEThCS CrieliabHUM MPUCTPIi
BBEJICHHS, 0[O0 Mae O CTymeHiB CcBoOOaU, 3a
JOMIOMOTOK0 ~ SIKOTO  MOXKHA  JIONOBHIOBAaTH B

pCaNBHICTh TPOCTI TEOMETPUYHI 00’ €KTH, TaKi SK:
Kparka, JiHis, MJomuHa, KyO, chepa, muimiHap Ta
KOHYC.

Takox pealizoBaHO MiATPUMKA  JIOJABAHHS
HOBOTO 00’€KTy, BHJAJICHHS, TIOBEPHEHHS Ha KPOK
HazaJ, a TaKOXX ICPEeMHUKAHHS BiJOOPKCHHS YH
MPUXOBYBaHHA KOHKPETHOI IOBEpPXHI 00’ €KTYy 3a
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JIOTIOMOTOI0 TUTAHIIETY BBOAmy. Llg cmcrema Takoxk
miaTpuMye  poOoTy — OaraThOX  KOPHCTYBadiB
OJTHOYaCHO, IO JO3BOJS€ BUKOHYBAaTH TIPYIOBI
poboTH, a00 B3aEMOIISAITH BUKJIA a4y 31 CTYACHTaMH.

Puc. 3 CryneHTH npamroTh 3 T€OMETPHYHUMH
00’ ekTaMn

Y pobori [8] omucaHO HaYabHY CHCTEMY
KJIaCUYHOI MEXaHiKd, IO BUKOPUCTOBYE CXOXI
IHCTpyMEeHTH  BBOAy  JaHuX. Llg  cucrema
BUKOPUCTOBYE MOOY/J0BaHI TeOMETpUuHi (irypu 3
33JaHMMH JUIi HUX HE TUIBKM T€OMETPHYHUMU
po3Mipamu, a W (Qi3MYHUMU MapameTpaMd MacH, Ta
pO3TalIyBaHHA [IEHTPY Mac.

B mporieci B3aemomii € MOXIUBICTh 3MIHIOBATH
HIBUAKICTh O0’€KTIB, a TaKOX IXHE IMPHUCKOPCHHS.
BignoBigHO € MOXJIMBICTH JOCHIKYBaTH (i3uuHi
MPOLIECH Ta SBHUIA OB’ S3aH1 3 IMMU IapaMeTpamMu
B PEXKHMiI peajbHOro 4acy, HANpUKJIaJ CHila Ta
KiHETHYHA E€HEpris, MPOBOIUTH CHUMYJILII Pi3HUX
(hi3MIHUX B3aEMOJIIH BipTyaJIbHUX 00’ €KTIB.

BukopucranHss Takoi HaBYaJIbHOI  CHCTEMH
0E3yMOBHO CIIPOLIYE CIPUHHSATTS TEOPETHYHOTO
Marepiaiy, a TaKOX J03BOJISIE 3aKPIMUTH OTPHMAaHHI
3HAaHHS HA MPaKTHLI — 3MOJEJIOBABIIM BipTyajbHI
00’ €KTH B PEXKUMI peasbHOTO Yacy.

OpHak  Bapro  3a3HauMTH, IO  BapTiCTh
o0Jla/IHaHHS TaKOi CUCTEMM HE JI03BOJISIE TOBOPUTHU
PO MACOBICTh 1i BUKOPUCTAHHS, 1 K HACHIZOK — IPO
MOOINBHICTb.

Comionoriyai  onutyBaHHs  (QOKyC  Ipymnu
CTY/ICHTIB, SIKHM TPOIOHYBAJIOCh BUKOPHCTOBYBATH
TEXHOJIOTIIO JIOMIOBHEHOT PEaIbHOCTI SIK JI0IaTKOBY B
npoleci  BHBYEHHS  KJIACHYHOTO  HABYAJIBLHOTO
Marepiay, TOKa3alld BEIUKY 3alliKaBICHICTh 1
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MO3UTHBHE CHPUUHATTS Bi3yaJbHOIO HABYAIBHOTO
Marepially 4depe3 MOOUIBHHHA JOMATOK, a TaKOoX
BHCOKI TIOKa3HWKU I10 KPUTEPIIO «3alpOIOHYBAaTH
Ipy3sM, 1[I0 BHBYAKOTh IIed TNpeaMeT, Tex
BUKOPUCTOBYBaTH IIel 1omaTok» (Oiibll JeTanbHi
COLIIOJIOTIYHI JIaHi onucani B po6ori [9]).

Ha namry mymKy came BUKOPHCTaHHS MOOIJTBHOTO
MPUCTPOIO, cMapT(oHy abo IMaHIIeTy, Ik 6a30BOr0
eJeMeHTa i1 POOOTH JUCTAHIIHHOI HaBYaJIbHOL
CHCTEMH € OOTPYHTOBAHOIO 3 TOYKH 30pY JOCTATHBOI
MOTY)KHOCTI ~ MOOUTBHHMX  TIPOIECOPIB,  BEIHUKOL
PO3IiABbHOT  37aTHOCTI CyYacHMX JUCIUIEiB Ta
BOY/IOBaHMX B IIPHUCTPil Kamep.

Kpim Toro BiH m03BONISIE CHCTEMI OTpUMATH
JOCTYIl 10 JOJAaTKOBUX MOXJIMBOCTEH, IO Ha
CHOTOJIHILITHIM JIEHb TMPUCYTHI y OLUIBIIOCTI 3 HHUX,
30KpeMa: TexHojsoril nepenaui ganux 3G ta Wi-Fi,
TipPOCKOI, aKCcelIepoMeTp, TEXHOJOTii BH3HAYCHHS
nokarii Turry GPS Ta immmi.

Taxi mpucTpoi He HAATO JOPOTi, 1 € Y TIepeBaxHOi
Oinprocti CTY/CHTIB, 110 JIO3BOJISIE
BUKOPHCTOBYBATH TaKy CHCTEMY JUISl AUCTAHLIHHOTO
HaBYaHHS CTY/EHTIB B IT03aKJIaCHHUI Jac.

BukopucTaHHsT TakMX HaBYAIBHHX  CHUCTEM
0E3yMOBHO CIIPOIIYE CIPHUHHSATTS TEOPETHYHOTO
Marepiaiy, a TaKOX J03BOJISIE 3aKPIMUTH OTPHUMaHHI
3HAHHS HAa TPaKTHIlI — 3MOJIEIIOBABIIK BipTyajbHi
00’ €KTH B pEXKUMI peasibHOTo 4yacy.

BucHoBku:

B moka3aHo po0oTi OOTPYHTOBAHO aKTyajabHICTh
TEXHOJIOTIT JIOMOBHEHOT pPEaNbHOCTI Ta PO3MIITHYTI
pi3HI HampsIMKH BUKOPUCTAHHS JaHOI TEXHOJOTIi B
MpoIieci MOOLTEHOTO TUCTAHITIHHOTO HABYaHHS.

OnucaHi TpU OCHOBHI TIpynH MOOIIBHMX
JOJATKiB, 1I0  BHUKOPHUCTOBYIOTH  TEXHOJOTIIO
JIONIOBHEHOI peanbHOCTi. PO3risiHyro KOHKpeTHi
NOPUKIaAN JII0YUX HABYAIBHUX CHCTEM BHBYCHHS
TEXHIYHUX JUCLUILIH Ha OCHOBI JAaHOI TEXHOJIOTII.

BrpoBajpkeHHS B CUCTEMY JIMCTAHIIIHOI OCBITH
CydyaCHMX BIpTyalbHHUX 3aco0iB HaBYaHHS €
HalBaXXJIMBIIIOI YMOBOIO MOCHJICHHS HaBUAJIBHOTO
edexry, sKuil momArae B iHTepakTHBHOCTI 3d
MOJICITIOBAaHHSI 1 BUKOPUCTaHHS €(eKTy JTOMOBHEHOL
pearbHOCTI, M0 30KpeMa BaXKJIMBO JUIS CTYJICHTIB
TEXHIYHUX CIEUIaNbHOCTEH MPU BUBYEHHI (Pi3MIHUX
JTUCIUILUIIH.

OOrpyHTOBaHa  HEOOXimHICTE y  po3poOIi
MOOUTBHOI ~ HaBYAJNBbHOI ~CHCTEMH HAa  OCHOBI
TEXHOJIOTI1 TOTTOBHEHOI PeaybHOCTI, IO JI03BOJUTH
MEPEHECTH YaCTUHY J1ab0paTopHUX POOIT CTYIEHTIB
TEXHIYHAX creniaabHOoCTEN y TUTOIIUHY
JMCTAHI[IHHOTO HaBYaHHSI.
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Cmamms npucesauena nowyKy onmumMaibHoi cmpamezii 6Cmano81eHHs 8i0nogionocmet Midc 00’ ekmamu
OUCKDEMHUX MHOJICUH. 30IUCHEHO UMOBIPDHOCHY HNOCMAHOBKY NpOOAeMU, 3ANPONOHOBAHO PEKYPEHMHY
Gopmyny obuucienns UmMosipHocmi Oasi cmpamezii Bpocmo2o nepebopy, CmeopeHa NPOSPamMHA Peanizayisi
ma cghopmynbosana 2inomesa npo ONMUMAILHY cmpameziio nowyky. 11io cmpamezicio npocmozo nepebopy
Maemoves Ha yeazi Oyov-sxka 3i cmpameeiii, AKi eKigaleHMHI 00 MPUsianbHoi cmpameeii npocmoco
nepebopy, mobmo, cmpameeii, AKi MaOmb MAKuil dce 2pag Ha KIacax eKSISANeHMHUX CMAHI8, Wo |
mpugianvha cmpamezis npocmoeo nepeoopy. Iloxazano, wo kpim cmpameeii npocmoeo nepebopy ichyroms i
iHwi cmpameeii, AKi Maiome maxy sc Umogipricme ycnixy. Cmeopenuii npoepamuuti npooyKm 0036804Unb
3HAX00UmMu ONMUMAIbHI cmpamezii npu pisHUX NOYaAMKOBUX YMOBAX.

Knrouosi cnosa: onmumanvra cmpamezis, peKypcis, Makcumizayis UMOSIPHOCMI, nepesipka 2inomes.

This article is devoted to finding the optimal strategy of mapping between two discrete sets, based on the
classical problem of locks and keys. We gave the probabilistic formulation of the problem and found a
recursive formula for calculating the probability of brute force strategy. The hypothesis of optimal search
strategy has been considered. It is shown how to deal with classes of states instead of states in order to
simplify the graphical representation of the problem and to make it possible to find optimal strategies for
different initial numbers of tries. The brute force strategy is not the unique one but is one of those strategies
that are equivalent to so-called trivial brute force strategy, in other words all strategies from this class have
the same graph over the classes of equivalent states. However there exist radically different strategies that
have the same probability of success as the brute force strategy has. The developed software will make it
possible to obtain the optimal strategies under different initial conditions.

Key Words: optimal strategy, recursion, maximization of probability, testing of hypotheses.

CraTTiO IIpeACTaBUB 1. T. H., mpodecop ["apamenko d.I.

[Ipobnema, mpo sSKy TIige MOBa, y PI3HHX MOXHA TapaHTOBAaHO Iie 3poOuTH? OYEBHUIHO, IO
BapiaHTax BWHUKAE€ TIPH BIAHOBIEHHI TaONWIb Taka MiHIMaJIbHA KIiJIBKICTE CIHpPoO CTaHOBUTH
3B’s3ky MyISAM (sxi 30epiratotees y Tppox K=n(n-1)/2.
¢aiinax) 6a3 naHUX; npu BCTaHOBJI.eHHi 3B’S3KIB B Temep ysBiMO, W0 HaM HajgaeTbes  (IUIst
MapKCTUHIOBUX NTOCIUKCHHAX, B IHINUX 3a/1a9aX, pcraHOBJEHHSA LIyKaHOI  BIJAMOBIJHOCTI)  JedKa
CYTb SIKMX 3BOJMTBCS IO BiIHOBNCHHS YHIKATBHUX  yinpkicts cpob k (0<k <K ).3a 0<k <K cmpob
3B’A3KIB  MDK €IEMEHTaMH JIBOX JUCKPETHHX  pemMOsKIHMBO rapaHTyBary, 1110 LIyKamy
MHOXKHH. JIOCIIJUKCHHS], PE3YIIbTAaTH SKIX BUK/IAJICHI BIJIMIOBiHICTP MOKHA TOYHO BCTAHOBHTH, aJl€ MH
B Iil POOOTI, MPOBOIIINCE 33 3AMOBJEHHSM Ta IPH  pherri  MoKeMO NPOCTO  BiATajaTH, sKMil i3
ciisrpatt = 3 MixnaponHoo  MapKeTHHIOBOIO  gapiantip, mo 3aiMIIMINCA, BiIMOBiA€ MiiCHOCTI
I'pynoto Vkpaina. (AMOBIpHICT Bifrazatd 3a Vv  HEPO3[ISIHYTHUX

Posrianemo  cnowaTky TaKy 3ajaqy: Mae€MO  paniaurip ouepmuno, ckiage 1/v). OTike, METOIO €
n>1 3aMKiB Ta 1 KIIOIB 1 BIIOMO, IO KOXKHUH  \aycpvisamis #iMOBIipHOCTI «BimragyBaHHsM», a a1s
K09 MAXOANTH JIMIIC 10 - OAHOTO 31 3aMKIB.  por0 porpibHO 3HAWTH (OKPEMO JUIS KOKHOTO

[MotpioHO BCTZZI))HOBI/ITI/I BUITMOBI/IHICTH MIXK KquaMlg dixcoBaroro 0<k < K ) crparerito minbopy KIrOUiB
Ta 3aMKaMH. 3a Ky MIHIMQIbHY KUIBKICTB CHPOO ) o) ooy ip

© M.M. lllapanos, 2014
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Jeski 13 mmx cTparerii € TpUBIAJILHUMH.
Hamnpuknan, mpu & =0 npaBuiabHUI BapiaHT MOXKHA
BiaragaTtu 3 WMoBipHicTio 1/ n!. Ilpu k=1 (e numre
OlHAa Ccmpo0a) anropuTM TEXK € TPUBIATLHUM —
BUKOPUCTAaTH L0 CcOpoOy Ha JOBUIbHIA mapi

«rod/3aMok».  [Ipm mOBITBHOMY — pe3yJIbTaTi
3QIAMIATECS ~ BragaTtd (KMo »n>2)  pemTy
cniBBigHomeHp abo (mpu n=2) [gaTH TOYHY

BiAMOBinb. B 3aragpHOMY X BHITaIKy IOTPiOHO
migidpaTd  Taky —CTpaTerilo, fKka  MakKCUMIi3ye
HMOBIipHiCTh BiAragatu (abo OTpUMAaTH HPOTATOM
BHITPOOYBaHb) MPABWJIBGHY BiAMOBITHICTH KIIOYIB Ta
3aMkiB. [lo cyTi Taka cTparteriss Ma€ BiIXHJIHMTH
MPOTATOM BUIJICHUX KpPOKIB SKOMOTa  OLIBIIY
KUIBKICTh BapiaHTIB CIIBBi{HOILICHD 1, TAKUM YHHOM,
3aJMIIMTH SKOMOI'a MEHILY KiJIbKiCTh BapiaHTIB (L€
rapalTye i OJHOYACHY MaKCHMIi3aIlito HMOBIPHOCTI
HAIITOBXHYTHCh HAa  IIyKaHe  CIIiBBIIHOLICHHS
MPOTATOM  BHIIJICHUX KPOKiB, 1 MakKCHMI3aIlito
HMOBIPHOCTI ~ BiragyBaHHA y MPOTHICKHOMY
Bunajaky). PosrisHemo peski (ikcoBaHi 3HAYCHHS
n>2 1a k>1.CTaHoM B HamOMy MOILIYKY JOT14HO
BB)KAaTH 3HAUEHHS HEBJANMX Ta BAAIUX MEPEBipOK
KIIIOYiB BiJTHOCHO HaOopy 3amkiB. KokHa crpareris
(aKkTUYHO € TpaBWIOM, 3a SKHUM MOTPiOHO,
3HAXOASYHNCHh B OJHOMY i3 BKa3aHUX CTaHIB pOOHTH
JesiKy KOHKPETHY HAcCTYIHY IEpeBipKy, sIKa TATHE
mmepexim B OAMH 3 IBOX (B 3aJIe)KHOCTI Bif TOTO,
Migidae K04 TpH il IepeBipIll Y Hi) HACTYITHUX
craniB. Ilepebip Bcix MOXIMBUX cTpaTeriii Oyne
JIOCUTh TPOMI3IKHUM, TOMY ONTHUMI3yeMO IIei
Mpolec, PO3rIsAAI0YH IPYNU CTaHIB, EIEMEHTH SIKUX
€ CKBIBAJICHTHHUMH B TOMY PO3yMiHHI, IO KOXKEH 3
HUX MOXXHa OTPUMATH 3 IHIIOTO EKBiBaJEHTHOTO
cTaHy abo TIepeHyMepalielo KIIo4iB/3aMKiB, abo
repeiiMeHyBaHHAM 3aMKiB y KIFOYi Ta HaBIIaKH.
Takux rpym cTaHiB Bke OyJe 3HA4HO MEHIIE.
PosrisiHeMo HaCTynmHUMN MIPUKJIIAI.

Hexait maemo 7 =3 3amku (i 3 xiroui) Ta k=2
cipobu. MokiuBi  cTaHM  OymemMo TO3HAdYaTd

MajlleHbKMMH OyKBaMH s, a TPYIH €KBiBaJEHTHUX
craHiB — BenukuMu OykBamu S;. Koxen cran
3a/1aBaTUMEMO  MAaTpMIIEI0,  €JEMEHTH KOl
HaOyBaTUMyTh TAaKMX TPbOX «3HA4YCHB»: a, =1,
SKIIO BXKE BIOMO, IO {-Wi KJIIOY BIiANOBimae j-

a, =0, SKIIO BXKE BIAOMO, IO I -HH

OMYy 3aMKy; 4

KIIOY HE BIANOBINA€ j-OMy 3aMKy; a; =7, SIKIIO HE

BIJIOMO, YW MiIXOAUTH I -WH KIFOY O j-TO 3aMKa,
gu Hi. [loyaTkoBHWA CTaH OAMH-€IWHUH, 1 yTBOPIOE

92 9 9

noyatkoBuil kimac S, =|: » »|. Ha nepmomy kpomi

7?77
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MOXJIBI 9 BapiaHTiB (OAMH 13 TPHOX KIIOUIB
nepeBipaeMO UIsl OJHOTO 3 TPHOX 3aMKiB). Skmio,
HAIMPUKJIAA, 3aCTOCYEMO 2-Hi KJIIOY 0 3-TO 3aMKa
(mo3Haummo: m, = k,l;), TO OTPUMAEMO OJIUH 3 TAKHUX

pe3ynbTaTiB (B 3aJIEKHOCTI BiA TOTO, YW Tifiiime

2?20 7277
KIro4): abos, =lo o 1|, abo s, =|2 2 o|. Skmo x
2?20 ?7?7?
3pobumo  Kpok  (m =kl ), TO  OTpEMaeMo
, 1 00 , 0?7
pesynbTatu: abo s, =|o0 2 2[,a00 s, =|2 ¢ . Takum
0?2 2 279

YMHOM MOXXHa mepebpaTtu Bci 9 BapiaHTIB mepmioi
cripoOu, ajle IIiKaBUM € Te, IO IIi BapiaHTH
€KBIBaJICHTHI 1 yTBOPIOIOTH HACTPaBIi OAWH KIac.
HificHo, skmo mnepeHymepyBatu kmowi 2,3,1, a
3aMKU nepeHyMmepysatd 3,2,1, To kpok m, =k,l,
IIEPETBOPUTBCS HA m| = k[, CTaH s, TIEPETBOPUTHCS

B CTaH s, a CTaH §, — B CTaH s, . TakuM 4MHOM, BCi

MOXIIMBI ~ Tepumi KpPOKA €  eKBIBaJICHTHUMH.
PesynpTyloui mapu cTaHiB yTBOPIOIOTH JBa KJIACH,
SIK1 MOYKHA 3a1aTH JOBLIbHUMU IXHIMHA

NpeICTaBHUKAMU: 32 YMOBU KPOKY m, = k,/, cTaHamu

Oyayts S, = 2 2|, 3i cramy S

=

00 0
22l Ta S, =2
? 2 ?

(TOuHimIe, 3 JOBUILHOTO CTaHy IBOTO KJAcCy)
MOYJIMBUM (32 OJMH HACTYIHHH KPOK) € Mepexif

100
JIMIIE B KJac S3 =|0 1 0| (KOJH BIATOBIAHICTh MIXK
00 1

3aMKaMH 1 KITFOYaMH BKe BCTAHOBJICHA). 3ayBaKUMO,
[0 OCKUIBKH CTaH S3 BIAIIOBiZA€ HTOCSATHEHHIO

MeTH, TO (aKTHYHO BKe IepeOyBaHHSA B CTaHi I,

rapaHtye  JIOCSATHEHHS  OakaHoi  MeTH 3
nMoBipHicTio 1. [Ipumyctumo, mo, mepedyBarodn B

0?2 ?
2 2 2|, MH pPOOHUTHMEMO caMe KpOK

7?7 7?

kmaci S, =

m, =k,l, , a 3a TAKOTO KPOKY i3 KIacy S, MOKIHMBHIi

numie mepexin (He3aJaekHO Bil pe3yiabTaTy CcaMoro
1 00

KpOKY) JuIIe B Kiac S, =|o 2 2| (3a nepeOyBaHHsA B
0o ? ?

SKOMY BiATamaTH TOYHE CIIBBIAHOIICHHS MOJKHA,

OYEBHIIHO, 3 iMOBipHicTIO 1/2). [Ipr HBOMY HEBa)KKO

3po3yMiTH, 10 nepexix S, — S, BigOyBaeTbCs 3

1/3, a mepexin S,—S, - 3

nMoBipHicTIO 2/3. OTXe, cTpareris y BHUIAIKY

OMMCAHOTO Tepedopy BU3HAYAETHCA OJHO3HAYHO 1

Ha0yBa€ TaKoi CXEMHU:

HMOBIpHICTIO
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[lpy Takux Mepexojax IOTOYHI  MOJIOYKEHHS

BIIPI3HAIOTHCS HE JIMIIIE HOMEPOM KJIacy CTaHiB, ajie
1 KUTBKICTIO KPOKIB, SIKI 3QJIMIIAIOTHECS B 3aI1aci, TOMY
knac S, 300paxeHuii Ha cxeMi ABiui. [lto cTpaTerito

MOXKHA HAa3BaTH CMpPAMecielo npocmozo nepedopy
(CIIIT) i1 Bu3HAYWMTH BepOATLHO HACTYITHUM YHUHOM:
10 KOXKHOTO 3aMKa (IOYMHAIOYW 3 JOBIJIBHOTO,
HalpuKiaz, TIepIIoro) MiaoupaeMo HemepeBipeHi
KJII04Yl, TIOKM HE 3HaMJeMO KJII04Y, IO BIAIOBIIAE
BOMY 3aMKy 200 He 3aKiH4aThCs CIIPOOH.

Y naBemeHomy mnpukiani CIIII pmae (3a
(dhopmys0r0 TIOBHOI ﬁMOBipHOCTi) TaKy HMOBIpPHICTh

JNOCATHEHHA MeTu: P(X)=—-1+ i ; % . Hns
JOBIIBHOT ~ KUTBKOCTI cr[po6 k (0<k<K) Ta
JOBUTHHOT PO3MIpPHOCTI 3amadi n>1 CTpaTerito
MPOCTOTO nepedopy MOYXKHA MPEJCTABUTH
HACTYITHOK) CXEMOIO:
1 0 ... 0 ? 7 ?
0o ? ... 7 LA ?7 0?7 .07
n 1 e
/ p=— |t ¢
0?7 .2 S G SR
n 1 (k 1) n— 1
p=— "
=— A
-
(n-1)! 0 2 )
1 ? Y,
I "7 =D
-1 2 9 ?
k-2 i
1( - ) n— 1
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n—2
n—1

. 09?2 .2
n—2 p:; 0o ? 7
(n—2)(n—1)!
2 9 ?
P (k=3) n>
1 n—2
B 3
P (k-n+2)[* )
3
0 ? ?
?
1 1
T Lo
\ 4 (n ) ? ? ?
P_(k—n+1) T

Binnosinny ¥iMoBipHiCTE P (k) MoxHa 00paxyBaTu
3a HACTYMHOI0 PEKYPEHTHOIO POPMYIIOI0:
e 1npu k=0 P(k)y=1/n!;
k
R =3P (ki)
noo

e 1npu O<k<n-1
n!

. ann—1£k<n(nT_l)
n-1 1
Rl(k)_ Z n— 1 +_R171 (k_n+1)’
n
. npnkz@ Pk)=1.

[likaBUM BiIKPUTUM IUTAHHSAM 3aJIUIIAETHCS
nepeBipKa rinoTe3u Npo Te, UM € CTpaTerii, Kpami 3a
cTpaterito mpocrtoro mepedopy. [Iporpamuo Taky
TIITOTe3y MOJKHA MEPEBIPUTH JIHIIE I (HiKCOBaAaHUX
n Ta k, ale CKJIAIHICTh aHAJI3Y 3aJadi 3pOcTae 3a

eKCIIOHCHIIaJJbHAM  3aKOHOM 31  30UIBIICHHIM
BHCOTH  JepeBa  CTparerii 1  30UTBIICHHAM
po3mipHOCTI  3amaui. TakuMm YHHOM, TIOCTaE

HEOOXITHICTh MOMIYKY (OPMaTLHOTO JOBEACHHS a00
CIIPOCTYBaHHS HACTYITHOI T1ITOTE3H:

Tinoresa  mpo OITUMAJILHICTH crparerii
IPOCTOro mepedopy: Hexai s 3aJavi IOIIyKYy
BIAMOBIZHOCTI  MDK  3aMKaMH Ta  KJIIOYaMH
PO3MIpPHOCTI n HaJaHO k cHpoO JUIA BiAraayBaHHS,

nn-1)
2

0<k< . Toni He icHye cTparerii, kpamoi 3a

CTpATeTilo MPOCTOro Mepedopy.
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Jiia mopanpmux BHCHOBKIB PO3TIISTHEMO IIE
OIWH TIpUKIan. 3HOBY Hexail n=3 Ta k=2, ane
Terep pO3MIISTHEMO cTpaterito, BiamiaHy Bix CIIIL.
€auHa MoXxiMBa crpareris, Biaminnaa Big CIIII,
MaTUME HACTYIHUN BUJI

|m——=——————— -

e
I
T e o
v o -
o e -

i Bigpisuatumerses Big CIIIT xpoxom my =k,l,.
[Tpu npoMy Ha Wil cxemi BapiaHT PO3BHUTKY MO
npu m, =k,l, Bke HaBeAEGHO Yy CIIPOIICHOMY
BHUTJISAI 3 ypaXyBaHHAM KOMEHTapiB 10 CXEMH 13
MOMEPEIHBOr0  TIPUKITATY. s crpareris nae

HACTymHYy  WMOBIPHICTh  JOCSTHEHHS  METH:
1 2 (1. 31 2

P(X)==1+—| =1+—=|=—. Hocutb
3 34 43) 3

HECIIOAIBAaHUM BHSBHUBCA (akT, IO 3HaijeHa

WMOBIpHICTh HE MEHIIIA 32 HMOBIPHICTh, OTPUMaHy B
CIII (ue He Oyno O OUBHUM, SIKOM MU PO3TIISIAIN
HE KJIaCH CTaHiB, a JIMIIE€ BHMXiAHI cTaHu, 00 Tomi
iCHyBaHHSI PIBHOCWJIBHHX CTpaTerii MokHa Oyno 0
MOSICHUTH TPOCTUM MEPEHMEHYBaHHSM KIIIOYiB Ta
3aMKiB a00 3MiHOIO HyMepalii KII04iB/3aMKiB,
IHIITUMU CJIOBaMH, PO3TIITHYTA MOWHO CTPATETis HE €
ekBiBanenTHoro g0 CIIII). Bunmkae moridne
3allUTaHHS: YU ICHYIOTH HEONTUMalbHI CTpaTerii
B3arami? Tak, iCHYIOTb, HaBiThb SKIIO BiIKUHYTH
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Oe3rmy3mi cTparterii (KOJIW MOBTOPHO HEPEBIPSIFOTHCS
BXKE BIOMI M[apu 3HAa4YeHb), TO CEpel IHIIMX
3aJMIIaTbCs  CTparerii, 1o  JalTh  MCHILY
rimoBipHicTs HiXK CIIII. Tak, CIIIl y Bumanky n=3
ta k=3 pae #MoBipHicTh ycmixy 1, a Mu

PO3IIISIHEMO CXeMy CTparterii, sfika B LBbOMY X
BUIAJIKy Ja€ MEHIIY IMOBIPHICTb:

K2
Il
T e o
~ O
o o we

1
1
1
1
1
1 5
1
1
1
1
1

WmoBipHicTh ycmixy 3a Takoi cTparerii ckiaze 5/6.

Y momanbmuX JOCHIDKEHHSAX KpiM  IONIIYKY

aHATITUIHOTO JIOBEICHHS TinmoTe3n po
ontumanbhicte  CIII  gowineHO — pO3TIAHYTH
aBTOMaTH3alil0 Tpolecy MmoOyloBH CXeM Ta

aHaJoTiYHy 3amady Oe3 crmpoOW BiAragyBaHHS 3a
3aKiHYEHHs cpo0.
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Optical absorbtion spectra of Si(001) and
Me/Si(001) surfaces, (where Me=As, Sb, Bi)
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Obpaxosano onmuyHi cnekmpu noziunanus nosepxorv Me/Si(001-0,5 ML ma Me/Si(001)—-1 MIII (0e
Me=A4s, Sb, Bi) memooom TDDFT (B3LYP). BusnaueHi 20106HI eieKmMpPOHHI Nepexoou, nepexioni OUnoibHi
MoMmenmu ma inmencugHocmi nepexodis. I1onodcennss MakcumMymis no2iuHanus cmanogisms ~3,9, ~3,8 ma
~3,7 eB onst cucmem As/Si(001), Sb/Si(001) ma Bi/Si(001), ionogiono.

Kuiouosi crosa: Onmuynuii cnekmp, TDDFT, kpemniu, cypgpakmanmu.

The optical absorbtion spectra of the surfaces Me/Si(001)-0,5 ML and Me/Si(001)—1 ML (where Me=As,
Sb, Bi) were calculated by using time-dependent density functional theory (TDDFT) with the hybrid nonlocal
exchange and correlation functional of Becke and Lee, Yang and Parr (B3LYP). The major transitions of the
spectra, the transition dipole moments and intensity have been described. The shift of the absorption edge of
1 ML compared to 0,5 ML is associated with the removal of the reconstruction (2x1) of Si (001) surface. The
absorption maxima positions are ~3.9, ~3.8 and ~3.7 eV for the systems of As/Si(001), Sb/Si(001) and

Bi/Si(001), respectively.

Keywords: Optical spectrum, TDDFT, silicon, surfactants.

Crartio nipescraBus 1.¢.-M.H. AHicimoB 1.O.

EnextponHi 30ymKEeHHS TpaloTh BaXJIHMBY POJIb
B (i3WIli TOBEpXHi, OCKITBKH BOHH MOXYTh OYTH
MpoMOyTepaMu  XiMiuHMX  abo  (HOTOXIMIUHHKX
peakuiif. Ix jgocnmimkeHHs maroTh Ie W BakIHBY
iHhopMaIlil0O TPO XapaKTEPUCTHKH aJCOPOOBAHUX
TTOBEPXHEBUX IIapiB.

InTepec 1m0 BUBYEHHS CTPYKTYp TIOBEpPXHI
Si(001) BkpuTOi CyOMOHOIIAPOBHMHU  IUTIBKAMHU
eneMmeHTiB V rpymu (As, Sb, Bi) BuHHKa€E B 3B’53KY 3
iX BHUKOPHUCTaHHSIM B SIKOCTI CypQaxkTaHTIB JUis
MOKpAaILeHHS reTepoemniTaKcii Si/Ge. i
cypdakTaHTH HACHUYYIOTh OO0IpBaHI 3B’S3KH Ta
nacuByioTh moBepxHIO Si(001). 3a momomororo

Cyp(akTaHTIB  MOXXHa  KepyBaTH  XiMi4HOIO
AKTUBHICTIO TIOBEPXHi KpeMHiro [1,2].
Crpykrypn YHUCTHX Ta BKPHUTHX

cyOMoHormrapoBumu 1iiBkamu As [3] Ta Sb [4]
noBepxoHb Si(001) mocmimKyBaJMCh 3a TOTIOMOTOO
merony  RDS (RDS/RAS  —  reflectance
anisotropy/difference spectroscopy) — cleKTpocKomii
a”izorponmHoro  BinoutTts IHTepmperamis  RDS

© T.B. Adanac’eBa, /[I.I. ['HaTiOK.,
L.I1. KoBans, M.I'. Haxonaxkin, 2014

CHEKTpiB MOTpeOye BCTAHOBJIICHHS BiANOBIAHOCTEH
MDK ~ CIEKTPaJbHUMH  XapaKTepUCTUKAMH  Ta
SJIEKTPOHHUMH Tiepexonamu. Kopucryrounce mnwiie
EKCIEPHUMEHTOM, BaXXKO CYIHUTH TPO MPUPOAY BCIiX
TiHIN criekTpa, TUM OiNbIle, KO BOHH MAarOTh Malry
inTeHcuBHICTh. OcoOmmBocti RDS  cmektpa B
obmacti 0,4-2eB mns uucroi momepxni Si(001)
acoLiIOITh 3 MEpPeXodaMu MK EJIEKTPOHHUMHU
piBHAMH (T OpOiTANIMU MOBEPXHEBUX TUMEPIB Si—
Si) [5]. Ancopbuis As, Sb 3cyBae MakCUMyMu
MOTIIMHAHHA B o0macte eHepriit ~3,7-4 eB [3,4].
ABtopu pobGotu [4] TOB’SA3yIOTb MaKCUMYM
mornuHaHHA ~3,7eB  mma cucremm Sb/Si(001)-
1 MII (MII - w™moHomap) i3 €JIEKTPOHHUMHU
nepexolaMu MK  MOJIEKYJISIPHUMH — OpOiTasIMU
(MO), o BignoBifaroTh 3B’s13kaM Sb—Si Ta Si—Si
Ha MOBEpXHi Ta B 00’€Mi KpeMHito, BiamoBiaHo. s
cucremu As/Si(001), 3a gaHuMu ekcriepuMeHTy [3],
MaKCHUMyMy NorlMHaHHS ~3,7 eB inTepnperamii me
He HamaHo. ABTOpu poOoth [6] TIOB’SA3YIOTh
MakCMMyM ToriuHaHHs ~3,7eB s cucremu
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As/Si(001) 3  mepexomamum Mk MO, ki enekTpoHHHMX 30y[keHHMX craHiB. B po0oti
BIANOBIAIOTh  3aHHATMM Ta BUIBHMM CTaHaM  pO3MUISJAINMCS  CHUHIVIETHI-CHHINIETHI  Sg—S, Ta
numepiB As—As. B po6ori [7] Oymno mocmikeHo  cumrmer-tpumietHi So—T, BepTHKaIbHI Nepexoin,
MOBCPXHIO  CHUCTEMU SI(OO 1 )—BI(ZXI’I) METOA0M npu SIKHUX FCOMCTpiﬂ CTPYKTYp 3aJIMIIaaacs
CHCKTpOCKOHﬁ iHBepCHOI (I)OTOGMiCi.l' (IPES), ne HE3MIHHOIO, 3MIHIOBABCS JIUIIe pognoﬂin
criocrepiranocs 1Ba miku i3 eHeprismu 3,4 €eB Ta  enexrponnoi rycruHm.
4,6 eB, sKi TOSCHIOIOTBCS TMEpexoaaMu B 00’emi a) 6)
KPEMHIIO. z X

Hocuth 1mikaBuil mpukiaa 3acrocyBaHHs RAS A o
OyB HENIOAABHO OIyOIKOBAaHWH I OCHIIKEHB y
iHTepdeiiciB B HampyxkeHux ¢acerkax Ge/Si(105)
[8]. Omxe RAS moumHae 3acTOCOBYBaTHUCh 1 B
HaHOENEKTpoHili. OgHaK IHTepIpeTalis pe3yabTaTiB
ONTUYHHUX METOJIIB MOTPEOYE MOICTIOBAHHS.

Omxe, Meror poboTu Oylno NpoaHalizyBaTH
3MiHH, IO BiOYBalOTbCA B ONTHYHUX CIEKTpax
TNOTJIMHAHHA b

npu  aacopOmii  cyOMOHOIIApOBHUX
wiiBok mMeramiB V rpynu (As, Sb, Bi) Ha noBepxHIO
Si(001).

Meroanka MOAETIOBAHHS

B poboti mpexacraBieHi po3paxyHKH 3 MEPIIMX
TIPUHITUIIB ~ €JICKTPOHHHUX  CIEKTPIiB  IMOBEPXOHB
Si(001) ymcTHx Ta 3 CyOMOHOIIAPOBUMU ILTIBKAMH
MeTaliB V TPyId 3 IBOMa CTYIECHAMHU TOKPUTTS Iy
- 0,5 1 1MII. Coekrtpu po3paxoByBajmcs 3a
noriomororo metony TDDFT (3anexxnHa Bim dacy
Teopist QyHkionany ryctmanm — Time Dependent
Density Functional Theory), Bum oOMiHHOTO
¢ynkuionany — B3LYP (Becke, 3-parameter, Lee-
Yang-Parr). OOipBaHi 3B’S3KM Ha TPaHUIIX
KJIACTepy HAaCHYyBaJIHCA BOJHEM, MJIS BUPIMICHHS
npoOJieMu  BIIBHHX BajeHTHOcTeH. Onrumizaiis
reoMeTpii KiacTepy 3AiMCHIOBAJIacs METOIOM Teopii
(dyukmionany ryctuau (DFT).

st MoJemoBaHHS MMOBEPXHI KPEMHII0 YUCTUX Ta
BKPUTHX IIApOM CYpP(aKTaHTy, BUKOPHUCTOBYBAIUCS
KJ1aCT€pu Si32H28, MeZSi32H28 1 Me6Si32H28 (z[e
Me=As, Sb, Bi), HaBeneni Ha puc.1. J[ns Bcix aToMiB
Si, H, As, Sb, Bi BukopucToByBaBcs Habip Oa3uCHUX
¢ynkmiit  SBK  (Stevens, Basch, Krauss) mns
BAJICHTHUX  €NEKTpoHiB 3 edektuBHIM SBK
MOTEHIIaJIOM Al OCTOBHUX EJIEKTPOHIB Ta Ime M
BCeeIeKTpOHHUN HaOip OasucHux ¢(yHKIin N31-6
mns atomiB Si, H, As. JIg migBUINEHHS TOYHOCTI
BpaxoByBajikcs nonsgpu3amiiai QyHkmii (d — ams
atomiB Si, As, Sb, Bi tTa p — mns aromis H) Tta
mudy3Hi GyHKIil. Bei po3paxyHKH 31iHCHIOBaIHCS
3a monomororo nporpamu GAMESS [9].

PesynabTaTu T2 00roBOpeHHs
PospaxoBano eneprii (£) Ta CHIU OCIUIIATOPIB —
(/) 1HTEHCHBHOCTI €JEKTPOHHHX NEPEXOMiB, IO
BIJIMOBIIalOTh MaKCUMyMaM IIOTJIMHAHHS CIEKTPiB

ATtomu cyp¢axTaHTiB
@ (As, Sb, Bi)
O Atomu 1 mrapy Si

@ Aromu 2 mapy Si
o Aromu 3 wapy Si

e Atomu 4 mapy Si

Puc 1. a) xmactep SizHyg mozemoe ¢dparmeHT
gyrcroi moBepxHi Si(001); 0) wmactep Me,SizHog
Monenoe parmeHT moBepxHi Me/Si(001)—-0,5 MIL;
B) kiactep MegSisz,Hog Momentoe pparMeHT HoBEepXHi
Me/Si(001)—-1 MII. AToMu BOAHIO HE MTOKA3aHO.

Kpaii mnoraunannsi. Croyatky aHajii3yBaBCs
Kpail mornuHaHHA (ONTHYHA IIUPHUHA 3a00pPOHEHOT
30HU) Ui JBOX PEKOHCTPYyKIid (4x2) Tta (2x1)
guctoi moBepxHi Si(001). Kparo mormuHaHHS
Bignosimae nepexim HOMO-LUMO. lleii nepexin
Ma€ BITHOCHO Mally iHTEHCHBHICTb, TOMY BiH MOXe
pO3TISANAaTUCh K HAWHIKYA MeEXa pealbHOTO
(excIIepuMEHTAIBHOTO) TIKY MTOTITHHAHHS.

PesynpTati po3paxyHKiB HaBeaeHO B Tabmumi 1
(TyT E — eHepris nepexoay, f — AUMOIbHUNA MOMEHT
nepexony, / — IHTEHCHBHICTh Nepexofqy; OyKBa B
Iy’)KKax BKa3zy€ HANPSAMOK JUIMOILHOTO MOMEHTY
nepexoay) Ta puc.2. CHHIVIET-TPUILICTHI MEePEeX0au
So—T, € 3abopoHeHMMH, TOMY  BiIIOBIiTHI
IHTEHCUBHOCTI TIepeXo/liB € Hy1bOBUMH. [1is1 unuctoi
noBepxHi Si(001) HU3BKOEHEPreTHYHI ENEKTPOHHI
30yKeHHS Ol Kpal MOTJMHAHHA € T—7*
nepexogamu. 1l mepexony 3HaXOmATHCS B Jiana3oHi
0,4-2 eB (muB. Tabm. 1 Ta puc.2). llum mepexomam
BINOBIIAalOTh ~ MEPEXONW MDK T  opOitamsmu
noBepxHeBux numepis Si(001).
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Tabmuus 1
3aranpHi XapakrepucTuku kparo nornuHaras Si(001).
Crpykrypa TpurietHi cTanu CuHTIeTHI cTaHU
nepexij E,eB E,eB u, 1 1, BimH.01.
4x2 Tp—>To* 0,84 1,43 -0,08 (2) 0
OyKJIbOBaHi =™ 0,88 1,68 -0,33(x) 0,005
JUMEpH To—>T4 1,58 1,84 -0,33 (x) 0,18
T * 1,62
2x1 To—>To* 0,42 1,15
CUMETPHYHI T—>To* 0,53 1,25
JUMepH To—>T04 ™ 1,35 1,45
T =T ¥ 1,48 1,81
% 5 nepexogoM  o(Me—Si)—»>c*(Me—Me) 13 o©
o BIAF-OR. 3B's3yt04oi opOiTali MK aTroMOM MeTaly Ta
N NOBEPXHEBMM  aTOMOM  KpeMHilo Ha  oF
o / ”-.\ 2 aHTHU3B SA3yI04y OpOiTams MK aroMamMu MeTaiy
f."'t / I\ 3 (Me—Me). 3 Tabnuui 2 BUAHO, O B YCiX CHCTEMaXx
[ '. N ".H / \ Me/Si(001) nmsi CUHTIIET-CHHIJIETHHX Ta CHHIJIET-
/ \, I\ Jf \ f \ TPHUIUICTHUX TepexoIiB CIIOCTEPIraeThes
oot fj H [ \ ;I 1'\ 30UIBIICHHS! ONTUYHOI IIUPUHH 3a00pPOHEHOI 30HU
/ \ / N ] \ Npu 30UIBIIEHH] CTYIEHS MOKPHUTTS Oy aToMamu
/ A /f | |\~/ \ \ mertaniB 3 0,5 mo 1 MIII. Take 30inbleHHS Kparo
. . . co . .
0 ' HOTTIMHAHHS Y OiK O1IbIINX eHepriil mpu 301bIIeHH]
| o, T | ] | | y 6 6 p p 6
618 2 22 24 26 28 3 32 Mg

Puc.2 Chektp eneKTpoHHHMX 30Y/DKECHHUX CTaHIB
noBepxHi Si(001)--(4x2), po3paxoBaHUH 3 MEPIINX
60 cuHriaetHux 30y/pkeHux  craHiB.  OOBijmHI
CHEeKTpaJbHUX JiHI moOymoBaHO 3a (QopmyIoro
JonuiepiBChbKOTO YITUPEHHS 3 HAMMiBITUPUHOIO JIiHIT

0.165 eB.

SAx BumgHO 3 Tabmumi 1 Ta pmc.2 AesdKi 3 IUX
T—7T* MepexodiB MarTh CYTTEBY IHTEHCHBHICTD.
Eneprii mux m—m* mepexoiB y3ro/pKYIOThCS 3i
3HaYeHHSAM eHeprii miky oins 1,4 eB ma RDS criektpi

gucroi moepxHi Si(001), saxumit aBTOopH [5]
aCOIIIOI0TH 3 00IpBAaHUMU 3B’ sI3KaMHU Ha MTOBEPXHi.
Hami aHaTI3yBaIHCS ONTHYHI CITeKTpH

MOTJIMHAHHS 171 1BoX cucteM Me/Si(001)-0,5 MII
ta Me/Si(001)-1 MII. Eneprii cHHrIeT-CHHTIETHIX
nepexonis HOMO—LUMO (Sy—S;) Ta eHneprii
CHHIJIET-TpUIUIeTHUX 1iepexoaie. HOMO—LUMO
(So—Ty) mma cucrem Me/Si(001), (me M=As, Sb,
Bi), 3 nBoMa cTymeHsMu mOKpUTTA Oy=0,5 Ta 1 MIII
HaBeleHi B Tabnumi 2. Kpaii mornuHaHHs B cUCTEMI 3
Onme=0,5 MIII hopmyeThes MepPeXoa0M 3
3B’s13yI0UMX opOiTalieil moBepXHEeBOro aumepa Si—
Si Ha aHTW3B’sA3yr0oui opOiTaii, MmO BiIAMOBITAIOTH
3B’s3kaM  Me—Me B ammmmepi Mertany. Kpai
noriauHaHHA B cuctemi 3 Oy.=1 MII ¢opmyeTbes

Opme 3 0,5MII go 1 MII, BHUHHKAaEe BHACIIAOK
nepeximy Big crpykrypum 2x1 go Ix1, mro
CYIPOBOJDKY€ETBCS PO3PUBOM IIOBEPXHEBHX JTMMEPiB
(puc.1). Ilpu 30inpmeHHI TOKPUTTS Oye MOBEPXHI
Si(001) no 1 MII kpaii mOTIMHAHHS 3CYBAEThCS Y
0ik OiMbIIMX eHeprii 3a paxyHOK 3HUKHEHHS
opOitanmi o(Si—Si), mo BimmoBimae 3B’S3Ky MiX
aToMaMH TIOBEPXHEBOTO AUMeEpy Si—Si.

JunonpHi  MOMeHTH  mepexoniB  (So—S))
HaIpaBJIeHi HOPMAJIFHO JI0 OBEPXHI B HANPSIMKY OCi
Z (puc.l) mms cucrem As/Si(001), Sb/Si(001) Ta
Bi/Si(001). Omxe sKmO BHHUKHE  PI3HUIS
NOTEHLIaNIB y Hamps MKy oci Z, TO CIeKTpaibHa
JHISA 3CyHEThCs. AJie Hampyra B iHIIMX HampsMKax
X,Y He 3MIHUTBH MOJIOKEHHSI CIIEKTPATIBHOT JIiHii.

JumonmbHi  MOMeHTH — TepexomiB  (So—S))
3MIHIOIOTh HATIPSIMKH TIPY 30UTBIICHH] TOKPUTTS Ope
Big 0,5 mo 1 MII nns moepxonb As/Si(001),
Sb/Si(001). B cucremi As/Si(001)-0.5 ML mpu
nepexolli  Sp—S;  BiIOYBa€Thcs — MEpeHECECHHS
CJIEKTPOHHOI TYCTHHH 3 00’€My Ha TOBEPXHIO
(TomaTHs BeNMYMHA JUIIOIBHOTO MOMEHTY IIepPEX0y
u B Tabuui 2). A s As/Si(001)—1 MII — naBnaku
(Bim’eMHa BeNWYMHA [L B TaOnuii 2), €JICKTPOHHA
T'YCTHHA TIEPEHOCHUTHCS 3 TIOBEPXHi 710 00’ eMy.
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Ta6mums 2
3aranpHi XapakTepUCTUKH Kpato norauHaHas Me/Si(001).
Crpykrypa 0,5 MII 1 MIII
E, eB u, 1, BigH.0fI. E, eB u, 1, BimH.0x.
As/Si(001) 2,42 -0,20 (2) 0,002 3,18 0,12 (2) 0,001
Sb/Si(001) 2,61 0,17 (z) 0,002 3,22 -0,12(2) 0,001
L 2,53 -0,38 (x) 0,009
Bi/Si(001) 3,08 0,282(y) 0,006
2,57 -0,22 (z) 0,003
) o
I, BigH.0A. f\ acgl 1+ BiAH.0A. / 1H
004 I‘ul #urf \
( \/\\ [ \
| ” / '\
/ \| a 0.03 / \ a
o0 | \ / '\I
f / \
l.r'/’\‘j \| / ‘\\
|
/ ,f | ’ ' T / ‘
o /I I\_/Ifl\\‘_f“jJ ! |.|| JI| ol %5 2 4 I }d h L é5| : I lIL
16 18 2 22 24 26 28 3 32 34 36 38 4
Bl E., eB

| I, BiaH.04.
e el i) 4

002

o

/ .
/ \/

Al ‘ l|[

16 18 2 22 24 26 28 3 32 34 36 38 4 42

E, eB
Puc.3 Cnektpu enekTpoHHHX 30y/DKEHHX CTaHIB
noBepxoHb As/Si(001)-0.5 MII (a) ta As/Si(001)—
1 MIII (6), po3paxosani 3 mepmux 40 CHHIIIETHHX
30ymkeHnx craHiB. OOBimHI CHEKTPANbHUX JIHIN
nodygoBaHo 3a  ¢Gopmyinoo  JlomiepiBcbkoro
VIIMPEeHHS 3 HamiBImmupuHO TiHii 0.165 eB.

Hunst moBepxHi Sb/Si(001) cutyarttist mpoTHiIekKHA.
B cucremi Sb/Si(001)-0,5 MIII mpu mepexoni
(So—S,) enexTpoHHa TYCTHHAa TIEPEHOCUTHCS 3
moBepxHi A0 00’emy, a B Sb/Si(001)-1 MIII —
HaBITaKH, 3 00’ €My Ha ITOBEPXHIO.

s 3miHa Moke OyTH TMOSCHEHAa THM, IO
azgcopOuis enemMeHTiB V rpynu Ha noBepxHio Si(001)
10 Pi3HOMY TIEePEPO3MOILITIE SISKTPOHHIH 3apsi [1].
BHaciiok pi3HOTO MEPepo3NOALTy eIEKTPOHHOTO
3apsaay B cuctemax Me/Si(001) (me Me=As, Sb, Bi)
BHHHUKa€e pi3Ha akTwBHICTH cucteM Me/Si(001) mo

BIIHOIIICHHIO 10 aKTHUBHUX Ta3iB, 30KpeMa KHCHIO
[1,2].

I., BigH.04.

008 /\
\

003

/

M[JN

16 18 2 22 24 26 28 3 32 34 36 38 4

E., eB
Puc.4 Cnektpu enekTpoHHHX 30yIDKEHUX CTaHIB

noepxoHb Sb/Si(001)-0.5 MII (a) ta Sb/Si(001)—
1 MIII (6), po3paxoBani 3 mepmmx 40 CHHIIIETHUX
30ymkeHnX cradiB. OOBiIHI CHEKTPAIBHHUX JIIHIN
noOymoBaHo 3a  ¢opmysoro  JlomiepiBchbKoro
VIIUPEeHHS 3 HamiBIupuHO TiHil 0.165 eB.

IIpoBeneHHs  J0JAaTKOBHX  €KCIIEPUMEHTAIBHUX
JIOCT/DKEHb 10 3MIIICHHIO Kpal TOTVIMHAHHS B
EJIEKTPUYHOMY TIOJTI MOXKYTh HaJlaTH AOJATKOBI JaHi
PO PI3HUH TEPepoO3NOoAlT EICKTPOHHOTO 3apsay B
cucremax Me/Si(001) (me Me=As, Sb, Bi), Ha mo
BKa3yBaJld  MOMEPEIHI  CKCICpUMEHTAllbHI  Ta
TeOpeTHYHi Aocimkernas [1,2].

Maxkcumymu MOTJINHAHHS. Makcumymu
noriivHaHHg Ha Y®  choekrpax — MOBEPXOHb
Me/Si(001) (me Me=As, Sb, Bi) yTBOprOOTECS
nepexogamu  o(Me—Si)—>c*(Me—Me) Mix o
3B'SI3yIOUMMU OPOITAISIMH, 110 BiJTIOBIAIOTh 3B’ I3KY
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Tabmuis 3
3aranpHi XapaKTepUCTUKNA MakcuMyMiB nornuHanHs Me/Si(001).
0,5 MIII 1 MIII
Crpykrya

Ilepexin E, eB u, J 1, BimH.O1I. ITepexin E, eB u, J I BimH.OM.

AS/Si(001)  Sy—S» 3,73 -061(x) 0,034 So—=S,w 394 036(z) 0013

So—S3; 4,14 0,35(y) 0,012

sb/sioory  So=Si o 361 -0.550) 0,027 So—S» 3,84  0,61(y) 0,035

So—Sy7 3,78  -0,55(z) 0,028

Bi/Si(001)  §,5S,, 3,56  -0,59(y) 0,031 So=Ss 343 054() 0,025

So—S3 3,73 0,81(y) 0,059
MOTJIMHAHHS YTBOPIOETHCS TIEPEXOAO0M 13 3B'SI3YIOUO1
opOitani Si—As Ha aHTHU3B S3yI0Uy MIX JHUMEPOM
008 I, BiAH.0A. /\ As—As. Jlns mnokputrts 1 MII wmae 3nauny
008 / IHTeHCHBHICTh, JiHig 4,14 eB, sxa Bigmosigae
/ \n, nepexogam (mepexim Sp—>S3;) MK 3B'S3yI0UOI0 Ta
% | k*.\ aHTHU3B SI3yI0Y0I0  OpOiTasiMu  AuUMeEpiB  As—As

a03 | \A a (puc.3).
o I;' l". Jns moepxHi Sb/Si(001) MakcHMyM MOTTIMHAHHS
f." \ crocTepiraeTbcsi  3a  eHeprii 3,78 eB  (mepexin
0ot A \/’(\ F_/ ‘ ‘ | So—S27) wis 0,5 MIII Ta 3,84 eB (mepexin So—>Sy4)
3 / |I %4 4 1 |.lL. | ot 1 MID (puc.4). MakcumMyM  TOTJIMHAHHS
e RS DR U ak w80y ~3,78eB  gmma  mosepxmi  Sb/Si(001)-0,5 MILI
E, eB YTBOPIOEThCS ~ MEPEXOZOM MK  3B'S3YIOYMMU
) opOitanmsiMu 3B s13KiB Si-Si B 00’emi KpemHiI0 Ta
I, BigH.oA. , . .

N aHTHU3B I3yr0unMHU opOiTasisiMu Si—Sb. Makcumym

0.08

ilic' .l'l ll'\\jl \1

Ir
/||| | |ti||||JE|l.
22 24 26 28 3 32 34 36 38
F.eR

Puc.5 Cnektpu enekTpoHHHX 30yKEHHX CTaHIB
moBepxoHb Bi/Si(001)-0.5 MIII (a) Ta Bi/Si(001)—
1 MII (6), po3paxoBani 3 nepmmx 40 CHHIIIETHHUX
30ymKkeHuX craHiB. OOBiAHI CHEKTPaIbHHUX JIiHIH
moOymoBaHo 3a  (opmynoro  JlomiepiBChbKOTo
YITUPEHHS 3 HaBiBIUpwuHOLO JiHii 0.165 eB.

¢ 16 18 2

Me—Si MK aTOMOM MeTalny Ta IIOBEPXHEBUM
aTOMOM KpEeMHII0 Ta ©*  aHTH3B A3yIOUUMH
opOiTansaMu, IO BiANOBIZAIOThH 3B’ 53Ky Si—Si Mix
aToMaM{ KpPEeMHil0 B TPEThOMY ITOBEPXHEBOMY MIapi
(To0To MiXK aroMaMd KpeMHil0 B 00’emi).
Pe3ymbraTi MomemoBaHHS HaBEACHI B TaOHII 3.
Jns MOBEPXHi As/Si(001) MaKCUMyMH
TIOTJIMHAHHS CIIOCTepiraroTecsi 3a eHeprii 3,73 eB
(mepexin So—>Sio)ms 0,5 MII Ta 3,94eB s
nokputtss IMII (mepexin Sy—Sy;). Makcumym

nornmHaHHsA 3,84 eB g mosepxni  Sb/Si(001)-
1 MIII yTBOPIOETHCS TEPEXOIOM MiX 3B'SI3YIOUUMH
opOitanmsamu  numepiB Sb-Sb Ta aHTH3B’A3yI0YMMH
opbitansamu Si-Sb.

Jnsa mosepxni Bi/Si(001) MakcuMyM mMOTTMHAHHS
CITOCTepiraeThes 3a eHeprii ~3,56 eB ma 0,5 MII ta
~3,43, ~3,73eB mma 1 MII (puc.5). Makcumym
nornuHaHHs  ~3,56 eB  (mepexin  Sg—>Sio)  ams
MOBEPXHi Bi/Si(001)-0,5 M1 YTBOPIOETHCS
nepexoaMu MiXK 3B'S3YIOUUMH OpOITalIsIMH 3B’S3KY
Bi—Si 1 antm3B’s3yrounmu opOitansmu Si—Si B
00’ eMi KpPEMHII0 Ta 3B'SI3YIOUNMU Ta
aHTHU3B S3yI0UMM  opOiTamsmMu 3B s3kiB - Bi—Bi.
Makcumym mornuHanHs 3,73 eB (mepexin Sy—S,3)
s noBepxHi  Bi/Si(001)-1 MIII  yTBOproeThCs
HepexoIoM MiX 3B's3ytounMH opOitansmu Si—Si B
00’eMi KpEeMHII0 Ta aHTH3B S3YIOUHMH OpOiTalsIMH
Bi—Si.

BucnoBku
Metogom TDDFT po3paxoBaHO eNEeKTPOHHI
criektpu jma  cucteM  Me/Si(001)-0.5 MIII Ta
Me/Si(001)-1 MIII, (ne Me=As, Sb, Bi). Busnaueno
JUTIONbHI MOMEHTH TIEPEXOJiB Ta IHTCHCHBHOCTI
MIEPEXO/IiB.
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TeopeTHyHO BW3HAYEHO IMOJOXKEHHS MAaKCHMYMiB
nornuHaHHs Ha TDDFT choekTpax moBepXOHb
Me/Si(001)-0.5 MIII Ta Me/Si(001)-1 MIII, (zme
Me=As, Sb, Bi). MakcumymMn MOTJTHHAHHS
BIJIMOBI/IalOTh TIEpeX0jaM i3 3B'S3YIOYMX OpOiTaneit
Si—Me na aHTH3B's3ytoui Me—Me. [lomoxeHHs
MaKCHUMYMIB TOTJIMHAHHS CTaHOBIATH ~3.9, ~3.8 Ta
~3.7eB nmas cucrem As/Si(001), Sb/Si(001),
Bi/Si(001), BiamoBimHO.

Pesynpratn po3paxyHKiB BKa3ylOTh Ha T€, LIO
3MILICHHS KPato MOTJIMHAHHA Y OiK OLIBIINX eHeprii
mpu  30ibIIEHHI CTYyHEeHS MOKPHUTTS aTOMaMu
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metaiis (As, Sb, Bi) mosepxni Si(001) 3 0.5 MIII mo
1 MIII BigOyBaeThcs BHACHINOK 3MIiHU CTPYKTYpH
MOBEPXHI KpeMHit0. Kpaif morinmHaHHS 3CyBa€ThCS y
Oik OLIBIIMX eHeprili yepe3 3HUKHEHHS PiBHA G(Si—
Si), 1m0 BiAMOBiZae 3B'A3Ky MDK ~ aTOMaMu
MOBEPXHEBOTO AUMepy Si—Si.

[Toka3aHo, 110 Kpail MOTJIMHAHHSA Ta MAaKCUMYMH
HOTJIMHAHHSA MAlOTh OJHAKOBY IPUPOINY UL BCIX
metaniB V rpymu (As, Sb, Bi).
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B cmammi posensoacmovcs npocpamua peanizayis MOHIMOpuHZy Gaxmie nepeOysanHs NOWMOBUX
cepeepis NiIONPUEMCMBA 8 YESHMPANI308AHUX 6CECEIMHLO OOCMYNHUX CXOBUWAX He2AMUBHOL IH(opmayii npo
0oicepena NOWUPeHHs HebAMCaHUux NOBIOOMIEHb | CBOEYACHO20 CHOGIWeHHs aominicmpamopa. Kpim moeo,
cmamms  NPONOHYE  ANOPUMM  NOULYKY Odcepesl PO3CUIKU NOBI0OMIEHb, AKI CB0€H0  NOBEOIHKOIO
demoHcmpyloms  baxcanus gideadamu abo nidibpamu aopecy eieKmpOHHOI HOWMU KOpucmyeéaud i
Hanpagumu oMy nomik Hebadxcanux nogidomienv. Ilpedcmaesneno pezyromamu  mecmy8auHs i
BNPOBAOICEHHS NPOSPAMHOTL CYIHcOU 6 mepedci Kuiscokoeo yuisepcumemy imeni Tapaca lllesuenxa.

Knrwouosi cnosa: enexmponna nowma, cayocoa SMTP, RBL-cepsep, DNSBL-cepsep, Hnebadicani
NOBIOOMAEHHSL.

The article discusses the software implementation to monitor the facts of finding E-mail servers in the
centralized global storage of negative information about the sources of the unwanted messages spread. The
the comparative characteristics of the most popular and relevant world-wide DNSLB servers are given and
the procedure of urgent admin notification via short message services is described in detail. In addition, the
article offers algorithm to search the sources whose behavior demonstrated a willingness to guess or pick up
E-mail address of the user and send him a stream of unwanted messages. The results of the testing and
deployment of software service in a network of Kyiv Taras Shevchenko National University are also present

in the article.

Key Words: E-mail, SMTP service, RBL server, DNSBL server, unwanted messages.

CrarTio ipeacTaBuB 1.T.H., mpod. [loropimmit C. /1.

[ommpenus HeOaKaHUX MOBIIOMJICHB
pekiIamMHOrOo  ab0  HEMPUCTOWHOTO  3MICTY €
rI100aIbHOI0 3araJbHOCBITOBOIO po0IIeMOT0
BUKOPUCTAHHS EJEKTPOHHOI TOMITH Ta CHCTEM
MUTTEBHUX MTOB1IOMJICHB. He3spaxarouu Ha
ceppiio3Huii mporpec [l] y momomaHHi i€l
mpoOjeMu, BOHA 3aJUIIAETHCA JAIEKOO Bim il

ocTatoyHoro BupimeHHs [2]. ['0J0BHOIO MPHYUHOIO
BOTO SIBUIIA € KOMEPLIHHWUN iHTepec CUCTEeMHHUX
aIMIHICTPAaTOPiB, SAKi  BOJOMIIOTH  TMOTYKHUMH
00YHCITIOBAIbHUMHU KJIACTEPaMH MOLITOBUX CEPBEPIB
i TPOMOHYIOTH TMOCIYyrH TAaKOTO arpecHUBHOTO
pexIaMHOro Oi3Hecy.

l'onoBHMME cTIOKMBayaMH TaKWX IMOCTYT, SK IIe
HE TMapaJlOKCAIbHO, € TMiANPUEMCTBA, IO BEAYThH
LIJIKOM 3aKOHHY NisTIBHICTH 1 JleranpHui Oi3Hec, aje

© C.II. 3aropomniok, B.A. Map’ssHOBCBKHIA,
A 1O. Oneiinikos, A.B. [luba, 2014

IIPH [IbOMY HE HEXTYIOTh JCIICBO PEKIAMOIO CBOIX
TOBapiB a0 TMOCIYT, sIKa MOIIMPIOETHCS HA BEJIHMKE
KOJIO TOTEeHIIHHNX KiieHTiB. [Ipu mpomy HeOakaHi
MOBIIOMJICHHSI MOXYTh HAaCTOPOXXHMTHU 1 BIJBEPHYTH
MEBHY YACTHHY IOTCHI[IAJIbHUX KIIIE€HTIB, aje Ha
NPAaKTHUIl Ha [I¢ HEe 3BEPTAIOTh yBary peKIaMOMAaBIli.
[Hmmii mpomrapok CHOXKWBadiB - II¢ KOMIIaHIi Ta
(iznuHI 0co0H, SIKI MPOTIOHYIOTh HeJleTalbHi TOBapH
a0 ToCIyru, amKe MPOIMOHYBAaTH IIi TOBapH i
MOCIIYTH Y OUTBIT BITKPUTHI CTIOCIO HESTHIHO abo
HeOe3neyHo [3].

OdyeBumHO, MO  aAMIHICTpATOP  CHUCTEMHU
€JIEKTPOHHOT MOIITH MOBHUHEH 3axXHIATH
KOPHUCTYBadiB CBO€I IMOIITOBOI CHCTEMHU BiXl MOBEHI
HeOaKaHUX TOBiIOMIICHb. [l 1LOTO BIH MOXeE
BUKOPUCTOBYBaTH CTaHIAPTHI  3arajlbHONPHHHSATI

231



Bicnux Kuiscbroeo nayionanvhoeo yHisepcumemy
imeni Tapaca Lllesuenxa
Cepis pizuxo-mamemamuyni HayKu

¢ineTpr HeOakaHMX MOBigOMIIEHB [4], abo, Kpim
TOT0, PO3POOUTH 1 BIIPOBATUTH CBOi BIIACHI (iIBTPH.
Ane g agMmiHicTparopa HE MEHII BaXIHUBOIO
3aJIa4CH0 TaKOX € MOCTIHHUI KOHTPOJIb 32 THM, 11100
MOBITOMJICHHSI €JEKTPOHHOI MOomTH, c(hOopMOBaHi
KOPUCTYBauaMH HOTrO BJAcHOI IOIITOBOI CHUCTEMH
OyJu yCIHIITHO JOCTABJICHI 10 KOPUCTYBAUiB iHIINX
MOLITOBUX CHCTEM 1 He OyJM MpU LBOMY pO3Mi3HaHi
¢dinpTpaMH WX BiIAaleHUX TMOIITOBUX CUCTEM SK
HeOaXxaHi. Hnst JOCSTHCHHS miel METH
aJIMiHICTpaTopy MOTPIOHO 3HATU MPHHIUIK POOOTH
OCHOBHMX CTaHAapTHUX (imbTpiB 1 TOCTIHHO
BUKOHYBAaTH YMOBH, SIKi BiH HBOT'O BHUMAraroTh ITi
¢binpTpH.

Bumesrananuii rnobansHuil xapaktep npooieMu
3mymrye (axiBIiB 3 pi3HUX KpaiH CBiTy 00’ €IHATHCH
i cminpHO ii BupimyBaru. Komm amgminicTpaTop
MOLITOBOI cHUCcTeMH (DIKCYye CHCTEMAaTH4HY PO3CHIIKY
HeOaKaHUX TOBIJOMJICHh 3 KOHKPETHOTO By3i1a abo
MepeXi, Y HBOTO BHUHHKAE TPHUPOITHE 1 CBigOME
Oa)kaHHSI TOMEPEIUTH TIPO 110 HEOE3MEeKy HE TIIBKU
CBOiX 3HAallOMHX KoJer, aje W aJMiHICTpaTopiB
IHITUX KpaiH, SKi MOTEHIIIHHO TaKOX MOXYTh CTaTH
00’€KTOM 3JI0BMUCHHKIB.

OueBuaHoO, oo  Halkpamum crocoooM
opraHizamii  Takoi  cIiBmpami €  CTBOPEHHS
LEHTPAJIbHOIO  3arajJbHOAOCTYIIHOTO IJI00aJbHOIO
CXOBHIIA JUISl HAKOTIMYCHHSI HETaTUBHOI 1H(OpMaIii
Ipo BY3IM 1 Mepexi fK JpKepena MOMIHWPEHHS
HeOaKaHUX MTOB1IOMJICHb. MiiicHo, TaKi
iHpOpMaIliiiHI CXOBHIIA CTBOPEHI 1 HAa3HMBAIOTHCS
«4OpHUMH crnuckamu», RBL cepBepamu (aHri.
Realtime Black List - 4YopHHMII choucoK, IO
3MIHIOETBCST B pealibHOMYy daci) abo DNSBL-
cepBepamu (anria. DNS Black List - DNS-cepsep B
pOJIi YOPHOTO CIUCKY) [2-4].

OcTaHHsS Ha3Ba NOB’Sg3aHa 3 THM, IO JJIA
nepeBipku (akty mnepeOyBaHHS TOTO YW IHIIOTO
By3J1a B YOPHOMY CIIMCKY IOIUTOBHH aaMiHicTpaTop
abo toro GUIETpyIOUE MporpamMHe 3a0e3leueHHs
MOBHMHHI Hajicaatu A0 ciyx60u DNS (anrn. Domain
Name System - cucrema aomMeHHUX iMmeH [1,2])
croerianizoBanuii DNS-3anur 1 1o4eKaTUCh Ha HHOTO
BiamoBink. Ilepiox wacy mixk DNS-3ammuTom i DNS-
BIJIMOBI/TIO CKJIa/ae, siK mpaBmiio Bix 0 10 3 cekyH.
Komu cepBep momrToBOi cuCTeMH BiAllpaBHUKA
BCTAaHOBJIIOE ~ CEAHC 3B’S3Ky 3 INPHUHMAK4uM
CepBEpOM IOIITOBOI CHCTEMH OTpPHUMYBada, came B
Lei yac mpuiiMarouoMy cepBepy CJiJl BUKOHATH LEH
DNS-3anut 1o DNSBL-cepBepa i mepeBiputu ¢akxt
nepeOyBaHHS —cepBepa-BiAllpaBHUKA B YOPHOMY
cnucky. Skmo B pe3ynabrati  DNS-3ammta
3’SICOBY€ETHCS, 10 CEPBEP-BiANPaBHUK NepeOdyBae B
YOPHOMY CIMCKY, TNpHiiMalouuii cepBep MOXKe
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3pOOMTH BUTISA, IO HIYOTO OCOOJNIMBOTO HE
BimOynoch, ab0 MOXKE€ HETrailHO po3ipBaTH CeaHC
3B’SI3KY, TTOSICHUBIITH CepBEPY-BIIPABHUKOBI
ICTHHHI MOTHMBH CBOTO pillleHHs a0o0, Hapellri,
HaBMHCHO HIYOTO HE MOSICHIOIOYH.

Tabuuns 1
[NopiBHsIBEHA XapakTeprCcTUKA €EeKTUBHOCTI
CepBepiB YOPHHUX CITUCKIB [5].

3abnokoBaHo MponyweHo | Edektus

HebaxaHux HebaxaHuUx HicTb, %

JIUCTIB JIUCTIB
bl.spamcop.net 2855 4150 40,76
chl.abuseat.org 4994 2011 71,29
dnshl.sorbs.net 2601 4404 37,13
dul.nsbl.sorbs.net 1845 5160 26,34
dul.ru 39 6966 0,56
shl-xbl.spamhaus.org | 5007 1998 71,48
zen.spamhaus.org 6657 348 95,03

CepBepr YOpPHHX CHHCKIB PO3TAIIOBaHI B Pi3HUX
KpaiHax, ajie KOpUCTyBaTUCh HUMU MOXYTh OyIb-sIKi
MOIITOBI CUCTEMM CBITy, SKHM BapTo o0Opatu is
cebe TpUONM3HO BiJ TPHOX OO JECATH CEpBEpIB
YOPHUX CHHCKIB [6].

SIKII0 TakuX CepBEpiB OyJe MEHIIE - Pe3yJibTar
GdinpTpamii MOXe BUSBUTHCH HETOYHHM, SIKIIO
Oimpllie 3a3HAaYeHOTO [iama3oHa, TO BUKOHAHHSA
DNS-3anuTiB Moke 3aliHATH HAATO OaraTto d9acy i
Mepexeroro tpadiky. Haibinbin momynspHi B CBiTi
CEpBEpPU YOPHHUX CIMCKIB Ta CTATUCTHKA iX poOOTH
HaBezeHa B TaOmmi 1.

Haxanb, 70BOJNI YacTOo JO YOPHHUX CITUCKIB
MOTPAILISAIOTh HE  TIIBKA  TOINTOBI  CUCTEMHU
3IIOBMHUCHHKIB, aji¢ 1 TOMITOBI CHCTEMH TOPSIHUX
KopucTyBauiB [6]. IIpwdauH a1 1IbOTO OULTBII HIX
JIOCTaTHBO [3,4].

Cepen  Benmukoi  KUNBKOCTI ~ KOPHCTYBadiB
MONITOBOI CHCTEMH 3 BHCOKOI PEIMYTaIli€l0 MOXKe
BUSBUTUCH OJMH 3JIOBMUCHHUK 3 TMajal0uiMH OYMMa
Ta HEBNMHHUM OaXXaHHSM TOKPAIUTU  CBOE
MatepiajgbHe CTAaHOBHUINE. TaKUMH 3JOBMHCHUKAMH
JIOBOJII YacTO CTalOTh MPAI[IBHUKA KOMEPIIIHHUX

CTPYKTYp, 10 MPOXOASATh TPOLEAYypy CBOIO
NPUMYCOBOTO  3BUTbHEHHSA. YuMmano  Hemdaaux
KOPUCTYBadiB CTAalOTh JKEPTBAaMH BIpyciB abo

HIMATYHCHKOT'O  TIPOTPAMHOI0  3a0€3MeuUeHHs, 0
NEePIOTUYHO TIOTPOIIUTE aIPEeCHY KHHTY TMOIITOBOT
KIIIEHTCHKOI TpPOTpaMH KOPHUCTyBada, TaKoi SK
Microsoft Outlook, Ta BHKOHYE PO3CHUIKY 3a
3HAUOEHUMU agpecaMu Bif iMeHl ILOTO
KOpPHUCTYBaya.

Hapemri, Moommii amMiHICTpaTOp MOMITOBOI
CUCTeMH 3a OpakoM JOCBiTy MOXE HEHAaBMHCHO
HANAIITYBaTH  HagMIpHI  MpaBa  JOCTYIy  JIO
MONITOBOTO ~ CepBepa, TMEPETBOPHBIIM HOrO Ha
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BiIKpUTHI perpaHcisaTop [6,7]. Tak Ha3uBalOTh
MOIITOBHIA  CepBep, IO JIO3BOJIIE  AHOHIMHO
HaJCHWJIATH JIUCTH HE TUIBKH CBOIM BIACHUM
KOpHUCTyBauam, ajie 1 KOPUCTyBadaM YChOTO CBiTY.
Komu Tpamnserbcs Taka, IIOHHO OIKCaHa,
HEMPUEMHICTh, TO  BKpail  BaXJMBO, 100
aJIMIHICTPATOP MOIITOBOI CHCTEMH JI3HABCS PO HEl
MepIIUM 1 HErailHO MPUCTYNHB [0 MPOUEAYPH
BHJIYYEHHSI TIOIITOBOTO CEPBEpa 3 YOPHOTO CITHUCKY.
s mpomemypa € pi3HOIO A PI3HAX CepBEpiB
YOpHUX CIHCKIB [3,6,7], 1 CyTh BUXOIUTH 32 MEXKIi
nmaHoi crarti. [loTparuisiHHS cepBepiB [0 YOPHOTO
CITUCKY HE € TaHeOHOIO TOIIEI0 IS aaMiHicTpaTopa
MOIITOBOI cHUCTeMHU 1 HoMy HE BapTro IIe
MPUXOBYBaTW  BiJg  KopucTyBauiB. Hampuxian,
MOMyJIsipHA TIONITOBA CHUCTEMa Bill  KOpIopamii
Google mixg wHazBolo GMAIL.COM perynsipHo
MOTpaIuise 10 YOPHHUX CIMCKIB, alie HE CTa€ BiA
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ObOro MCHIII MOITYJIAPHOIO. HaBHaKI/I,

aaMiHicTpaTopy Oy/Jie COPOMHO, KOJIA BiH TIOYYE PO
0 TIOMI0 BiJ CBOIX KOPHICTYBadiB i HE 3MOXKeE
TOYHO BH3HAYWTU SIK JABHO ISl MO BigOyJack.
Hdana cTaTrTs TpPOMOHYE aNrOPUTM  IOCTIHHO
MPAIOYO01 MOHITOPHHTOBOT ciryx0wu,
BrpoBakeHoi B KHWiBCbKOMY yHIBepCHTET iMeHI
Tapaca LlleBueHka, sxa dikcye (akTu nmepeOyBaHHS
MOLITOBUX CEPBEPIB B YOPHHUX CIIUCKAaX 1 CBOEYACHO
iHpOpMYyE TIpO T1e aAMIHICTPATOPIB.

Bbiok-cxemy IIUKJTIYHOTO AINTOPUTMY
MOHITOPHHTOBOI CiIy»0u noka3ano Ha puc. 1. Ilicns

3aIyCKy CIry)0un BUKOHYETHCS HACTyITHA
[MOCJIiIOBHICTb JIii:

1. IepeBipsieTbes ICHYBaHHS  pO3AiTY i
mapaMeTpiB  peecTpy, B SKOMYy 30epirarorbcs

MOYaTKOBI MTapaMeTpy HAJAIITyBaHHS JJIsl KOPEKTHOT
poboTH ciayx0u. SKmo Takuid po3aia abo mapaMeTpu

3anyck cnyxou
- ¥
: [HILianizalif | ——
HI *
YceniwHa iHiyianizadia ?
— ®dikcaLia noMUnku B
KypHani
Y
AHanis xypHanis 3anutv no DNSBL-cepeepis
cnyxbmn SMTP *
* 36epexeHHA pe3ynbTaTiB
36epexeHHA pe3ynbTaTiB B B[]l <DNSBL-Monitor»
B B[l «Attackers»
TAK
C"“_Bi_ule"""“ — 3aHeceHuit 00'€KT 0 YOPHMX
afmiHicTpaTopa cnuckis?
HI
y -

k)

3ynuHKa cnyxou

Puc. 1. bok-cxema ¢pyHKITIOHYBaHHS MOHITOPHHTOBOI CITYKOH.
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BiJICYTHI — BOHH CTBOPIOIOTHCSI.

2. [lepeBipsieThcst HAIBHICTH POOOUYOTO KATaJOTYy,
B sSIKOMY Oy1e 30epiratucs 0a3a JaHUX Ta TEKCTOBUI
KypHan Tmoniii pobotu cimyxOu. Skmo Takui
KaTaJIOoT BiICYTHIH — BiH CTBOPIOETHCS.

3. [lepeBipsieThcsl HAABHICTH CTBOpeHOi 0asu
nanux “DNSBL-Monitor” 3 yciMa HEOOXiTHUMH
tabmuusmu  (Tabmmns  [P-agpec  (amrn.  Internet
Protocol, mpoTokon axapecamiii i MaprpyTH3amii
mepexi [areprer [1]), DNSBL-cepBepiB Ta Tabmursa
3 pesynbpTatamMu poOOTH ciyk0u). Skmro taka 6aza

JaHWX BiACyTHS abo Mae He Bci TaOmumi —
CTBOPIOETHCS HOBa 0a3za abo HOBI  TabmwIll
BIZTIOBIIHO.

4. Bukonyetbest 3amut 10 DNSBL-cepsepiB: 1o
koxHil [P-agpeci 3 Tabmumi [P-anpec sik mo 06’ ekty
MOHITOPHHTY ~(OPMYETHCS  3aUT JO KOXHOTO
DNSBL-cepepa 3 Ttabmumi DNSBL-cepsepis.
Sx1mo, HapuKIIam, MiAPHUEMCTBO Ma€ JiBa cepBepa 3
IP-agpecamu 20.30.40.1 i 20.30.40.2, mo TiABKH
BINPABJSAIOTh TMOBIJOMJICHHS B 1HINI TOIITOBI
cucremMu i Tpu cepBepa 3 aapecamu 20.30.40.3,
20.30.40.4 1 20.30.40.5, mo TUIBKH TPHUHUMAIOTH
MMOBIIOMJIEHHS BiJ 1HIIHX IIOIITOBHUX CHCTEM, TO B
taomimo [P-ampec cmig 3anectu nmme [P-appecu
20.30.40.1 i 20.30.40.2. Sxmo, B CBOW Hepry,
tabmist DNSBL-cepBepiB MiCTUTh YOTHPH aIpecH,
TO 3a KOXEH LWKJI Oyle BUKOHyBaTuCh BiciM DNS-
3amuTiB. 30KpeMa, Ui TOro, HI00 MepeBipTH UH
BxoauTh [P-aapeca 20.30.40.1 g0 4OpHOTO CHHUCKY
dnsbl.sorbs.net, mOTpiOHO 3ampocUTH pecypcHi
3amucu Oyap-sikoro tumy (T ANY) mist By3na:

1.20.30.40.dnsbl_sorbs.net

Axmo y BimnoBimk Bing cimyxxkOom DNS npuiine
MTOBIIOMJICHHSI, III0 JKOJHOTO PECYPCHOTO 3amicy He
3HaieHo, e o3Havyarume, 1o IP-aapeca 20.30.40.1
He mepeOyBae B 4opHOMY cmucKy dnsbl.sorbs.net.
HaBmaku, sxmo cmyxx6a DNS vy BiamoBigb
[IOBEPTAaE PECYPCHUH 3amuic OyIb-AKOTO THITY, SIK
npaBwio, tuny TXT - ue o3Hauae, mo I[P-ampeca
nepedyBae B YOPHOMY CITHCKY.

5. Bci BITIOBITI BiJl DNSBL-cepBepiB
30epiratoThcs B TaOJHIII pe3yNbTaTiB 0a3u JaHUX.

6. BinOyBaeTbcs aHalli3 pe3yJbTaTiB, OTPUMaHHUX
mijg gac octaHHporo 3amuty a0 DNSBL-cepsepis.
Slkimo cepen pe3ynbTaTiB 3yCTPIYAETHCS TTO3UTHBHA
BIMOBib, IO O3HAuae mnepeOyBanHs [P-aapecu
MOIITOBOTO ~ CepBepa B  YOPHOMY  CIIHCKY)
BUKOHYETHCS TIOBIIOMJICHHS BiAMOBiambHOI 0COOH
3a pomomor SMS (anrn. Short Message Service -
ciry’)k0a KOpDOTKMX TOBiOMIJIEHB). 30Kpema, s
HampaBieHHS SMS-noBimomiieHHsT a0OHEHTY 3
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HoMmepoM 067-1234567 yxpaiHCBKOTO omepaTopa
CTUTBHUKOBOrOo  3B’si3Ky  «KwuiBctap»  aboHEHT
MOBHWHEH 3a3JalleTib TEPEBIPUTH  YBIMKHEHHS
nociyrd Email2SMS, micnst 9oro BiH MOXe Bpy4HY
abo mporpamHo Hajcwiatd Email-noBimomiieHHs 3a
aapecor 380671234567@sms.kyivstar.net , siki Bix
orpumMae ik SMS-MoBiIOMJICHHS Ha CBilf MOOITbHUIM
3aci0 3B sI3KY.

7.3 0a3u JaHWX BWIIYYArOTHCS 3acTapilli 3almcH,
JUTS 3aIT00ITaHHS 3HAYHOTO 30UTBIIEHHS 00’ eMy 0a3n
JaHuX 1 30epiraHHs BKe HEAKTyallbHHX 3aIlHCiB.
UYepes meBHMH  mepiox  4acy  BeChb LMK
HOBTOPIOETHCS 3 MIOYATKY.

OxpiM cBO€i OCHOBHOI (YHKIIT KOHTPOJIO i
iHpOpPMYyBaHHS aJMiHICTPAaTOpa, JaHa CTAaTTS TaKOXK
NPONOHYE AIrOPUTM aHali3y >KypHalIy CIIyXOH
SMTP (amrn. Simple Mail Transfer Protocol -
OpOCTUIl TMPOTOKON IepeAayi TOIITH), SKa €
YaCTUHOIO Oy ap-siKoi CaMo/I0CTaTHBOT
MOBHO(YHKITIOHAIBHOI TIOMMTOBOI CHCTEMH, 3 METOIO
NOUIYKY 1 BHSABICHHS B IBOMY JKypHaJl TaKuX
JOKEpEJ BiANpaBIICHHS TOBIJIOMIJICHB, SIKi 32 CBOEIO
MOBEIAIHKOIO JIEMOHCTPYIOTh SBHE 1 HEBIIMHHE
Oa)kaHHSl BIAraJaTH aJpecy eJEKTPOHHOI IOIITH
ICHYIOYOTO KOpHCTyBada i Ofpa3y HaliciaTh Homy
mKBan HeOakaHUX JHCTIB. DparMeHT Takoro
KypHaJTy, TIpOaHaIi30BaHUN 32 TPUMICSIHHUM MTepioz
pobdotu cmyxxou SMTP, nHaBeneHo Ha puc. 2.
Crpoka, B SKIH MICTUTBCS CHMBOI «<» €
SMTP-koMaHI0!0 KITi€EHTA-3JJ0BMHCHHKA, a CTPOKa
3 CHMBOJIOM «>» € BIANOBILAIO TNPHUHMAIOYOTO
MOLITOBOTO CEpBEpa.

88.198.39.130:4307,<,MAIL FROM:<dell@timose.com.ua>,
88.198.39.130:4307,<,RCPT TO:<ambulance@univ.net.ua>
88.198.39.130:4307,>,250 2.1.0 Sender OK,
88.198.39.130:4307 ,>,550 5.1.1 User unknown,
88.198.39.130:4307,<,DATA,

88.198.39.130:4307,* Tarpit for '0.00:00:05',

Puc. 2. @parment xypHanmy ciyxoum SMTP 3
3aikcoBanoro momuikorw “550 User unknown”.

[MopymaukoM ciig BBaxkaTH Taky IP-ampecy, sika
3a KOPOTKMM dac ©Oarato pasiB HaMaraerbcs
HAJICJIATH TIOBIIOMJICHHS 1 OTPUMY€E TOMHIKY “550
User unknown”. ANTOpUTM BHSBIEHHS TaKUX
NOPYIIHUKIB TaKOX peai30BaHUi B MOHITOPHHTOBIH
cryx01 y BUTISAI OKpeMol NHKIIYHOI (OHOBOL
IOporpaMy, SKa MNapajelbHO IIPALIOE 3 OCHOBHOIO
nporpamMHuM  1ukiaoMm. Ilpu  nwomy IP-agpecu
NOPYIIHMKIB ~ Ta  CTaTUCTHKa  iX  poOOTH
HaKOMMUIY€EThCS B OKpeMiil Tabmuili, abo HaBITH B

234



Bicnux Kuiscbroeo nayionanvhoeo yHisepcumemy
imeni Tapaca Lllesuenxa
Cepis pizuxo-mamemamuyni HayKu

oKpeMill 0a3i maHux “Attackers”, ockiibku i 00’eM
MOXK€ CYTTEBO BiAPI3HATUCH B OUIBIIY CTOPOHY Bif
00’emy 6a3m maamx “DNSBL Monitor” ocHOBHOTO
anroput™My cnyx6u. s indopmamis Oyab-xonu
MOXe OyTH BUKOPUCTaHOIO JJsi OQOPMIICHHS
CKaproBoi 3asBKM Ha OJOKyBaHHS BiAIOBIIHOTO
By3i1a abo yciei IP-mimgMepexi, 10 sSKOi LEed By30I
HaJIC)KUTh.

brok-cxemy anroputMmy BUSIBICHHS IOPYIIHHUKIB
ToKa3aHo Ha puc. 2. BiH ckiamaeThCcss 3 HACTYITHHX
KPOKIB:

1. IlepeBipseTbcsi icHyBaHHS ©0a3M JaHUX
“Attackers” 1 BiamoBimHuX TaOimupe B Hil. Sxmo
0a3a abo TabMHIIi BiZICYTHI - BOHH CTBOPIOIOTHCSL.

2. CKaHy€ThCsI OCTAHHIN KypHAJI TIOAIH 3 METOIO
3Haxo/keHHss SMTP-ceaHciB, B skux 3adikcoBaHi
cpoOHM BIATajyBaHHS aJgpec CKPHUHBOK, TOOTO
BiJNpaBKa MOIUTH HA HEICHYIOYi MOLITOBI CKDUHBKH.

3. Buninutu 3 ceancy xopucHi maHi: IP-ampecy
BimmpaBHHKa Ta ¢parmeHT SMTP-ceancy, 1m0
miATBEpDKYE (PakT BiAMpaBKH MOIITH HA HEiCHYIOU1
TIOIIITOBI aJpecH.

4. 36epertu IP-agpecy B 6asi gqanmx “Attackers”,
3BIpUTH ii Ha MOAIOHICTH 3 KoXkHOMO [P-anpecoto, sika
BXKe 3aHeceHa B 0a3y gmanmx  “Attackers”,
HapaxyBaTd I ajapeci, a TakoX YCiM MOMIOHHM
anpecaMm «mrpadui» Oamm. Ockinbku [P-ampeca
SIBJIE COOOK0 TIOCTIIOBHICTh TPUALSTA JIBOX OITIB,
To anst aBox mnoxiOnux [P-ampec, posknameHux
nmoOIiTHO, JiiBa YacTHHA OITIB € OJHAKOBOIO 1
CHIIFHOIO, a TpaBa 4YacTUHA OITIB € pi3HOIO.
Hampuknan, skmo nei [P-agpecu 91.202.128.21 i
91.202.131.21 po3knactv MOOITHO i MOPIBHITH (PHC.
), TO BUIHO, 10 mepmi 22 6iTi y HUX OJHAKOBI, a
iHmi 10 GiTiB € pi3HUMH.

01011011.11001010.10000000.00010101
01011011.11001010.10000011.00010101
I I I

<==========JQ=——==—=—=—====><====](Q===>

Puc. 2. ®parment xypHamy ciyxou SMTP 3
3adikcoBaHor0 MOMIITKOIO “550 User unknown”.

3rinHo cunTakcucy CIDR (amrm.  Classless
InterDomain Routing - Oe3kimacoBa MiXJIOMEHHA
Mapmpytuzamis [1]), wi aBi [P-agpecu Hanexatsb
onHid cminpHIM [P-migmepexi 3 mackowo /22. B
CTaTTi MPOIOHYETHCSI BU3HAYATH PIiBEHb MOAIOHOCTI
IP-agpec came 3a MOBXMHOIO MAacKW IiIMEPEXKi, JO
sskoi mi IP-agpecn HamexxaTh 1 HapaxOBYBaTH
mrpadHi 6aau BiIMOBITHO 10 TadmuUI 2.

5. 36epertm  ¢parmenTr SMTP-ceancy, 1m0
HiATBEPKY€E (AaKT BiAMPABKH MOIITH HA HEICHYIOUY
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nomToBi aapecy. Bumyuntm 3 0asm  maHmMX
“Attackers” Bci [P-agpecu, mo matots 100 i Oinbrre
mTpagHUX 0ajiB i 3aHECTH IIi aAPECH JO BIIACHOTO
IIPUBATHOrO 4YOpHOro cnucky IP-axpec mnomrosoi
cucreMu. JlaHi IIbOTO CIIUCKY MOXXYTh OYTH BpPY4HY
opopmIileHi 1 HaJICWIaHI y BHIVIAMI CKaproBOTO
3BepHEHHs 0 myOnivanx DNSBL-cepBepiB, koxkeH
3 sAKUX Tependayae BiIacHUH QopMaT Takoro
3BEpHEHHS 1 IIpoLeypy HOoro po3risiny.

Tabmuws 2
HapaxyBanns mrpaduux 6anis ais [P-agpec, mo
nepeOyBaroTh B 0a3i manux “Attackers”

PiBenr mnonioHocTi | KinbKicTh
IP-anpec HapaxOBaHUX
mrpadHUX O6aIiB
/22 /23 /24 /25 2
/26 3
/27 4
/28 /29 /30 /31 5
/32 10

6. Buyunutn 3 0a3M JaHUX 3amicH CTapii 3a
NEBHUI TPUBAIUHA Nepioll, HAPUKIAL, 2 POKH.

Ha ¢parmenTi skypHasy MOpPYIIHHKIB, IO
IHTEHCHUBHO BTaayBaM aJpecy OTpUMYyBadiB, T0Ope
BUAHO (puc. 3), OO0 B OJHOMY BHIAAKY JJIs
NOUIMPEHHS! HEO0aXKaHWX MOBIJOMIIEHb 3JI0BMUCHHK
BUKOPHUCTOBYE OJIUH HOLITOBUH cepsep
(72.29.73.123), B iHmMIOMY BHUOAIKy KJIAcTep
nomToBux cepBepiB (31.41.219.211-31.41.219.213),
IUTS SIKi Hasiexkath [P-miamepexi /29.

72.29.73.123  2014-02-21 <D2600123@univ.net.ua>
72.29.73.123  2014-02-21 <D2600107@univ.net.ua>
72.29.73.123  2014-02-21 <2600121@univ.net.ua>
199.59.150.88 2014-02-21 <victor@univ.net.ua>

31.41.219.212
31.41.219.211  2014-02-25
31.41.219.213  2014-02-25

2014-02-25 <ambulance@univ.net.ua>

<ambulance@univ.net.ua>
<ambulance@univ.net.ua>

Puc. 3. Xapakrepna 3mina [P-agpecu mopyurHuka,
Mo madupae TOMTOBY  aapecy  ICHYHOYOTO
KOpHCTyBaua.

BucHoBku

1. TpuBase mnepeOyBaHHS MOMITOBUX CEPBEPIB
Cy4aHUX MiJOPUEMCTB y YOPHUX CIIHUCKax MOXKe
HETaTMBHO BIUIMHYTH Ha pEIyTalilo IOITOBOI
CHUCTEMH IThOTO IANPUEMCTBA, KOPHUCTYBadi SKOTO
HE 3MOXYTh BYAacHO 1 0e3 IMepeniko] BiANPaBUTH
HEOOXiTHY KOPECIIOHJEHIII0 KOPUCTYBayaM 1HIIOL
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MOILITOBOI CUCTEMH, SIKa MiJ Yac OTPUMAaHHS JIHCTIB
BUKOHYE MEPEBIPKY THX CAMHX YOPHHX CITUCKIB.

2. 3ampomoHOBaHWH B CTATTi  MiAXI,
BIPOBA/KeHUI B momToBiid cucremi KHY imeni
Tapaca llleBuenka, 103BoJIsiE BYacCHO iH()OPMYBaTH
MTOIITOBHUX aJMiHICTPaTOPiB po (haktn
NOTPAIUISTHHS BY3JiB MOIITOBOI CUCTEMH JI0 YOPHUX
CIHCKIB 3a JONOMOIOI0 eNeKTPOHHOI momTH abo
CIIy’k01 KOPOTKHX MOBioMIieHb (SMS).

3. Anani3 xxypHairy ciry>xou SMTP, mo mpuitmae
MOBIIOMJIEHHS BiJ IHIIMX IIOIITOBHUX CHCTEM,
JO3BOJIIE  OTpHMaTH  CTaTHCTHKY  [P-ampec
TTOPYITHUKIB, SKI 3alMArOTHCS TiA00POM ITOIITOBHX
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aJpec ICHYIOYHMX KOPHUCTYyBadiB Ta aBTOMATHYHO
nomictut  [P-ampecn 1MX  MOPYIIHWKIB 10
MPUBATHOTO YOPHOTO CIHCKY ITOIITOBOI CHCTEMH 3
MOKJIMBUM  ONPHIIIOJHEHHSIM iH(OpMAIli I[Oro
CIHUCKY, HANPHUKIAJ, Yy BUIISAAH CKaproBOro
3BepHeHHS 10 TmiobamsHOro DNSBL-cepBepa 3
MPOXaHHsAM 3a0yioKyBatH 111 [P-anpecu.
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Yucrosumu memooamu O00CHIOHCEHO edheKmUusHicms pooomu nopo2o8o20 CNIHMPOHHO2O0 MASHIMHOZ0
Hanooemexmopa 6 obnacmi amnaimyo exionux HBY cmpymis, wo 8ionosioaiomsv cunvHomy 2icmepe3ucy Ha
3ANeHCHOCMI UXIOHOT nOCMIUHOL Hanpyeu demexmopa 6i0 exionoeo HBY cmpymy. Ilokazano, wo 6 oanomy
pedicumi pobOmu WUPUHA 2iCmepe3ucy Hecymmeso 30Lbuyemvcs i3 30iIbUeHHAM YACMOMU 308HIUHBO2O
CUSHATY MA HENTHINUHO 3A1edcums 810 amniimyou nois niomaenivyeanns. Ompumani pe3yaibmamu MojiCymb
Oymu KOpucHumu 01 pO3POOKU MIKPOXGUILOGUX CUCEM O00pPOOKU OAHUX HA OCHOBI CNIHMPOHHUX
MAZHIMHUX HAHOCMPYKMYD.

Kurouosi crosa: cninmpounull MazHimHull HAHOOeMeKMOop, NOPO208ULL OemeKmop, CUNbHUL 2icmepe3uc,
wWupuHa eicmepesucy.

Performance of a threshold spin-torque microwave detector (STMD) operating in a strong hysteresis
regime with applied dc magnetic field is investigated numerically. The analysis is done in the case when
amplitude of input microwave current corresponds to the hysteresis area on the dependence of output dc
voltage of the detector on input microwave current. The hysteresis width is slightly increasing with frequency
of an input signal and nonlinearly depends on the amplitude of an external bias dc magnetic field with
different scale for high and low hysteresis threshold. Obtained results are important for development of
STMD-based microwave systems for signal processing purposes.

Key Words: spin-torque microwave detector, threshold detector, strong hysteresis, hysteresis width.

CrarTio pesctaBuB 1.¢.-M.H., go1. CaBerkos C.M.

Ha OCHOBI mapysatux crinTpoHHux MHC (mam —
npocto MHC) 6a3yerscs Ha edexri STT Ta T.3B.
niogaoMy edekTti [11]. OcraHHIi TONATaE y TOMY,
mo mig  giero  3oBHimHROro  HBY  ctpymy
1 (t)z[ RF sin(cot) Yy BIUIBHOMY MarHiTHOMY Iiapi

Beryn

[Ticns mependadenns CrmoHYeBCHKUM Ta bepixke
[1-2] edekTy mnepeHOCYy CHIHOBOTO MAarHiTHOTO
MomeHTY (the spin transfer torque effect, STT edexr)
y mapyBatux (T.3B. CIIIHTPOHHHWX) MAarHiTHUX
Ha”HocTpykTypax (MHC), ueit edext npuBepHyB 10
cebe yBary HIOCHITHHKIB ycboro cBiTy. ChOrojHi
iCHy€ 3HaYHa KUTBKICTh SIK €KCIIEPHUMEHTANBHUX [3—
14], tak i TeopetmyHHX poOIT [15-19], B sKHX
3aMpoINOHOBaHI Pi3HI CIIOCOOM BHUKOPHUCTAHHS I[LOTO
epeKTy Ha MpaKTUIi: 30KpeMa, CTBOPEHHS CHCTEM
TUHAMIYHOI Ta CTaTUIHOI Mar"iTHOI mam’sTi [3, 20],
po3pobka HaHoreHepatopie HBY [4-10, 17, 18] Ta
nerekropie HBY [11-14, 19] Tomo.

[Mpurnun aii 3anponoroBanux nerextopis HBUY

(free magnetic layer, FL) cTpykTypu BHHUKArOTbH
KOJIMBaHHS HAMAardideHOCT]1 Ha 4aCTOTI 30BHIIIHLEOIO
HBY curnany «. Bignosimno, maraitoomp MHC

R(t)=Rpc + Rppsin(of +¢) Takok 3MIiHIOETbCS 3
4acToTor0 . OTKe, Ha JCTEKTOPI BUHMKAE I1OC-
TiliHa Hanpyra Up. = <I(I)R(t)> =0.51 Ry cOSOQ,
ae <> O3HaYae OMepaliio yCepeIHeHHs 10 Jacy 3a
o -
nmoyaTkoBa (paza KoJIMBaHb MarHiToomnopy (puc. 1).

nepiog kommBanb HBY curnany 2n/o,
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Puc. 1 Mogens TproxmapoBoi muiinapuaHoi MHC
pamiyca R: FL — «BinpHuit» marnitHuii map, DL —
HEeMar”iTHUH mpomapok — wertanesuir (Cu) abo
nienextpuunuit  (MgQO), PL — «3akpiruieHuii»
MarHiTHUH mmap. [lig mi€to enexkTpuyHOro CTpyMy
I(t)=Ipc+ 1y (t) y FL 30ymkyerbes mpeuecis
BekTopa HamarHiyeHocti M. Tyt p — oguHWYHUHR

BEKTOp, II0 BU3HAYA€ HANPSMOK HAMArHIYEHOCTi y
PL; B, — 30BHINIHE NOCTIiHE MAarHiTHE IOJE

i IMarHI9yBaHHS

Bigomi n1Ba CyTTE€BO pi3HUX PEXUMH POOOTH
CIIHTPOHHUX MAar"iTHuX HaHoxerekTopiB (CMHJ):
pe3oHaHCHUHN KBampatuuHuid pexxum [11, 12, 16, 19,
21] Ta HEpe30HAHCHUH TMOPOTOBUH PEXKUM POOOTH

nerektopa  [22]. Ilepmmii  pexxum  poOoTH
peami3yeTbcsi 32 YMOB 30YIDKCHHS — CIIA0KHM
3oBHilIHIM HBY curHamom Mamux KOJHBaHBb
HamarHiveHocti y FL 1 xapakrepusyerbcs

KBaJIPaTUYHOIO 3alexHICTI0 Up. BiA .. dpyruii

peKUM POOOTH JIETEKTOpa, SIKUH PO3TJISIa€EThCS
HWXYeE, BIJNOBIJIa€ BUMAAKY 30Y/DKCHHS 30BHINIHIM
HBY cwurnmamom moszamnommaHOi  (out-of-plane,
OOP) mperecii HaMarHiuYeHOCTI 3 BEJIMKHM KYyTOM
mpeuecii y FL. Leit pexum pobotn CMHJ OyB
Briepie Binkputum st MHC, nmomimenux y cnadke
MIePIEHANKYJIApHE  TOCTiIHE  MAar”iTHE  IIOJie
(B, <pyM,, n, — MarmitHa cTama, M, -
HamarHiueHictp HacwueHHS FL) (amB. puc. 1). Sk
Oyro mokazaHo B [21, 22] y mboMy pexkumMi poOOoTH
JIETEKTOp TPALIOE SK HEPE3OHAHCHUM IIOPOTOBUM
JNETEKTOP  HU3bKOYACTOTHUX  MIKPOXBUIIBOBUX
CUTHAJIIB.

Meroto naHoi poOOTH € AOCIIKEHHS BIUIUBY
gacToTH 30BHIMHROr0 HBY curmamy Ta aMIniitTyam
MOCTIHOTO TMOJNISl TiIMarHiuyBaHHsS Ha UIHPHHY

- high _ 1
ricrepesucy  Alp. =I1,% — 1" y 3raganomy
HEPE30HAHCHOMY [OPOrOBOMY PEXHMi POOGOTH

CMH/JI. Tyt I} — epxmiii mopir rictepesucy, a
I

3aJIe)KHOCTI BUXiHOI Hampyru aerekropa Up. Bix

— HWKHIA Mopir TricTepe3ncy Ha THIIOBIH

ammityau Bxigoro HBY ctpymy [, (puc. 2).

Ul)c,MB
150 . bigh
j-l'ow v t :g ==
t|h — e
100 K r
30 J: Algy
0 : t Iy
00 02 04 06 08 1.0 12 =a
Puc. 2 TumoBa 3aiexHicTh BUXITHOI Hampyru

nerekropa U, Big ammiuityau BxigHoro HBY

CTpyMy [, SIKa UTIOCTPYE HASBHICTB TiCTEpE3UCy 3

__ rhigh low
WHUPHHOK Alp, =1,° — 1y

Yuciaosa MoJejb

Y poGoti posrnsgaBcs CMHJ Ha ocHOBI
MWIHIPUYHOTO HAHOCTOBIYMKA 3 TONEPEYHHM
nepepizom kpyrioi popmu (auB. puc. 1). Ilocriitae
Mar”iTHE TOJie MiJMarHivyBaHHSA OyJI0 HaIpaBJICHO
MEPICHANKYJISIPHO 0 IUIOIIMHU MAarHITHUX IIapiB
CTPYKTypu, a Horo ammiityna B, Moraa

3MmiHoBatuch y Mexax Bim 100 MTa mo 800 mTom.
l'eomeTpu4Hi Ta MAarHiTHI MapaMeTpu CTPYKTYypH
Oynu oOpaHi BHUXOASYU 3 THUIIOBUX CKCIIEPH-
MeHTanbHUX 3HaueHb [11, 13]: paxiyc FL R =50 uwm,
toBiHa FL L =1HM, HaMarHideHicTb HaCHYEHHS
FL p,M, =800MmT, crana 3racanus ['insOepra mis

marepiary FL o =0.01. EdextuBHicTs cniHOBOI
noJisipu3aitii HociiB 3apsany P =0.7 .

[Ipumyckanoch, MO HaMarHiueHiCTh 3aKpirie-
HOTO MarHiTHOTO mapy cTpykTypu (pinned magnetic
layer, PL) € HepyxoMot0, a pyx HamaraiueHocti y FL
MoyKe OyTH OIMCAHUM Y HAOJIHKEHHI «MaKpOCIIHY».
Brume Temmeparypu Ta IOyMiB Ha JUHAMIKY
HaMmarHideHocti y FL He BpaxoByBagcs.

Hunamika Hamar"iveHocti FL M=mM,

OTHCYBaNaCh PIBHSHHSIM Jarnay—Jlidpmmisa—
I'inpb6epra—Crnongencrkoro [1, 2, 15]:

238



Bicnux Kuiscbroeo nayionanvhoeo yHisepcumemy
imeni Tapaca Lllesuenxa
Cepisn: ¢hizuxo-mamemamuyni HayKu

2014, 2 Bulletin of Taras Shevchenko
National University of Kyiv

Series Physics & Mathematics

dm dm

—=vB . xm+omx—+c/(t)mxmxp, (1
d YD d ( ) p, (D
ne y~2n-28ITwTn, B, — edexruBHe MarHiTHe
30BHINIHLEOTO

zB, Ta mona

mnojie, sKEe €  CYNEPIHO3HIIIE0
MOCTIHHOrO MAarHiTHOI'O  IOJIA
posmarHiuyBaHHs —Zp,M, (HaOmMKEHHS TOHKOI
wriBkn). KoedinieHT G 3amaBaBcs sk
B c, B Yh P
O=——F5——,0, = ————,
1+ P* cosf 2e M,nR°L

ne P=m-p, h=h/2n, h — crana [lnanka, e

2

€JIeMEHTApHUN eNeKTPUYHUN 3apsl, P — OAUHUYHUN
BEKTOp y HampsIMKy HaMarHi4eHOCTi 3aKpiIsIEHOTO

mapy — BBaXaloch, MO P=X. X,Y,Z opTH
KapTe31aHChKOI CUCTEMH KOOPAUHAT X, ), Z .
PiBusast (1) po3B’A3yBaIOCH  YHCIOBHUMHU

MerogamMu B Tmmakeri Mathematica. Sk pe3ynprar
OyJ0 BHU3HAYCHO 3aJCKHICTH M Em(t). Haui,
BUKOPHCTOBYIOUH BHpa3 Uil MiKpOXBHIBOBOTO
MarHiToonopy HaHOCTPYKTypu (mpu R, =0),

R

_ il
R(1)= R ®

1+ P cosP
YHUCJIOBUMH METOJaMH OYJI0 PO3pPaxOBaHO MOCTIHHY
HATPYTy Ha BUXOJIi JICTEKTOpA:

Ve = % [ e sin () R(z)dr . )

0
Y dopmynax (3)—(4):
crpykrypunipu f=7n/2, T=2n/®.

R, — XapakrepHuHil omip

PesyabTaTu Ta iX aHaJi3

Ha pumc. 2 mokazaHa TWIIOBa 3aJIeXKHICTh
BUXIJIHOT Hampyru neTekTopa Bim BxigHoro HBY

crpymy  Upe (1 RF), po3paxoBaHa JUIA BHUIAJKY

R, =1xOm, B,=200MTn, o/2n=f=3ITn.
Bugso, mo  Ha  samexHocTi  Upe(Ipy)
CIIOCTEpITAEThCS  CHWIIBHHHM  Tictepesmc.  llpm

noBinbHOMY 3pocTtanHi ammutityan HBY crpymy 7,

HEHy/N1bOBa BHUXIJHa Hampyra Ha  JETEKTOpi

3'spuserbca ume npu L >IN pe [N —
BEpXHill mopir ricrepesncy. B Toit ke dac, SIKIO B
pexumi  cTabinbHOi  nuHaMiku  (TOOTO  mpH
Lyp > 1)
30BHIIIHBOTO CUTHAJY, HEHYJIbOBA BUXIiJJHA HAIpyra
Ha JeTekTopi OyAe ICHyBaTH TOKH aMILITyAa
CTPyMY Oyne OLIBIIOK 3a HIDKHIA TOpIT

ricrepesucy I\ (L > I2Y).

noyatd  3MEHIIYBAaTH  aMILTITyIy

IRF

XapakTepHUM

MmapaMeTpoM TaKOTro TiCTepe3ncy € HOoro ImpuHa
__ rhigh low

Al RF =1 th  — “th -
Y moporoBoMy pexuMi poOOTH JETeKTOpa

30BHIMIHIA  cuTHAN  30Yy/DKye — TMO3aIUIOIIUHHY
MPelecito  HAMarHiYeHOCTI HAaBKOJO  HAMPSIMKY

By =2By = Z(Bo - lvloMo) .
low
Ta I
BUSIBIIIOTHCS. 3QJCKHUMM BiJl aMIUITYOU IOJIS
nigmarHivyBanHs B,. KpiMm Toro, BpaxoByoouH, IO

e(PEeKTUBHOTO  MOJIS

BinnosizHo, BenuumHM moporis o€

HOpOFOBI/H\/'I PEKUM pO6OTI/I ACTCKTOpA MOKJTUBUI
f‘low <f<fhlgh5 e

£ =1TTu, f™" ~yB,/2n, mupuna rictepesucy

Jqume B 00JIacTi  4acToT

Mae 3anexxatd Big uvactotm HBY curnamy f Ta
aMIUTITY 1 HOJIS MiAMarHidyBaHHs B, .
: : high low
XapakTepHi 3aleKHOCTI [y, (BO), Iy (Bo)
nmokasaHi Ha puc. 3. BumHo, mo i3 30UIBIICHHIM
aMIUNITYM MOJdA MiJAMarHiuyBaHHs B, BeINYHUHH

BEPXHBOTO Ta HIKHBOTO TIOPOTIB TICTEPE3UCY

3MEHIIYIOTBCS 3a PI3HUM 3aKOHOM. BinnosinHo,

~ high _ fl ~
mupuHa ricrepesucy Al =1;*" —1;" 3poctae i3

30UIBIICHHSM aMIDITYAX TOJS B OOJACTI Manux
nonis (B, <200mTn), ane npu nonsx B, >200mTn
Al
3anexxaTu Big B, . lle cBIT4MTH IpO Te, IO BKE NPH
B, ~p,M, /4
HaJIeKHI CIpUATINBI yMOBH st 30ymkeHHs OOP
mpetiecii HamarHideHocTi. BiAmoBigHO, mopaibIie
301BIICHHS] aMIUTITYAH TOJNS HE TPU3BOAMUTH [0
3MIHM YMOB 30Yy/DKEHHsI KOJIMBaHb HaMarHi4e€HOCTI

npu [ > 15"

HIMPHHA TiCTepe3ncy (akTHUHO TepecTae

aMIUTITy1ax — TOJIst CTBOPIOIOTHCS

HOpiBHHHO 3 YMOBaMU 3HUKHCHHA

low

TaKuX KOIUBAHL TpU [, <[
Iy ,MA

1.2
1.0
0.8
0.6
0.4
0.2

150

200 250

Puc. 3 3anexHicTh MOPOTOBUX CTPYMIB JETEKTOpa
BiJT aMITIITY IX 30BHIITHBOTO TIOJIS i AMarHiayBaHHS

3 puc. 3 TakoX BUIUIMBaE, IO aOCONIOTHI

high low

3HaueHHs 1oporiB  ricrepesucy  [,°, Iy
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3MEHIIYIOTBCA 13 301IbIIEHHSAM aMIUTYAH TIOJS
HiMarHiuyBaHHss ~ B;, OCKUIbKM BEJHKE TI0J€e
migMar"idyBaHHs copuse 30ymkenHio came OOP
npetecii HamarHideHocTi. [Ipy mammx amrutiTymax
nosisi B, BEJUYUHU INOPOTIB € JOBOJI BEIHKHMHU, a
MIMPUHA TICTEPE3UCy JOCHTh MAJIOI0, OCKUIBKH
ymoBu 30ymkeHHss OOP mperecii HamarHi4eHOCTI
npu B, <150mTn cyrreBo moripmrytorscs. OTxe,
e Iy

BEJIMYMHOIO TIOPOTIB 30YIKEHHS K 1

2 b

mmpuHOI0  rictepesucy Al = I[N — 1Y moxma
KepyBaTH IUIAXOM 3MIHH aMIUNTYAH MOCTIHHOTO
HOJIA MiAMarHidyBaHHs B, .

Ha puc. 4 mokazaHO 3aJeKHOCTI TOpOTIB
e (f). e (f) Bin wacrorn HBY crpymy f .
BuaHo, 1m0 BENMYMHH [UX MOPOTiB MOHOTOHHO
3pOCTalOTh i3 30UMBIICHHSAM YacTOTH f , OCKLIBKH
OumbIII¥ wacTOTI mperiecii f BiAMOBITAE OUTBIIMN

KYT TIperiecii, o o3Hav4ae HeOOXiTHICTh 30y IKEHHS

takoi mpemnecii Outbiimv HBY ctpymom. Bumho

- high _ 71
TAaKOX, W0 IMMPUHA TicTepe3sucy Aly. =1, — 1"

Maibke He 3aJeKHTh BiJl YaCTOTH CHUTHAlIy B
3a3HAYCHOMY JIiama30Hi d9acToT. 3 IHIIOro OOKYy,
BUXOIsT4YH 3 TOrO (hakty, mo pexxum OOP mpenecii €
CTaOIABHUM JIMILIE 3a YMOBH f <yB,/2m [21, 22],
1o B
BEJIMYMHU  TIOPOTiB

OKOJI1
Ta

MOKHA MIPUIYCTHTH,
f~vB,/2n~56ITn
IIMpUHA TICTEPE3UCy MOXKYTh 3a3HATH CYTTEBUX
3MiH.

TakuMm YWHOM, 3aJIEKHOCTI TIPEACTaBIICHI Ha
puc. 3, 4 O3BOJSAIOTH OLIHUTH BEIUYHUHU TOPOTiB

high low
1=, Iy Ta
__ rhigh low
Al RF — I th I th
CUTHAIy Ta aMIUNITyOd TIONsA TiJAMarHigdyBaHHS.
BenmnunaaMu UX MTOPOTIB Ta IMAPHHOIO TiICTEPE3UCY

MOXHA KepyBaTH MUIIXOM 3MiHM  BEJIMYHHH
MOCTIHOTO OIS MMiAMarHiayBaHHSI.
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CMH/[, I, Iy
YUHOM 3ajiexaTh Bim dacrotm HBUY curnamy, mo
JETEKTY€EThCS, Ta aMIUTITY/IN TIOJIS TTiIMarHiayBaHHs
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B oaniti pobomi zanpononosano opuzinaibHy memoouxy eucomosients kpucmaiie MoQ; beznocepednvo
3 MEemaniuHo2o Moib0eHy 3a OOROMO20I0 eleKmpody208020 po3p:ady. Kpucmanu gopmysanuce Ha O0Ko08iti
nosepxui  MOMOO0eH08020 eneKmpooa Nid HAC 2OPIHHA GLIBHOICHYIOUOI eneKmpudHoi Oyeu CUuio
cmpymy 3,5A4. /[na suznauenus OCHOGHUX emanis hopmyeants, XiMiuHO20 CKIAJY ma CMpPYKmypu Kpucmaie
3ACMOCO8Y8ANUCH CNOCMEPENHCEHHS 30HU POCHLY KPUCMANI8, PeHM2eHOCMPYKMYPHUL AHAI3, YACO-NPONimMHA
JIA3epHa Mac-CNeKmpomMempis ma Mikpockoniuni docaiodcenns. Kpucmanu saeusnu coborw nposopi Oauckyyi
npUMU Ma NAACMUHKU, KI CKAAOAIUCD, 20I08HUM YUHOM i3 opmopom6biunoi ¢azu MoQ;.

Kurouosi cnosa: kpucmanu mpuokcudy moniooeny, o-M0oGQs, npoyec ocadicennsi 6unapogyeams, niasma
eneKmpo0y208020 po3psoy.

Simple original technique for fabrication of mol@mdim trioxidecrystals during electric arc discharge
directly from metallic molybdenum was proposed. Vbdically oriented free-burning arc was ignited
between the end surfaces of metallic molybdenuncaooled electrodes. Molybdenum oxide crystals were
deposited on side surface of anode. Observaticrrystals formation zone was used for determinatibn
main formations stages. The resulting products vséudied by X-rays diffraction, time-of-flight laseass-
spectrometry and optical microscopy methods. biy&sons indicate, that self-organizing vapor-dsjimn
process of Mo@crystals formation has place. The resulting prodisctcolorless sparkling prisms and
platelets, which are mainly consist of orthorhomiiMoO; phase. Optical microscopy indicates formation
of closely packed feather-like pins structures dayyor-solid process.

Key words: molybdenum trioxide crystals, orthorhambMoOs, vapor-deposition process, electric arc
discharge.

Crartio npeactasuB 1.¢.-M.H. AricimoB 1.0.

Beryn 0a3yioThcs, TOJOBHMM YHHOM, Ha  Tporieci
Tpuokcun monibaeny MoO; mpuBeprae yBary ocapDKeHHS MaTepiany 13  BuUmapoByBaHb. Lle
JTOCITI THUKIB gepe3 YUCIICHHI MIPOMHUCIIOBl  CIIPUIMHEHO OKHUCIICHHAM METAIIYHOTO MOiOIeHy

3aCTOCYBaHHA. SK MaTepiadl s KaTOMIB JITiii-
ionHux Oarapeit [1,2], sk MaTepial 3 BHCOKHMH
eMICIHHUMH ~ BJIACTHBOCTSIMH Ui  KOPOHYIOYHX
enextponiB [3], sk Marepian A ra30BHX CEHCOPIB
[4] Ta karamizaTop peakmii = IEepPETBOPEHHS
BYTJICBOAHIB [5].

Hns BurotoBineHHs MOO; 3acTOCOBYIOTH SIK
cyro XximiuHi, Tak 1 ¢izuuni Meromu. OcTaHHI

© A.B. JIe6inp, A.M. Bexnuy, B.®. Bopenskuii,
O.I'. Konecuuk. C.I1. CaBenok, O.B. Anapees.
2014

npu  temmeparypax Oinmbme 200C Ta BHCOKUM
TUCKOM HacwuyeHux mapiB okcuaie M0oO, ta MoO;
HaJ TaKOI TOBEpXHEK. Tak s BHUTOTOBJICHHS
TPUOKCHITY MOTiOIeHy BHKOPHUCTOBYBAJIOCH
HarpiBaHHsA MONiOAeHOBOI mympu y medi [1, 6] abo 3a
JIOTIOMOT 010 iH(ppavepBOHOTO HarpiBaHHs
MoiomeHoBoi  ¢omerm  [3] 3 mogambIImAM
ocamkenHaM MoO; Ha migxkimaguHkax. Takox
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ICHYIOTb METOAMKU BUT'OTOBJICHHSI CTPYKTYPOBAHOTO
MoO; y MikpomIa3MOBHX IIpoOIiecax Ha OCHOBI
BHCOKOYACTOTHOTO pPO3PAAY TpH aTMoc(hepHOMY
THUCKY [2].

B naniit poOOTi NMPOMOHYETHCS ANbTEPHATHBHA
METOJMKAa OTPHMAaHHSA KPHUCTATIB 3a JOHNOMOTOIO
€JIEKTPOLYTOBOTO TUIA3MOBOTO JoKepena
atMocdepHoro Tucky. IlepeBaramm Takoro mxepena
€ TpOCTOTAa BHUTOTOBJIEHHS, BHCOKA IIBUJIKICTH
nporecy BUPOILyBaHHS KpHCTaIiB Ta
MOBTOPIOBAHICTh PE3ybTATIB.

Jlns BU3HAUCHHS OCHOBHHX €TaIiB (pOpMyBaHHS
KPHUCTAJIB 3aCTOCOBYBAJIUCH CIIOCTCPEKCHHS 30HH
poCTy Ha TOBepxHI aHoma. XiMIUHUM cKiajg Ta

CTPYKTypa KpPHUCTANiB BHU3HAYAINCh METOJaMH
PEHTTEHOCTPYKTypHOro  aHamizy.  OcoOauBOCTI
CTPYKTYpP  PpOCTY  KpPHCTaliB  JIOCIHIKYBAIHCh

3aco0amMu ONTUYHOI MiKPOCKOITii.

ExcnepumenTt

Y  3amponoHOBaHOMY ILIa3MOBOMY JDKepedi
eNeKTPUYHA Jyra 3alaiioBanach MiX TOPIEBUMH
MOBEPXHSAMH  HEOXOJIOJDKYBAaHMX  MOJIIOJCHOBHX
enektpoxiB (puc. 1,a). Cuia cTpymMy CTaHOBHIJIA
3,5A, ngiaMeTp eneKTPOIiB Ta PO3PSAAHUIN MTPOMIKOK
ckiamany 6 ta 8 MM, BiamoBigHo. Kpucranu okcumy
Mmomioneny (puc. 1,0) ocamkyBaiguch Ha OiuHIH
TIOBEPXHI HIKHBOTO elekTpona (anoma). Kpucramu

HAKOMUYYBAIUCh y BUTISJII  KPUXKOTO  Iapy
IOBITFHO OPIEHTOBAaHMX TPO3OPHX TIPH3M  Ta
miactuHOK. Cnijl 3ayBakWTH, IO 30HA POCTY

KpUCTaJliB PO3TAalllOByBajach Ha 3-DMM HIKYE
BEPXHBOI TOPIBOBOI IMOBEPXHi eJeKkTpoaa (muB.

puc.1).
3 METOI BU3HAYCHHS OCHOBHHX CTaIliB POCTY
KpHCTAJIiB 3aCTOCOBYBaIach BiJieopeecTpartis

MPOIIECIB y 30HI POCTY KPUCTAIIB.

XiMiyHUHM CKJam Ta CTPYKTYpy OTPHMAaHUX
KPHUCTAIIB BU3HAYAIM PEHTTEH-TH(PpPaKTOMETPU-
HAM METONIOM aHajizy Ha ycranoBmi JIPOH-YML1,

Ilma3ma 0BOT'O
pospsany
ﬁ <——  3oHa 6e3 oxcuma
'y .
VI

-L} 3oHa (bopMyBaHHﬂ
g 1 kpucranis MoO
N 3

L)
"
-
»

<+—— AHox
a
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JIOJTATKOBO BUKOPHCTOBYBAITH
Ja3epHy Mac-CIIeKTPOMETPItO.

Jlns Bu3HAYeHHS OCOOMMBOCTEH (QopMyBaHHS
KPUCTAJIIB 3aCTOCOBYBABCSI ONTHYHHI MiKPOCKOII
MBU-1.

4aco-MPOIIiTHY

IIpouec pocTy KpucTajiB

[porec pocTy KpUCTaIiB MOXKE OYTH MOIIICHUI
Ha xapakTepHi cranii. besmocepennbo micis
3aMaioBaHHS JAyTrd TPOAYKTH  BHIIAPOBYBAHHS
BigicyTHI (puc. 2,a). Yepe3 20 ¢ HaBKOJIO eJEKTPOa
3’ ABJsIETHCS OLIMIA UM, SIKWH, HA AYMKY aBTOPIB, €
IPOIYKTOM BHUIIAPOBYBAHHS OKCHAHOI IUIIBKH Ha
moBepxHi enexkrpoma (puc. 2,6). JlilicHo, aBTOpH
[1, 6] 3Bepranu yBary Ha OKHCICHHS METaJIIYHOTO
MOIO/IeHy Ta BHITAPOBYBaHHS OKCHIIB 3 KOTO
MTOBEPXHI MPU HArpiBaHHI.

Jlane  TIpUNyIIEHHS  JO3BOJIIE  TOSICHUTH
BIZICYTHICTh KPHUCTANiB Yy 30HI MOONHM3Yy TOPILSA
enektpoma (mmB. puc.l), me Temmeparypa OigHOI
noBepxHi € HaiBumor. Tak, B poboti [6]
3a3Ha4a€eThCs, Mo mpu Temnepatypi Buie 1150C Ha
MOBEPXHI MOJIOACHY IOBHICTIO BIJICYTHS OKCHIHA
IUTIBKA, IO 3YMOBJIEHO ITOBHHUM BHIIAPOBYBAHHIM
YTBOPEHHUX OKCUIB 3 MOBEPXH.

Ha mnactymniit cranmii (uepe3 uwac ~5c¢) Ha
MOBEPXHI  BXKE  CIOCTEPITalOThCSA  IIACTHHKHU
kpuctanie  (puc. 2,B).  IMOBipHO,  3pOCTaHHS
KpHCTaNiB TMOYMHAETHCS Ha NedeKTax MoBepxHi. B
HOAANBIIOMY KOHBEKTHBHI IIOTOKH HEpPEHOCATH
HPOIYKTH BUITAPOBYBAHHS 10 30HU POCTY KPHCTANIB.

IToBTOpHE BUnapoByBaHHs Kpuctaiie MoOs; B
30HI (QOPMYBaHHS KPHUCTaliB OOMEKYEThCSA IBOMA
¢akropamu. Ilo mepme, kpucrtamu (OPMYIOTh
QKYpHUH KpUXKHH IIap, SKUH Mae MiHIMaJIbHUN
TEIUVIOBUH KOHTAKT 3 IIOBEPXHEK METaJiuHOIo
enektpopa. [lo gapyre, KOHBEKTHBHI IOTOKHM HeE
TINBKM TEpeHOCITh OyniBenbHUIl MaTepian s
KpHCTaliB, aje JAOJAaTKOBO OXOJOMKYIOTb BXKE
chopMoOBaHi KPUCTAIIH.

5 mm

Puc.1 Cxema ma3MoBoro /pkepena (a) Ta 30BHIIIHINM BUTIISL KPUCTAiB Ha TIOBepXHi aHOoAa (0)
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BunanosvBanusa

B

Puc.2 3ona popmyBaHHS KpHCTaJIiB HA PI3HHUX €TaNax MpoIecy: MOYaTKOBH cTaH OOKOBOI TIOBEpXHi (a),

mosiBa BUIapoByBaHs (0), hopMyBaHHs KpucTaliB (B)

TakuM YMHOM, y 3ampPONOHOBAHOMY JDKEpei
Mae MiCIle Y3TO/DKCHHM ITOCTIIOBHUN  TIpoIec
YTBOPEHHsSI ~ KPUCTaJliB.  OKHCJEHHS  IOBEpPXHI,
BUITIAPOBYBAHHSA OKCHIHOTO MIapy, HEpPEHECEHHS
napiB Marepiany ta pocty kpuctaiaiz MoQOs;.

MoxHa  BUCIOBHTM  TNPHUIYLIECHHA, IO
MPUTHIYEHHST Tpolecy (GopMyBaHHS KPUCTANTIB, SKE
CIOCTEpIra€Tbcss  4epe3  2XB,  BiAOyBaeTbCs
BHACITIZIOK TIEPEKPUTTS METAIIYHOI MOBEPXHI LIapoM
KpHUCTaNiB, IO YTPYAHIOE BHIIAPOBYBAaHHS Ta
TIepeHeCeHHs OYIiBETLHOTO MaTepialy KPUCTANIB.

XiMiuyHMi cKJIA/X Ta CTPYKTYPa OTPMMAHHX
KPHUCTATIB

Jlist BU3HAYEHHS XIMIYHOTO CKJIaqy OTpHUMaHi
KpUCTAId BWIy4YaJld 3 TIOBEPXHI  EJIEKTPOJa,
po3MenoBaii  Ta  JOCHIDKYBadl  METOJaMH
PEHTTCeHOCTPYKTYpHOTO aHamizy. llomoskeHHS MiKiB
iHTeHCHBHOCTI Ha audpakmiiniini xaptuni (puc.3)
OJHO3HAYHO BKa3ye, IO OCHOBHUM KOMIIOHEHTOM
OTPUMAHOTO MaTrepialy € TPHOKCHI MOJIOAEHY 3
OPTOPOMOIYHOI KPUCTAIIIYHOIO IPATKOIO - TaK 3BaHa

¢aza 0a-Mo0O;. Takox Ha  gudpakTorpami
ldetectof B.O. “ la-MoO,, B.0.
L — detectoyh cursain z[eTeKropa,- 100
100¢ % 1a-MoO, - sani poSomn [7]
sod- | '
600 150
400-
200 .
- a1 U [l HL ;.J..L b O
20 25 30 35 40 45 5@yr,2°,

crocrepiraroteess  cimign  dasm f-MoO; 3
MOHOKJTIHHOIO KPUCTAJIIYHOIO CTPYKTYPOIO.
PeHTreHOCTpYKTYpHUII  aHami3  OTPHMaHUX
KpHCTAJIB YCKITQTHIOETHCS Opi€HTalITHUMHA
epexkraMu, SKIi  OOYMOBJIIOETBCS  JTOCKOHAJIOIO
crasiicTio Qa3 a-M0oO; o (010). Tak HaBiTh micis
pO3MeNIoBaHHs B MaTepiani 30epiraloTbcs BUALICHI
HalpsIMKH, dYepe3 1IN0 BiHOCHA IHTECHCUBHICTH
mudpakuiiianx mikiB (a came ix 3pocranns) (hkl)-
020, 040, 06@inpi3HsEeTHCS Big qaHUX podoTH [7].

OnTuyHa MiKpPOCKOIIisi OTPMMAaHUX KPHUCTAJIB

Ocamxeni Ha OiyHIH MOBEPXHI KpHCTAIU
(hOpMYIOTh KPUXKHH @KypHHI IlIap HABKOJIO O14HOT
MOBEPXHI HIKHBOTO ejeKkTpoia (aHoma), sAKui
CKJIaJIa€ThCS 3 JIOBIJIBHO OPIEHTOBAHMX, OJHCKYYHX,
npo3opux mpusM  abo mnactuHOK  (puc.3 0)
PO3MIpOM 110 3 MM.

Mikpockorisi JaHMX KpHUCTaliB  BKa3ye Ha
HASBHICTh XapaKTepHUX, MOMIOHMX A0 MTAIIUHOTO
mip’st, ctpyktyp (puc.4). IMOBipHO, L€ CTPYKTypH
HaIIPaBJICHOTO POCTY KPUCTATIB 13 Ta30BO1 (hasu.

100 um

6

Puc.3 PentreHocTpyKkTypHHiA aHai3 (a) Ta CTPYKTYPH CIIPIMOBAHOTO POCTY KPUCTAIIB il MiKpOCKonoM (0)
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Koxne '"mepo" ckmagaeThcst 13 IIUIBHO PeHTreHOCTpYKTYypHHMI aHalli3 BKasye, w10
VIIAKOBAaHMX  TapaielbHux  rojok  (puc.3,0). mepeBaxkHo (opmyroThes Kpucrtamn o-MoOs; 3
IMoBipHO, camMe Ha BICTpSIX TaKWX TOJIOK OPTOPOMOIYHOIO CTPYKTYpOIO, aje CIOCTEPIraroThCs

BiOyBa€ThCSl 3aXOIUICHHS Ta MPUETHAHHS YacTOK
OyaiBeIbHOTO MaTepiaiy i3 mapoBoi dasu.

Taki Tomkm TOMIOHI 10 MIKPOCTPHIKHIB,
omucaHux B poboti [1], ame Ha BiAMIHY Bif HHX,
OpiEHTOBaHi B OIHOMY HAIIPSIMKY — HAalIPAMKY POCTY
KpUCTay.

BucnoBku
3ampomoHOBaHO ~ €NEKTPOAYroBe  ILIa3MOBE
mwkepeno s GopMmyBaHHs Kpuctaiais  M0Oj

Oe3mocepeIHbO0 3 METANIYHOTO MOJIONEHY MpH
aTMOC(EPHOMY THCKY.

TaKOK CIIIX MOHOKIIIHHOT cTpyKTypH -MO0OOs;.

Kpucranu sBisiioTh c00010 TMpo30pi OIHCKYdi
MPHU3MH Ta IJIACTHHKH po3MipoM a0 3 x 3 mm. Ilo
KpasXx IUIAaCTUHOK CIIOCTEpIraloThCsl  XapaKTepHi
CTPYKTYpH POCTY KpHCTaliB Yy BHIVIAAI IIIJIBHO
YIaKOBAaHUX TOJIOK, MMOAIOHUX A0 MTAITHHOTO ITip’ S1.

Mae micue caMOy3roPKeHHI MPOLIEC OKUCICHHS
METaJiYHOTO MOJIIOeHY, BWIAPOBYBaHHS IIapy
OKCHJIIB Ta TIEPEHECCHHS MPOIYKTIB BUIAPOBYBAHHS
B 30HY POCTY KPHCTaJIiB 32 PaXyHOK KOHBEKTHBHHX
MOTOKIB Ta pOCTY KPHUCTAIIIB 3 TapoBOi (a3u.
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MOOen08aHH s MiKpOx@qubOGMX xapakmepucmuk

niocuniosaya HBY dianazomny na ocnosi Himpuo-eaniesux (HI') nanisnpogionuxosux cmpykmyp. Iloxazano,
wo npu nobyoosi npucmpoi Ha octogi HI' HEMT-mpauszucmopie, modxcua oOocsemu Koeiyienma
niocunenns 6ausvko 50 OB npu posmipax niocunosava 27 <18 5.5 mar.

Karouosi crnosa: niocumoeau HBY dianasony, nimpuo-eanicea nanienpogionuxosa cmpykmypa, HEMT-

MPAan3ucmop, KoegiyicHm niocuieHHs.

Microwave properties of microwave amplifier based on gallium nitride (GN) semiconductor structures

has been calculated numerically. We proposed the method of numerical calculation of device. This method is
accurately sets the value of its characteristics depending on the elements that are used in design of amplifier.
1t is shown that the device based on GN HEMT-transistors could have amplification factor about 50 dB,
while its sizes are 27 x 18 x 5.5 mm’. Also was provided the absolute stability an amplifier in the whole
operating frequency range. It is quite important when using this type of amplifiers in different conditions of

exploitation and various fields of use the radioelectronic equipment.

Keywords: microwave amplifier,
amplification factor.

CratTio npeactaBuB K.¢.-M.H. CaBeHkoB C.M.
Beryn

Tpansucropuunit HBY miacumoBad € omHuUM 3

HaWBaXIUBIMINX 1 CAMHUX PO3MOBCIOKEHUX 0a30BUX
€IeMEHTIB CYYacHHX pPaTiOCIECKTPOHHUX CHCTEM
(PEC) wmikpoxBunboBoro aiamazony. He 3Baxkarouu
Ha Te, MO0 Ha CHOTONHI 3ampPOIIOHOBAHO 3HAYHY
KUTBKICTh cxeM Tpar3uctopanx HBUY mincmmroBadis
[1], a Tako’k METOAMK X po3paxyHKy [2], mpobiema
MIPOEKTYBaHHsI I[LOTO KJIACy MPUCTPOIB 3aTHINAETHCS
BEIbMH aKTyanbHOI0. Lle moB’a3aHo0 3:
- BEJIMKOIO PI3HOMAaHITHICTIO BHMOT, SIK1
BHCYBAIOThCS JO Xapakrepuctuk cydacHux PEC i
BIIMIOBIHO, IO TApaMeTpiB  IiJICHITFOBAIBHUX
MIPUCTPOIB, SKi BXOIATH 10 iXHBOTO CKIIAY;

gallium nitride semiconductor structure, HEMT-transistor,
pamioeneKTpOHHOL amapaTrypu (mampukITa,
ONTOBOJIOKOHHI ~ CHCTEMH  3B’SI3Ky, MOOLIBHUHN

3B’S30K, TOIIIO);
- PO3IMIMPEHHSM POOOYOT0 YACTOTHOTO JIiala3oHy
HBUY nigcunioBadis;
- MOSIBOKO HOBUX THUIIB IiICHITIOBAILHUX €JICMEHTIB,
TOIIIO.
[Ipu mpomy B mpomeci mpoektyBanHs PEC wacto
BUHHKA€E CHUTYallis, KOJIM iCHYIOUi CepiifHi 3pa3kd i
THTIOBI1 CXeMH HBY i JICHITIOBAYiB HE
3aI0OBOJIBHSIOTh IIOCTABIEHUM BUMOTaM, 49U HeE €
ONTUMAJIBHUMU ISl IEBHOI KOHKPETHOI CUCTEMH.

B sKkocTi migCHIIOBANBHUX — €JIEMEHTIB Y
nmianazoni HBY wacTim 3a Bce BHKOPUCTOBYIOTh
nmostboBi Tpamzuctopu (IIT) y cxemi BKIFOUeHHS 3i

-3  OCBOEHHAM HOBUX c(ep BHUKOPUCTaHHsA chnitbHUM BUTOKOM (CB), cepem SKUX MIMpPOKe
© J.I. [TaBnos, O.B. IIpokonenko, FO.A.
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BUKOpHUcTaHHs 3HaxoAsTh [1T Ha ocHOBI TexHOOTIT
High-electron-mobility transistor (HEMT) [3]. Lleit
TUI TPAH3UCTOPIB Mae€ Kpalli OCHOBHI poboui
napaMeTpu (Iiama3oH poOOYMX YacTOT, KOe(DillieHT
MiACWIEHHS Ta HEPIBHOMIPHICTh  aMIUITyIHO-
4acTOTHOI xapaktepuctuku (AUX) y cMmy3i pobounx
9acToT, Koe(iIlieHT MIyMy, BHXiAHA TOTYXHICTb,
PiBEHb HENIHIMHUX CHOTBOPEHb, PIBHI Y3TOKEHHS
(xoedimienTH BiAOWTTS) Ha BXOAi 1 BHUXOMI,
CTIHKICTh, TOIIO) Yy TOPIBHAHHI 3 TPaTUIliHHUMHU
HaMIBIPOBITHUKOBUMH TpaH3UcTOpamH [3-5].

OcobnuBicTh BUKOPHUCTaHHS HEMT-
Tpan3uctopiB 'y HBY migcumioBadax BUKIIMKAE
HEOOXITHICT, BpaxyBaHHS CHJIBHOI  YacTOTHOI
3aJIeKHOCTI 1X OCHOBHHX MapamerpiB, TOMY, IS
3a0e3neyeHHss ~ OaKaHUX  XapakTepUCTHK, Y
MiACWIIOBAJIBHUX ~ KacKaJax  BUKOPUCTOBYIOTh
JOJAaTKOBI MacuBHI y3romkyBanbHi kona (YK). 3a
noromororo YK BimOyBaeTbcsi  y3TOIKEHHS
TPaH3WUCTOPIB 31 CTAaHOAPTHUM TPAKTOM Iepeaadi
CUTHaNy 4¥ MiX co0oro, BupiBHIOBaHHS AUX y
cMy3i pobounx 4acToT, 3a0e3IMeYeHHS
ONTUMAJBHOTO PEKUMY pOOOTHM TpaH3HCTOPA, a
TaKOX 3a0e3MedYeHHs CTiMKOCTI miAcwiIoBada B
yChOMy po0OUYOMY JIiara3oHi 4acToT.

Metoto pmaHoi pobotu € po3zpooka HBU
micrimroBada Ha ocHOBI GaN-Tpan3ucTopis [3], 110
Ma€e Koe(illieHT MiJCHUIICHHS He MeHIe Hix 45 1b y
nianazoHi yactoT 2.7-3.5 ['T1, BUXiHY MOTYXHICTb
He MeHme 70 BT, HepiBHOMIpHICTh TiJCHUICHHS HE
ripure 3 1b. 3 TEXHOIOTIYHUX MIPKYyBaHb pPO3MIpH
micuimoBaya  He NOBHHHI  TIEpEBHUIIYBaTH
27x18x5.5 M.

Bbaok-cxema HBY miacuiaroBaua

BpaxoByroun  BHMOTM  IIOJO  JOCTaTHBO
BUCOKOTO KOe(IIiEHTy MiJCHICHHS ITiJCHIIOBaYa
(6inpme 45 nb), #ioro 3py4HO pO3pOOIIATH 3a
OaraTokackamHOK cxeMow. B maHiii  po0ori
MJICHIIOBaY  MOOYIOBAHO 332  TPHOXKACKAIHOIO
cxeMo. Y  TepmoMy  Kackami  MiACHIICHHS
BUKOPDHCTaHO  TPAH3HCTOP 3  MaKCHMAaJbHOIO
BUXITHOIO TOTYXHicTio 38 nbm (6 Br). [pyruit
KackaJi pealli3oBaHWH Ha TPAaH3UCTOPI 3 BUXIJTHOIO
notyxHictio 44 nbm (25 Br). Tperiii kackan
peanizoBaHUi HAa  TPAH3UCTOPI 3  BHUXIAHOIO
notyxHicTio 49,3 nbwm (88 Br).

BazoBa Onok-cxema, sika BimoOpaykae MPHUHLMII
peamizamii  KOXHOTO Kackaxy  IiJCHIIOBava,
rmokazaHa Ha puc. 1. Ha miif cxemi y3romkyBaibHE
koo YKI1 3abesnedye y3ro/pKeHHS BXiIHOTO

iMnenancy Z, 3 iMIEIaHCOM TPaH3HCTOpPA, a KOJIO
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YK2
imnenancom Z, (Z, =50 Om).

— Y3TOJDKEHHS TPaH3UCTOpa 3 BHUXIJIHUM

VK2
VK1 Zy

Zy J- | l

Puc.1. ba3oBa cxema OKpeMOro Kackamy IMiJCHIIOBada
MOTY>KHOCTI.

Tak K BaXIMBHUM (AKTOPOM € OTPUMAHHA
MaKCHUMaJbHOI BHUXITHOT TOTYXKHOCTI  KOXHOTO
Kackany, HeoOXilHO, To-lepiie, 3a0e3MeuuTH
Y3TO/DKEHHS 32 BXOJIOM Ta BHXOJOM TPaH3HCTOpA 3
METOI0 OTPHMaHHS JIHIHHOT XapaKTepUCTHKH B
3aJJaHOMy  Jiama3oHi YacTOT 1 ONTHUMAaJbHOIO
Y3rO/DKEHHST 3a BHXOJIOM Kackaay, HO-Apyre,
MPOBECTH aHaIi3 a0COJOTHOI CTIMKOCTI OKPEMOTO
MiJICKITIOBAJIBHOTO  Kackaay Ta IIJACHIIoBada B
mizomy [1].

CxeMa peamizyeTbcs Tak, MmoO Ha BepXHii
poboui Toumi 3a0e3MeYUTH KOMILIEKCHO-CIIOTYYHE
Y3rO/UKCHHST (110 MOXKIIUBOCTI) BXIJHOTO OIIOpPY
Tpanzucropa 3 BuxogoM YKI. Ile Moxna
3a0e3MeunTd 3a JIONMOMOTOI0  (QiIbTPY HH3BKHX
gactor (OPHY) n-nopsaaxy. Bubip mopsiaky ¢inbrpy
BU3HAYAETHCA BIAHOCHOIO CMYTOK Yy3TO/KEHHS.
Bximauit  imnemanc HEMT-tpansucropa Mae
eMHiCHUI xapakTtep, Tomy ®HY mnoBuHeH OyTu
KOMOIHOBaHOTO THUNY (3 €MHICTIO Ha BXOAl Ta 3
IHIYKTHUBHICTIO Ha BUXO/I) — IUB. PHC. 2.

K

Puc. 2. EnexkTpuyHa cxeMa Y3ro/DKyBaJIBHUX KT ISt
OKpPEMOT0 KacKaly HiJICHITIoBayva.

o6 y3roauTH BXiJg HACTYIHOTO Kackamy 3
BHUXOJIOM TOMEPEIHBOTO BUKOPUCTOBYEThCS -
obpasamii  ¢inbTp BHcokoi dactotm (PBY) 3-ro
nopsiaky. [Ipu npomMy po3B’sI3yI0ThCS TPH 3aa4i:
¢ TagbBaHIYHOI PO3B’SI3KM TPAH3UCTOPA;
¢ 3a0e3leUeHHsT ONTUMAaJbHOTO Y3TOMKEHHS MiXK

KacKaJaMHu;
¢ 3a0e3mneuyeThes abcoroTHA CTIMKICTB

MiJICHIIIOBaYa  3arajoM, Ha 4YacToTaX HIKYCe

po6ouoi ax g0 wactoru 0 I'mr. Lle gy»ke BaxxiuBo,

TaK SK TpPaH3UCTOpPM Ha HU3BKUX YacTOTax

MarTh IyXe BeTUKHA KoedimieHT mepemadi i
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notpibHO BukopucroByBatH OBY, mob6 He
3HW)KYBaTH KOe(illi€HT MiACHICHHS.

Hns aHamizy CTiliKOCTI MIPUIHSATO
BUKOpHUCTOBYBaTH (hopmydy [1]
2 2 2
L+ A sy | s
= 2 (M
|S12||S21|
oe Sy — BXiZHUM KOe(illieHT BiIOWTTS; Sy —
KoedirmienT BIIOUTTS Ha BUXO/i; e
A=5,,Sy —S,8,5 S12 — KoeQillieHT nepenadi 3

BUXOJY Ha BXIJ; S»; — KOSQII[IEHT nepeadi 3 BXOIY
Ha BUXII.

AKTHBHUH YOTHUPHUIIONIOCHUK € 0e3yMOBHO
CTIIKUM Ha 3aJaHili 4acTOTi, SKIIO BUKOHYETHCS
HACTyIHA CHCTeMa HepiBHOCTeH [2]

k>1
Al<T1’
Sxmo xoua 6 omHa 3 YMOB (2) mMOpYLIyeThCS
MiICHIIOBaY OyJne YMOBHO CTiliKuM (TIOTEHIIIHO
HECTIMKUM), 1 HOro MiJACHJICHHS TPHU BiIMOBIIHUX

HaBaHTAXEHHIX MOXe OYTH HECKIHYEHHO BEJIMKUM
YH 30BCIM TIEPEBHIIUTH MOPIT TeHeparlii.

)

MeToauka 4YuCI0BOI0 MOAEIIOBAHHS
MiKpoXBWILOBHUX napamerpis HBY migcuioBaya

Ha nmanuit yac He iCHye €IMHOTrO MPOrPaMHOTO
KOMIUIEKCY PO3paxyHKy TakKoro pody 3ajad, K
MOBHUHA aHalli3 MIKPOXBUJIBOBUX BIACTHBOCTEH
micWioBaya 3 ypaxyBaHHSAM  ycix  Horo
ocobnuBocTed (y T.4. TOMOJOTii CXeMH), 30Kpema,
pPO3paxyHKy Koe(illieHTy MiJCHUICHHS, CHHTE3y Kill,
TOCITIDKCHHST BIUIMBY BCIX €IIGMEHTIB CXEMH Ha
BUXIJJHI XapakTepHCTUKU. BpaxoByrounm meit dakr,
IUT peattizamii 1aHoi 3amavi Oyio BUKOPUCTAHO JBa
BioMux makeTu mpukiIagaux mporpam CAIIP, a
came MWO AWR ta HFSS.

[Mpouenypy MonemoBaHHS MOXXHa YMOBHO
TIONIJTUTH Ha 3 eTaru, SKi OIUIIeMO HIDKYE.

1-1i eman. 3a TOTIOMOTOI0 TAKETy MPUKIIATHUX
nporpam MWO AWR cuHTE3y€eEMO y3rolKyBallbHi
KOJa 1 MiJCWIIOBad 3arajioM B EKBIBaJCHTHUX
eneMeHTax. [IpoBoarMO pO3paxyHOK, 3aMiHIOIOYH
YacTUHY EKBIBAJIGHTHHX €JIEMEHTIB (SKIIO0 MOXKHa
BHUKOPHUCTATH TaKi) Ha S-MapaMeTpH Yil-pe3UCTOpiB,
-KOHICHCATOPIB, -IHIYKTUBHOCTEH (yCi €JIeMEHTH —
izeanizoBaHi, 0e3BuBIAHI). Jlami, BUKOHYEMO CHHTE3,
JOJat04yM peajbHy TOIMOJIOTIIO.

3ayBaxxumo, mo MWO AWR He pae
MOJKJIMBICTh BpaxyBaTH B3a€MHHUI BIUINB €JIEMEHTIB
MiJCHIIIOBaYa BUKOHAHOTO B OJHOMY I'epM-00’€Mi, a
TaK0X BUKOHATH PO3PAaXYHOK 00’ €MHUX €IIEMEHTIB.

2-ii eman. JImd KOPEKTHOTO PO3PaxXyHKY
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00’€MHUX EIIEMCHTIB 1 BIUTUBY B3a€MHHX CJICMCHTIB
miacwioBaYa  HeOOXigHO MPOBECTH  TMOBHUH
eIeKTPONMHAMIYHAN  aHami3  MiACHIIIoBada  3a
noromororo nporpamu 3D monemoBanns HFSS. V
i Tporpami 3aJa€TbCs BCS TOMOJIOTIS CXEMH
MICWIOBAYa 3 TOYHOK JETATI3alli€l0 BUBOIIB
MMAaCHBHHUX €JIEMCHTIB 1 JApOTIB, SKi 3’€IHYIOTH
TpaH3uCcTOpu 3 Tomojoriero. KoxeH macuBHUM
enemeHT B HFSS 3amaerbca pBoma mnopramu.
Tpansucropu, s AKUX HaBEIEHI1 S-TTapameTpH, 10
TUIOIIMH  BIUTIKY TIOBHICTIO  XapakTepU3YIOThCS
BUXOJ4M 3 MOxJiuBocted makery HFSS (toOro,
3aIal0ThCS  MMapaMeTpl  MiAKIaJK{A, MeTami3allii,
BHUXITHUX CJICKTPOIiB), a TUIONIMHH BiITIKy TaKOX
3aJJal0ThCS MOPTaMHU.

Takum umnoMm, y HFSS po3B’sa3yerbcs moBHa
eJICKTPOIMHAMIYHA 3a71a9a JIsl N-TIOPTOBOI MATPHIII.

Cnmig Bigmituta, mo HFSS mae MokimBicThb
aHaJIi3yBaTU TUIBKH MMACUBHY YaCTUHY CXeMH 0e3 s-
TapaMeTpiB Yill-eJICMEHTIB.

3-t1 eman. Ilicna ananmizy B makeri HFSS n-
MOPTOBAa MaTpHLA eKcropTyeTsess 10 MWO AWR,
JI0 BUBOJIIB MATPHINl BipTyallbHO IIiJKIIFOYAIOTHCS
BINMIOBITHI  ejleMeHTH (ki Oynn  3amaHi) i
MPOBOJUTLCSA TIOBHUH aHami3z cxemu (puc.3). 3a
pe3ynbTaTaMHu  aHallizy BHOCSATBCS KOPEKIi 10
TOTIOJIOTii CXEMH, TapaMeTpiB Uil-eJIeMEHTIB 1
napamerpiB  00’eMHUX eneMeHTiB. [licing  doro
MOBTOPIOETHCS MPOIIEypa PO3paxyHKy, M0 OMUcCaHa
BUIle, TOKH HE Oylae MOCATHYTHH OakaHWid
ONTUMAJIBHUN pe3ysbTar.

PesynbTaTn Ta iX anaji3

Amnaniz nmoOysoBaHOTO MiACHIIIOBaYa TIOKa3aHO
Ha puc. 4. Ha 1poMy pHCYHKY TOHKa JiHiA
BINMIOBimae KOEQIIieHTY §;;; MyHKTHpPHA JIHII —
koedimieHT k; TouykoBa IMiHiS — KOE(DILIEHT $;);
IITPUX-IyHKTHpPHA JiHIS — B; — momaTkoBwii
(y3araibHeHH) koe(iieHT CTIMKOCTI, 110
OTINCYETHCSA hopmymoro

2 2
Blzl+|s“| —|szz| —|A
3aJI0BOJIBHATH YMOBY 3arayibHOi criiikocti B1>0;
TOBCTA JIiHISA — KOe(IIieHT i aCHICHHS.

3 rpadiky BUIHO, 10 3arajbHe ITiJICUIICHHS, SKE
MOXXHa oTpumatd ans1  gaHoi cxemu HBY
migcumoBada, mopsaaky 50 b (ToBcra CymisibHA
KpuBa). Takok BHJIHO, III0O BUKOHY€ETHCS yMOBa (2), a
OTXe€ MiACUIIOBaY € a0CONIIOTHO CTIHKUHN Y 3aJaHOMY
nmianmaszoni wacror. OpnepkaHWil pe3ynbTar, Io-
TepIne, 3aJ0BOJILHUB HAIlli OYiKYBaHHSI, IO-IPYyTe
JIEMOHCTPYE, 110 BUKOPUCTAHUH METOA
MOJICTIOBAHHS € JOCUTh TPOAYKTHUBHUM IS
po3paxynky ckimaganx HBU cxem. Tomy, Hamani,

2
s Ta IMOBUHEH
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BUKOPHUCTOBYIOUHU €JIeMEHTH 3 Kpamumu  gianazony Ha ocHoBi GaN HEMT-Tpan3ucropis (ki

XapakTepUCTUKAaMH Ta  3aCTOCOBYIOUM  OinblIy
KITBKICTh KacKa/iB MOXKHa OTPUMATH I OLTBIIHIA
koedimieHT migcuieHHs. Llg 3amada € akTyansHOIO,
OCKIJIbKM 3apa3 BHCYBAalOTHCS BCE BHILI BUMOTH JI0
xapaktepuctuk cydacHux PEC i, BimmosimHO,
MICHIIOBAIGHUX ~ TPHUCTPOIB, sAKi BXOAATH JO

iXHBOFO CKJIaIIy
T 1 T T P « s I

Port
Z=50 Ohm
Port
Z=50 Ohm

il

T

Puc.3. Cxema TpeaCTaBICHHS OKpPEMOTO
MiICHIIIOBaYa HA KiHI[EBOMY €Talli MOJICITFOBaHHSI.

KacKaxy

BucHoeku

Y pe3yabTari po3poOKH Ta YHUCIOBOIO aHANi3y
MiKpOXBHJILOBUX BIaCTHBOCTEH miacumoBaua HBY

Crnucoxk BUKOPHCTAHMX JKepe

[

Hleapy H. Ycumutenu CBY Ha mnoneBbix
Tpan3ucropax. — M.: Paauo u cBsa3e. — 1987. —
200c.

babax JLU. ABTOMaTHU3UPOBAHHOE
MPOCKTUPOBAaHUE M Pa3paboTKa TpaH3UCTOPHBIX
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2011.-384 c.
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W

»

MaloTh  Kpalli YacTOTHI Ta  TeMIepaTypHi
BJIACTHBOCTI HiK 3BHYaiiHI TPAH3UCTOPH) ITOKA3aHO,
niammazony Ha ocHOBI GaN HEMT-Tpan3ucropis (siki
0 MOXHa OJAepKaTH KOeillieHT TiJACUICHHS
nopsaky S0 nb s BUMaaKy TphOXKACKaJaHOI CXeMU
MiJICKIIIOBaYa HaBiTh 32 YMOBH MAallUX PO3MIpIB

migcumosaua  (27x18x5.5 wmm’). B pobori
NPOITIOCTPOBAHO ~ 3aCTOCYBaHHS  OPHTIHATBHOT
OaraToeTamHoi METOIUKHI MOJIETIOBAaHHS

MiKpOXBI/IJ'H:OBI/IX BJIACTHUBOCTEH HiZ[CI/IJ'IIOBa‘-Ia, sAKa
A03BOJIIE TIPOBOAWUTU aHaji3 Ta CHHTE3 TOIIOJIOrII
MIICHITIOBaYa, a TaKOX ONTHMI3aIliio Horo pododmx
xapaktepuctuk. OTpUMaH1 pe3yJIbTaTH BaXKIUBI
TUTSt pO3po0OKH BHCOKOE(EKTUBHHUX
nigcumoBadiB HBY miamasony.
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Puc. 4. Pe3ynbratu po3paxyHKy OCHOBHHX I1apaMeTpiB
MiCUIIOBaYa.
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Wide band dispersive mirror with negative
group delay dispersion

Taras Shevchenko National University of Kyiv,
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e-mail: yupervak@univ.kiev.ua

locridocerno ocobaugocmi cmpykmypu Oucnepcitino2o 03epkaia 3 pobouum dianazonom 6io 750 0o 850
HM, 8 AKOMY 03epKalo MAE TIHIlHY 3anedxcHicmb epynosoi 3ampumku (GD) i necamugny oucnepciro epynogoi
sampumxu (GDD). Cepedniii pisens GDD dopisnioe -800 ¢c’. Jl3epkano ymeopeno HanecenHam Ha CKIAHY
nioKnaoKy bazamouiapogoi cmpykmypu (86 wiapie) 3 oxcudie manmany i KpemHio, wjo wepeyromscs. Ilosna
Qizuuna moswuna bacamowaposoi cmpyxkmypu oopieuioc 10053 um. Ananiz npocmoposo-cneKmpaibHo2o
PO3N00INY e1eKmpuiHo20 Nos C8I0YUMb NPO HASIBHICTNG 8 CMPYKINYPI ceMu Pe30HAMOPI8, 3 AKUX MpPU Ymeo-
PeHi OKpeMumMu Wapamu 3 8UCOKUM NOKA3HUKOM 3AJIOMIEHHS, d YOMUPU - He MeHU K mpboMa CyCIOHIMU
wapamu, CyMapHa onmuyHa mosujuHa AKUX O1U3bKa NOI0BUHI O08HCUHU XBUI cepedunu poboyoeo dianazo-
HY.

Kniouosi cnosa: ducnepciiine d3epxano, necamusna OUCnepcis epynosoi 3ampumKi

The features of structure of dispersive mirror with the operating range from 750 to 850 nm were investi-
gated. A mirror has linear dependence of group delay(GD) and negative group delay dispersion (GDD). The
middle level of GDD equals - 800 fs°. A mirror was formed by deposited multi-layer structure (86 layers)
from the oxides of tantalum and silicon, that alternate. on the glass substrate. The complete physical thick-
ness of multi-layer structure equals 10053 nm. The analysis of spatially-spectral distribution of electric-field
testifies to the presence in the structure of seven resonators, from which three is formed separate layers with
the high index of refraction, and four - no less as by three nearby layers the total optical thickness of which

is near the half of wave-length middle of working range.
Key words: dispersive mirror, negative group delay dispersion

CratTiOo IpeicTaBuB 1. TeXH.H., mpod. [Toropinwmii C. 1.

IIporpec B TEXHOJOTII AHUCIEPCIHHUX I3epKai
() [1-5] no3BomMB momoNaTH MPOOIEMY KOMIICH-
camii nucnepcii npu reHepanii pemTo- i aTTOCeKyH-
JTHUX IMITyIeCIB [6, 7]. ONTHYHI eJTeMEeHTH Ha OCHOBI
JJ1 3abe3neuyrorh TouHMit KoHTposs GD i GDD y
PI3HUX YacTOTHUX [iama3oHax, IO Ay>Ke Ba)KIUBO
IIpH CTBOPEHHI (EMTOCEKYyHIHUX JazepiB. OmHaK,
OTpUMaHHS HEOOXiTHOTO JJIsT KOMITeH caIlii muctepcii
BUCOKOro piBHA HeratuBHoi GDD wyacto BuMarae
BHKOPHCTOBYBATH CXEMH KOMIICHCATOpIB, IIO HAJIi-
qytoTh necatkm JIJI. Jlns remepamii HagKOPOTKHX
CBITJIOBUX IMIYJIbCIB MOTPIOHO CYTTEBO PO3LIUPIO-
BaTH CHEKTpaJbHUN [iana3oH TOYHOTO KOHTPOIIO
3Hauedb GD/GDD. CnexTpanpHuUN diana3oH JIOB-
JKUH XBWJIb B JIBI OKTaBH, JTO3BOJISIE TEHEPYBATH M-
MyJILCH TPUBAIICTIO MeHIIE 2 (¢ Y BUAUMOMY Jiama-
30Hi [4]. Came Tomy, poekTyBaHHs J|/] 3 OakaHUMHE
CIIEKTPATPHIMH XapaKTepUCTUKaMH (BITOWTTS Ta

© 10.0.ITeprak 2014

GDD), nyxe BaxumBe y (Di3uIli HAAKOPOTKUX 1MITY-
JIBCIB.

[upokoxiama3onHa ontuka Ha ocHoBi JI/] 3 Be-
JUKUMU Bin‘emMHuMH 3HadeHHAMH GDD Buxopucro-
By€eTheCs s komrieHcallii GDD, HakonuveHoi iMITy-
JLCOM TPH MPOXOJKCHHI 4epe3 MUCIEpCiiiHi cepe-
JTOBHIIA, ONITHYHI IMiJCHIIIOBadi Ta iH. YnM mupmuit
poOoYHii CIIEKTPAIBHHIN Tiara30H, THM MEHIIIE cepe-
nHe 3HadeHHss GDD moxe Oytu orpumano. lle 00y-
MOBJICHO TIPUHIIMIIOM HEBHU3HAYEHOCTI 1 TICHO
MoB‘si3aHe 3 (ha30BHUMH BIIACTUBOCTSMHU Oarartorra-
poBuX CTPyKTyp [5]. HemonaBHo oTpumaHi pe3yiib-
TaTH [8] J03BOJIIIN OLIHUTH MAaKCUMATbHO AOCSKHI
sHadenHs GDD, mo BiAMoOBiIalOTh OMHOMY BiIOUT-
T10. [IpoTe Mo3a yBarow 3aJHIIAINCS OCOOIHMBOCTI
OynoBu Takux [1/1.

Tomy B maHiit poOOTi HOCHTIHKEHO 0COOTMUBOC-
Ti cTpykTypu JJ1 3 MakCHMalbHO BHCOKOIO HETaTH-

251



Bicnuux Kuiscbroeo nayionanvhnoeo ynisepcumemy
Imeni Tapaca lllesuenka
Cepis: ¢izuxo-mamemamuyni nayKu

BHOIO GDD Ha npuknazi J1/] 3 pobounm miamazoHnom
Bix 750 mo 850 um, B sxomy J1/ Mae miHiliHy 3a1eK-
HicTh rpynoBoi 3arpuMku (GD) i MakcuManbHy He-
raTuBHy aucnepcito rpynoBoi 3arpumku (GDD).
J3epkano yTBOpeHO HaHECEHHSM Ha CKJISHY ITiJIKIa-
JIKy 0aratonapoBoi CTpyKTypH (86 1iapiB) 3 OKCHJIIB
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) 1 S e R
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tanTany (H) i kpemnito (L), mo gepryrorscs. [lopra
¢i3MdHa TOBIMWMHA CTPYKTypu AopiBHIOE 10053 HM.
OnTHYHI TOBIIMHM Ha TOBXUHI XBHJII CEPEIUHU PO-
O6ouoro miamazony (A, = 800 HM) ycix 86 mapis
CTPYKTYpH IOKa3aHo Ha puc.l.

350

]
(]
(=]
(=]
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S, nm
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Puc.1. OnTuyHi TOBIIMHY MIapiB (HyMepallis MIapiB TOYMHAETHCS BT MiIKITaIKN).

[Ipouenypa orpumannsa xoHcTpykuii /1 3 Buxopuc-
TaHHSAM TporpamHoro nakery Optilayer [9, 10] nera-
JTpHO omucaHa panimie [11]. Kpurepii momyky koHc-
TPYKUil BU3HAYAINCS YMOBAMH OTPHMAaHHS MaKCHU-
MaJIbHOro HeratuBHoro 3HadueHds GDD i1 BinOuBaH-

100 ~
R, % | n R, %
100 -
80 <
99-
60 %
97 -
40 96 -
5 . . r . .
760 780 800 820 840
20 A, nm
11—
600 700 800 900 1000 1100
A, nm

HA (cepeaHe) He MeHIe 99% st p-ToJIIPU30BaHOTO
ceitna npu Kyti magiaas 10°. CriekTpaibHa 3a1ek-
HiCTB BiJOMBaHHA R, nocmigxysaHoro JI/l nmokaszana
Ha puC.2, a BIAMOBIAHI crieKTpaibHi 3anexHocTi GD
1 GDD Ha puc.3.

1
840

760 780 800 820

Puc.2. CniexTpanbHa 3anexHicTh BinouBanHa R, npu  Puc.3. Cnekrpanpna 3anexsicts GD i GDD npu ky-

KyTi majaiaas 10°.

Ti mamigHsa 10°.

AHaJi3 MpPOCTOPOBO-CIEKTPAIBHOTO PO3MOALTY €ISKTPUYHOTO MOJIs BCEPEANHI 0araToliapoBoi CTPYKTypU
(puc.4) cBiTUUTH TIPO HASBHICTH B HIl CEMH PE30HATOPIB, B IKUX IT0JIE KOHIIEHTPYETHCS.
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Puc.4. [IpocTopoBo-crieKTpanbHUI PO3MONLT EIeKT-
puunoro mouns 1/ (mpoctopoBa koopauHarta d Biji-
PaxOBYETHCS BiJl T IKIIAIKH)

Tabmums 1
XapaKTepUCTHKHN PE30HATOPIB
Homep Ho-  Mare- Onruyna  OntudHa
pe3o-  Mep  pian TOBIIMHA  TOBIIUHA
HaTO-  MIApy mapy, HM  pe3oHa-
Py Topy, HM
81 SiO, 213,470
1 80 Ta,0s 89,883 366,478
79 Si0O, 63,125
73 Si0, 233,757
2 72 Ta,0s5 35,231 361,602
71 Si0O, 92,614
3 64 Ta,0s 343,399 343,399
4 56 Ta,0Os 365,157 365,157
47 Si0O, 96,728
5 46 Ta,0s5 24,448 363,676
45 SiO, 242.5
35 Si0O, 78,118
6 34 Ta,0s5 80,829 374,653
33 Si0, 215,706
7 22 Ta,0s 417,059 417,059

[epmmii pezonaTop (Hymepatlisi pe30HaTOPIB MO-
YHHAETHCS BiJl 30BHIIIHBOTO CEPEAOBHUINA), HaOmM-
kunii o moBepxHi JIJI, yrBopernwmii 79, 80 1 81 ma-
pamu. 3 puc.l BHIHO, IO YCi MapHi mMapu MaroTh
BUIIMH Moka3HuK 3anomieHHs (Ta,Os), Hixk HenapHi
(Si0,). OTxe ueHTpaNbHUN Iap MEPIIOTO PE30Ha-
TOPY MAa€ BUCOKHMH IMOKa3HUK 3ajJoMieHHs. OnTudHa
ropmmHa 79, 80 i 81 mapiB gopiBHiOE 63,125;
89,883 1 213,470 uM, BiamoBigHo. CymMapHa TOBIIIH-
Ha X TPHOX MapiB mopiBHIOE 366,478 HM, IO TPO-
XH MEHIIE MOJIOBUHU JOBXHHU XBWJI CEPEAMHU PO-
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6ouoi obmacti JIJI. Kombinamito 79, 80 i 81 mapis
MO>KHA PO3TIISAATH K NeSKUH eKBIBaJICHTHUH Imap 3
BIJTHOCHO HH3BbKHM TIIOKa3HHKOM 3anomiieHHs. Lle
MiATBEPIKYETHCS XapakTepoM POCTOPOBO-
CHEKTPAJBLHOTO  PO3MOAYJY €JICKTPHYHOTO  IOJIS.
Enextpuune moje KOHUEHTpyeThes B 81 mapi mo-
omu3y mexi 80 i 81 mapiB. MiHiManbHI 3Ha4eHHS
MoJIsl TOCATAIOThCA Ha iHTepdeiicax 78 — 79 1 81- 82
TIapiB.

Hpyrwuii pe3onatop yrBopenuid 71, 72 1 73 mapa-
MU. TyT LEHTpalbHUN IIap Ma€ BUCOKHUI MOKa3HUK
3aJIOMJICHHSI, aJie BiH ay’ke ToHkuid. Kombinamis 71,
72 1 73 wapis, 5K 1 B IEpIIOMY pe30HATOPi, EKBiBa-
JICHTHA OJHOMY IApy 3 HU3bKUM ITOKA3HUKOM 3aJ0-
mieHHs. CyMapHa TOBIIMHA LUX TPHOX ILIApiB AOpi-
BHIO€ 361,602 HM, 1110 TE€X TPOOXHU MEHIIIE TOJIOBHUHU
JOBXHHU XBHJi cepeauHu pobodoi obmacti /1.
BinmoBinHi 3HaYeHHsS MapaMeTpiB I YCiX pe3oHa-
TOPIB 3BEIICHO B TAOJHITI.

Takox yTBOpEHi 3 TPhOX HIApiB MATHI 1 MIOCTHH
pe3oHaTopu. BoHu Takoxx MOXyTh OyTH NpencTaB-
JIeHI eKBIBaJCHTHUMU IAapaMH 3 HU3bKUM ITOKa3HH-
KoM 3anomiieHHs. [latuii pesonarop yrBopeHuit 45,
46 1 47 mapamu. EnextpudHe nmoje KOHUEHTPYEThCS
B 45 mapi nmobam3y inTepdeiicy 45 — 46 mapis. B
IIIOCTOMY PE30HATOPi TOJie KOHIIEHTPYETHCS Ha iH-
tepdeiici 33 — 34 mapis.

Tperiii, ueTBepTHIi i CHOMUI PE30HATOP YTBOPEHI
64, 56 1 22 mapamu, BiamosigHO. Lli mapu maroTh
BUCOKUH Noka3HUK 3amomieHHs (Ta,0s) i enekTpuu-
HE ToJIe KOHLEHTPYEThCA Ha iX iHTepdeiicax Ta Mi-
HiManbHe BcepenuHi. OnTHYHA TOBLIMHA PE30HATO-
piB 301IBIIYETHCS B HAMIPSIMKY IO TiAKIAIKH. .

EnextpuuHe mone HOBroXBUIBOBHX KOMIIOHEHTIB
BUIPOMIHIOBAHHSI KOHIIEHTPYETHCS B yCIX CEMH pe-
30HATOpax, B TON 4ac AK €JIEKTPUYHE I0JI€ KOPOTKO-
XBHJIbOBUX KOMITOHEHTIB BUIIPOMiHIOBaHHS KOHIICH-
TPYETBCS B Pe30HATOPAX, HAHOMMKUMX 10 TTOBEPXHI,
0 KOHTAKTY€ 3 30BHINIHIM cepemoBumieM. lle 3a-
Oe3mnedye OUIBINY TPYIOBY 3aTPUMKY JOBIOXBHIIBO-
BUX KOMIIOHEHTIB €JIEKTPOMArHiTHOrO MOJIsl BiZHOC-
HO KOPOTKOXBMJIBOBHX 1 HETaTHBHY OUCIIEPCIIO TPY-
MTOBOT 3aTPUMKH (IUB. pHC.3).

[MoTpiOHO BiA3HAYMTH, IO TPUHITUNIOBOIO Bij-
MIHHICTIO nociimkyBanoro /IJ[ € came HasgBHICTH B
HOT0 KOHCTPYKIIi TiB XBHJIBOBHX pe30HATOpPIB. |
camMe TOMY TakKi KOHCTPYKIIi A3epKaJl Ha3HWBalOTh
JUCTICPCITHIMHY J3epKallaMy, Ha BiIMiHY BiJ| TpaJu-
MIHHUX YAPHOBaHWX a3epkan [1], sSki Bmeprie mo-
3BOJIWJIM OTPHMATH HETaTUBHY IHCIEPCIIO TPYMOBOT
3aTPUMKH 1 BUPIIIMTH NPoOJIeMy KOMIEHcalii auc-
nepcii HaIKOPOTKUX CBITJIIOBUX IMIYJbCiB. B Tpamu-
MIHHUX YAPIOBAaHUX A3epKajax He OyiI0 MiBXBUILO-
BUX pe30oHaTopiB, a 30inpmeHHs GD 3 nOBXHHOIO
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XBHII 1 3HaYyHO MeHIna, HiK B JI/] Heratmsua GDD
JOCSITATUCS. 32 PaxyHOK ITOCTYIOBOTO 30UIBIIECHHS
ONTHUYHOI TOBIIMHU IIAPIB Bijl 30BHIIIHBOTO CEPEIO-
BHMINA J0 IMiIKIATKH.

TakuMm YWHOM, WIBXBHIJILOBI pE€30HATOPH, BBEC-
Hi B 3BUYAiiHy YBEPTh XBUJIOBY CTOIY JIO3BOJISIOTH,
3aBsKH ¢(DEeKTy HAKOIMYCHHS €HEprii B Pe30HATO-
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pax, OTpUMYBaTH MaKCUMallbHy BUCOKY HETaTUBHY
IUACTIEPCiI0 TPYMOBOi 3aTpuMKku. llpm 1poMy TIiB
XBHJILOBUI PE30HATOP YTBOPIOETHCA SIK OJHUM IlIa-
pOM, Tak i KOMOIHALi€r0 3 TPHOX MIapiB. A cyMapHa
ONTHYHA TOBIIMHA KOMOIHAII TPOXM MEHIIA IOJIO-
BUHM JIOBXXMHHU XBWJII CEPEAMHU POOOYOro CIIeKTpa-
JBHOTO Jiama3oHy AUCIEPCIHHOTO A3epKaa.
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Ilpononyemvcsi monexynapHull Mexanizm nepemeopeHs noositnoi cnipani /[HK ¢ ymosax ecinepmepmii.
Excnepumenmanvio  docniosxcyromocst  3ameepoini  mpvoxkomnonenmui  piounni  cucmemu  «NaCl-
oucmunvosana 6ooa-cyxuil npenapam /JJHK». Iloxazano, wo nuiexu, cghopmosani npu memnepamypax 20°C
ma 42°C, GiOpi3HAIOMbCSL 3a CBOEI CMPYKMYPOoIo. Bcmanoesneno, wo imogipnoo npuuunoo makoi pisHuyi €
ymeopenus ycmynie ¢ cnipani JJHK, wo eunuxarome 6 pesyibmami po3pugy 600HEBUX 38's3Ki6 nid uac
Ounamiunozo ghazosozo nepexody npu memnepamypi 42 °C.

Kurouosi cnosa: cinepmepmis, konghipmayiiini sminu noosiunoi cnipani J{HK.

A molecular mechanism of DNA double helix transformations under hyperthermia has been proposed.
Evaporation of NaCl — distilled water — DNA system has been experimentally studied. To obtain the textures
the aqueous solution with DNA molecules and sodium ions has been used. The textures formed after
evaporation are showed to have different structure for the experiments at different temperature (20°C and
42°C). The experimental result shows that evaporation of water does not depend on concentration of DNA.
The DNA helix bending as a result of rupture of hydrogen bonds in the course of dynamic phase transition in
water at temperature of 42°C is assumed to be a likely reason for this difference. The rupture of hydrogen
bonds in water leads to a decrease in the degree of DNA dissociation, which in its turn changes the
conformation of these molecules. At T = 42°C the number of bended areas on the helix axes is much larger
than at T=20 °C is showed.

Key Words: hyperthermia, DNA double helix transformation .
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Introduction body under the influence of high temperature. The
danger of this physiological state is related to the fact
that the qualitative disturbances of biological
processes occur in the human organism [2, 3].
Hyperthermia is widely used in oncology. To
create a hyperthermia state there is a lot of methods
(laser, electromagnetic, etc.) [4]. However, as it is
noted in [5], today, the application of them does not
solve a number of problems associated with the
preservation of the functional state of tissues under
external influence. In [6], the hypothesis about the
properties of cancer cells to apoptosis and about
DNA damage has been forwarded. Understanding
the molecular processes occurring during metastasis
paves the way for developing effective approaches to

Hyperthermia is a condition when temperature of
the body or its areas increases over that which is
required for normal metabolism and body functions
as a result of external influence. It should be noted
that in accordance with the generally accepted
classification the states of hyperthermia are divided
into three groups. For the first group the temperature
is within the range 38-39 °C, for the second group it
ranges 39-40 °C, for the third group it exceeds 41.1
°C. The last group is the most dangerous condition as
it is very close to the upper limit temperature which
threatens the human life [1]. Currently, there is no
accurate information about the statistical data on
occurrence of pathological conditions in the human

© JI.A.bynasin, }0.®.3abamra, JI.FO.BepryH,
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treatment and prevention of cancer tumors. This
paper deals with attempts to identify possible
transformations in DNA conformations under
conditions of hyperthermia.

Materials and methods

The object of study is a two-layer system in which
the first layer is a glass plate and the second layer is
a dried film of aqueous system distilled water-NaCl-
DNA. The samples have been selected in such a way
as to study the interaction of hydrogen ions from the
solution with the ions of the substrate. For such
interaction the result of molecular rearrangements is
textures formed on the surface after evaporation of
liquid [7]. The ions on the glass surface play an
important role in the formation of textures [8].

To obtain the textures the aqueous solution with
DNA molecules and sodium ions has been used. The
solution has been prepared by dissolving dry DNA
powder in distilled water. For this experiment the
DNA molecules extracted from salmon testis with
molecular mass of one molecule being equal to 10’ a.
u. m. have been used. This study has been carried out
for the DNA solutions with concentrations 0% - 0.2%.

The aqueous  solution  with  different
concentrations of DNA is dropped on a glass plates
manufactured by PJSC Steklopribor (dimensions
25,4 x 76,2 mm and a thickness 1-1.2 mm). The drop
mass has been determined through comparing the
mass of the glass plate and the glass plate with
solution, with the use of scales PS110/C/1. The drop
is dried in the air tank at a constant temperature with
connection to a digital thermostat TP2. The
experiment has been carried out at temperatures of
20 °C and 42 °C. After formation of the texture on
the glass substrate its mass has been measured by the
scales PS110/C/1. With the help of an optical system
comprising a microscope MBC-9 and a camera with
photo eyepiece Canon PC1355 the texture images
have been obtained.

Experiment results

Figure 1 shows the concentration dependences of
change in mass of samples after drying (the difference
between the mass of drop on glass m; and mass of
texture m,) at temperature 20°C and 42°C. These
dependences are marked as Am* Am*?, accordingly.

As one can see from Fig.1, at T = 20°C, the mass
of texture formed after evaporation for different
concentrations of DNA remains practically the same.
The random errors have been caused by the fact that
in this experiment it is impossible to drop a liquid of
precise mass on the glass surface.

The experimental result shows that evaporation of
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water does not depend on concentration of DNA.

Fig. 2-3 show the textures formed at 20°C and 42°C.
The following experimental facts can be seen

from Figure 2.3:

1) The salt aggregates obtained at T = 20°C and T =

42°C after evaporation of solutions without DNA

appear as structures chaotically located on the

surface of the substrate;

2) The salt aggregates obtained at T =20°C and T =

42°C after evaporation of solutions containing DNA

are structured as the textures characterized by

cylindrical symmetry, the elements of which

Am, gz
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0,055 4

| ] I
0,050—- J- J J
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Fig. 1. Concentration dependence of change in
mass of the samples at #20°C, and m 42 °C.

0,00% DNA 0,06% DNA

0,12% DNA

0,18% DNA

0,20% DNA
e

Fig. 2. Images of textures formed after evaporation
of DNA water solution of different concentrations at
T=20°C (enlarged 9 times).
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resemble rectangles with radially directed long axis;
3) At T =20 °C, the number of much smaller texture
fragments is larger than in the case of T =42°C.

0,06% DNA

0,00% DNA

b

0,12% DNA 0,18% DNA

e

Fig. 3. Images of textures formed after evaporation
of DNA water solution of different concentrations at
T = 42°C (enlarged 9 times).

Discussion

First of all, we try to explain why after
evaporation of solutions with and without DNA the
textures have different structures (Fig. 1 and Fig. 2).

In fact, in our experiment, we study
crystallization of NaCl solution. It is known [9] that
crystallization proceeds in two stages: formation of
crystalline nucleus and its subsequent growth. Let us
analyze the possible mechanisms of nucleus
formation. NaCl solution contacts with the glass
substrate. It is known [10] that the glass surface can
have local defects (e.g. microscopic cracks, etc.).
Broken structure in the defect area provokes the
formation of so-called silanol groups SiOH. The
defect area is an area where the crystalline nucleus is
the most likely to appear. For this it is necessary that
the particles of crystallizing substance can join a
SiOH group. In the absence of DNA neither Na+ nor
Cl- ions can do this. So, we can conclude that in the
absence of DNA the NaCl crystallites are formed in the
solution.  After evaporation these crystallites
precipitate on the substrate forming a chaotic structure
observed in the experiment (see Fig.2a and Fig.3).

A different picture is observed for DNA water
solution. Having oxygen in the phosphate groups this
macromolecule can form hydrogen bonds with the
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silanol groups of substrate surface. Assuming the
existence of a crystalline nucleus on the DNA
molecules the growth of the nucleus occurs due to
more and more ions joining Na + and CI-. The main
difference of this mechanism is that proliferation of
crystallites takes place along the surface. In other
words, we deal with epitaxy [10]. The fact which
confirms the epitaxial mechanism of crystallization
is cylindrical symmetry of the structure. It is known
[10] that the process of crystallization is governed by
temperature and concentration gradients, so that the
direction of the crystallite growth turns out to be
parallel to the direction of these gradients. In our
case, the above gradients have radial direction. The
long axes of rectangular texture fragments of salt
aggregates have the same direction (Fig. 2c-2e, 3c-3e).

What are the nuclei of crystallization on DNA
molecules? It is known [11] that in aqueous DNA
solutions the DNA molecule dissociates splitting into
the double helix with the negative ions O from
phosphate groups and the positive ions Na+
surrounding the helix and forming its ionic
atmosphere. On these double helices which are the
decay products a certain number of Na atoms
remains. The potential nuclei of crystallization arise
when several sodium atoms are located close to each
other. Clearly, such an arrangement can be achieved
if: 1) the above mentioned atoms remaining on the
double helix (Fig. 4) belong to the neighboring
phosphate groups and 2) in this region the
straightness of helix axis is broken to bring the
sodium atoms closer to each other. More precisely,
the second condition is not an independent
requirement: it is automatically realized if the first
condition is true.

It is well known [11] the DNA - molecule in the
solutions has coil's configuration.

1

—0
_0\2
o0

Fig. 4. Bending of the helix axis by residual
sodium atoms (1 - helix axis, 2 - Na atoms)

This configuration consists of series-connected
with each other segments. Each segment has the
shape of a double helix, the axis of which is
straightforward. The same is observed in solutions
of DNA. This property is a result of the repulsive
Coulomb forces acting between the oxygen ions of
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phosphate groups. Neutralization of these ions by the
positive sodium ions causes a decrease in these
repulsive forces i.e. weakens the cause for the
straightness of the helix axis. The residual Na atoms
located one after the other (as shown on Fig. 4b) may
weaken the force of repulsion in such a way as it can
bend the helix axis at this point.

Each of the crystallites (rectangular texture
fragment) on Fig. 2-3 grows from its nucleus. If so,
in our experiment the amount of crystalline nuclei at
T = 42°C is much larger as compared with that at
T=20 °C. According to the mechanism showed on
Fig. 4 this means that in the first case the number of
bended areas on the helix axes is much larger. Thus,
at temperature T =42 °C conformation of DNA
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molecules undergoes significant changes. What does
cause these changes?

In [12, 13] it has been showed that in water at
temperature T = 42 °C there is a dynamic phase
transition. This shift significantly changes the
structure of water, particularly, at T = 42°C a lot of
hydrogen bonds is broken. We guess that this is just
that factor which causes conformational changes in
DNA at the mentioned temperature. Indeed, the
rupture of hydrogen bonds in water leads to a
decrease in the degree of DNA dissociation, which in
its turn changes the conformation of these molecules.
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Ilpoananizosani Odxxcepena SUHUKHEHHS NOXUOKU BUMIDHOBAHbL 2YCMUHU Os i30MePMIUHOI MemoouKu
cinbghonno20 n’e3omempa 3 OughepeHyitiHuM MmpancoopmMamopHum 0amyuxkom JTiHIuHUX sminjensb. Haseoeni
noemanii OYiHKU NOXUOKU OJisl eKCHEPUMEHMANLHUX OOCTIONCEHb 2YCMUHU PIOKO20 MONYONY. 3anpoOnoHO6aHI
Memoou OYIHKYU MOYHOCMI NIKHOMEMPUYHUX BUMIPIO8AHb MA Npeye3iiHux BUMIPIO8AHb MNI0 GUCOKUM
MUCKOM, WO 00380A10Mb  HANPABNEHO  30IUCHIOBAMU KOHCMPYKMUSHE 800CKOHANEHHS MemOOUK
BUMIPIOBAHHSL 2YCIMUHU MA 3MEHWEHHS NOXUOKU NPIMUX eumipis. Bci oyinku uxkonami 32i0no pekomenoayiil
Mmidcoepacasnozo cmanoapmy ['OCT. 3anponomosani wiiaxu noOAIbLUO20 RIOBUUEHHS MOYHOCHI
sumiprosans 6 izomepmivnux PVT memoouxax. 3uaiioeni oyinku noxXuboK 01 MOOEPHIZ08AHOI MEMOOUKU
BUMIPIOBAHHS 2YCIMUHU NIKHOMEMPUYHUM Memoodom ckaaoaroms 0.02%, noxubka 0 8UMIplo8anHs 2yCMuHU
Memoodom cintb@ponno2o n’esomempa nio muckom ckaadae 0.07% Oitinoi eumiproeanoi eenuuunu, wo 6yu
3HatlOeHi OJist MOLYOLY.

Kniouosi cnosa: 2ycmuna,noxubka 6umipioéais, pi6HAHH CIMAH)Y.

1t is analyzed the sources of density measurements error for isothermal methods bellows piezometer with
differential transformer sensor of linear displacement. Step-by-step procedure of error estimations for
experimental studies of the density of liquid toluene is shown. It is proposed the method for experimental
error evaluation that allows further directed improvement of precision methods of PVT measurements. All
estimates are made according to the recommendations of interstate GOST standard. The ways of further
improving the accuracy of measurements in isothermal PVT techniques by upgrading picnometer method
and improving the design of linear displacement sensor are presented. The error estimation for picnometer
measurements of density is 0.02%, and for the method of metallic bellows piezometer with differential
inductive sensor of linear shifts is 0.07% of actual measured value. Error estimations were carried out by
measuring liquid toluene in the whole range of pressures and temperatures accessible for PVT method.

Keywords: density, measurements error, equation of state.

Crartio nipeacraBus: akageMmik HAH Ykpainu, 1.¢.-m.H., npod. bynagin JL.A.

3amaya po TEPMOAMHAMIYHI BIACTHBOCTI PiWH
HAJICKHUTh JIO KOJa aKTyaJllbHUX TMHTaHb Cyd4acHOl
MOJIEKYJISIpHOT (hi3uku. ExcCriepuMeHTanbHUMA Miaxija
IO po3B’s3ky 1€l 3amadi  Briodae  PVT
JOCHI/DKEHHSI PEYOBMHM B IIMPOKHX I1HTEpBajiax
3MIiHU TEMIIEPATypH Ta TUCKY. MeToj CuUTh(OHHOTO
II’€30MeTpa HAIEKUTh [0 TPyNUd BHCOKOTOUHHUX
MeToAiB  BuMipioBaHHs  PVT  BnactuBOCTel
MOJIEKYJSIPHUX PIIMH Ta PiMuHHUX cucteM [1]. Ak
BiJOMO,  cy4YacHi  CUTBQOHOMETpPHYHI  METOAU
JO3BOJISIIOTH ~ JIOCATaTH  3MEHLICHHS  MOXHUOOK
BU3HAYEHHSI TYCTUHH PiJUHU B PIBHOB&KHOMY CTaHi

© €.B. €srymenko, O.B. [lonsHuyk,
K.O. Mopos, B.®. Koponosuy, 2014

10 0.1% BUMIpIOBaHOTO 3HAYEHHS NPH 3MiHI TUCKY B
iHTepBaJli BiJi aTMOCHEPHOrO A0 KiTBKOX THCSY
atMocep. /Jliarma3oH 3MIHM MOXKIUBUX JIOCIIDKY-
BaHMX TYCTHH B METOAI CiIb(OHHOTO II’€30MeTpa
BU3HAYAETHCS KOHCTPYKTUBHUMH OCOOJIHMBOCTSIMHU
metoauku. Hactymaum micns PVT BumiproBanb
eTanoM B JIOCHKEHHI  TEepPMOAWHAMIYHHX
BJIACTUBOCTEH € BU3HAUEHHA 3HAUY€Hb MPYXHUX 1
KaJOPUYHHUX TEPMOJIMHAMIYHUX BIACTUBOCTEH pivH
3a ekcnepumeHTadibHuMu PVT  nanumu, 110
notpedye po3paxyHKy MOXiJHMX TYCTHHH IIO
TeMIeparypi Ta THUCKYy METOJAaMH YHCIOBOTO
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Tabmuus 1
[Toxubku BumiproBanus (iznunux BennyuH (PB) npu Bu3HAUYEHHI TYCTHHHU TOIYOIy
®B OB X o Ax 0 0/o- A- Ay,
£ Kr/m’ 848.2 0.2 0.7 0.1 0.27 0.7 0.10
Sei oM’ 1.701 0.007 0.02 0.007 0.94 0.007 0.40
dUydx MB/MM -29.6 0.1 0.5 0.01 0.09 0.5 1.60
Av eM’ -0.193 0.001 0.004 0.001 0.69 0.00 1.90
v oM’ 3.746 0.002 0.005 0.001 0.52 0.01 0.10
kr/m’® 892.0 0.4 1.2 0.2 0.52 1.2 0.13

nudepeHItitoBanHs. BioMi OIiHKY BKa3yrOTh Ha Te,
110 3aCTOCYBAaHHS METOJIiB YHCIIOBOTO
mudEepeHIioBaHHs Ha TOPSAOK 3MEHIIYE TOYHICTh
BU3HAYEHHS OTPHMaHMX 3a HOro JOTMOMOTOI0
¢i3nyHNX BEJIMYUH MOPIBHSIHO 3
EKCEMPUMEHTAIEHOI0 ~ MOXWOKOK  BHMIipIOBaHHS
rycTuHU. TakuM dYWHOM, 3ajada  MiABHIICHHS
touHocti PVT BuMiproBaHb Mae sk (yHIaMEHTAIbHE
Tak 1 TpuKiIagHe 3HA4eHHA. B momaHid poOoTi
NPUBECHI PE3YJIBTATH aHANI3Y JHKepeld BUHUKHEHHS
MOXUOKKW BUMIPIOBaHHS TYCTHHU IUISI 130T€pMIYHOT
PVT wmeromuku cinboHHOTO m’€30MeTpa 3
TudepeHiiauM  TpaHC(HOPMATOPHUM  JAaTIUKOM
JIHIAHUX 3MIIICHB, 10 OyJa po3podieHa AnaMeHKO
LI [1] Ta MoaepHi30BaHa B Mi3HIMIUX JOCIIHKCHHIX
[2]. OG’em pobouoi kKamepu U B TaKid METOIHUII
BHU3HAYAETHCA 3 HACTYITHUX CIiBBiTHOIIICHD:

vy =mypy, Av==S8ey AU,/ (dU/dx),
v=vy+ Ay, (1)

1e my — Maca piIMHU B Kamepi, Oy — T'yCTHHA
piIMHM, IO BU3HAYEHA MIKHOMETPUYHHM METOJIOM,
Sep — edeKkTHBHA IUIONIA IONEPEYHOro Iepepisy
pobouoi kamepu, AU, — mpupicT Hampyra Ha
BTOPWHHIN OOMOTII AaTYMKa JIHIHHUX 3MIMIEHb MPH
3pOCTaHHI THCKY BiJl aTMoc(epHOro 10 3a/JaHOro,
(dUy/dx) — xytoBuil Koe]ili€HT rpagyioBaHHS. Y
Tabmumi | HaBedeHI OIIHKA MOXWOKM BU3HAYECHHS
TYCTHHU 3a chiBBigHomeHHsmu (1), ne 6 —
CKJIaJIOBA

cucreMaTudHa HOXI/I6KI/I, O'; - 1

Cnucok BUKOPHUCTAHHUX JZKEpPeEJI

1. Aodamenxo I. I. ®i3uka pivH Ta PiTUHHAX CHCTEM
/ LI. Anamenko, JI.A. Bynapin. — Kui: ACMI,
2006. — 650 c.

2. PBynasin JI.A. PiBHSHHS CTaHy MardiTHOI piiMHHOT
CHCTEMH Ha OCHOBI BOJM Ta MAarHETHUTY,
cTabiTi30BaHol JTaypuHOBOIO KucioToro / JI. A.
Bymasin, K. O. Mopos, C. II. Hemax, B.L
IMerpenko // Yxp. ¢i3. xypn. — 2012. — T. 57. —
No. 3. - C. 350-354.

BUNAJKOBA CKIanoBa, A- — OITiIHKa BEPXHBOI

rpaHMii TOXHOKH (i3W4YHOI BeNMYMHU. SIK MOKazye
aHai3, 3aCTOCYBaHHS KJIACHYHOI MIKHOMETPHIHOL
METOAMKH IPU aTMOCHEPHOMY THCKOBI JO3BOJISE
3HaWTH TycTUHY 3 mnoxubkoro  0.1%. Taky x
BEJIMYMHY BEPXHBOI TPAHUII MOKHA OTPUMATH IS
NOXHUOKH T'YCTHHH ITiJI BACOKAM THCKOM. [Ipu npomy
HAWOUIBIIMA BHECOK y BeNM4uHy A-, IPUPOCTY

00’eMy Av 3a HaIIMMU OL[IHKaAMH Jaf0Th PO3PaxXyHKH
KyToBOTO Koedirmienra (dU,/dx. Hamu anpoOoBaHwmit
METO/T ¢doTopeecTparrii JUTS METOTUKU
MiKHOMETPUYIHUX BHUMIpIOBaHb, AKHUH npu
3aCTOCYBaHHI Bapiallii TeoMeTpii mKkHOMeTpa (3MiHU
CHIBBIMHOMIEHHS MK JJiaMeTpoOM Kamisipa Ta
00’eMOM  BUMIpIOBAIBHOI ~ KaMepu)  JO3BOJISE
3HU3UTU BeIMYKMHY A, s ryctunu oy 1o 0.02%.

[TinBuIeHHs TOYHOCTI TpaHchOpMaTOPHOTO
JaTYNKa, B CHJIY KOHCTPYKTHBHHUX OCOOJHBOCTEH
BCi€i BUMIPIOBAJIBHOI YaCTUHH YCTAHOBKH, BIAETHCS
JOCSATTH JIMIE TA00pOM TapameTpiB TpaHcdop-
MaTOPHOTO JaT4hKa.

Takum 4YMHOM, JUIS MIiABUINEHHS TOYHOCTI
BU3HAUEHHS TYCTHHH B 130TepMIUHIN MeToaumi
CiTb()OHHOTO TIT’€30METpa € JiBa KOHCTPYKTHUBHI

IUISIXH, a CcaMe, BHTOTOBICHHS IIKHOMETPIB
ONTUMI30BaHOI  reoMeTpii 13  3acTOCYBaHHIM
¢dotopeecTpallii Ta BIOCKOHAJICHHS KOHCTPYKII

TpaHCcPOPMATOPHOTO JATUHKA JiHIHHUAX 3MIIICHb, 11e
JI03BOJISIE 3MEHIIUTH TTOXHOKY BU3HAYECHHS T'YCTHHH
iz BUCOKuM tuckoM 10 0.07%.
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Ha ocnosi ananizy pesynomamie po3paxyHKie 8 pamKax meopii 8UcOKOmeMnepamypHoi cmabiibHocmi
amopgnux cnuagie 3anponoHO8aHo 08a HANPAMKU il npakmuuno2o euxopucmauns. [lepwiuil Hanpsamox — ye
nIOBUWEHHSA MEPMIUHOI CMAOINbHOCME AMOPEHHUX CHIAGI8 ULISXOM MEPMOOOPOOKU 6 NEeGHOMY [HIMepeai
memnepamyp, 0e KpUCMAanidti 3apooKU MONCYMb Nepexooumu 8 amopny ¢azy (po3uunamuce 6 amopghHii
Gaszi); Opyeuii — nepemeopeHHs amMopghHO20 CMAHY 8 HAHOKPUCANIYHULL WIAXOM 00820MPUBATLO20
HU3LKOMEMNEPAMYPHO20 i30MePMIYHO20 8IONATY.

Knouosi cnosa: amopgpruil 6inapruti cnias, Kpucmanizayis, HAHOKPUCMANTYHUL CIAH.

Calculations, wich carried out within the framework of theory of high temperature stability of amorphous
alloys showed, that account of additional pressure on interphase crystalline center — amorphous phase
leads to considerable reduction size of difference chemical potentials of i component in amorphous matrix
and freezed crystallisation center Ap; as compared to value AV, in that area, where resilient tensions are
absent. It is experimentally confirmed that external influences that result in reduction of difference of
chemical potentials of i component in an amorphous matrix and freezed crystallization center (in area of
temperatures, where Apn, <0) result in dissolution of the freezed crystallization centers, and as a result to
the increase of thermal stability of amorphous alloy. By means of the low temperature isothermal annealing
it is possible to create the nanostructural state and fix its subsequent cryogenic treatment.
Key Words: amorphous binary alloy, crystallisation, nanocrystalline state.

Crartio npeacraBuB wieH-kop. HAH Vkpainu, a.¢.-M.H., npod. Makapa B.A.

3aleXarh BiJi yMOB X OTpPHMAaHHS 1 MOMAIbIIOL

Beryn ST . .

0o0poOku. 3oBHImHI [il, Taki SK BiADAT IpH

AKTyarbHUM HaIrpsIMKOM JIOCII/UKEHb  TEMIleparypaXx 3HAYHO HWKYUX 3a TEMIEpaTypy
METaJIeBUX CTEKOJ € PO3po0Ka METO/iB KEPOBAHOTO  KpHWCTali3allii, iHTEHCHBHA IIaCTUYHA Je(opMallis,
HAHOCTPYKTYPYBaHHS HITSIXOM YaCTKOBOI  OMPOMIHEHHS YaCTKaMH Pi3HOI MPHUPOM MPHUBOJAAThH
KpHUCTami3alii aMOp(pHUX CIUIaBIB 3a paxyHOK [0 3MiHM iX (i3MyHMX BiacTHBOCTel. ITocTaHOBKA
30BHIIHIX  BIUIMBIB. B amopdHOMy cmmaBi 3ajmaui BuMIuIMBae 3 TEPMOAUHAMIYHOI  Teopii
HAHOKPUCTAIIIYHy CTPYKTYPy MOXHA CTBOPUTH BHCOKOTEMIIEPATYPHOI  CTaGiIBHOCTI  aMOppHUX

IUIIXOM HOTO0 4YacTKOBOI KpucTamizamii. Bemmka
yBara JIo TepMIi4HOI Ta MIaCTUYHOT 0OPOOKH CILIaBiB
3 aMOP(HOI CTPYKTYPOIO MOB'I3aHa 3 MOJKJIMBICTIO
HaOyTTS 0CO0JIMBUX BJIACTUBOCTEHN B
HaHOKpHCTalliYHOMY cTaHl. Ha cporopnimmuii aeHs
BiJIOMO, III0 BCi BJIACTHBOCTI aMOP(HHUX CILIaBiB

© B.I. JIucos, T.JI. Ilaperpaaceka,
I'.B. Caenxo , O.B. Typkos, 2014

crutaBiB [1-2], BiANOBIAHO A0 SIKOT 30BHIIIIHI BIUIUBU
(i3oTepMiYHME Bigman, TpUBAJAa BHTPUMKA IPH
KIMHATHIA TeMIiepaTtypi, MexaHiuHa oOpoOKka) Moxe
MPUBOJIUTH IO iICTOTHOTO 3CYBY ()a30BOi piBHOBaru B
reTeporeHHi  cucTemi amopdHa  MaTpUI—
BMOPOJKEHI HEHTPH KpHCTallizarii.
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- s a B i j- - 2
OCHOBHI piBHSIHHSI TePMOIHHAMIYHOI Teopil aj a; — aKTHBHOCTI i-TO KOMIOHEHTa B o~ Ta f3
BHCOKOTEMIIEPATYPHOI cTadiibHOCTI aMopdHuX  (pazax.

CILIaBiB

BucokoremneparypHy TepMiuHY CTaOUIBHICTh
aMOp(HUX CIUTaBIB YacTO IMOB’S3YIOTh i3 MOBHOIO
BIJICYTHICTIO 3apoAKiB KpucTaimiuHoi ¢azu. Aue
YUCENBbHI EIEKTPOHHOMIKPOCKOMIYHI JTOCHTIKSHHS
MOKa3yloTh, 1[I0 HAaBITh MNPH  HAIIIBUAKOMY
rapTyBaHHi 3 pigkoi ¢asu, 0pd IBUAKOCTSIX
rapryBanns nopaaky (10*+10%)K/c, B amopdrux
CIUTaBax ICHYIOTH IIEHTPH KpHCTami3alii, $Ki €
BMOPOXXEHUMH B aMOp¢HY MaTpuio. B pobotax [1-
2] pO3rIsSHYTO TEPMOJMHAMIYHI YMOBH 1CHYBaHHS
BMOPOKCHHX TIICHTPIB KpHcTamizamii B amopdHId
MaTpHIli, SKi JJIA [-T0 KOMIIOHGHTa B I'€TEPOTCHHIM

cucteMi  amoppHa  (ha3a—BMOPOXKEHI  LIEHTPHU
KpHUCTAaITi3aIlii OIICYIOTHCS BHPA30OM
vV +y vV
A (T)=- b e 20
i +y r
B 02
—i —i 3 2 (1)
V,=VIv =V )| |r
bt | | e du (T)
(X, 1,V T,
ne Au( T=p" - ,uﬁ — pBBHAOA XIMIYHUX

MOTEHIIIATIB [-T0 KOMIIOHCHTa B - Ta f-(aszax 3
ypaxyBaHHSIM THCKY, IO BHHUKA€ Ha IOBEPXHi
PO3/ALTYy KpUCTAIIYHUM 3apojioKk — amopdHa daza 3a
paxyHOK TOBEPXHEBOrO Harary (G — THTOMaA

MIOBEpPXHEBA CHEPris) Ta NPYKHUX HaNpyKeHb; V, ,

a ¥ . ..
Vs X, X, —MOIApHI o0’emu Ta KoedimieHTH

i30TepMiuHOI cTHCIMBOCTI - Ta [-(ha3 BiAMOBIIHO;

T 7, — PpamlycH KpHUCTAJIIYHHMX 3apOJKIB IpH

o> To
iCHYBaHHI Ta BiJICYyTHOCTI TUCKY Ha TPaHMIII 3apOIOK
a B .
—amoppHa aza, Au = M, —H, ~— PpisHHLA
1 1 1
XIMIYHUX [OTEHIialiB YHUCTHX KOMIIOHEHTIB, SKa
mpu  BHOOpI 3a CTaHAAPTHHNA CTaH XiMIYHOTO
MOTEHIlialy  {-T0  KOMIIOHEHTa B  YHCTOMY

KpUCTATIYHOMY METaji i-r0 COpPTy MOXke OyTh
Npe/ICTaBIeHa HACTYITHUM BHPa3oM

AH:)(T —-T) o
=T—”’+RTzna, (C“T)-
pi

RTIna"(C’.T)

A,uo

2)

ne o> I, — eHTalmbms Ta TeMmeparypa

IJIABJICHHS IIJIaBJIECHHS {-r'0 KOMIIOHEHTA BIITOBIIHO;

Ha puc. 1 npencraBieHo rpadiku 3ajiexHOCTEH
Au (T) pospaxoBani 3a dopmyiow (1) 3

ypaxyBaHHSM (2) 3a pI3HUX YMOB KpHCTami3alii
po3MJaBy.

Api(T)

_r
Tpi
B—a
Puc. 1. Temneparypna 3anexHictb Ay, i
cmiaBiB: 1 — Ap,TIpU  TOBIIBHOMY — OXOJIOIXKEHHI
a

posmnay V =V | a :af/], r_o—ow;  2-— Ay,
a B i i 02 !
npu LIBUJKOMY OXOJIOMKCHHI pO3IUIaBy
vV, =V, a' < aP, Ty, =const ; 3 — Ap, 1ipu HaJl-
LIBUIKOMY OXOJIOMKEHHI po3miaBy
Ve 2Vs,a < al, ry, =const; 1 — pinuuHO-B’sI3Ka

obnactp; Il — mpyxkHa o0xacTb, Je BPaxOBYETHCA
THCK, CIIPUYMHEHHHA NPYKHUMH HAIPY>KCHHSAMH 32

paxyHok V # V.

3riiHO Teopii TOMOT'CHHOTO 3apOJKOYTBOPEHHS
Opyd IIBUAKOMY TapTyBaHHI pO3IUIaBY 3apOAKH
KpUcTamiyHoi (a3u  yTBOPIOIOTBCS B paiioHi
temneparyp 7'~ 0,7 T,,, npu IbOMY IIEPEOXOJIOKEHA
piavHa mepexouTh B TBepIy amopdHy dazy. Takum
YMHOM,  YTBODIOETHCSI ~ TE€TEpPOre€HHa  CHUCTEMa
BMOpOXEHI ILIEHTPH Kpuctajizamii — amopdna
MaTpHIs, B SKid BHHUKAIOTh MPYXKHI HATPYKEHHS.
IIpoBeneHi po3paxyHKH IMOKa3ajd, 10 BpaxyBaHHSI
JOJATKOBOTO  THCKY HAa  TOBEPXHI  pO3ALITY
KpHUCTANIYHHUN 3apojIoK — amopdHa (aza npu3BOAsATh
JO 3HAYHOTO 3MEHIIEHHA BEIMYMHU A, B
HOpIBHSAHHI 31 3Ha4YeHHSAM Ap; B Tili obmacti, ne
BIJICYTHI NIpY>XHI HarnpyxxeHHs (puc. 1: kpuBi 1 Ta 2
B TMOPIBHSHHI 3 KpUBOIO 3). BaknuBuM Haciigkom
LBOT'0 MPOILIECY € Te, IO B iHTEPBaJi TeMIeparyp Bif
T:; no T;; 3HagenHss Ap, <0 1 BUHMKa€ MOXIIUBICTh
CIOCTEpiraT Iepexil KpUCTATIYHHX 3apOJKiB B
amopduy ¢azy. Ciig TakoX 3a3HAYUTH, IO HUKYE
Temreparypu T; HWMOBIPHICTh TOSIBE  HOBHX
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KPHUCTAJIYHUX 3apOKiB JOPIBHIOE HYJIIO, OCKIJIEKH B
il 00yacTi TeMIeparyp 4acToTa 3apOJKOYTBOPEHHS
J(T) s3rigHo Teopii TOMOTEHHOI KpHCTami3awiil
mpsiMye A0 Hymi. B miii obmacti Temmepatyp
MOJKJIMBUH JIMIIE TMOBUTBHUK PICT BXKE iCHYIOUHX
IIEHTPIB KpUCTAJTi3allii.

AHami3  pe3ynbTaTiB  PO3PaxyHKIB  3TiAHO
PiBHSHD MPHUBEICHOI BHIIE TEOpii TEPMOANHAMIYHOT
piBHOBarm B TETEPOTEHHI CHCTEMi BMOPOXKEHI
IIEHTPH KpHCTai3amii — aMopdHa MaTpHIs Jal0Th
JIBA HaOpsIMKA 11 TIPAKTUYHOTO BHKOPHUCTAHHSI.
[lepmmii HampsSAMOK — TiABUIIGHHS TEPMidHOI
cTaOUTBHOCTI aMmopHHIX CITIaBIB IUITXOM
TepMOOOpOOKH B iHTepBaii Temmeparyp 1;; + Ti, Ae
KPUCTAIIIYHI 3apOJIKU TepexoasTh B aMopdHY da3y.

Hpyruii HampsMOK — TepeBeAeHHS aMOp(hHOTOo
CIIJIaBY B HaHOKpI/ICTaﬂi‘IHI/Iﬁ CTaH IIIAXOM
JOBTOTPUBAIOTO  130TEPMIYHOTO  Bigmaly  MpH

temneparypax T1,< T}, ne Oyne BimOyBaTHcs picT
ICHYIOUMX KPUCTAIYHUX 3apoAKiB. [ BiATBOpEeHHS
IUX TMPOIECIB HEOOXIHO JOCHITHUM IUISIXOM
BU3HAuUUTU Temneparypu 1;;, T, T,

Pe3yibTaTi eKciepuMeHTAIbHUX T0CTiKeHb Ta
iX 00roBopeHHs

Hns  amopduoro cmmaBy FegB,y  Oyio
MPOBEJIEHO EKCIIEPUMEHTH M0 TepMooOpoOlI 3
METO¥O ITiIBUIICHHAS TEPMidHOI CTabITFHOCTI CIUIABIB
Ta PO3poOKM NUIAXIB OTPUMaHHS CIUIaBIB B
HaHOCTPYKTYPHOMY CTaHi. BuzHaueHHs
TEeMIepaTypd MOYaTKy IHTEHCHBHOI KpHCTalizarii
MPOBOJMIIOCH 3a JIOTIOMOTOI0 JTHJIATOMETPHYHOTO
METOAY, CYThb fKOro Hojsirae B HacTynHomy |[3].
Mouisipauii 00°€M OUTBIIOCTI CIUIABIB B aMOP(HHOMY
Ta KPUCTAIIYHOMY CTaHaX Bifpi3HsAeThes Ha (1-3) %.
TakuM  4YMHOM, MOXHA  JOCHIAWTH  HPOLEC
KpHUCTati3aiii aMopQHOTo cIiaBy, GiKCyloUun 3MiHY
JIOBXHMHHU 3pa3Ka Ta IMepepaxoByrOud il B 00’eMHI
smian. [lpm HarpiBanHi amopdHOro CrulaBy 3
IIOCTIMHOK IMIBUIKICTIO HOro o00’€M MOHOTOHHO
3pocTae, KOINM TeMIeparypa JOCsSrae IeBHOTO
3HA4YeHHs (TeMmeparypd TMOYaTKy iHTEHCHUBHOI
KpHUCTamizaiii) BifI0OyBaeTbcsi Tepexisi aMoppHOTro
crulaBy B KpuctamiyHmd craH. lleli mpormec
CYNPOBOKYETHCSI PI3KUM 3MEHLICHHSM 00’emy. 3
OTPUMAHOI TEMIIEPaTypHOI 3aJIEKHOCTI BIAHOCHOI
3MiHM 00’€My BHU3HAUYAIOTh TEMIIEPATYpy MOYATKY
IHTEHCUBHOI ~ KpucTamizauii. 3a  J0mOMOroro
JTUIIATOMETPUYHOT  METOJMKH  OyJM  BH3HAUEHI
TEeMIeparypd TOYaTKy IHTEHCHBHOI KpHCTalizarii
Ul BUXIZHOTO CIUIAaBY Ta IICIA HPOBEICHOT
TepMiyHOi  00poOku.  Temmeparypa  mouaTKy

2014, 2

Bulletin of Taras Shevchenko
National University of Kyiv
Series Physics & Mathematics

iHTeHCHBHOI KpucTamizamii mius cmiaaBy FeggBag
ckmamae 650 K.

Byno mposeneno 3 tunu TepmMooOpoOKkH, a caMe:

1) tepmonunkimyBaHHA (3 TOCHTITOBHHUX ITUKIH
HarpiBaHHs 10 630 K 3 HacTymHUM OXOIIOMKEHHIM
JI0 KIMHATHOI TeMIIEpaTypH);

2) i3orepmiunuii Bigman (mpu 600 K mpotsirom
1 roguHmM);

3) kpiooOpobOka (HarpiBamas 1m0 600 K,
BUTPUMKAa TPU I TeMmMmoepaTtypi Ta pi3ke
OXOJIO/KEHHS JT0 TeMIIepaTypH piakoro azory 77 K3
METOI0 cTabinmizamii OTpUMaHOT0 HAHOCTPYKTYPHOTO
CTaHy).

Heizorepmiuauii pexuM (TEPMOLMKITYBaHHS)
MpH JOCTaTHHO BHUCOKiM Temmeparypi (Ha 20K

HIDKYI 3a Temmeparypy IOYaTKy iHTEHCHUBHOI
KpHCTami3alii) 3acTocoByBaBcs abW  YHUKHYTH
KpUCTamizamii  3pa3ka  BHACHIJOK  MOXJIIMBOTO
TeperpiBaHHs.

Ha puc. 2 HaBeneHO TeMIepaTypHy 3aJIC)KHICTh
B1ZHOCHOI 3MIHHA 00’eMmy AV /V(T) nns
amop(Horo crmaBy Feg)B,y B mouaTtkoBoMy cTaHi Ta
micasl  TONEPEeIHhOrO  TEepMOIUKIyBaHHA (3
MOCIIZOBHUX IMKJIM HarpiBanHis g0 630K 3
HACTYITHUM OXOJIOIKEHHIM 1o KIMHATHOL
TEeMIIEpaTypH);

1 AV %

TG % b Rl 8 & W s Dd 0 ¢80 he & & 1§ B 68 1 & & 0o
370 470 570 670 770 870
Puc. 2. TemmneparypHa 3aJIeXHICTh BiJIHOCHOT
3Miau 00’ emy AV /V(T) amopdnoro ciaBy FegBag
y BuximHOMy craHi (kpmBal) Ta  micns
TEPMOIUKITYBaHHS (KpuBa 2).

3 TOpIBHSHHS 3QJIGKHOCTECH, HABEICHHX Ha
puc.2, BHIHO, IO TEMIEpaTypa  MOYaTKy
IHTEeHCUBHOI Kpuctamizauii  7; s aMopgHOro
CILIABY FegoBao micid TEPMOLIUKITYBaHHS
360impmyerbest Ha 80 K. 30inblueHHs iHTEpBaiy
TEpMiYHOT CcTaOiIbHOCTI MOXKHA MOSCHUTH THUM, LI0
MpoBeJieHa TepMooOpoOka aMop(HHX  CIUIaBiB
MPU3BOJIUTH J0 PO3YMHEHHS ICHYFOUUX BMOPOXKEHHX
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IIeHTpiB  KpucTamzamii. Ha puc.3 HaBemeHo KpUCTANIdHI 3apOAKHA 3MCEHIIYIOTECS Ta MOXYTh

pe3yNbTaTH  EINCKTPOHHO-TU(PAKIIHHUX Ta eleK-
TPOHHOMIKPOCKOIIIYHUX JOCTI/DKEHb JIJIS  CIUIaBY
FegoB2 0 Ta micis mpoBeneHoi TepMigHOT 00POOKH.

TEMHOITOJIbHI

Puc. 3. EnextpoHorpamu  Ta
300paxeHHs i ciiaBy FegByy B mouarkoBomy

craHi  (a), mcas ~ TEPMOUMKIYBaHHS  IIpU
T=630K (6) Tta micns TpUBAJIOro i30TEPMIUYHOTO
Bixnamy mpu 600 K (B).

3 pe3ynbTaTiB  €IeKTPOHHOMIKPOCKOIIYHUX
nocipkens 1 craBy FeggBag (puc. 3) BuaHO, 1110
BUXITHMA aMOpQHMH CTaH  XapaKTEPU3YETHCS
HasBHICTIO BMOPOXXCHHUX IIEHTPIB KpHUCTai3alii 3
cepeaHiM po3mipom nopsiaka 20 uM (puc. 3.a). [licns
TEPMOLMKIIYBaHHSl  TpHU T=630K po3mip
KPUCTAIIIYHHUX 3apOJIKiB 3MeHIIyeThes 10 (5-10) HM
(puc. 3.6). B wiit obmacti Temnepatyp Au; < 0, oTxe
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b.E. Meronuka

po3unHATUCH B amopdHid Qasi. 3pasku  micnus
TpUBaJOro i3oTepmiuHoro Biamamy mpu 600 K
XapaKTepU3ylThCs ~ CTPYKTYpPOIO i3 cepemHim
pO3MipoM HaHOKpucTamiB A0 50 HM (puc.3 B.) , B Wit
oOmacti TeMrepaTyp BiZOYBae€ThCS PIiCT iCHYIOUHX
KPHUCTAJIYHHUX 3apOJIKiB.

OTXe, eKCIepHMEHTAILHO ITATBEPHKCHO, IO
30BHINIHI i, $Ki TNPU3BOAATH JO 3MCHIICHHS
PI3HHUII XIMIYHOTO IMOTEHIIaTy i-T0 KOMIIOHEHTa B
amop(Hif MaTpuili Ta BMOpPOXXEHOMY IIEHTpI
KpucTamizamii (B obmacti temmeparyp ne Ay < 0)
NPU3BOJATE 1O PO3CMOKTYBAHHS  BMOPOKEHHX
LEHTPIB, 1 K HACHIJIOK 10 IiJBUIICHHS TEPMIYHOL
cTifikocti amopdHOrO cIiaBy. 3a OIMOMOTOIO
TPUBAJIOTO HHU3BKOTEMIIEPATYPHOTO 130TEPMIYHOTO
BiJIlTally MOYKHa CTBOPUTH HAHOKPHCTAIIIYHUHN CTaH
Ta 3a(hiKCyBaTH HOTr0 HACTYITHOIO KPiooOPOOKOIO.

BucHoBku

Ha ocHoBi aHamizy pe3ynbTaTiB pO3paxyHKiB B
paMKax Teopii BHCOKOTEMIIEpaTypHOI cTabiIbHOCTI
aMOp(hHUX CIUIaBiB 3aIPOIIOHOBAHO JBa HAPSAMKH il
NPaKTHYHOTO BUKOPUCTAHHS, a caMe:

1) mizBuIIEHHS TEPMIYHOT cTablIBHOCTI

aMOp(HUX CIUIaBiB MUIIXOM TEepMOOOpOOKH B

IHTEpBaJli TeMIeparyp, Ae KPHUCTaTiuHI 3apOJKd

MOXYTh IIEPEXOIUTH B aMOp(hHY (azy;

2) mepeTBOpEeHHs amopdHoro CTaHy B

HAHOKPHCTAIIYHIH HUIIXOM TPUBAJIOTO

HU3BKOTEMIIEPATYPHOIO 130TEPMIYHOTO Bimaiy.

3anpornoHoBaHO METOJ! OTPUMAaHHS
HAHOCTPYKTYPHOTO crTany 3 HOYaTKOBOTO
amop(hHOro; OTPUMaHO CIIaBH B
HAaHOKPHCTAIIYHOMY  CTaHi, IO MiATBEPIKYETHCS
pe3yibTaTaMu eNEeKTPOHHOMIKPOCKOIIYHHX
JOCIIKEHb.
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Haseoeni  pesynomamu  K8AHMOBO-XIMIUHUX PO3PAXYHKIE eNeKMPOHHUX CHEeKMPI8 apOMAmMU4YHUX
aminokuciom ma nenmudie Ha ix ocHosi. Q0epiicano SKICHe Y32000iCeHHS Pe3ylbmamie pPO3PAXyHKIE 3
EeKCNEPUMEHMANIbHO — GUMIDAHUMU — CNEKMPAMU  NOSIUHAHHA — OIIKOBUX — MAKPOMONEKYL 3  B8Ii00MOI0
AMIHOKUCTIOMHOIO  NOCAIO08HICMIO.  3pOONEHO  BUCHOBOK NPO  83AEMO0II0  T-eNeKMPOHHUX — CUCTHEM
ApOMAMUYHUX AMIHOKUCTIOM 830084 TiHII NENMUOHO20 38 A3KY.

Kurouosi cnosa: nenmuodu, apomamuini AmMiHOKUCIOMU, K8AHMOBO-XIMIUHI PO3PAXYHKU, e1eKMPOHHUL
CNEeKmp, CheKmp ONMuYHO20 NOCTUHAHHSL.

Quantum-chemical calculations of electronic spectra of aromatic amino acids (tryptophan, tyrosine and
phenylalanine), which are centers of intense UV absorption and fluorescence (2 > 200 nm) in proteins, and
peptides based on them are presented. It is shown that calculated spectra of peptides consisting of aromatic
amino acids are not a linear combination of spectra of individual amino acids. Theoretical results
gualitatively agree with experimentally measured absorption spectra of protein macromolecules with known
amino acid sequence. It is concluded that there is interaction between the z-electron systems of aromatic
amino acids along the line of peptide bond in peptides and proteins, which shows up in their optical

absorption spectra.

Key Words: peptides, aromatic amino acids, quantum-chemical calculations, electronic spectrum, optical

absorption spectrum.

Crartio npeacrasus akageMik HAH Ykpainu, 1.¢.-m.H., npod. bynasin JLA.

Biiku BiZirparoTh KIHOYOBY POJb Yy Ipolecax
KUTTEMISUTBHOCTI  yCiX 0e3 BUHATKY OpraHi3MiB.
BbinkoBi MmakpoMonekynu o0y moBaHi i3 3anumikis 20
AMIHOKHUCIIOT, Ccepel SKUX € TpH apoMaTH4Hi
aminokucnotu (tpunrodan (Trp), Tuposun (Tyr) ta
¢eninananin  (Phe)), ski sBusOTH CcO0OK  TT-
EJIEKTPOHHI CHCTEMH 1 € LEHTpaMU IHTEHCHBHOTO
MOTJIMHAHHA Ta QuoopecteHnii B Y® obnacTi
cektpa (A > 200 wum). Came apomaTH4Hi
aMIHOKMCIIOTH {1  BHM3HA4alOTh  CIEKTPaJIbHi
BJIaCTHBOCTI OUNKiB Ta mentuaiB (MEHmHMX 3a
pO3MipaMu CIONYK, IO CKIAAAIOThCS 13 3aJIUINIKIB

aAMIHOKHCIIOT) y  3TaJlaHOMy  CHEKTPaJbHOMY
mianasoHi [1-3].
CrHekTpu TOTJIMHAHHA Ta  BHUIPOMIHIOBAHHS

MENTHAIB Ta OIIKIB BH3HAYAIOTHCS  KIJIBKICTIO,
PO3TalIyBaHHSAM 1 B3a€EMOJIEI0 MK apOMaTHYHUMHU
aMIHOKHMCIIOTaMH, OTKE € YyTJIIMBUMH 10 KOoH}pipMma-

© K.1O. Morunpuak, B.M. KpaBuenko,
B.M. Amyk, 2014

IHKUX 3MiH Y TaKUX MakpoMoJieKkynax [4-5].
KBaHTOBO-XiMiUHI pO3paxyHKH 3 BUKOPUCTAHHSIM
Cy4acHHUX  TMPOrPaMHHUX  MAaKETiB  JO3BOJIIOTh
nepeadavaTy TEBHI  3aKOHOMIpPHOCTI Y  3MiHI
CHEeKTpIiB  MpH  BUHUKHEHHI  B3aeMOJi  Mixk
apOMaTUYHUMHU  aMIHOKUCIOTaMH y  OUTKOBHX
MOJIEKYJIaX SIK B3J0BX JIiHIi MENTHUIHOTO 3B’S3KY,
Tak 1 MDK apoMaTHYHUMH aMiHOKHCIIOTaMH, IO
HaJeXaTh JIO PIi3HUX JUISHOK —MOJIMENTHIHOTO

JaHLOra  3ropHyTOi y  TioOyiny  OinkoBoi
MaKpOMOJIEKYJIH.

Mertoro pmaHoi poGotu Oyno  MpoOBeAEHHS
KBaHTOBO-XIMIYHMX  PO3PaxyHKiB  €JEKTPOHHHUX

CHEKTpiB (CHEKTPiB TOTJIMHAHHS) MENTUAIB, IO
CKJIaJaucsi 3 pi3HOI KIJIBKOCTI apOMaTHYHUX Ta
HEapOMaTHYHUX aMiHOKHCIIOT, Ta iX TOPIBHSHHSA 3i
CHEKTPOM  TOTJIMHAHHS TOJIOBHOTO  KAaIlCHJIHOTO
6inka ipumosipycy komapa Aedes flavescens (AfIV),
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SIKUE OyB 00 ’€KTOM HaIlMX EKCIEPUMEHTALHUX
NOCHIDKEHb 1 UIA KOO BiOMa aMIHOKHCIIOTHA
IIOCJIIOBHICTb.

B Hammx po3paxyHKax MH BHKOPHCTOBYBAIU
nporpamuuii maker Gaussian 03. ns moOynoBu
JOCTI/DKYBaHUX MOJICKYJT Oynu B3ATi 0a3W JaHUX
JUTS aMiHOKHCJIOTHHX 3allUIIKiB 3 IIOTO IaKeTy.
Koudopmarii, B sikux nepeOyBainu aMiHOKHCIOTH B
MmenTuaax, BPaxOBYBaJIHUCh 3a JIOITOMOT' OO0
KOH(pOPMAIITHUX TapaMeTpiB, HaBeIeHNX B [2].

EnexTponHi ciekTpu Moiiekyn Oy po3paxoBaHi
32 JIOMIOMOTOK) HAIMIBEMIICPUYHOTO HAOIMKEHHS
ZINDO [6, 7]. Po3paxynok mpoBoauBcsi s 20

H,N
H
N

/

Tpuntodpan (C H NO)
1 12 2 2

CH—C(O)OH
HO

2014, 2

Tuposun (CH NO)
9 11 3

Bulletin of Taras Shevchenko
National University of Kyiv
Series Physics & Mathematics

CTaHiB. 3a TAKUX YMOB MO>KHA CIIOCTEPITaTH MePIIHiA
Ta JPYruil enekTpoHHi mepexomu. [lepexomu, sKi

3HAXOAATBCS Y  KOPOTKOXBHJIBOBIIIIM  0OJacti
(Bakyymuuii Y® niamazon, A < 200 HM), Hac He
UiKaBWJIM,  OCKUIBKM  IX  eKCIIepUMEHTalbHE
CIOCTEPEIKEHHS MOB’s13aHE 3 CYTTEBUMH
TPYAHOIIAMH.

KBaHTOBO-XiMiUHI  pO3paxyHKH €IEKTPOHHUX
CHEKTPiB  MPOBOAMIMCH Ui YCIX  TPbOX
apoOMaTHYHUX  aMIHOKHCIOT —  Tpurrodany,

THpo3uHy Ta (eHimamaniny. Ix Ximiudi dopmymn
300paxkeHi Ha puc. 1 [8].

H2N H2N

CH—-C(O)OH CH—C(O)OH

@eninananin (CH NO)
9 11 2

Puc. 1. Ximiuna OymoBa apoMaTHIHUX aMiHOKHCIIOT.

OckinpKky 01TKOBa MaKpOMOJIEKYIIa SIBIISIE COOOI0
MOCHIIOBHICTh 3 0araTh0X pi3HUX aMiHOKHUCIOT, a y
CIEeKTpax MOTJIUHAaHHS B OmmkHbOMYy Y@ nmiama3oHi
BUSBIISIIOTH ce0e JIMIIe apoOMaTUYHI aMiHOKHCIIOTH,
MU  3poOwin  crnpoOy — po3paxyBaTH — CIHEKTP
IOTJIMHAHHS MOCIIZOBHOCTI 3 KUIBKOX aMiHOKHCIIOT
JUIS TOTO, MO0 3’AcyBaTH, SK Oyae 3MiHIOBATHCS
CIIEKTP OKpeMOi aMiHOKHCIOTH TIpH YTBOpPEHHI
XIMIYHAX ~ 3B’S3KIB ~ MDK  HEHO ¥ IHIIUMH
apoOMaTHYHUMH  aMiHOKHCIIOTaMH B  OLIKOBIii
MoJIeKyi. [HmmMEu cioBaMu, MH 3poOMIH CrpoOy
MPOMOZICTIFOBATH CIIEKTP TOTJMHAHHS MEeNTUay —
(dparMeHTa OLIKOBOT MOJICKYJIH.

100000 4

- =-Trp
e Phe TyrTrp
=== 1*Phe + 1*Tyr + 1*Trp

50000+

ExcTHHKIiA, BiAH. 0.

JIoBKHHA XBHJIi, HM

Puc. 2. Po3paxoBaHi eJIEKTPOHHI CHEKTPH MENTHAY
PheTyrTrp, okpemo B3siTux aminokucior (Phe, Tyr,
Trp) Ta aIUTUBHOI CyMH eKCTHUHKIH  IHX
aminokuciot (1*Phe+1*Tyr+1*Trp).

Ha puc. 2 mpencraBieni po3paxoBaHi CHEKTpU
MOTJIMHAHHS OKPEMHX apOMaTHYHHX aMiHOKHCIOT
(Phe, Tyr ta Trp), nentuny PheTyrTrp, yrBopeHoro
3 WX aMiHOKHUCIIOT, Ta aJIUTUBHOI CyMH €KCTHHKIIIH
UX aMiHOKHKCIOT -1*Phe+1*Tyr+1*Trp.

3 pHCcyHKa BUAHO, IIO CHEKTp NENTHIY HE €
TMHIAHOI  KOMOIHAI€I0  CIEKTPIB  OKpPEeMHX
aMiHOKHUCIIOT. Taka BiIMIHHICTP MK CIIEKTpaMHu
MOke OyTH TMOB’si3aHa 13 B3aEMOJIIEI0 MDK 7-
CJICKTPOHHUMHU CHCTEeMaMHt apOMaTHYHUX
amiHokucnoT. [Ipore ms B3aemojiss He MOXe OyTH
CTEKOBOKO, OCKUIBKHA OCH30JIbHI TPYIU aMiHOKHUCIIOT
PO3TaIIOBaHi MO Pi3Hi OOKH Bijl MENTHIHOTO 3B’ S3KY
i metox ZINDO He BpaxoBye Takoi B3aeMoii [6, 7].

» —Tyr
. - =Trp
=
% = TyrTrp
= ==-TrpTyr
'E S - 1*Trp+1*Tyr
g
=
=
=
=
=
&
=<
=
0 T
150 200 250 300 350
JIoB:KHHA XBHJIi, HM
Puc. 3. Po3paxoBani  eneKTpOHHI CIEKTpH
tpunrodany, Tuposuny, nenruais (TyrTrp, TrpTyr)
Ta  QIUTUBHOI CYMH  CKCTHHKI[H  3ragaHux

aminokuciot (1*Trp+1*Tyr).
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Takoxk Oynu  TPOBEACHI  PO3paXxyHKH IS
MNENTUAIB 3 IBOX aMiHOKHCIIOT - THPO3UH-TpUNTO(aH 150000
(TyrTrp),  deninananin-tpuntopan  (PheTrp), s
¢eninananin-tuposun  (PheTyr).  Pospaxosawni .§ o
CJICKTPOHHI CIIEKTPH IS BUIIC3TaaHUX TCITUIIB Ta =
AIUTHBHUX cyM €KCTUHKI[II BIAIIOBITHUX E
apoMaTHYHUX aMiHOKHCJIOT HaBeIeHi Ha puc. 3-5. £ 500009
=
=
0
=== ihf 150
. - «Trp
g —PheTrp
= == Phet+Trp a
= 50000 N 5
e 150000 - 1\ cs=ed
2 Y R W
= \ ——me= KaNCHAHHI GiT0K
: : ! AfIV
= & 100000 I~
?2 2 [
. I
= .E I ! “Q
Z 1 .
ot r Ceeee. £ 50000 " ,’4{\ "y
T T s ] ’ b
150 200 250 300 350 2 ! O \
. ’ NS
JloB:KHMHA XBHJIi, HM , J,” s \\-2;\_‘_
Puc. 4. Po3paxoBaHi  €JIEKTPOHHI  CIEKTpU 150 200 250 300 350
JloB:xuHA XBHJII, HM

¢eninananiny, tpuntodpany, nentumy PheTrp Ta
aQIUTUBHOI CyMH €KCTHHKI[ [MX aMiHOKHCIIOT
(1*Phe+1*Trp).

Ha puc. 3 Takox mpencTaBiieHi po3paxyHKH IS
nentuay — taposuH-tpuntodan  (TyrTrp) Ta
TpunToaH-TUPO3IUH (TrpTyr). CytreBoi
BIJIMIHHOCTI B CIICKTPax HE CIIOCTEPIraeThCsl, a OTKE,
HOPSJIOK PO3TALIYBaHHS aMIHOKHCIOT B MENTHJI HE
Ma€ 3HAYCHHS.

3 pHCYHKIB BWJHO, 1[0 TIPH YTBOPEHHI TaKHX
MOCJIIZIOBHOCTEH 3 JIBOX aMIiHOKHCIOT IX CHEKTp €
KOMOIHAIII€}0  CIIEKTPIB OKPEMUX aMiHOKHCIOT.
IIpore us komOiHalis € JIHIHHOW JIKIIE JJIS
nentuay Qpeninananin-ruposun (PheTyr).

-==Phe
. - -Trp
g o PheTrp
- = Phet+Trp
"2 50000-
g
=
4
=
=
-
1>
=
=
0 T T .
150 200 250 300 350
JloBKHHA XBHJII, HM
Puc. 5. PospaxoBani €JIEKTPOHHI CIEKTPHU
¢eninananiny, THpo3uHy, mnentuay PheTyr Ta

AJIWTUBHOI CyMHM €KCTHHKI[IH IIMX aMIHOKHCIIOT

(1*Phe+1*Tyr).

o

Puc. 6. Po3paxoBaHi CIIEKTpH MENTUIIB:
a. 1 — MetTrpSer, 2 — AsnTyrPhelLeu,
3 — AsnTyrPheLeuAspMetTrpSer
6: 3— AsnTyrPheLeuAspMetTrpSer,
4 — ProTyrTyrSerLeuValSerProTrpTyrHis,
5 - ValTrpAlaAsnTyrAla
Ta CKCIICPUMCHTAJIBHO BI/IMipHHI/Iﬁ CIICKTP IOITIMHAHHS
KarcuaHoro Oinka ipumoBipyca komapa AflV.

Takoxx Hamu OyiaM TPOBENEHI PO3PaxXyHKH JUIS
MENTHUIIB, SKI BXOJATh JO CKJIaay TOJIOBHOTO
KarcuaHoro Oiika ipumoipyca komapa AfIV, skuit
MH JIOCITI/PKYBAJIM €KCIIEPUMEHTAJIbHO. SIK TToKa3anu
pe3yJbTaTH HaIMX JOCHIDKeHb [9], aMiHOKHUCIOTHA
MOCHIIOBHICT, ~ 1IOTO ~ Oinka  moxiOHa 710
aMIHOKHUCJIOTHOI IIOC/IIOBHOCTI KaIICHIHOTO OlIKa
ipunoBipycy komapa Mosquito iridescent virus
(MI1V), naBenenoi B [10].

Hamu Oynm BuOpaHi HACTymHI aMiHOKHCIIOTHI
mocaigoBrocti: 1) MetTrpSer, 2) AsnTyrPheLeu ta
MOCHIJIOBHICTb, SKA CKIAQNAEThC 3 IUX JIBOX
nentuaiB  3)  AsnTyrPheLeuAspMetTrpSer, a
takox 4) ProTyrTyrSerLeuValSerProTrpTyrHis ta
5) ValTrpAlaAsnTyrAla (Tyr Mu BUKOpUCTAIH
3araJbHONPUNHATI MO3HAYeHHs amiHokucior). Ll
aMIHOKHUCIIOTHI MOCIiZOBHOCTI Oynu BUOpaHi TOMY,
I0 B HHUX TNPUCYTHI apOMaTH4YHI aMiHOKHCIIOTH, a
Takok ix mapu. Ha puc. 6a, 6 mnpencraBieHi
BIJIMOBiAHI PO3Pax0OBaHi CHEKTPH.
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CrmekTp  TOTIMHAHHSA  KalCHAHOTO  OuTKa 3TOpHYTIH y Tiao0yiry OUTKOBiH MakpoMOJIeKymi. Y

ipunoBipyca komapa AflV B Oydepi Tris-HCI-NaCl-
EDTA, HaBenenuii Ha pwuc.6, Oya0 BUMIPSIHO
BimHOCHO Oydepa mpu KIMHATHIN Temmeparypi
T =290 K na cnekrpodoromerpi Specord UV VIS.
[opiBHSIHHS pe3yibTATiB HAIMX PO3PaxyHKIB 3
HOPMOBAHHMM CIIEKTPOM MOTJIMHAHHS KaICHIHOTO
oinka AfIV cBimuuTh PO SKiCHE Y3rOHKEHHS TEOopii
3 eKCIepUMEHTOM. BigMiHHICTE Yy MOJOXKEHHI
MaKCUMYMIB CMYT MOTJIMHAHHS PO3PaxOBaHOI'O Ta
BAMIPSTHOTO CIIEKTPIiB MOXKe OyTH HaCHiAKOM, 3
omHOr0 OOKy, BIJIOMOi 3aJIe)KHOCTI TIOJOKCHHS
MakCUMyMiB  CMyr  JjIs  aMiHOKHCJIOT  Bif
BJIACTUBOCTEM iX oToueHHs (pos3unHHUKa) [3,4] Ta, 3
iHmoro  OOKy, YTBOpeHHsM  arperartiB  [5]
ONMM3KOPO3TAIOBAHUX APOMATHUYHHUX aMiHOKHUCIOT Y
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electronic structure method / J. B. Foresman,
AE. Frisch.- 2nd Ed.- Wallingford: Gaussian,
Inc., 1996.- 302 p.

7.Frisch AE. Gaussian 03 user's reference / AE.
Frisch, M. J. Frisch, G. W. Trucks.- 2nd Ed.-
Wallingford: Gaussian, Inc., 2003.- 337 p.

8.Kamwmop Y. buodusuyeckas xumus / Y.
Kanrop, I1. [llummen. — MockBa: Mup, 1984.
-T.1.- 336 c.

9. Pyo» IO.II. CnekrtpajibHble  CBOWCTBa
upunoupyca komapa Aedes flavescens /
10.1I. Pyms, JI. II. bywamkwmii, B. H.
Kpauenko u ap.// buodusuka.- 2014.- T. 59,
Ne 1.- C. 162-168.

10. AMiHOKHCIOTHA TIOCITiIOBHICTH TOJOBHOTO
KarcuzHoro Oinka ipuoBipycy xomapa MIV
[Enextponnuii pecypc]. Pexum moctymy:
http://www.uniprot.org/uniprot/Q197E6

OyIb-sIKOMYy BHUNAIKy, M 3’sICyBaHHS
MUTAHHS MTOTPIOHI MOAANBIII JOCIIKCHHSI.

OTxe, omepaHi pe3yabTaTH MO3BOJISIIOTH HaM
3poOUTH BUCHOBOK TIPO T€, 1110 B NIENTHIAX Ta OiTKax
ICHy€ B3a€EMOJIS MK T-€IEKTPOHHHMU CHCTEMaMH
apOMaTUYHUX aAMiHOKHCIIOT B3/I0BXK JiHil
MENTUIHOTO 3B’SI3KY, MO MPOSBISETHCSA Y CIIEKTPax
ix onTHyHOTO MOrMHAHHA. [[f0 B3aeMogil0 MOXKHA
YSIBUTH co0i SIK B3a€EMOZII0 3B’SI3aHUX
MaTeMaTUYHUX MAaSTHHUKIB, IIBIIMIEHHUX HA CIIILHINA
HUTHI. OOTPYHTOBaHICTh TaKOi aHAIIOTIi 3yMOBIEHA
OCOOJIMBOCTSIMH ~ XIMIYHOiI Oy/lOBHM TENTHIIB Ta
oinkis [1, 2, 8].
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Audysist Ta B’s13kicTb posnasiB Ga-IniSe-In | Diffusion and viscosity of Ga-In and Se-In

. . o .| melts
Kuiscbxuii HalllOHaJIbHHUH YHIBCPCUTET IMCH1

Tapaca  IlleBuenxa, 01601, M. Kui, Byn | 'Taras Shevchenko National University of Kyiv,
Bonoaumupceka 64/13 01601, Kyiv, Volodymyrska St., 64/13,
e-mail: alekson@kiev.ldc.net e-mail: alekson@kiev.ldc.net

Pospaxosari 6 moodeni pioun meepoux cghep amomaphi koepiyicumu oughysii Ga, In ma manoi domiwixu
18" 4o 6 posnnasax Ga-In 6 wupoKkoMmy memnepamypHoMy i KOHYEHMPAYIIHOMY IHMEPBANAX Y3200HCYIOMbCSL
3 excnepumenmanbHumu oanumufl], wo ceiouums npo be3axmusayiiHull MOHOAMOMHUL MEXAHI3ZM Oughy3ii.
Pospaxosani no moougpikosaniu popmyni Cmoxca-Evnwmenina 3HayenHs 6 ’s13Kocmi 1| Yux po3niasie

MAKOIAC Y32002ICYIOMbCS 3 eKCNepUMeHmanvHumu oauumu. B cucmemi Se-In ompumani no gpopmyai Cmoxkca-
Eiinwmetina (3 suxopucmanHam, po3apaxoeanux 8 mooeni pioun meepoux cgep, amomaprux xoegiyicumis
oughysii Se,In) 3uauenus 1M He y32002CyiombCa 3 excnepumeHmanvHumu oanumuf2]. ILle ceiouums npo

oughysito  Se,In ne auue 6 amomapromy eueasioi a i y eueisoi KOMIAEKCI8, Wo CKIA0aombCs 3 0eKilbKOX
amomig (Haubinbws imosipro ye komniexcu muny Galny), aKi 3 ni0guUEeHHAM meMnepamypu OUCoOyiooms.
Kurouosi cnosa: posnnasu, ougysis, 6’ a3kicms, KOMNIEKCU.

Calculated in the framework of rigid spheres liquid model atomic diffusion coefficients of Ga, In and
small impurities *®"Ag in Ga-In melts in broad temperature and concentration interval are in agreement
with experimental results[1]. This let us conclude about unactivation monoatomic nature of diffusion in such
systems. Viscosity n of this melts where calculated by utilizing improved formula of Stoks-Einstein.

Acquired quantities are in good agreement with experimental results. Viscosity n of the system Se-In where

also calculated by utilizing formula of Stoks-Einstein (using atomic diffusion coefficients of Se,In calculated
in framework of rigid spheres model). But this quantities are not agreed with experimental results[2]. This
let us conclude about diffusion of Se,In not only in atomic form but also in the form of complexes, which
consists of several atoms (the most probable form is Galn,). With temperature increase this complexes
dissociates.

Key words: melts, diffusion, viscosity, complexes.

Crartio nipeacrasuB wieH-kop. HAH Ykpainu, a.¢.-M.H., npod. Makapa B.A

Beryn MOXE IPUBECTH JO YTBOPEHHS KOMIUJIEKCIB
(HaHOYTpyMyBaHb) THUIY: METAJ-pO3UMHHUK
JIOMiIIKa, 110 JUQYHIYE + KHCEHb YHM a30T, SKi
ckiamaroTees 3 3+30 aroMiB 1 3 IIABULICHHIM
TEeMIIepaTypu JUCOLIIOITh (po3manaroTtkes). [lpn
TeMmreparypax  HIDKYMX, HDK  TeMmIeparypa
JIcolianii KOMIUIEKCiB, B nu(y3idiHUX mporecax
OpUAMAalOTh y4yacTb SK OKpeMi aToMH, Tak 1
HAHOYTPYITyBaHHS, TIOBEIIHKA SIKMX OIHCYETHCS B
pamkax  QuiykTyamiiHoi — Mogzeni  Jgucomiamii
komruiekcie [1]. Ha »xamp B OiHapHMX iOHHO-
€JIEKTPOHHUX po3IaBax 3 00MEKEHOI0
PO3YMHHICTIO B pimkoMmy ctaHi (cucrema Se-In)
IuQy3iliHI mpolecu He OOCHTiHKyBaluch. BimcyTtHi

Iporiecu audysii, B’S3KOCTI JOCTaTHLO I00pe
(excrieprMEeHTaNbHO Ta TEOPETUYHO) IOCIIKEHI B
YUCTHX PIIKUX MeTallax Ta B 10HHO-EJIEKTPOHHHX
OiHapHUX PO3IUIaBaX 3 HEOOMEKEHOK PO3YMHHICTIO
KOMITOHEHTIB B pigkomy craHi (cuctema Ga-In)[1].
[lokazaHo, moO B TakUX CHCTEMax TeMIlepaTypHa
3aJICKHICTh  €KCIIEPUMEHTAIBHUX  KoedilieHTiB
camoudy3ii Ta qudy3ii MaTUX JOMIIIOK OIH3bKa 10
TiHIMHOT 1 70Ope ONMCY€EThCS B paMKax MOJIENi PiUH
tBepaux ctep. Lle cBiquuTh npo Oe3aKTHBAIIHUH,
MOHOATOMHHWI MexaHi3M jaudy3ii. HassHicth B
pO3IJIaBax TAaKHX CHCTEM JIOMIIIOK KHCHIO, a30Ty

© B.I. Orno6as, O.B. Orno0s,
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SIK  CKCIIEpUMEHTANBbHI, Tak 1  TCOPETUYHI Y Mexax akTUBAIliHHOI MOnei HE MOKHA
JNOCHIDKEHHsT TUQY3IHHUX TpoUeciB B TaKUX pPO3paxyBaTH Hi TeMIeEpaTypHY, HI KOHIEHTpaLiiHy

cucremax [2]. Ane B miTepaTypi iCHYIOTh JeTalbHi
eKCIIEpUMEHTaIbHI JTOCHIDKEHHS B’SI3KOCTI TaKHUX
CHUCTEM sK B Me&XaX Tak 1 3a MekaMmu OiHomam [2].
Maroun ekcrepuMeHTanbHi JdaHi 1o  audysii
KOMITOHEHTIB B cucTemi B [IHPOKOMY
TEMIIEPaTypHOMY iHTepBai, MOXKHa, o
MomudikoBaniii  dopmyni  Crokca-EiiHmTeiina,
po3paxyBaTH B’SI3KICTh TaKMX PO3IUIABIB 1, HABIAKH,
Marp4di  HamgiHI ~ eKCIepUMEHTAIbHI  JaHi 1O
B’SI3KOCTI, MOXHa 13 MoaugikoBaHoi QopMynu
Croxkca-Eitnmreiina OTpUMATH 3HAYCHHS
KoedimieHTiB camonudy3ii KOMIIOHEHTIB 1, IMOTIM,
MOPIBHATH IX 31 3HAYCHHAMU  KOCQIIIEHTIB
camomudysii, po3paxoBaHMMU B MOJCTI piauH
TBepaux cep, IS BUMAAKY MOHOATOMHOI AUQy3ii
KOMITOHEHTIB 1, BIAMOBITHO, pOOUTH BHCHOBOK TIPO
aToMapHy JuQy3il0 KOMIOHEHTIB 4H AuQys3iro
KOMIIOHEHTIB y BUTISAOL KOMIUIEKCIB

(HaHOYTPYIIYBaHB).

Cnocoon po3paxyHky KoedinieHTiB
auy3ii KOMIMOHEHTIB, AOMIIIOK Ta B A3KOCTi Y
po3miaBax cuctemu Ga-In ta Se-In

[lpn omucaHHI SBHII MAacoIEpeHOCY B
po3ruiaBax OiHAPHUX CHUCTEM I1HOZI 3aCTOCOBYETHCS
MOJIeJIb aKTHUBOBAaHWX IepeMilieHb [3], dacrimie
MoJIeITb piguH TBepauX coep [1,4,5].

3aJeKHICTh KOe(ilieHTiB Iudy3ii KOMIIOHEHTIB Yy
OimapHHUX po3IuiaBax. be3akTrBariitHa MOJIENb PiTAH
TBEpAUX cdep, sKa po3rNIAgac XaoTHYHHH pyX
YaCTMHOK y PiAWHI, JO3BOJSE OOYHMCIIOBATH 5K
TEMIIEpaTypHi, TaKk 1 KOHIICHTPAIiiHI 3aJIe)KHOCTI
KoedirieATiB camonudysii, TpHUOMy, y BUMAAKY
Iudy3ii B po3miaBax 3 HEOOMEKEHOIO PO3UNHHICTIO
B pIOKOMY cTaHi, TeopeTwyHi 3Ha4deHHS D mo6pe
Y3TOKYIOTBCS 3 eKCIIePUMEHTATbHUMHU
pesyibratamu| 1,5, 6].

Hns obuncneHHst koedimieHTiB camoaudys3ii
KOMITOHEHTIB OiHApHOI CyMimIi piiuH TBepAuX cdep
y [4] otpumaHo QopMynH sKi 3 ypaXyBaHHSIM
MOJIEKYJIAPHO-IMHAMIYHOrO (aktopa C(T),) MAIOTh

surisig (1,2). de D, D,—xoedinientu camoandysii
aTOMIB TeEpIIOro Ta APYroro KOMIIOHEHTiB, V —
MOJIIpHUH 00’eM cmaBy; X, X,— aTOMHI YacTKH
KOMIIOHEHTIB; Oy;,0,, — AlaMETpu TBEpAUX cdep

o . . 013+ 0y .
aTOMIB BiJIIOBIJHUX KOMIIOHEHTIB; O, = 5
m,, M, — Macu TBepauX cep Mepuoro Ta JApyroro
0,1,9,,,0;, — OyHkuii posmoginy
B3a€MOJIIFOYMX I1ap aTOMIB MEPIIOrO BHIY, APYroro,
MEPIIOTO Ta IPYrOro BHUJIB BiJIMOBITHO OIiHEHI B
TOYIlI KOHTAKTY.

KOMIIOHEHTIB;

-1

1
167N m,kT )2 m,m,kT 1)
D, =kT X1Gflg11 i + XZszgﬂ 5 (r1n12+ m,) c(Mn).
-1
167N m, KT mm, kT (2)
D, =kT YR 2652027| — +%,01,0, 5 (rlnli_mz) c(Mn).

OyHKIIT po3MoAiTy BU3HAYAOTHCS Yepe3 KoedilieHT
HaKyBaHHS CyMimli 1), 3a GOpMyJIaMu:

niN
1+0.50, + m X,G5, (11 — G)

0. = 1-m, )2 '
N 2
1+0.5n, +—— X,61,(6,, — 611)
0, = Y 2 !
(1_ nm)

01, = (9,105, + 9,,011) /(0y; +5,)

KoedimieHT makyBaHHSI OJJHOKOMIIOHEHTHOI PiMHU
BU3HAYAETHCS 32 MOJBHUM 00’€MOM 1 JiaMeTpoM
TBEp/IOi cepu:
3
nc N
6V

a koe(IillieHT MaKyBaHHS CYMIllli BU3HAYAETHCS 3

)
BUpa3y: M, = W (Gflxl + ngxz)

Hns  oOumcnenHss koediuieHTiB  audys3ii
aTOMIB MaJjoi JOMILIKH TPEThOrO BHIY B OiHapHUX
po3IIaBax ~ MOXHA  3alpoNOHYBaTH  BHpa3,
ananoriunuii (1), (2), a came [6]:
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1\* G, % + 0%, +C _
167N mm,kT Opp=———— >, m=mX +m,X,
D, =kT ST I e ——— c(n,). @) 2
2n(M +m,) @OyHKuii po3moairy B3aEMOIIIOUYNX aTOMIB TPETHOTO

neM, —Maca aToMa JOMIIIKH, Gy, — AlaMeTp chepu

aToMa JOMIIIKH,

BUIY (35, @ TAKOK HEPILIOTO, JAPYroro Ta TPEThOrO

BUIIB (5, BU3HAYAIOTHCA 32 QOPMyJIaMH:

7N )
1+0.5n, +—— (o, +0,,X — G X, — Oy =
MNm N (011X + G2%,) (O35 = Oy %41 — G,%,) G535+ Gas(OX, + G ppX,)
O35 = 1 2 1 Y137 '
(1-n,) Gy1% + 03X, + 03
re 0= 1+0.5n, (X, X,- aroMHI momi mepmoro Ta APYroro
2 :
(1— nm) KOMIIOHEHTa, [, [, - paalycu zm(bsz[y}OqI/I YaCTUHOK
©Qopmymu (1), (2) Ta (3) MoxHa mepwioro i apyroro BHULY), D — edeKTHBHUN
BUKOPUCTOBYBAaTH HE JMIIE [ CcHCTeM 3 KoedimieHTt Indys3ii npu JOCIIKYBaHi
HEOOMEXKEHOI0  PO3YMHHICTIO KOMIIOHEHTIB B  TemIepaTypi:

pinkomy cradi (cucrema Ga-In) a i mist po3paxyHkKy
KoedilieHTiB camoaudysii, kxoediuieHTiB audys3ii
MaJlMX JOMIMIOK y CHCTEMax 3 pO3IIapyBaHHSIM B
pinkomy craHi (cuctema Se-In), sgxmo audys3ist
BiJOYBa€THCSI B aTOMapHOMY BUTJIsL. AJle, TaK SIK, B
obnacTi Mexx OiHozami (criHOgali) B TAKMX CHCTEMaXx
icHye HecTaOINpHHH CTaH 1 € 3Ha4yHi QIyKTyarii
TYCTHHH, TO MOXIIMBA HE JHIIC aToMapHa AuQy3is
KOMIIOHEHTIB Ta JOMIIIOK, a i AuQy3is y BUIIIAIL
KOMIUIEKCIB po3MipH (IiaMeTpH) SKHX Beluki (G ~

4-6A) npu Temmeparypax TIIaBIEHHA, a HpU
i IBUTIICHHI TeMIIepaTypu HaHOYTPYITyBaHHS
pO3ManaroThCS (IMCOMIFOIOTH) i mudysis
BiOyBaeThCSI B aTOMapHOMY BHIUIAAl. MoxkHa

MIPUITYCTHTH, IO B OOJACTi MeX OiHOHaNi BKIAa B
mudy3iiiHI IpoIiecH BHOCATH SK OKPEMi aTOMH, TaK 1
HAHOYTPYIyBaHHS Pi3HOTO CKJIaTy.

BincyTHicTe HagiliHUX eKCIepUMEHTATLHUX
JaHuX 10 KoedimieHTax camomudysii B Takux
cucTeMax, Haxalb, HE J03BOJIIE TEPEBIPUTH
BIJIMOBIIHICT,  PO3PaxOBaHUX B MOJEII  PiJIUH
TBepaux cdep koedimieHTIB camonudy3ii OKpeMHux
aTOMIB  KOMIIOHEHTIB X  eKCIIEpUMEHTAIbHUM
3HaueHHsAM. J[7s Toro, mo0 po3B’s3aTH IO 33Jady
Hamu OyB 3ampoIlOHOBAHWH METOJA PO3pPaxyHKY

KoeQiIlieHTiB mudysii 3 HAIIAHUX
EKCIIEPUMEHTAIbHUX JIaHUX I10 B’A3KOCTI TaKUX
CHUCTEM, 3  BHKOPHCTaHHSIM  MOJU(IKOBAHOTO
crniBBigHomenHs Ctokca-EnHmTelina
4ntrD
ne m- auHamiyaa B’s3kicte ([la-c), k- xoHcranTa
Bonbimana, T- TepMmomuHamiuHa TeMmIepaTypa
cUcTeMH, T- epEeKTUBHUIA pajiiyc:
r=Xxr+Xxr,,

D=xD,+x,D, .
Tyr D, ta D, - BixnosinHo xoedimientn qudysii

MEPIIOro Ta JAPYroro KOMIIOHEHTA B JOCIIIKYBaHIH
CHUCTEMI.

OTpumaHi pe3yJbTaTu Ta iX 00roBOpeHHs

B w™omem pimuH TBepmux cdep 3a
¢dopmymnamu (1) Ta (2) Hamm Oynu po3paxoBaHi
koedinientn camonudysii Ga ta In B posmnasax Ga-
InB mmpoxoMy KoHLEeHTpamiiHoMy (Bix unuctoro Ga
3 KpokoM 5% ar. nmo 4ucTOoro In) Ta
TeMIiepaTypHOMy  iHTepBami (Big  Temmeparyp
rasneHHs 1o 1000K). Ilo dopmyni (3) Oymm
po3paxoBaHi koedirieHTH audy3ii Manoi JOMIIIKH
08MA g a Takox 1o Wil hopMyit GyIH po3paxoBai
KoeditieaTn qudy3ii MaIUX TOMIIIOK Ga ta M In.
3navyeHHs koedinieHTiB camonudysii Ga Tta In
po3paxoBanux 1o ¢opmynax (1) i (2) cmiBnagawTs
13 3HaueHHsAMH KoedilieHTiB audy3ii  Mammx
JIOMITLIOK “Ga ta "™"In pospaxoBamux 3a
¢dopmysioro (3) (pPO3XOKEHHS HE IEPEBHUIIYBAIO
3%). Ak npuxiag Ha puc. 1.2 ta B Tabiu. 1 npuBeneHi
po3paxoBaHi B Mojeni piauH TBepamx cdep
aTomapHi koedinientn qudysii Ga, In, Ag. B tabm. 1
TaKoXX TpHBENEeHI po3paxoBaHi 3a Qopmynoo (4)
N, (3
BUKOPUCTAaHHIM aToMapHUX KoedilieHTiB audysii
Ga, In). Koeodiunieatn camonudysii Ga Ta In,
koedimientr aueysii  mamoi  gomimkm  Ag'®"
po3paxoBaHi ais posmiaBiB umctoro Ga, In Ta

3HAYEHHS IVMHAMIYHOT B’SI3KOCTI

posmnaBiB  cucremu  Ga-In (B mmpokomy
KOHIICHTPAIITHOMY Ta TeMIIepaTypHOMY iHTEepBaIi)
Jobpe Y3rOJKYIOThCS 3 JiTepaTypHUMU

eKCIIepUMeHTanbHUMU JaHuMu [1]. TemmepaTtypHa
3ajekHicTh D O5u3bKa 10 JIHIHHOI, 1€ CBIAYUTH MPO
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mudy3iro Manmux npomimok In, Ga, Ag B maHmX
po3MJiaBax Juile B aToMapHOMY BUTIsiAl. Jani Hamu,
3 BUKopucTanHsaM (opmyn (1), (2) ta popmynu (3),
Oymu po3paxoBaHi aToMapHi Koe(irmieHTn
camoaudysii Se , In Ta aromapHi KoedilieHTH
mudys3ii Manoi gomimku “Se ta " *™n s cuctemu 3
00MEXEeHOI0 PO3YMHHICTIO B pimkoMy crtaHi Se-In
(xoHIEHTpali0 Se 3MEeHITyBalld B MeXax OiHomaul
Bim 25% ar. no 0% ar. 3 kpokom 5% ar., B
temreparypaomy iHTepBani 800-1150K). 3maueHus
orpumani 3 ¢opmyn (1,2) mis  aromapHHX
koedimieHTiB camoaudysii Se, In ta 3 popmymu (3)
Uil aTOMapHUX KoedimieHTiB  audys3ii  Mammx
nomimok °Se Ta *"In  nmoGpe y3romKyrThCH.

Haxanb, TOpIBHATH  pPO3PaxyHKOBI  3HAYECHHS
aTOMapHUX KoeilieHTiB odys3ii 3
eKCIIEPUMEHTAIbHUMH ~ He  Oylo  MOXIHBOCTI,

OCKLIBKY Taki JaHi B JiTepaTypi BiICYTHI.

D, 10-9m2/c
10
1 — Ga
8 -— Ag .
| —-= In A
// .~
6 gits
4 —~
] =
2 =z
1 TK
O+——7T——7T— 717 7T T T T T T T T
350 450 550 650 750 850 950
Puc. 1. TemriepatypHi  3aJI€XHOCTI  aTOMapHUX

koedimieHtiB qudysii Ga, In Ta Ag B posuraBax
yucToro In

D, 10-9m2/c
104

TK
0 Tk ¥ L. %I & L ¥ § & L %ol ov ol @ ) 98 a4 3 0 % 5 3
350 450 550 650 750 850 950
Puc. 2. TemnepaTypHi 3aleXHOCTI aTOMapHHUX

koedimientiB qudysii Ga, In Ta Ag B posruraBax
Ga(50% ar.)-In(50% art.)
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BuxopuctoBytoun  MoaudikoBaHny  GopMyay
Crokca-Eiinmreitna (4) pospaxyBaiu B’SI3KICTh 1)
po3miaBie In-Ga (sx mnpukiaax auB. Tadm. 1) B
[IHPOKOMY TEMITEPATYPHOMY Ta KOHIICHTpAI[IITHOMY
inTepBasniax. OTpuMaHi pPO3PaxyHKOBI 3Ha4YEHHS
B’SI3KOCTI 1] B MeXax IIOXHOKH EKCIePHUMEHTY
Y3TODKYIOTECS 3 €KCIIEPIMEHTATBHUMHU TaHUMH [7].
Lle cBimuuth mpo Te, mo Moau(DiKoBaHY (opMyITy
(4) MOKHa YCITIIIHO BUKOPUCTOBYBATH ISl CUCTEM 3
HEOOMEKEHOI0O  PO3YMHHICTIO  KOMIIOHCHTIiB B
piakoMy crTaHi, KOJM KOMIIOHEHTH CHCTEMHU
JUQYHAYIOTH B aTOMapHOMY BHUIJISIIII.

PospaxyHok B’si3kocTi 3a  ¢opmynow (4) 3
BUKOPUCTAaHHSIM aToMapHUX KoedilieHTiB audysii
Se ta In g posmiaBiB cucremu Se-In (3
0OMEKEHOI0 PO3YMHHICTIO y PIIKOMY CTaHi) JaB
3HAYEHHS SIKI HE Y3TO/KYIOTHCS B MeXax OiHomai 3
eKCIIepUMCHTATFHUMU Nanumu [2]. Sk mpukian
s cuctemu Se (25% art.) - In (75% ar.) Ha puc. 3
HaBeJIEHO TeMIepaTypHy 3aJIe)KHICTh aTOMapHUX
koedimienTi mudysii ~Se ta *"In pospaxosanux
3a ¢opmynoro (3), sika Onm3bka 10 JiHiMHOI. B
tabmumi 2 s cucremu Se (20% at.) - In (80% art.)
HaBeJCHI po3paxoBaHi 3a (opmysorw (3) aToMapHi
koedimientu audysii °Se Ta "
3a MO (DiKOBaHOIO (dhopMyIoro

In Ta po3paxoBani
Crokca-

. . , . .
Elinmreiina (4) 3Ha4eHHs B’A3K0CTi 1, (OTpHMaHi
3 BUKOPUCTaHHSM aTOMapHUX KoeQilieHTiB audys3ii

Se,In). baummo, mo T, HE Y3roJUKyeTbCa 3

eKCIIEpMMEHTAIbHUMH 3HaYeHHAMH T, [2]. 11106

y3roautu M. [2] 3 po3paxoBanumu 3a Gopmyioro

(4)

BUKOPUCTOBYBaTH €(QEeKTHBHUI Koe]imieHT audy3ii

3HAYEHHSIMU B’SI3KOCTI HEOOX1IHO

(D=D,,) npubmusno B 1.5 pasu menmmuii

atoMmapHuX koedirientiB Se,In (nuB. Tabdmn. 2). s
cucremu Se (25% ar.)-In (75% ar.) s
Y3rO/DKEHHS B Me)Kax O1HOAali eKCIIepHUMEHTAIBHOT

B’SI3KOCTI 3 TEOPETUYHOI HEOOXiHO B3STH Dec[)
npuOJM3HO B JiBa pasd MEHIIMHA  aTOMapHUX
3Ha4YeHb KoediuieHTiB audysii Se, In. B cuctemi Se
(5% ar.)-In (95% ar.) D, wmaibxe cnipnamae 3

Se, In.
B pO3ILIaBax

aToOMapHUMH  KoedilieHTaMu  Tudy3ii
3po3yMisio, 10 IPH 3MEHIICHHI

KOHIeHTpallii Se ocHOBHUH BKiaj B 3Hauenns D,
BHOCUTH KoediumieHT audys3ii In Tomy MoxHa
BBaXKaTW, 10 B JaHOMYy BHmaaky In audysnnye, B
OCHOBHOMY, B aTOMapHOMY BHTJISIAL, @ Se y BUTIISIL
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KOMHHCKCiB, 110 CKJIaAaroThCA 3 IBOX-TPbOX aTOMIB.

ExcriepumenTtanbhi  nanHi mo  gaudysii - Se,

In B

D, 10-9m2/c

12
111 — Se
10

9 -

8 =

7 - ®

1 TK
6 T T T T X T T 4
850 900 950 1000 1050 1100 1150 1200
Puc. 3. TemrieparypHi  3aJI€KHOCTI aTOMapHUX

koedimientiB audysii Se, In B posmmaBax Se (25%
at.)-In(75% ar.)

Bulletin of Taras Shevchenko
National University of Kyiv
Series Physics & Mathematics

posmiaBax Se-In BimcytHi. ExcnepumeHTanbpHi K
nani mo gudysii *Mn B uncromy In orpumani B
HIMPOKOMY TeMIlepaTypHOMy iHTepBaii[l] cBiguath
npo 0e3 aKTUBAIiHWI MOHO AaTOMHHUN MeEXaHi3M
qudysii In.

MoxHa BBaXaTH, 110 B AOCIiIKEHUX PO3IIaBax
Se-In audysis Se,In BinOyBaeThCs SIK B aTOMapHOMY
BUMVIAAI TaKk 1 Yy BHUIJIIAI KOMIUIEKCIB, IO
CKJIAAIOThCS 3 MEKUIBKOX aTOMIB 3 e(eKTHBHUM
niametpom & ~ 3.5A (mpu T=912K). Haii6inbm
IMOBIpHO IIe KOMIUIeKcH Tumy Seln, ki 3rigHO 3
(GIyKTyaliifHOIO Teopi€r aucolialii KOMILIICKCIB
[1] mpm TemmepaTypax BHIOIUX 3a TEMIIEpPATypH
IUCcOITiamii  TOBHICTIO  po3mamaroTbes.  llpwm
T=1120K 3nadeHHs B’SA3KOCTI T, PO3paxoBaHi 3a

dopmyiioro (4) B JOCHIIKCHUX KOHIICHTPALIHHUX
iHTepBasiax (3 ~ BUKOPHCTAaHHSIM  aTOMapHUX
koedimienrie audyszii  Se,In) y3romkyroTeca 3
eKCIIePIMEHTATPHIMHY 3HAYeHHSIMH B’ SI3KOCTI[2].

Tabmuus 1

Po3paxoBani aromaphi koedimientu Ga, In, Ag ta B’s3kicTs po3miasiB Ga(10% ar.)-In(90% art.)

T, K 373 395 425 475 525 575 665 785 953
611, 10" M (Ga) 256 255 254 253 252 250 249 247 244
622, 1070 -m (In) 293 292 291 289 2,88 28 284 282 279
633, 10%%m (Ag) 275 274 273 272 270 269 267 265 262
N 048 048 047 046 045 044 043 041 0,39
Vs 10° M /Mo 1,16 1,17 1,17 1,18 1,19 1,19 121 122 1,25
Vi, 10°-M3/Momb 163 163 164 165 166 167 168 1,71 1,74
Vinea 10°Mmoms 1,58 158 159 160 1,61 1,62 164 166 1,69
g 464 454 441 422 406 392 371 348 324
C(m) 064 067 071 076 082 087 095 1,04 1,15
613, 1070 M 282 281 28 2,79 277 2776 274 272 269
gz (AQ) 451 454 441 422 406 392 371 348 324
O13 458 454 441 422 406 392 371 348 324
Dag 10°-M/c 1,64 1,79 205 25 297 346 440 576 784
613, 10m 272 272 271 269 2,68 267 265 262 260
g (Ga) 434 424 412 395 38 368 348 328 3,05
O13 448 438 426 408 392 379 359 337 314
Dga, 10°-M%/c 202 225 257 312 371 433 550 7,18 9,77
613, 100 m 291 290 289 287 28 285 282 280 277
gz (In) 468 457 444 425 409 395 373 350 326
013 466 456 442 423 407 393 372 349 325
Din, 10°-M%/c 1,49 165 189 230 2,74 319 406 531 723
n, 102 Ta-c 1,84 1,76 166 153 143 135 124 113 1,02
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Tabnuus 2

Pe3ynbrati po3paxyHKy B’SI3K0CTi 1, po3miasiB Se(20% at.)- In(80% at.), aromapHuX KoedimieHTiB

mudysii Se,In ta epexTuBHOTO KoedimienTa qudy3ii De(b

T, K 912 920 936 964 1012 1062 1087
611, 10" M (Se ar.) 300 30 299 299 298 297 297
62, 10 M (Inar.) 2,80 280 2,79 2779 278 278 2,77
D..(Se), 10°-m%/c 775 787 812 855 932 10,15 10,58
D..(In), 10°-m?/c 764 776 800 843 919 1000 10,42
N 10 Tla-c 092 092 09 089 086 083 081
Nexens 103 TTa-c 1,47 127 121 115 108 1,02 1,00
6,,10" ‘M (Se xommr.) 3,44 3,32 329 327 324 322 321
o 10™%Mm 146 1,45 145 144 144 143 143
Dy, 10°-M°/c 504 552 590 6,37 7,17 797 838

OTtxe T=1120K MOJKHA BB2)KaTH PI3HUM CIiBBIAHOIIEHHSIM MiX IMMOTOKAMH YaCTHHOK,

TEMIIEPaTypor0 AWcoriamii mux KomiuiekciB. [Ipu 1o mudyHayroTh. ToMy MOKHA TOBOPHUTH JIUIIIE TIPO
temreparypax T <1120K B mocmimkeHux po3ruiaBax TmeBHUH edexTuBHHA Koedimient audysii Se, In ta
Se-In moxnuBa mudysis Se, In sk y Burisai npo epeKTHBHUE HiameTp AMQYHIYIOYOT YACTHHKH.

KOMIUIEKCIB TaK 1 y BUTIISAAI OKPEMHUX aTOMIB i3
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CrapinHsi BOAHWX cycHeH3ill JanoHiry B Aging of Laponite aqueous suspensions in

NPHCYTHOCTI aHiOHHOI MOBepXHeBO-aKTHBHOI | presence of anionic surfactant
Pe4OBUHH

'KuiBchbkHil HAIliOHANGHUMH YHIBEPCUTET iMeHi Taras Shevchenko National University of Kyiv,
Tapaca IlleBuenka, ¢izuunuii ¢axynprer, 64/13, Department of Physics, 64/13, Volodymyrska str.,
ByJ1. Bomomumupceka, Kuis, 01601, Ykpaina, e-mail: Kyiv 01601, Ukraine, e-mail: savenkovolod@mail.ru

savenkovolod@mail.ru

B yiii pobomi mu oocriounu éniue anionHoi nosepxHeso-aKmusHoi peuoguHu 000eyuicyibghamy Hampito Ha
npoyecc cmapinHa OOHUX CYCNeH3ill cuHmemuyHoi enunu ranouimy. Konyenmpayia nanounimy o6ynia cmanorw ma
cmanosuna 2.5% npoyenma 6i0 macu 3paskie, a éMicm aHiOHHOI NOBEPXHEBO-AKMUBHOI peu0GUHU 8APII08ABCS 6
oianasoni (0.05+2) mMonawv/n. B pobomi 6uKopucmosgysanucs peoiociuti 00CHIONCeHH MA eKCHePUMEHMAIbHA
MEXHIKA MANOKYMOB020 PEHMEEHIBCbK020 po3cianua. Lle Oano 3mocy ecmanogumu Gnaue 000eyuicyibpamy
Hampito K Ha MAKpPOCKONIYHI MAK i HA MIKPOCKONIYHI napamempu cucmemu 800a-ianoxim nio 4ac cmapiHus
3pa3Kie.

Krouosi cnosa: nanonim, 600HI cycnensii, 000eyuicyibhonam Hampiro, AHIOHHA NOBEPXHEBO-AKMUBHA
peuosuna

In this study, we investigated the effect of anionic surfactant sodium dodecyl sulfate on the aging process of
agueous suspensions of synthetic clay Laponite. Concentration of Laponite was constant C,=2.5% wt and the
content of anionic surfactant varied in range (0.05 +~ 2) mM. In this investigation we have used rheological tests
and small-angle X-ray scattering experimental technique. This allowed us to determine the effect of sodium
dodecyl sulfate on both macroscopic and the microscopic parameters of the system water-Laponite during aging
process. It was shown that adding of sodium dodecyl sulfate to aqueous suspension of Laponite accelerate
viscosity growing during aging time and thus decrease ergodicity-breaking time. Moreover analysis of SAXS
spectra of mentioned systems revealed that due to sodium dodecyl sulfate presence average distance between
Laponite platelets grow from 55 nm to 70 nm.

Key words: Laponite, aqueous suspensions, SDS, anionic surfactant

Crartio npeacrasus akageMmik HAH Ykpainu, 1.¢.-m.H., npod. bynasin JLA.

Beryn CHUCTEMOIO, OCKIJIbKM WOro YaCTHHKH HECYTh SIK

MO3UTUBHUN, TaK 1 HETATUBHUHA pSAM y BOJHOMY

Jlamonit — cuHTeTMYHa TJHMHA, L0 NpUBEpTaE  cepeAoBHIIi. s 0cOOMMBICTD € MPUYMHOIO CKIAJHOL
3HAYHUU IHTEpeC SK 3 TOYKM 30py MNPaKTHYHOTO  (a3oBoi Jiarpamu, 1o BKIIOYAaE B cede 30Ib, Telb,
BUKOPUCTAHHS, Tak 1 (yHAaMEHTalbHOI Hayku. BiH  ckio Ta HeMaTwuHy ¢a3zy B 3aJeXKHOCTI BiX
IIMPOKO  BHKOPHUCTOBYETHCSI B  pi3HMX cdepax  KoHUeHTpauii ramHu [2-7]. IHma ocobnuBicTh Takoi
BUPOOHUIITBA: (dapmaxkororis, MEIUIMHA,  CHCTEeMH — e(eKT CTapiHHS: B CYyCIIEH3il JIaIloHITY
OyAiBHHUIITBO, MPOMHUCIOBICTh [1]. BinbIie Toro, BOAHI ~ MPOXOIUTh  EBOJIOIIMHMI  TPOIEC: cucreMa
CyclieH3ii  JIAMOHITYy €  I[IKaBOK  MOJECIBHOIO  IEPEXOAUTh 31 CTaHy 30110 J0 IelienoaioHoro (refb,
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ckio, HematnyHa ¢aza). Yac Takoro mepexony
3aJIC)KHUTH BiJ] KOHIIEHTPAIIi1 JIATTOHITY [2].

Kpim Ttoro, ¢aszoBa nmiarpama BOJHHX CyCIEH3id
JATIOHITY 3aJIEXHUTHh BiJ KOHIEHTparii comi (ioHHOI
cunu). Ha nogarok no momepeaHbo omucaHux ¢as,
cinh cipuumHA€E (PIOKYIAIMI] IACTUHOK JIAMOHITY Ta
po3miieHHs ~ ¢a3  mpu  JOCTaTHbO  BUCOKIiH
(Cs>20 wmmonb). lLleit edexr OyB
netanpHO gociaimkenuit [8, 9]. OcHoBHa mis coui
nmoJjisirae B 3MEHIIEHi Je0aiBChKoro pamiycy i, sk
i

KOHIICHTpaIli1

HACTIJIOK, YaCTKOBE EKPaHyBaHHS MO3UTHBHHUX
HETaTWBHUX 3apA/iB Ha TTOBEPXHI YACTHHOK JIAIIOHITY.
Ha BigMmiHy Bim mnporo edexTy, MW BHPIIIWIH
NOCTIINTHA BIUIUB aHIOHHOI ITOBEPXHEBO-aKTUBHOL
pedoBHHM Ha (a3oBy Jiarpamy BOJHOI CyCIHeH3ii
nanoHity. AnionHi [IAP MoxyTts agcopOyBatuch Ha
MMO3UTHBHO 3apsDKeHil OiYHIf MMOBEpXHI JANOHITY
4yepe3 HassBHICTD TipoQiIbHOTO XBOCTA Ta HETaTUBHO
3apAKEHOI OCHOBHOI 4YacTHHM. SIK pe3ynbTart,
¢da3oBa miarpama BOJHOI CYCHEH3ii JAllOHITY MOXE
3MIHIOBATHCH B HACHIZOK 3MIHHM CIIIBBIJHOIIEHHS
eHeprii TpUTATaHHA Ta BIJIITOBXYBaHHS  MIiX
yacTuHKaMmu JanoHity. Ille omHa mpuumHa iHTEpecy
10
3actocyBaHHs. [Ipy BUpOOHUNTBI MOOYTOBOI XiMmil
ITAP

BUKOPUCTOBYBAaTHCh B OJHOMY W TOMY 3 TNPOIYKTI.

TaHol TEMHM  JIOCHIJDKEHHS MpaKTHIHE

JATIOHIT Ta aHIOHHI MOXYTb
ToMmy moOTpiOHO YSBIIEHHS SKHM YHHOM IIi JIB1
pevyoBHHU OynyTh CIIIBICHYBaTH B paMKaxX OJHOTO

CepeIoBHIIIA.
Marepianau i MmeToaun

B nmaniii poO0Ti MM BHKOPHCTOBYBAJM JIATIOHIT
turry “RD”, mo OyB BHUTOTOBIEHHH KOMIIAHIEIO
Rockwood  Additives Ltd. Lle#t
Moau(iKOBaHUH, HE MICTUTH IOMIIIOK Ta € HAHOUTBII

TAN  HE
MOIIMPEHUM y BUKopucTanHi [9]. Bin OyB otpumanuii
y BUTJISAL OUIOrO MOPOLIKY Ta 3acTOCOBYBAaBCS 0e3
JIOJTATKOBOI 0OPOOKHU.

JIamoHiT HaJEeXUTh JI0 TPYIH CHEKTHTIB 3 TPYIIO0
2:1. Bin
npupoanoi rimHu rexktoput [10]. Oxpemi yacTHHKH

CI/IMeTpi'l' € CHHTCTUYHHM aHAJIOI'OM

JIATIOHITY ~ CKJIQJAlOThCA 3 OKTACAPUYHOIO IIapy
OKCHJIy MarHito, II0 pO3TAalllOBaHUA MK JBOMA
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TeTpaeIpUYHIMH IIapaM{ TBOOKHCY KPEMHIiI0 (pucC.

1). Tlopomok JamoHITY CKIAJa€ThCs 31 CTEKIB
MIaCTUHOK. BOHUW CKpaIUIeHiI eNeKTPOCTATUYHO 3a
nomoMororo ioHisB Na®, mo posTimoBaHi Mix

yacTuHKaMu (puc.1).

Ilin wac pmcmepramii y BOAi BKa3zaHI CTEKH
PO3UIIIISIOTECS HAa OKPEMi IUTACTUHKHU, SKi HECYTh
HETaTUBHUK 3apsii Ha OCHOBHIM TOBEpXHI Ta
MO3UTUBHMI Ha Oiuniii (pu pisai pH<I1) [3, 11, 12].
JiameTp MiIacTUHKY JAMOHITY CKIAIA€ B CEPEAHBOMY
25 ©M, a ToBmmMHA Onm3pko 1 HM. Emmipuyna
¢dopmyna KpHUCTaTIIHOT KOMIipKH JIATIOHITY
Na*)7[SisMgs sLios020(0H),]*" [10]. Takum ummoM,
BOJHA CYCIIEH3iS JIAMOHITY € JyXe CKJIaTHO0
KOJIOITHOIO CHCTEMO 4Yepe3 HAasBHICTH 3apsAmiB 000X
3HaKiB Ha MOBEPXHI YaCTHHOK TIIMHH Ta aHI30TPOIIii iX

dhopmu.
- ——'."'.
“‘A!!-‘—E‘s o / O Kucenn
VV‘V‘V ® Cuiniit
! ' @ OH-rpyna

) AN
AGT S -3' 2 @® Marniii
® Harpiii

Puc. 1. CTpyKTypa 4aCTHHOK JIaIlOHITY.

Honemwicynedar Hatpito (JICH) aHIOHHA

MMOBEPXHEBO-aKTHBHA PEYOBHHA 3 MOJIEKYIISIPHOIO
dhopmyia
BiH NIMPOKO BHKOPHCTOBYETHCS Y

macoro 288.3 r/mMonb. XiMiyHa -

C,H,SO,Na.
BUPOOHHUITBI MOOYTOBOT XiMii, 5K 1 yamoHiT. B fawHii
poboti BukopucroBysasca JICH BupobHunTBa Sigma-
Aldrich 6e3 monaTkoBoi 06poOKH.

Po3unnn JICH Ta nanonity Oymno mpuroTtoBaHo B
HacTynHui croci6. BkasaHi pe4oBUHH 3MiLITyBaJIUCh 3
neioHi3oBaHO Bojoro  MilliQ B HeoOXimHil
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KOHIIEHTpalii, a fgani oOpoOJsTUCE 32 IOMOMOTOI0
yabpTpa3Byky Ha gucnepratopi UP  400S (Dr.
Hielscher GmbH, HimeunnHna) npu yacroti 24 x['1 ta
notyxHocTi 400 Bt npotarom 15 xB. Konuenrparis
narnoHity mMana ¢ikcoBane 3HaueHns, C, = 2.5 % gar.,
a  KOHLeHTpauis  JoAeuwicyibdary  HaTpiro
BapitoBaBcs B Mexkax Cg = (0.05 = 2) % par. Ilicns
NPUTOTYBAaHHA Ta OXOJOKEHHS JO0 KIMHATHOI
TEMIEpaTypu 3pa3Kd pPETENbHO TMEpeMillly BaJUTh
OPOTSATOM 5 XB, BiIpa3y Micls LBOTO MOYUHATIOCH
MPOBEICHHSI BUMIIB.

ManoamrmutitTy THu OCHMJIAIIHTHUA peometp
HAAKE MARS Il (Haake, Karlsruhe, Himeuunna)
BUKOPUCTOBYBABCSl JJIsl BHU3HAYCHHS 3aJIEKHOCTEH
MPYKHOTO Ta B’S3KOro MoayntiB 3cyBy G' ta G" Big
qacy B miamasoni 107-10% ITa mporsrom 12 romus Bin
MOMEHTY INPHUIOTYBaHHs 3pas3KiB. B excmepumeHTax
BUKOPUCTOBYBAINCh  JETEKTOPU 3  TEOMETPIEI0
TUIONINH — KOHYC, IKUM MaB aiameTp 35 MM Ta KyT 2°.
[lin 9ac BUMIpIOBaHb 3pa3Ku OyNHM 3aXWINEHHI BiJ
BUIIAPOBYBAHHS BOIM 3a JIOTIOMOTOIO CIIELiajJIbHOIO

HAKpUTTSL. [lepen [I0YaTKOM PEOIIOriYHOTO
CKCIEPUMEHTY KOXKEH 3pa3ok nignaBaBcs
ocuwIsAMiitHOMy 3cyBy mpotarom 200 cexyHm ans
OTPUMAaHHSA TOMOTE€HHOI CHCTEeMH.  3aJIeKHICTh

PEOJIOTIYHUX MOJYJIB 3CYBY BUMIPIOBAINACH IPHU
MaJIoMy 3HaY€HHI OCLIIIIOI0Y0i yacToTH @ = 1 I'm Ta
muakocti gedopmanii 0.01 ¢, mo Hamexama o
JIHIAHOTO B’S3K0-€JIACTUYHOTO pexumy. KomriekcHa

B’sI3KicTh, 77, oOpaxoByBanach 3a (HOPMYIIOIO
SN "2
n =vG°+G°/w.

Cnekrpu MaJIOKyTOBOTO PO3CIsTHHS

PEHTIeHIBCLKOTO BUIPOMIHIOBAHHS OTPHUMYBAJIHChH 32
nornomororo mudposoro nerektopa Elexience, skwuii
JIO3BOJISIB  TIPOBOJIUTH BHMIPIOBaHHS B Jlialla3oHi
xBunpoBoro  Bektopa  =(0.08+1.6) um'. B
eKcIepuMeHTi BuKoprcTtoByBaiock Cu-Ka mxeperno 3
noBxnHO XBrii 4 =0.154 HM. BuMipsiHa 3a1exHICTh
IHTEHCUBHOCTI PO3CISHHS BiJi XBWJIBOBOTO BEKTOpa
BUKOPHCTOBYBAJIaCh JIJISl PO3PAXyHKY CTPYKTYPHOTO

daxropy S(q):
S(q) = 1(q)/KC_MP(q)

J€ KOHCTaHTa Ma€ 3Ha4YCHHA

1)
K=0.0445, Tta
BpPaxOBY€ KOHTPACT MIX JIAIIOHITOM Ta PO3YUHHUKOM,
a MOJsIpHa Maca 4YacTHHOK JsanoHity M=930+190

kr/moib, a P(Q) — popMm-hakTop 4acTHHOK TIIHHH.
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Jns uwactuHOK 3 (OPMOIO TUCKIB, SIKI MarTh
nqiameTp Ta BucoTy BiamosiaHo d Ta h  dopm-dakrop
po3paxoByeThes 3a popmyoro ['inbe [13]:

72

P(a) = [

0

4J72(0.5qd sin x)sin(gh cos x)

sin xdx
(ghcos x)?(0.5gR sin x)?

)

ne J; — muninapuaHa ¢yskuis beccens mepmoro
MOPSIIKY.

i
I
I
i
I
1
!
I
i

Jlanonir

Puc. 2. Ancopbuis ioniB JIHC Ha dacTmHKax
JAMoHITY

Edexr momi amcmepcHOCTI JiaMeTpy YaCTHHOK
TJIMHA ~ BPaxoBYBaBCS 3a  JIOIMOMOIOI0  3TOPTKH
PIBHSIHHS 2 Ta HOPMOBAHOTO T'ayCIBCHKOTO PO3MOALTY
[14]:

W(d) = (A7) texp|[(d-<d >)/ AT 3)

ne <d> - cepeqHe 3HAYCHHS JliaMETPy, a CTAHIAPTHE
d
Cepenne 3HaueHHs apiamerpy <d>=25+0.5 um Ta
A=8+2
y3TOJDKEHI 3 eKCTIEpUMEHTOM TiapameTpu [14].

v
TYCTHHOI KorepeHTHOro poscisaHs JICH Tta Bomm

BIIXWJIEHHS napaMeTp  TOJiUCIIEPCHOCTI.

HM BHKOPHUCTOBYBAJHCh SIK  HAWOULIBII

BKa3aHOMY €KCIIEPUMEHTI KOHTPacT Mix

OyB piBHHI  HYIIIO,

PO3CisTHHSI 3pa3KiB BiIoOpaXkaB JIUIIE BKJIA]] YaCTHHOK

MIPAKTHUYHO TOMY  CIEKTp

JIAMOHITY Ta IX arperaris.
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11*, Ma-c
1025— st
10'F &
¢
K Cs
io = 0.0 MMoOaIB
| 4 0.2 MMOJIb
10° ; + 2.0 MmmoIB
10"
10 P IR ISR AR B
0 2 4 6 8 10
t, ron

Puc. 3. 3anexxHicTh KOMITIEKCHOI B’SI3KICTi 77* Bif
qacy npu pisHuK KoHueHTpauisx JCH, Cs

Pe3yabTaTu T2 00rOBOpPEHHS

Ha modatkoBoMy erami JOCHTIIDKEHHS 3pa3KiB
BEJIOCH 3a JIOTIOMOTOI0 Bi3yaJIbHOT'O CITOCTEPEKECHHSI.
Ha ocHOBI mmx cnocrepexenp Oylo 3po0ieHO
BHUCHOBOK, 1110 nojaBanus JICH mpuckoproe nepexif
BOJIHO1 CYCIIEH3i1 JIATIOHITY Y TejernoiOHui cTaH.

Jiist Gk TOYHOTO BHUBYEHHS MaKPOCKOIIYHUX
BJIACTUBOCTEH CHCTEMHU OYJI0 BHKOPHUCTAHO PEOMET.
OtpuMaHi pe3yiabTaTH TOKa3alld, 10 JOJaBaHHS 2
mmonb JCH 3wmiHioe 3anexsicte #* Bin wacy
CTapiHHA CYTTEBHUM YHMHOM, IPOTE €(PEeKT AOAaBAHHS
0.2 mMMome OyB HACTINIBKM HE3HAYHWM, IO HHM
MOJKHa 3HEXTyBaTH (puc. 3).

Jnst DOCHiKEHHST CTPYKTYPHHX OCOOJIMBOCTEH
PIAMHHUX CHCTEM BoJa — JIAOHIT B NPHCYTHOCTI
anioHHoro IIAP MM BHMKOpHCTOBYBajJM MAaJlOKyTOBE
PO3CISIHHST ~ PEHTIEeHIBCBKOTO  BHUIPOMiHIOBaHHS.
CrnexTpu OTpHMaHHI Bifpasy Miclisi HPUIOTYBaHHS
3pa3KiB NpeACTaBICHO Ha puc. 4.

Sx BuaHO 3 rpadikiB 3aJIEKHICTh IHTEHCHUBHOCTI
poscisiaHs 1(Q) Bix XBWIBOBOrO BEKTOpY ( MOIiOHI
1S Beix 3paskiB. OmiHka crerneHeBoi 3anexxHocti 1(Q)
= 109”7 nae 3mauenns xoediuienry f = 2, mo e
XapakTepHUM JUI XaOTHYHO OPIEHTOBAHUX JHUCKIiB.
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Otxe nomaannsi JICH B mocmimkyBaHMX MexXax He
CHPUYMHSE YyTBOPEHHS HEMAaTUIHOI (ha3u.

Hns  gochmimkeHHS — CTPYKTYypH 3pas3Kax
CTaTUYHUH CTPYKTYpHUH (hakTop OyJ0 po3paxoBaHO
Yy BIONOBIHOCTI JIO METOAY OIKMCAHOTO BUIIC B
Tekcri. EBomonist S() YMCTUX CyCHEH3id JanmoHIiTy
(puc. 5, a) ta cycnensiii 3 nogasanusam [ICH (puc. 5,
0) mokazaja JesKi BiIMIHHOCTI Y X CTPYKTYpi.

B

1(q), em™
2
10°4 C.
=« 0.0 MmoaB
+ 0.2 MmmoOIB
+ 2.0 MMoOJIB
10° 1(@)=1o -q*

T

pr2

10°

1

q, HM"

Puc. 4. Cnextpu MKPP nns cycniensiit nanonity
npu kouueHrpariii JJCH Cs=0; 0.2; 0.5 mmoib.

[lo-nepie, cmix 3a3HA4YMTH, IIO B IOYATKOBUH
MoMmeHT vacy t=0 c (Bimpa3y micis MpHUTOTYBaHHS)
CTPYKTypHi (akTopu 3paskiB Oynu MOAIOHUMH Ta
Mamu mik B Touri =0.11 mM™, sikuii B peanbHOMY
MpOCTOpl  BiNMOBifae  cepemHii  BimcTaHi XK
TUTACTUHAMM JIATIOHITY 55 HM. AJe depe3 AesiKuil yac
BKa3aHMI MK NEPEMICTUBCS B 00J1aCTh MEHIIIMX ( JIJIS
3paska, mo MictuB 0.2 mmonb JICH, Ta B oOnacth
OlMbIIMX 3HAYeHb ( y BHIIQAKY YHCTOi CycIeH3il
naronity. [lns mepmioro 3paska MiK CTPYKTYPHOTO

¢dakTopy
gactuakamu 70 HM, a IS APYroro 3paska 55 HM.

BIAMOBIJAB 3HAYEHHIO BIJACTAHI MK
Orxe pmomaBanHs 0.2 wmmons JICH crpuumnase
30UIBIICHHST BiJICTAaHI MK YaCTHHKAMH JIATIOHITY.
Bkazanuit epekt Moke OyTH HACIIIKOM KOMIIEHCALIil

MO3UTUBHOTO 3apsily Ha OI4HIH MOBEPXHI YaCTHHOK

JAmoHiTy 1, K HACHIJIOK, 3POCTaHHS PO
€JIEKTPOCTATHIHOTO BIJIIIITOBXYBaHHS MIX
YaCTUHKAMH.
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S(a) q=011nu"

Puc. 5. CrpykrypHuii ¢akrop S(q) oOpaxoBanuii 3
nannx MKPP nmnst cycnensii nanonity 0e3 JAOMIIIOK
(a) Ta cycnensii 3 nogaBanusam 0.2 mmoiis JICH (0).
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BucHoBku

BisyanpHe  cmocTepekeHHA ~— TOKaszajo, IO
nonasanHs JICH B piquHHI CHCTEMH BOJIa — JIAMOHIT B
nmiama3oni koumentpariii IIAP (0.05 + 2) MMons He
MIPU3BOANUTH bi (6] YTBOPEHHS Oyab-KuX
HEOJTHOPIHOCTEH, 10 MOXYTh OyTH BUSBIICHI
HE030pOEHUM OKOM. PeosioTiuHi TecTH BHSBIIIH, ITIO
nmonaBanHs JICH mo cycmeH3iil mamoHiTy cripuauHsie
MPUCKOPEHHS TEPEXOJy CHUCTEMU B TeJenoniOHui
ctaH. 30KpeMa, 3pa3ok 3 KonueHtpamicio JICH 2
MMOITb TIEpEHIIIOB B TeNlenoAi0Hmi cTan 3a | roauHy.
[Ipore, noxgaBanus 0.2 mmons JICH He mpusBeno 10
3MIH B €BOJIIOLII KOMIUIEKCHOI B’SI3KOCTI CHCTEMH
n*().

HonaBanust anionHoro I[IAP nHe crumymoBano
Mepexiji piAMHHOT CHCTEMH BOJa — JIANOHIT B
HeMaTH4Hy (azy, OCKITBKH YACTHHKH TJIMHH, SK 1 y
BUMAAKYy 9YHACTOi  CycmeHsii, Oyaum  XaoTHYHO
opiertoBanumu. Takox pe3ynbraté MKPP mokazanu,
mo nonaBanHs JICH He mpusBeno 10 yTBOpEHHA
HEOJTHOPIAHOCTeW B Jiama3oHi JHIAHUX pPO3MIpiB
(25+100) BM, MmO € XapakTepHUMHU I (ha3w Teiro.
[Ipote, cnin Big3HAYWTH, IO Y 3pa3Ky, SKHHA MiCTHB
0.2 mmons JICH, cepenns BincTaHph MiX YaCTHHKAMH
JATIOHITY 30UTBIIMIACH B MOYATKOBUX 55 HM g0 70
HM. Bkazanuii edekT O0YeBHIHO € HaCIiIKOM
YaCcTKOBOI HEWTpaizallii MO3UTHBHUX 3apsiB Ha
OiuHIl MOBEpPXHI YaCTWHOK JANOHITY, IO, B CBOIO

yepry,  30UIbllye  poOJb  EIEKTPOCTATHYHOTO
BiJIIITOBXYBaHHS Mi)K HUMH.
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BnavB B’SI3KOCTi cepefjoBuMLLIa Ha XapakTep

(POPMyBaHHS  aHISOTPOMHNX  CTPYKTYP 3 | gisposition of carbon nanotubes anisotropic
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Influence of viscosity of the medium on the
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Y cTaTTi po3rnagaeThbesa BNMB amnniTyan Ta TUMy eneKTPUYHOro Mnons, a TakoXK vacy 06pobku
eNeKTPUYHUM NoNeM Ha (DOPMyBaHHS aHi30TPOMHUX CTPYKTYpP 3 Byrneuesux HaHOTpy6ok (BHT) B
nofiMepHNUX CcepefoBuLLax Pi3HOT B’A3KOCTI (Macno, enokcuaHi cmonu). MeTow faHoi poboTu 6yno
JOCNIANTY NpoLeC CTPYKTYpyBaHHA BHT B B’A3KMX CepefoBuLLax Mif BMAVBOM eNeKTPUYHOIo nons Ta
BM3HAUYMTU HaNbINbLW ONTUMaTbHI YMOBM BUrOTOBAEHHA MONIMEP-BYrneLeBnx KOMMO3WTHUX MaTepianis
(KM) 3 3agaHMM po3rnofifoM HaroBHIOBa4a LUNAXOM BMAMBY €NeKTPUYHOro nons. CrocTepeXKeHHs 3a
CTPYKTYpyBaHHAM noniMep-Byrneuesux KM npoBoauaMcb MeTOAOM OMNTWUYHOI  MiKpockonii. Bbyno
CNOCTEPEXKEHO BIAMIHHOCTI Yy hopmyBaHHi CiTk1n BHT B ymoBax 0gHaKOBOT 0O6POOKM eNeK TPUYHIM MOMEM
LNS pi3HMX noniimepis.

Knto4oBi cnosa: KOMMNO3WTW, BYrNeLeBi HAHOTPYOKY, eNeKTPUYHe Nnoe, aHi3oTponis, onTuYHa
MiKpOCKonisi.

To obtain carbon nanotubes (CNT)-polymer composites with anisotropic physical properties an
electric field application can be used. This investigation considers factors of CNT anisotropic
distribution formation induced by electric field and consideration is supported with experimental
results where some factors were varied.

In the article an influence of magnitude and type of electric field and time of processing by electric field
on CNT anisotropic structures formation in polymer mediums of different viscosities (oil, epoxy resins) is
investigated. The aim of this work was to examine the CNT structuration process induced by electric field in
viscous mediums and to find out the most optimal conditions of preparation of polymer/carbon composite
materials (CM) with specified distribution of carbon filler induced by electric field. Scoping on
polymer/carbon CM structuration was conducted by optical microscopy method.

It was found that the main factors during CNT network formation are the type and viscosity of
polymer binder and applied electric field parameters. It was observed that for high viscous polymer
CNT network formation is unfeasible even at high applied electric field strength. But also for low
viscous medium at relatively low electric field strength the CNT network formation is complicated
too. And it was seen from optical observation that a type of the polymer variation causes different
response of network form under the same experimental conditions. These distinctions are considered
in the article.

Key Words: composites, carbon nanotubes, electric field, anisothropy, optical microscopy.
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1. Bctyn
MoxnmBicTb CTBOPIOBATK 6ararto-
(DYHKUiOHaNbHI  MaTepianM i3 NPOrHO30BaHWMM

BNACTMBOCTAMM, IO MOELHYIOTb B COGi YHiKa/lbHI
(hi3NYHI BNacTMBOCTI BYT/IELEBUX HAHOCTPYKTYP [1]
Ta nonivepis [2], npuBabnoe BeNVKWIA iHTepec [0
noniMepHmx KOMMNO3WTIB i3 BYI/1eLieBUMM
HanoBHtOBaYaMun. Bubip ByrneLesoro HarnoBHOBauva
MeBHOro TUMy 3YMOB/IKOE BACTMBOCTI OTPMMAHOro
KoMno3uTHoro matepiany (KM). 3okpema, ansg KM
i3 HarnoBHIOBAYeM 3  BWUCOKMUM  aCMeKTHUM
CMiBBIAHOLLEHHAM, SKUMW € BYr/eLeBi HaHOTPYOKu
(BHT), 3HaueHHs MNepKOMALIAHOrO MOPOry HWKui,
Hi>K gnst KM 3 HanoBHOBaYeM Y BUTISIAI ChePUUHIX
4yaCTMHOK. TOMYy BYr/fieueBi HaHOCTPYKTYpU i3
BMCOKMM aCMeKTHUM CMiBBiAHOLUEHHSM € 6iflblL
MepcneKTMBHUMUN HanoBHIOBaYaMn NS OTPUMAHHS
KM 3 aHi30TponH1UMM BNacTUBOCTAMMU.

He3Baxartoum Ha 3HayHy yBary HayKoBLiB [0
KM i3 ByrneueBMMM HaroBHIOBaYamul i Be/VKY
KifIbKiCTb pO3p0o60K B fAaHOMY HanpsiMi, Bce Lle
ICHYIOTb  LUNAXM  MOKpPALLEHHA  B/laCTMBOCTEN
nonimep-ByrneLeBnx KOMNo3nTiB. Tak, (hoOpMyBaHHSA
BMOPALKOBaHOIro po3noginy BYI/1EL,eBOro
HanoBHIOBaYa BCepeAuHi  MNoMiMepHOI  MaTpuui
[l03BONSE  MIABULLUTM  eNIeKTPONpPOBigHICTL [3],
TennonpoBigHicTs [4] Ta MexaHiuHi BNacTuBOCTI [5]
KM B 3agaHoMy Hanpsmi 6e3 MigBULEeHHS
KOHLeHTpaLlii HanoBHIOBaYa.

JocnimpkeHo Taki MeToau BnopsakyBaHHA BHT
B MaTpuui, K  CTPYKTYpPYyBaHHS  LUIAXOM
MexaHi4yHoro snauBy [6], BNAMBY MarHiTHUM [7] Ta
enekTpuuHum  [8] nonamu.  Anne  MexaHivHa
opieHTauis BHT 4yacTo 3yMOBMHOE NOAPIGHEHHS
camux BHT [6], Wwo € HebakaHUM, TaK SK BUK/IMKAE
3CYBaHHS 3HaYeHHsi MepKONALiHOro nopory B 6iK
BULLMX KOHLEHTpaui/i HamoBHIOBa4a BHACMiLOK
3HWKEHH  acnekTHOro  CniBBIAHOLUEHHSA, &
OpieHTaLia MarHiTHUM nonem noTpebye BMCOKMX
3HaYeHb Harnpy>XeHOCTi MarHiTHOro noss BHacnifoK

HeBUCOKOT MarHiTHOI CNPUIAHATANBOCTI
BHT (~10° e.m.0./r) [9]. Tomy MeToq
BnopagkyeaHHs BHT B pigkux cepefosuLLax
WNAXOM  BMAMBY  ENIEKTPUYHWM  MOSIEM €

6aratoobiudlounMM  ANa  CTBOPEHHS  KOMMO3UTHUX

CTPYKTYp i3 3afaHMM pO3MOoLisIoM BYI/IeLeBoro
HanoBHiOBaya. He auBnAuncb Ha  [OCTaTHIO
KifIbKiCTb ~ POGIT,  NPUCBAYEHY  AOCHIIKEHHIO

aHi30TPONHMX BNACTUBOCTEN NONiMep-BYTeLeBmX
KOMMO3UTIB,  OTPUMaHWX  LWIAXOM  BIJIUBY
eNeKTPUYHOTO MONMS Ha KOMMO3UTHUIA PO3YMH, cam
npouec (hopmMyBaHHs BMOpAAKOBaHOro
CTPYKTYPHOro po3noginy HanosHioBaya B KM, a
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TaKOX BW3HAYa/IbHI YMHHUKW LbOr0 MpoLecy Aoci
BUK/IMKaKOTL iHTepec. 30KpemMa, He3’fCoBaHUM €
BNAMB B’A3KOCTI 00p06/OBAHOrO CepeaoBuLla Ha
(hopMyBaHHA 3a[aHOro po3Mofisly HanoBHOBaya
LUNAXOM niggasaHHA po3unHy KM gt enekTpryHoro
nons.

B po6oti [11] aBTOpWM 3a3HayaloTb, WO MNpK
6inbLL peTenbHOMY aucrieprysaHHi BHT B maTpui i
BULLOMY BiACOTKOBOMY BMicTy BHT 36inbLuyeTbCs
B’A3KICTb  NOMiMep-BYI/IELLEBOT0  KOMMO3UTY, L0
3YMOB/IEHO 36i/bLLUEHHAM MUTOMOI NIOLWi NOBEPXHi
BHT. bBararocTiHHi BHT mMalTb HWX4y MuMTOMY
nnaouly MnoBepxHi B MOPIBHAHHI i3 O4HOCTIHHUMW,
ane i [aloTb MeHWWn BKNag B NifBULLEHHS
MEXaHIYHUX Ta eNeKTpUYHUX BractmeocTel KM
[10]. Kpim TOro, ue 36i/bLUEHHA NUTOMOI MOLWi
MoBepxHi BeAe [0 MONerLeHHs pe-arnomepawii
BHT. Tomy nocTae nMUTaHHA  3HAXOOXKEHHSA
KOMMPOMICHOT0 CNiBBIHOLUEHHS CTYneHs
aucnieproaHocTi BHT B KOMMNO3WTi, B’SA3KOCTI
CepefoBMLLA, Ta MOX/IMBOTrO NMOKPaLLEHHA (i3nYHNX
BnactmBocter KM, a TakoX nuUTaHHs BuGopy
ONMTUMAaNIbHOIO  PeXuMy AiT eeKTPUYHOro Mons:
ioro TNy, aMnAiTyAmn Ta Yacy 06po6Ku.

MeTog BropsgkyBaHHa BHT B pigkmx
cepefoBULLAX LUISAXOM BMIMBY €M1EKTPUYHOIO Nons
MOXe O6yTW 3acTOCOBaHWI NpPW  BWUIOTOB/IEHHI
TBEPAUX  MOMiMep-BYrneueBmMx  KOMMO3UTIB i3
3alaH1M pO3rOAiINIOM HamnoBHIOBaYa, L0 [03BOSISE
crnofiBaTuca Ha OTpMMaHHA 06’€MHMX 3paskiB i3
aHi30TponNHUMHK (hi3NYHUMK B/IACTMBOCTAMM
(mMexaHiuHi, TennoBi, eNeKTPUYHI, ONTUYHI).

Linnto  paHoi  po6otm  6yno  nmokasatu
MOX/MBICTb  (JOPMYBaHHSA  MONiMeP-BYTELEBUX
HaHOKOMMNO3UTIB i3 3afaHnM po3noginom
BYI/1ELIEBOr0O HanoBHIOBa4a LLSIAXOM Jif)
eleKTPUYHOro  Mons  Ta  BCTAHOBWUTW  BM/MB
amnniTyau Ta  TUMY eNneKTPUYHOro Mons  Ha
(hOpMyBaHHSA NaHuoris 3 nonepesiHbLO

aucnieproeaHux BHT y pigkux cepefjoBuLLax pi3HOT
B’A3KOCTI.

2. MeToanka eKcnepumMmeHTy

B akocTi pigknx nonimepis pi3HOT B’A3KOCTI 419
(hopMyBaHHsA 3afaHoro posnoginy BHT nig gieto
eNeKTPUYHOro nossi 6yno obpaHo: NPMOOPHE Macno
Mapkn MBI, HM3LKOB’A3KY EenoKCUAHY Ccmony
Mapkn J1apit285, Ta BWCOKOB’S3KY €MOKCUAHY
cmony  mapkm  E[-20.  TabnuuHi  3Ha4eHHs
B’A3KOCTEN LUX pifnH HaBeAeHo B Tabn.1l HKue.

B akocTi ByrneueBoro HamnosHioBaya 6yr1o
BMKOPUCTAHO BYrneLeBi HaHOTPYOKu dipmu Cheap
Tubes Ins. 3 uuctoToro 90% Ta po3Mipamu:
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30BHiLLHil giameTp d=10+30 HM, goBxmnHa | =10+30
MKM.

Tabnuuq 1

[unHamiyHa B’A3KICTb NONiMepiB, BUKOPUCTAHWUX N5
thopMyBaHHA KomnosuTis BHT-nonimep.

HasBa JdunHamivyHa B’A3KiCTb
nonimepy (npm 25°C), Ma*c
MBI (5,8-7,2)*10°
NapiT285 0,6-0,9
E[-20 12-25
KoHUeHTpaLis  HanmoBHOBaYya  An1s  BCiX

npoBegeHnX fAocnigis 6yna ogHakoBa i Cknajana
0,05 mac.%. MeToavka nNpuroTyBaHHA 3paskis 6yna
HaCTYMHOK. Ha eneKTpOHHMX Barax 3BaXyBajlaCb
noTpibHa KinbkocTi BHT Ta BignosigHoi pignHmM-
3B’A3YH0UOro MeBHOT B’A3KOCTI 3 TOYHICTIO A0 2 Mr,
nicns 4oro HamnoBHIOBaY Ta MNOMIMepHa MaTpuus

O6ynM  MexaHiyHo  3MmiwaHi  Ta  niggaHi Al
YyNbTpassyky (¥Y3) 4ns KpaLioro AucnepryBaHHs
PO3UMHY. YnbTpasByKoBe AVCNepryBaHHs

NPOBOAMNOCL B YNbTpasByKoBili BaHHI BK-9050 3
yacToTolo Y3 40 KIy i MakcvMa/bHOK BUXiAHOO
eNeKTPUYHOI NOTYXXHicTio 50 BT. Cymiw 6yno
nigaaHo Ait Y3 npotarom 15 XB npyv NOTYXHOCTI
50 Bt. MMicnd ubOro AMCNEProBaHWn  PO34YMH
BWMBABCA B NIACTUKOBY POPMY, Ha [BOX CTOPOHax
AKOI ByNo 3aKpinieHo MifHi eneKTpoaN TOBLYMHOK
0,5 MM Ta posmipamu 34,5*57,0 MM Po3mipu AHa
thopmu cKnaganm 13,5*36,3 MM?, BUCOTA
NnnacTMKoBOiI opMmn cknagana 59,5 MM, a TOBLLMHA
CTiHOK 1,0 MMm. Po3uvMHy B (hopMmy Hanmeanocs
BMCOTOHO 3 MM.

B akocTi [pkepena  enekKTpUYHOro  nons
BUCTYNaB BWCOKOBO/IbTHWIA FeHepaTop eneKTPUYHOT
Hanpyrm i3 MOX/IMBICTIO TreHepyBaTW  3MiHHY
Hanpyry uJactotoro 15kIy Ta amnnitygoro B
pianasoHi go 1000 B, abo nocTiiHy Hanpyry i3
amnniTygolo B AianasoHi fo 1000 B. 3HayeHHs
amnniTyau enekKTpUYHOro nosis KOHTPO/OBa/IOCH
YHiBepca/bHUM BONLTMETPOM B7-16A.

JocnigpkeHHs XapakTepy posnoginy
BYI/NELLEBOr0 HarnoBHIOBaYa B MOMIMEPHI MaTpuui
6yno npoBefeHO 3a [OMOMOrow GiHOKYNAPHOro
CTepPeocKomniyHoOro onTUYHOro mikpockona MBC-1,
OCHalleHoro uugposoto kamepoto Etrek DCM510,
WO 3a6e3Mmeynsio MOX/MBICTb CMOCTEPEXEHHS 3a
pignHot i3 gucrieprosaHnuMmy BHT nig Bnavsom
e/IeKTPUYHOI0 NO/S B PEXMMI OH-NaiH.

Byno npoBefeHO Cepito  CrMOCTEPeXeHb 3a
cymiLLamu BHT i3 piguHamm pi3HOI
B’A3K0CTi (10°°+10" Ma*c) B pexuMi peanbHOro yacy,
nofaroum i3 reHepatopa Ha eneKTpoan 3MiHHY
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Hanpyry pisHoi amnniTyam (300-1000 B) 3 wacToToro
15 kY, Ta MOCTiiHY Hanpyry Ppi3HOT amnniTygu
(300-1000 B). Hanpy»eHicTb enekTpu4HOro nons
ana amnnityg 300B, 450B, 600B, 1000B
cknagana 24 kB/m, 36 kB/m, 48 kB/m, 80 kB/m ans
KOXXHOrO 3Ha4YeHHA amnniTyau eneKTpuyHOro noss
BignoBigHO. Tlicns KOXHOrO eKCnepuMEHTY Mo
BMNAMBY  €/IEKTPUYHOTO  MOMs  po3unH  Byno
MEeXaHI4YHO nepemillaHo A/1s8 pynHYBaHHSA YTBOPEHUX
CTPYKTYp 3 BHT, i 3HOBY MigaaHo Aii eNeKTpuyHoro
nons iHLWOro TUMY YK aMmnaiTyau.

3. EkcriepyMeHTasIbHI pesynbTaTy Ta X
06roBOpPEHHS

Byno pocnigpkeHo BMAVMB amnaiTyau Ta Tuny
eleKTpUYHOro nons (NocCTiHa, 3MiHHA Hanpyra), a
TaKOXX B’A3KOCTI CepefoBuULla Ha (POPMYBaHHSA
BNOpAAKOBaHMUX CTPYKTYp BHT B pigKoMy po3uuHi
LUNAXOM aHanisy [faHuWx OMNTWMYHOT CMeKTPocKonil,
OTPUMAHUX NPU CNOCTEPEXXEHHI 3a (OPMYyBaHHAM
CTPYKTYPHOIrO PO3MOAINY HamoBHiOBaYa. Po3mip
MaKpOCKOMiYHMX 306paKeHb 10,8%8,0 Mm?.

Ona po3umHy BHT koHueHTpauieto 0,05 mac%
B MBI (8’askicTb 10°[Ma*c)  pesynbtartu
CMOCTEPEXXEHHA 3a (hopMyBaHHAM naHutoris BHT
nig Aiet0 NOCTIMHOMO eneKTPUYHOro Mons Pi3HOT
amnnitygn npueegeHi B Tabn.2 B KOMOHKax
1,2,3,4 pna 1000B, 600B, 450B T1a 300B
BIZANOBIAHO Y BUINSAAI MaKpoOCKONiYHMX thoTorpadili

PO3YVHY.
Ak BUgHO 3 pucyHkie l.a, 1.6, 1.8, 1.T
noyatkoBuii  posnogin BHT B MBI1 6yB

OfHOpiAHUM, WO 3abe3nevyBasiocb nonepegHiM Y3
OUCMEPryBaHHAM  CcyMmiwi. Hiskux aHi3oTponHuX
CTPYKTYP A0 MoyaTKy [AiT eNeKTpUYHOro nons He
cnocTepiraetbcs. Ane Bxe uvepes 20 ¢ nicns nogadi
MOCTIMHOT ~ €NeKTPUYHOT  Hanpyru  amnniTy4oro
1000 B (puc. 2 a Tabn. 2) Ha enekTpoam, 3aHypeHi B
posunH BHT-MBI1, NOMITHO CTPYKTYpyBaHHS
HanoBHiOBa4a B MaTpuui, L0 MPOSBASETLCA Y
BuUrnagi ¢opmysaHHa naHutoris BHT  B3goBX
HanNpPAMKY MpUKNajaHHA eieKTpruyHoro nond. Yepes
7 XB nicng no4yaTky fAii eNeKTpMYHOro nons Ha
po3unH BHT-MBI (puc.3a Tabn.2) nomiTHO
(hopMyBaHHA MOTOBLUEHMX naHutorie BHT Ta
MPOCBITIB MK HUMMW, LUMPUHA SKUX HEPIBHOMIPHO
3pocTae no Mipi 36iNbLUEHHA Yacy CMOCTEPEXEHHS
32 YTBOPEHVIMW CTPYKTYypamu.

MipnaBaHHs pO34MHY BHT-MBIM aii
MOCTINHOIO eNeKTPUYHOIO Nosis amnniTygmn 600 B Ta
450 B (KonoHKK 2 Ta 3 Tabn. 2) nokasye AKiCHO Taky
camy KapTuHY, fK i Nif 4Yac BM/vBY eNeKTPUYHOro
nonsd amnnitygn 1000 B, ane MeHW SCKpaBo
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naHutoramv BHT, fK y BUNazKy BravBy NOCTIAHOIO
efleKTpuyHoro nons  amnnitygn 1000 B, He
cnocTtepiraeTbes. Yepes 59 xB Aii Ha po3unH BHT-
MBIT nocTiHOro eneKTPUYHOro nons amniiTyau
1000 B nomiTHO fABa BenuKi NPOCBITU B3[0BX
HanpsIMKY NiHiA Hanpy)XeHOCTi MNONs TOBLUMHOK
16Mm Ta 0,97 MM, a TakoX MeHLWi MpPOCBITK
TOBLUMHamMK Big 0,25 MM, a npu 57 XB BNANBY Ha Liei
CaMMiA PO34MH eneKTPUYHOro nons amnniTyam 600 B
Ta 53 XB BM/IMBY €NEKTPUYHOrO MONA ammnnitTyau
450 B MOMITHO 3HaYHO BYXXYi MPOCBITU, TOBLLMHOO

MeHLWa. Ana enektpuyHoro nong amnaityam 300 B
CTPYKTYPYBaHHA  PO34MHY Cnabo BUpaXKeHe i
NPOSIBNAETLCA Y (hOPMYBaHHI MOLOBXEHUX OOKiB
BHT B po3uuHi, L0 He NOB’A3aHi B CyLi/IbHI CMYTW.
Omxke, 3 aHanisy npuBegeHux B Tabn. 2
MakpodgoTorpadiii, eekT CTPYKTYpyBaHHS CyMiLli
BHT-MBIM Ta dopmyBaHHA naHutorise 3 BHT B
HanNpAMKY NiHIA Hanpy>XeHOCTi eNeKTPUYHOro nons
NPOSBASETLCA HaMLWIBMALLE | HAlbINbLL SACKPaBO Npu
NpVKNagaHHi nocTiliHoi Hanpyry 1000 B. Mpu

Tabnuugs 2

OnNTWYHI 306pa>keHHs po3unHy BHT-MBIT, niggaHoro BnavBy MOCTIHOIO €NeKTPUYHOIO Nosis aMnniTyz
1000 B, 600 B, 450 B T1a 300 B 3anexHo Bif 4acy noyaTky nNpuKnagaHHs nons. Po3mip 306paxeHb

10,8*8,0 Mm>.

Puc. 2. l-Iepe3t 20 ¢ nicns BBIMKHEHHS MOCTIMHOIO eNeKTPUYHOro nons amnnityam a) 1000 B, 6) 600 B,

B) 450 B, r) 300 B

Puc. 3. l4epe3t 7 XB NicNs BBIMKHEHHS MOCTINHOIO eNeKTPMYHOro nNons amnnityam a) 1000 B, 6) 600 B,

B) 450 B, r) 300 B

e 2, 2 S MM

Puc. 4. Yepes t=55 X8 nicna BBIMKHEHHS NMOCTIHOr0 eNeKTPUYHOro Nons aMmniiTyau a)1000 B 6) 600 B,
B) 450 B, r) 300 B

286




BicH1K KniBCbKOro HaLioHanbHOro yHiBepeUTeTY
imeHi Tapaca LLleByeHka
Cepis (pisko-MaTeMaTUUHI HayKu

ONTWYHI  306paXKeHHs

2014, 2

posunHy BHT-/1apiT285,

Bulletin of Taras Shevchenko
National University of Kyiv
Series Physics & Mathematics

Tabnuus 3

niggaHoro BNAMBY MOCTIAHOIO Ta  3MIHHOMO

(vacToTa 15kI'L) enektpuyHoro nonsg amnnityg 1000 B 1a 600 B 3an1eXxHO Bif Yacy noyaTtky npukiagaHHs

nons. Posmip 306paxeHb 10,8%8,0 Mm?.

A E—

Puc. 5. a) 6) B) I') - A0 BBIMKHEHHS €/IeKTPMYHOIo Nons

O [—

Puc. 6. Yepes t=12 xB nic/isi BBIMKHEHHS MOCTIAHOrO €/1EKTPUYHOr0 MOAA amnniTyan a)lOOO B, 6) 600 B;
3MIHHOrO enekTp1yHoro noss (4yacrora 15 kl'y) amnnityam 8) 1000 B, r) 600 B

Puc. 7. Yepes t=26 XB Mic/isi BBIMKHEHHS MOCTIAHOrO €/1EKTPMYHOr0 NOAA amnniTyan a)lOOO B, 6) 600 B;
3MIHHOr 0 efileKTpMyHOro nong (dacrota 15 kIuy) amnnityam 8) 1000 B, r) 600 B

— 2,2 SMM ) ;
Puc. 8. Uepes t=61 xB nic/isi BBIMKHEHHS MOCTIHOr0 €/1EKTPUYHOr0 MOAA amnniTyau a)lOOO B, 6) 600 B;
3MiHHOr 0 efileKTpMyHOro nong (Yacrota 15 kIry) amnnityam 8) 1000 B, r) 600 B

NPUKNagaHHi 00 PO3YMHY MEHLLOr0 3HaYeHHs
Hanpyrun nocTinHOro eneKTPUYHOro Mons NaHLrm
BHT opmytoTbCa MOBINbHIWE, & Yy BUMALKY
nocTinHoi Hanpyry amnnitygoto 300 B uepes 1 rog
nicnd  MpUKNafaHHA  efekTpuyHoro nons  [o
PO3YMHY CYMill  3a/IMLIAETLCA  MPAKTUYHO
OZHOPIZ4HOHO. ans 3paska BHT-
Napit285 (B’askictb  1lla*c)  cnocrepexxysaHa
KapTHa 6yna  fJewlo  iHWow.  PesynbTtaty
CrocTepeXkeHHs 3a popMmyBaHHAM naHutoris BHT B
NapiT285 nig aieto NOCTIMHOIO eNeKTPUYHOro Mons
amnaityam 1000 B ta 600 B Ta 3miHHOro (15 k)
eneKkTpuyHoro nons amnnityau 1000 B T1a 600 B

npueefeHi B Tabnuui3 B KOMoOHKax 1,2, 3,4 ans
1000 B nocrTiiHoro, 600 B nocrTiiHoro, 1000 B
3MiHHOrO Ta 600 B 3MiHHOro efneKTpuyHoOro nons
BignoBigHO. OCHOBHa BiAMIHHICTb MOMsirae B TOMY,
WO y UuMx 3paskax nig fgieto  NocTiHOro
efleKTpMYHOro nons  Bigbysanoca  (POpPMyBaHHS
arnomepatis BHT, a y Bunagky Aii 3MiHHOro
€NeKTPUYHOro nons qopmMyoTbes naHuorn BHT,
Wo 0cob6/MBO MOMITHO npu 6inblw TpUBAIOMY
crnocTepeXxxeHHi. Bname Ha po3umHu BHT-macno
Ta BHT-enokcngHa cMona enekTpruyHoro nons
Pi3HMX TWNIiB (NOCTiliHe, 3MIiHHE) € CYTTEBO
pisHUM. Lle Moxe O6yTU 3yMOB/IEHO Pi3HOO
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XIMIYHOKO MpPUPOAOKD Mac/na Ta enoKCUaHOT
cMonuM i, K Hacnigok, pisHUM  fA3eTa-
MOTEeHLIa/IOM LMX PEYOBMH, WO € OAHIE0 i3
OCHOBHVX XapaKTepuUCTUK BIAryKy pigKoro
cepefioBuMLLA Ha BM/IVB €NEKTPUYHOIO MNons.

Tak, 4ns BuNagKy Aii NOCTINHOIo eNeKTPUYHOro
nona amnnitygn 1000 B Ha po3umH BHT-/1apit285
yepes 12xB micna  MOYaTKy  CMNOCTEPEXKEHHS
chopmyBasiMCb NOAOBXKeEHI 6/10kM 06’efHaHUX BHT
(puc. 5.a Tabn. 3), oOpieHTOBaHi MO  HaMNPsIMKY
NPUKNagaHHA  efleKTPUYHOro nons.  XapakTepHa
JIOBXXWHa UMx 6/10KiB cknagana 1,67 mMm, a TOBLWUHA
0,06 MMm. Ane BXe uYepes 26 XB Nicns noyarky
NPVKNafaHHA MOCTIAHOMO €eNeKTPUYHOro Mons Ui
NaHLOrM NepeMicTUANCSA 00 «-»-e/IeKTpoda i CTaim
6inblw  noToslweHuMn  (nopagka 0,16 mm).  Mpu
CMOCTEpPeXXeHHi 3a po3umHoM BHT-/lapiT285 Ha
npoTa3i rOAMHW BUABMIIOCH, WO 3 YacoM nij
BMNAMBOM  MOCTIMHOMO  €NIeKTPUYHOro  MoNs
amnniTyan 1000 B naHutorn posnanucs Bsarani, i
BHT cthopmyBanu KPYnHi arnomepartu
HenpasWIbHOT (hopMK, HalbiNbLi 3 AKX JocAranm
128mMm T2 2, 7MM B MOMepeyHoMmy Ta
No3A0BXHLOMY Hanpsmax, i 6ynu posnofgineHi B
PO34YMHI BUMALKOBUM YNHOM.

—_—2,25MM all O

Puc. 9. ONTWYHI 306pakeHHs po3unHy BHT-E[-
20. Po3smip 306paxeHb 10,8*8,0MM°. a — [0
BBIMKHEHHS €/IeKTpUYHOro nons; 6 — u4epes
t=30 XB  nicna  BBIMKHEHHs  MOCTINHOro
eIEKTPUYHOr0 Nons aMmnaiTyamn 600 B

CnocTepeXxxeHHs 3a po3umHoM BHT-/apit285
npu AiT Ha HbOrO MOCTINHOIO €NeKTPUYHOro MoJs
amnniTyan 600 B TakoX mokasye (hopMyBaHHA
arnomepatie BHT B posuuHi, ane 3a posmipamu
BOHM 3HAYHO MeEHLUI, HDK npu Aii NocTiHOro
efeKTpuyHoro nong amnnitygm 1000 B i cknagaoTs
nopsagka 0,52 MM B nonepeyHoOMy Hanpami Ta 1,8 mm
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B MO3L0BXHbOMY Hanpsami
e/IeKTPUYHOro Nons.

Mojanbliue 3HWXKEHHA aMniiTyAu MNOCTIAHOro
€NEeKTPUYHOro MNoAns, Ha BigMiIHY Big Bunagky
CMOCTEPEXXEHHA 338  PO3YMHOM BHT-MBIT,
MoKasoBoro BNAVBY Ha pO34nH BHT-
NapiT285 (B’s3kicTb 1 MMa*c) He BUABMNO, WO
CBIiAUMTb NPO 3aTpyAHeHHs pyxy BHT B po3uuHi
BULLOT B’A3KOCTI Y BUNaAKy nigfaBaHHA Moro aii
aHa/IoriyHoro  enekTpuyHoro mnons. OkKpiM  TOro,
CMOCTepeXXeHHA 3a CTPYKTYpyBaHHAM 3paska BHT-
EO-20 (B’sa3kicTe 15 TMa*c) Tex  nigTeepgunu
YCKNafHeHHs opmyBaHHA naHutoris BHT nig gieto
eNeKTPUYHOr0  Nonfg y  TakoMy  B’A3KOMY
cepepoBuLi. Byno nomiveHO TifIbKM MOBOPOTK
JOUCMEPCHUX YacTUHOK BHT B po3uunHi Mo HanpsmMKy
efleKTpuyHoro nond. KaptvHa 6Gyna aHaloriyHo
AN 3MIHHOTO Ta MOCTINHOrO €NeKTPUYHOro Mons
amnnitygn 1000 B 1a 600 B (puc.9.a, 6), a and
MEHLUMX 3HaYeHb aMMnIiTys eNeKTPUYHOro Nons He
crnocTepiranocsa HaBiTb NOBOPOTIB YaCTUHOK BHT.

FAK Nokasann MiKpoCKOMiYHI JOCNIKEHHSA, Npu
BMAMBY 3MIHHOTO €/IleKTPUYHOIO MOoNs Ha PO34MH
BHT-MBIM (8’s3kicTb 107 Ma*c), cTpyKTypyBaHHS
PO34MHY NPaKTUYHO HE CMOCTepeXKyBaHe. JluLle npu
BMAMBY 3MIHHOIO €M1eKTPUYHOr0 NOMS HaBULLOT
amnnitTyan (1000 B), moxHa nobaunTn obnacti 3
C(hopMOBaHNMUN OKPEMUMY MOLOBXeHUMU Bi0KamMu,
WO MO CBOIN CTPYKTYpPi MOPIBHAHHO 3 KapTMHOL,
OTPVMaHOHO MW Aii NOCTIAHOro eNeKTPUYHOr0 Nons
amnnitTyan 300 B Ha posuvH BHT-MBI (puc. 4.1
Tabn. 2).

Y BUNAAKY XX Aii 3MIHHOTO €NeKTPUYHOro Mnoss
Ha po3unmH BHT-/1apit285, uyepes 12 xB nicnd
BBIMKHEHHS! noss CrocTepiraeTbea yiTKe
(hopmyBaHHA By3bKux naHutoris BHT gna 1000 B
(puc. 6. B Tabn. 3), Ta NOAOBXKEHMX CKyn4yeHb BHT,
He 06’egHaHUX MK €060 Yy faHutor, ane
OpiEHTOBaHMX MO nomo Ana  Bunagky 600 B
(puc. 6. 1 Tabn. 3). Mojanblue CMNOCTEPEXEHHS 3a
CTPYKTYpYBaHHSAM po3unHy BHT-/apit 285 nig,
BM/IMBOM 3MIHHOIO €1eKTPUYHOIrO MOMs NOKasaso,
O Yepe3 rofnHy 06pPOOKM PO3UUHY €NEeKTPUYHUM
nonem amnnitygn 1000 B dopmyeTbca  Benmka
KinbKicTb BONOKOH BHT (puc. 8. B Tabn. 3), geski 3
AKUX JOCAratoTb rnorepeyHoro posmipy 0,2 MM i
MPOCTAraloTbCA Ha BCHO [OBXWHY Bif OAHOIO [0
IHWOro  enektpoga, B  [eAKMX  BUMNajKax
nepexpeLLytouncb Mi>K CoB0K Ta MpOonsralyn He
CTpOro napanenbHo. Yepes rogumHy 06po6Ku
posunHy BHT-/1apit285 3MiHHUM eNeKTPUYHUM
nonem amnaityam 600 B dopmyeTbCca BXe MeHLUa
KifbKiCTb BOMOKOH BHT (man. 8.1 Tabn. 3), wo

npu 61 xB BOAUBY
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Ginbllue HaragytoTb nepepsaHi HWUTKM BHT, sKi
TaKOoX NPONAraloTb MK eNeKTpoLamu.

OTXe, AK NOKasaam ONTUYHI CMIOCTEPEXEHHS 3a
CTPYKTYpYBaHHAM HamnoBHtOBaya B MaTpuui B
peXWMi peasibHOro uacy, Ans posuvHy BHT-
Napit285 (B’513KIiCTb 1 Ma*c) HanbinbLL
CNPUATANBOKD ANA (hopMyBaHHSA MPOBIAHOT CITKK
BHT € Ais 3MiHHOro eneKTPpUYHOro nons amnniTyam
1000 B.

4. BUCHOBKM

FK Mokasasa OnTUYHa CMEeKTPOCKONIsA npouecy
CTPYKTYpYBaHHs KOMMO3UTHUX PO34MHIB
BYINELEBUNX HaHOTPYy60K KOHLEHTpaLieto
0,05mac.% B NONIMEPHMX  MAaTPULAX  Pi3HOT
B’A3KOCTI Nif [I€0 eNeKTPUYHOIo Moss, LUIAXOM
Takoi 06pO6GKM MOX/IMBO  AOCATTWM  YTBOPEHHS
aHi3oTponHMX CcTpykTyp BHT B nonimepHiii
matpuui. Byno BUABNEHO, WO BK3HAYAKYUMM
thakTopamy npu (hopmyBaHHI naHutoris 3 BHT e€:
B’A3KICTb Ta TWUM 3B’A3YHOYOI0  CepeoBuLLa,
BeMYMHA Ta TWUM Hanpyru enekTpUYHOro nosns.
Moka3aHO, WO 36i/blUeHHS B’A3KOCTI  PigKoro
cepefoBuLLA YTPYLHIOE (POPMYBaHHS NaHUOriB 3
BHT. Tak, npu B’A3KOCTi  KOMMO3UTHOIO
cepegoBmwa n> 15TMa*c (3pasok BHT-EA-20)
thopmyBaHHA naHutoris BHT pocartu He BAanocs.
Byno cnoctepexxeHO /MLWE MOBOPOTU  OKPEMUX
YyacTMHOK BHT no HanpAMKY eneKTpUYHOro nons.
LWono iHWUX hakTopiB npoLecy CTPYKTYpYyBaHHS
BHT B KOMMO3UTHOMY pO3YWHI  Mig  Ai€to
e/IeKTPUYHOrOo MoJifi, NOKa3aHo, WO npy aMniTyaax
NPUKNaLeHoOro  3MIHHOIO abo NOCTINHOrO
enektpuyHoro nong, meHwmux 300 B, He BAaeTbeA
[OCATTU  CTPYKTYPYBaHHS HaBiTb HU3bKOB’A3KMX
KOMMO3UTHUX PO34mnHiB (3pasok BHT-MBIT).Kpim
TOro, BM/IMB €/IEKTPUYHOIO MONS HA KOMMO3WUTHI
PO3YMHK PiI3HUX BUAIB CYTTEBO Bifpi3HAETLCA. [ns
BUMNALKY NPUKIafaHHA [0 eNeKTPOoAiB, 3aHYpeHnX B
KOMMNO3UTHUIA  po3unH BHT-enokcugHa cmona,
MOCTIMHOI  Hanpyrn cnocTepiraimca  MoBOPOTK
4yaCTMHOK BHT no HanpsMKy niHili Hanpy>KeHoCTi
eIEKTPUYHOr0 Nons i POpMyBaHHA NaHLIONIB, fAKi 3
4yacom  [JerpagytoTb, MepeTBOPIOOYNCL  Ha
arnomepaTt BHT HenpaBunbHOT hopmm. Ha BigmiHy
Bifl LbOro, npy 06po6Li KOMMO3UTHOIO PO3YUHY
BHT-enokcugHa cmMona 3MiHHUM  eIeKTPUYHUM
nonem yactotn 15 KL, cnocTepiraeTbCst YTBOPEHHS
naHuytoris BHT, AKi 3 4acom nuLle NOTOBLLYHTLCS,
ane 3arafbHOiI (OpMU  He 3MiHIOTL.  OTXe,
BM3HAYEHO, WO OMTUMANbHUM A1 BUFOTOB/IEHHS
KOMMO3UTIB i3 BMoOpsAKOBaHWM posnoginom BHT
BCepeaMHi enoKCUAHOT NoniMepHOT MaTpuL € BB
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Bumymene  komOiHamiliHe  poO3CiHHA
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Stimulated Raman scattering of HIC laser dye
in multiple scattering media.
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Hocniosiceno sumywene xombinayitine posciannus (BKP) nasepnozo 6apenuxa HIC (1,3,3,1',3',3'-
eexcamemuninooxkapboyianin-BFy) 6 6azamo posciosanvhux — cepedosuwax — BPC (eesuxyasapuiil
noONMepHitl naieyi ma KOHYEHMPOBAHIU CYCHeH3ii MIKpOUACMUHOK KOPYHOY 8 NOJIypemanaxkpuiami) npu
eeniesux memnepamypax. BKP sunuxae nicia nossu 6 niisyi xaomuunoi eenepayii (XI) i eiobysaemucs
paszom 3 uero. Bcei ninii BKP cnocmepiearomocsi 6 mexcax cnekmpa XI' Ha ¢honi ilo2o cyyinvhoco KoHmypa.
Kinvkicmo i inmencusnicmo niniti BKP 3anesicumo 6i0 inmencusnocmi Hakayyeanus i BPC. [nmencusnicmo
JUHIN 0Omedcena 3cyeom cnekmpa X1 i3 obnacmi ix noxanizayii. Hatibinew pizki i inmencueni ninii (6ins
cemu ML) cnocmepiearomvcs 6 cycnensii. 3axonomipnocmi BKP  gionosioaromv  OixpomamuiHoMy
mexanizmy 30y0aicenns BKP eunpominiogannsmu naxayyganns ma XI' na cmokcosux yacmomax.

Kurouosi cnosa: bacamokpamue po3CisHHA C6iMIA, XAOMUYHA 2eHepayis, eumyuieHe KOMOIHayiliHe
PO3CISIHHSA, 8e3UKYIAPHI NIIBKU, OPLAHIYHI OAPBHUKUL.

Stimulated Raman scattering (SRS) of HIC (1,3,3,1',3',3'-hexamethylindocarbocyanine-BF,) laser dye in
multiple scattering media - MSM ( vesicular polymeric film and concentrated suspension of corundum micro
particles in polyurethane acrylate) is investigated under helium temperature. SRS arises after random lasing
(RL) onset and occurs together with it. All the SRS lines are observed within the range of RL spectrum on its
continuous background. Number and intensity of the SRS lines depends on pump intensity and MSM. The
lines intensity is limited by RL spectrum shift from the lines localization range due to reabsorption and
reemission effect of RL radiation. Most sharpness and intensive lines (about seven ones) are observed in the
micro particle suspension. Experimental regularity of SRS corresponds to bichromatic mechanism of its
excitation by radiation of pump and RL at Stokes frequencies.

Key Words: Multiple light scattering, random lasing, stimulated Raman scattering, vesicular films, dyes.

CrarTio nipeacTaBuB 1.¢.-M.H., ipod. Makapeis M. B.

Beryn MICTUTh MOJOBOi CTPYKTypH XapakTepHOi s
. . . 3BHYANHUX JIa3epiB 3 PE30HATOPOM.
B pesynbraTi mpoBeAeHMX paHIlIe IOCHIHKEHb .
MoHOXpOMaTH4YHE BHIIPOMIHIOBaHHS Hakady-
[1, 2] Oynmo BCTaHOBIEHO, IO B OaraTokpaTHO . . .
BaHHsd 1 BunpoMiHioBaHHA XI' 3 cydUIbHUM

po3scitoBabHuX cepenoBuiiax (BPC —koHnenTpoBa-
HUX CYCIEH3IsX JieNIEeKTPUYHUX MIKPOYACTHHOK,
BE3WKYJSIPHUX TUTIBKax) BUMYyIIeHe KOMOiHaIliliHe
poscisuus (BKP) nasepHux OapBHUKIB IpOSsBIIsE

CIIEKTPOM CTBOPIOIOTH OiXpoMaTH4YHE TIOJ€ IO
PE30HYE 13 THUMH MOJICKYJISIPHUMH KOJUBAaHHIMHU
MOJIeKyJI OapBHHKA, SKHM BiAIOBITaIOTh CTOKCOBI
JiHii B Mexax crnektpa XI. BHacmijok mporo Ha

cnerudiuni BiactuBocti. Crernudika o0yMoOBjeHA
TuM, 10 B mux cepenoBumiax BKP Bunukae nuiie
OJTHOYACHO 3 XaoTW4yHow reHepamiero (XI)
0apBHHKA, SKa BHHHKAa€ BHACIIJIOK 3BOPOTHOTO
3B’s13Ky OOYMOBJICHOTO 0araTOKpaTHUM PO3CISTHHSM,
o Ji€ MoAiOHO /[0 ONTHYHOro pe3oHaropa. [3-3a
HEPE30HAHCHOTO XapakTepy LbOTr0o 3B’SI3KY CHEKTP
punipomiHtoBanHs XI' € cymineHum [3, 4] 1 He

© Smyk B.I1., Cmamok A.I1., OxpxoBuk JLA.,
2014

yactotax mux JiHi 30ymxyerbes BKP, 1o
NPOSIBIIIETECS. Y BUHUKHEHHI BiAMOBIAHUX JIiHIN Ha
¢oni cyuinsHoro crnekrpa XI'. Ile mae MOXIUBICTH
MO0  CHEKTpaX  BTOPHHHOTO  BUIIPOMIHIOBAHHS
nasepHux OapBHUKIB B BPC BH3Hauatu coexTp
KOMOIHaLIHOTO PO3CisiHHSA iX MoJeKyl. Biamosinna
MeTo/IuKa OyJa po3po0iieHa i anpoboBaHa B [5].
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Sk BuTikae i3 MexaHi3mMy ssuma [5-7] BKP
MoxxnuBe B BPC nmmme nnst nasepHux OapBHUKIB,
OCKIJIbKM JMIIe BOHHW 31aTHi yTBoproBatu XI. Ilpu
IOMY HEOOXimHOI0 yMoBoro 30ymkeHHS BKP €
cniBmaginag crnekrpa X[ OapBHHKa i3 00macTio
JIOKaJTi3amii MOXIJIMBUX CTOKCOBUX JIiHIA KOMOiHa-
miiHoro poscistHAs cBiTa (KPC). Opmnak mpsme
orpuMaHHs criekTpiB KPC 0GapBHHKIB € CKIJIaTHOIO
MpoOJIEMOI0  i3-32  CHJIBHOTO  JIFOMIHECIICHTHOTO
3acBiUyBaHHA, IHTEHCHUBHICTH SKOTO Habararto
MepeBakae IHTEHCHBHICTH PO3CisHOTO cBiTina. Tomy
Ii CIEKTpH SIK MpaBuiio HeBimomi. OnxHak, obiacTh
JIOKaji3alii MOXKIJIMBUX CTOKCOBHUX JiHIA MOXe OyTH
BU3HAYCHA BHUXOISMYM 13 YacCTOT MOJIEKYSIPHUX
KOJIMBaHb OapBHUKA, SIKi MPOSBISIFOTBCS B CHEKTPax
iHppauepsoHoro (IY) nornunanns. s abcomroTHol
OinpIocTi 6apBHUKIB Il 9aCTOTH JIEXKATh B Jiama3oHi
5001600 cv™, mo npu  30y[WKEHHI  APYroko
TapMOHIKOIO ~ HEOJMMOBOTO  Jlasepa  BiANOBinae
JIOBKMHAM XBWIb MOYKJIMBHX CTOKCOBHX JNHIA 546 -
582 mM. ToMmy mNepCHeKTUBHUMH sl AOCTIHKCHHS
BKP B BPC € OapBaukm, cnektpu X[ skux
3HAXOJATHCS B [IbOMY JiaIia3oHi.

Cepen BimoMux na3epHHX OapBHHKIB 0O TaKHX
HaJIe)KaTh A0CIiKeH] paninre pogamin 6K [1, 2, 5],
pomamin 575 [7] a Ttakox OapBHuUK Ne920 [5].
PosmmpenHss gocmikeHp Ha iHII  OapBHHUKH
JO3BOJISIE  PO3MIMPUTH  iHPOpPMAIiI0 Tpo JAeTami
Mexanizmy BKP B BPC. B nawniii po6oTi HaBOASThCS
pe3ynbraTi pociimpkens BKP jazepHoro OapBHHKa
HIC (1,3,3,1',3',3"-rekcameTmiingokapoorianin-BF4-),
SKWH  3aJJOBOJILHSIE  3TaJlaHUM  BHIIE YMOBaM
(moBxxuHa XBHJT MaKCUMyMy CHeKTpa
JIFOMIHECHEHINT Aygee = D76 HM).

3pa3kH Ta METOAUKA eKCIIEPUMEHTY

baraTopo3ciloBaIbHIMHU CEPEIOBHIIAMH, B SIKHX
nociipkysasioce BKP  Oapeauka HIC, Oymu
BE3UKYJISIpHA TOJIMEpHa TUTIBKA Ta KOHIIEHPOBaHA
cycmemsis MikpouacTuHOK KopyHmy (d =2) B
noniyperanakpinari (ITYA). [TonimepHa miBka Oyna
HaHeceHa Ha JIABCAHOBY IUIIBKY METOJIOM IIOJIUBY.
Besukyimi 3 cepeaiv giamerpom d = 2 yTBopeHi B Hiit
(OTOXIMIYHUM PO3KIAZOM a3UJAOMICTKOTO KOMIIO-
HeHTa mnoisimepa. CycreHsiss orpumana (HOTOMOIMI-
Mepizauiero [IYA 3 po3unHeHNM B Hill GapBHUKOM.

30ymkennss BKP  3miiicHioBasioch  apyroo
rapMoHikoio  iTpiit-amominieBoro Nd** masepa 3
MOJIYJIALII €10 IOOPOTHOCTI pe3oHaropa. Ii
IHTEHCUBHICT ~ pEryJoBajach 3  JIOIIOMOTOO

HEHTpalbHO-CipUX CKJISHUX (QUIBTpiB. BropunHe
BUIPOMIHIOBaHHS 3pasKiB peecTpyBaoch
mudpaxuiiianm cnekrporpagom 3 KMOH (CMOS)
MAaTpHUIICIO 13 CIIeKTpaibHUM posfineHHsM 0.3 HM 3a
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OIWH IMIyJIhC. BuUMipioBaHHS TPOBOIMINCH IPH
TelliEBUX TEMIIepaTypax i Kpamloro Y3roJKCHHS
cnektpa X[ OapBHUKa i3 3a3HAYCHOIO BHILE
o0macTio JoKami3allii MOXIJIMBUX CTOKCOBHX JIHIH 1
3MEHIIICHHS CIIEKTPaJIbHOTO posiuperHs JiHiid KPC.
Hnst BcranoBiaenns KPC moxomkeHHs miHIA Yy
CITeKTpi BTOPHUHHOTO PO3CisTHHS OapBHHUKA
BHUKOPHCTOBYBABCSI HEOJMMOBHH J1a3ep Ha (hocdaTHOMy
CKJIi 13 3MIHHOFO JIOBKWHOIO XBHJII BUIIPOMIHFOBAHHSI.

ExcnepuMeHTAIbHI pe3ybTaTH Ta iX aHATI3

I3 mBox Bukopucranmx BPC BumpomiHIOBaHHS
BKP «kpame mposBIAIOCE B KOHIEHTPOBaHiN
cycnensii. Lle 00ymMoBieHO TUM, 110 B BE3UKYJISIPHIH
TUTIBII TIPW IHTEHCHMBHOMY HakadyBaHHI criektp XI
CIIOB3a€ 3 00JIACTI JIOKai3amii MOKIMBUX CTOKCOBHX
JIHIA B JOBrOXBWJIBOBY 00JIaCTh, B PE3yJbTaTi 4OTO
minii BKP cmabo BupakeHi i cmocTepiraroThCs B
BY3bKOMY JIiala30Hi I1HTEHCHUBHOCTI HaKadyBaHHS
[6]. Lle croB3aHHS CHPUYMHEHO MEPETOTIMHAHHIM
BUTIpOMiHIOBaHHA XI HE30yKeHHMMU MOJEKYJIaMH
OapBHMKAa 3 HACTYIHHM IEPEBUIIPOMIHIOBAHHSIM B
JIOBTOXBHJILOBY —00nacth. lleli edekT CcuibHO
3aJICKUTh Bl €(QEKTHBHOCTI CBITJIOPO3CISHHS B
3pa3ky. B KoHIeHTpoBaHii cycmensii meil edext
ocnabmenuii i BKP nmobpe mnposBuserscsa. Tomy
HalKpali pe3yapTatyd Oyiau OTpUMaHi B CyCIIeH3il.

Ha puc.1 HaBeneHa 3a1eKHICTh IMIUPUHU CHEKTPa
BTOPUHHOTO BHITPOMIHIOBaHHS HIC B
KOHIIGHTPOBAaHi# CycIeH3ii MiKpOYacTHHOK KOPYHIY
BiJl IHTEHCHBHOCTI HakauyyBaHHA /,. BunHo, mo npu
iHTeHcuBHOCTI 1,>0.05 MBT/MM® B 3pa3Ky BUHHKAE
BUITPOMIHIOBAHHS 3 BY3bKHM CIIEKTPOM (=5 HM), sIKe
Binnosimae BuHUKHeHHIO XI'. [lpm mnomamemomy
301IBIICHH] 1HTEHCHBHOCTI HaKadyBaHHS IIMPHHA
CIIEKTpa 3HOBY 3pPOCTaE.

Ha puc. 2 HaBezieHa €BOIMIOLIS CIIEKTPa BTOPUHHOTO
BUTIPOMIHIOBaHHS B 3aJIEKHOCTI BiJl iHTEHCHBHOCTI

20+

AA, HM

0.1 i
[, MBt/™MM™

H?

0,01

Puc. 1. 3anexHicTh LIUPUHU CIIeKTpa
BunpoMiHtoBaHHs OapBHHKa HIC B KoHIIeHTpOBaHii
cycrneHsii MiKpodacTHHOK KopyHay B I[IYA Bix
IHTEHCUBHOCTI BUNIPOMIHIOBaHHS HAKaqyBaHHS.
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HakadyBaHHA B miama3oHi icHyBamHa XI. Sk
BUIUIMBAE 13 IUX JaHUX, OMHOYACHO 3 PO3MIMPEHHSIM
cnektpa XI' Ha ¥oro ¢oHi BUHUKAIOTH By3bKi (~0.5
HM) CHOEKTpalbHi JiHi{, iHTEHCHUBHICTb SKHX
HETiHIHHO 3pocTrae mnpu 30iLIBIICHHI [,, IO €
xapakTepHoto o3Hakoro BKP B BPC [1, 2].
KombinamiiiHa npupona mux JiHid MiATBEPIKYETHCS
3AJICKHICTIO X JOBXWH XBWJIb BI JOBXHHH XBHWIII
BUTIPOMIHIOBAHHS HAKAYyBaHHSI.

[HTEHCHBHICTH

[}S]

0+ 1 A, HM
560 570 580 590

Puc. 2. 3anexHIiCTh KOHTypa CIEKTPa BTOPHHHOTO
BUIIPOMiHIOBaHHs Ja3epHoro Oapsauka HIC B
KOHIIEHTPOBAHIH CYCIIeH311 MIKpOYaCTUHOK KOPYHITY
B IIYA Binm iHTGHCHBHOCTI HakadyBaHHS B 00JacTi
icayBanns XI: [,=0.1(1), 04(2), 09(3), 1.3(4)
MBT/MM2,

3aramom B Mexkax cnektpa XI' mpu 30yIKeHHI
Ipyrol0  TapMOHIKOI  HEOJAMMOBOTO  Jazepa
cnocrepiraetbes cim  miHii  BKP, ski  diTtko
MPOSIBIISIIOTHCSA B JIIHIMYACTIM CKJIaNOBIH  CcrieKTpa
BTOPMHHOTO  BUIIPOMIHIOBaHHS 3pa3ka  (puc.3).
Yorupu 3 mHux (570.8, 572.3, 573.9 i 575.1 HM)
nobpe po3aiieHi, a perra tpu (576.7, 577.6, 578.7
HM) yTBOPIOIOTh HEPO3/iNieHHH TpurieT. BHacmimok
HaKJIAJaHH JHIA TPHILIET € HAWOJIBIII
iHTeHCHBHOIO cMyTot0 criekTpa BKP 6apBHuKa.

Tamoro BaxkimnBoro o3Hakoro BKP-moxomxeHHsS
JMHIA € 3aJeXHICTh IX 1HTEHCHBHOCTI  BiJ
IHTEHCHBHOCTI BumnpoMiHOBaHHS X[ (CymimbHOI
CKJIaJIOBOI CHEKTpa BTOPHMHHOTO BHUIPOMiHIOBAHHS)
Ha JIOBXHMHAX XBWIb IHMX JIHIH, sSKe pa3oMm 3
BHITPOMiHIOBaHHIM HaKavyBaHHS YTBOPIOE
Oixpomatuune 30ymkenHs BKP. Braciimok 1poro
ninii BKP, gxi momanaroTh Ha MakKCHMyM CIEKTpa
XTI, MaroTh 3HAYHO BHIIy IHTEHCHUBHICTh, HIX Ti, 1110
TMOTIAJIAI0Th Ha KPHIIa ILOTO criekTpa (puc.3).

Kinekicte minii BKP, mo cnocrepiraerbes y
BroprHHOMY BUnpoMiHtoBanHi HIC, 3pocrae 3i
30inpmeHHsM [,. Lle oOymoOBiIeHO pO3LMIMPEHHSM
cnektpa XI' B JIOBrOXBHIJILOBY CTOPOHY, BHACIIJIOK
YOro OXOIUTIOETHCS OLIBbII IIMPOKHH Jlana3oH
JIOKaJTi3amii CTOKCOBHX JIiHIH, 1110 1 MPU3BOAMTH JO iX
nosien 'y BKP (puc.1). Bigmosigno no crekrpa 14

2014, 2

Bulletin of Taras Shevchenko
National University of Kyiv
Series Physics & Mathematics

nornuHanHA HIC o0nacte mokamizarii MOXIUBUX
CTOKCOBMX JIHINA 3HAXOAUTHLCS B Alana3oHi 560 — 582
HM. Crektp XI' OXOIIIIOE JOBIOXBHJIBOBY YaCTHHY
miei  oOyacTi, sKifi BIANOBIZAIOTH  KOJHMBAaHHSA
MOJICKyJIi OapBHMKA 3 HAWOIIbII 1HTCHCUBHUMH
mimismau B IY mornmuanni. [li xomuBaHHS i
nposisitoTeest y BKP. Cepen MOXINBUX CTOKCOBUX
miHin 'y BKP He mposBiserscs numme HaWOLTBIT
MOBroxBuianLoBa JiHis 580.2HM, sKiii BigmoBigae
KONMWBaHHA 3 iHTeHcHWBHMM [Y mormuHaHHIM.
[IprauHOIO WHOTO MOXKE OyTH Te, IO BIAMOBITHA
miHiS npumagae Ha Kpail cmektpa X[, gme
IHTCHCUBHICTh BHIIPOMIHIOBAHHS HEIOCTATHSA IS
30ymkenHs BKP noctaTHpOi iHTEHCHBHOCTI.
Bracnigok 0iXpOMaTHYHOTO MeXaHi3My
30ymkeHHss BKP 1 posmmpenns cnektpa XI' B
JIOBTOXBHJILOBY OOJIACTh CIIOCTEPITaeThCsl CYTTEBA
3aNIeXKHICTh BiAHOCHOI iHTeHcHBHOCTI JiHi BKP Big
IHTEHCUBHOCTI HakauyBaHHa (puc.4). Bnacmigok
posmmpenns criektpa X1 mpu 30inbIieHHi /,; 3pocTae
MepeBaKHO iHTeHCHBHICT, X[ Ha JOBXKUHI XBHWII
JIOBFOXBUJILOBUX CTOKCOBHUX JIHIN, BHACIIJIOK YO0
3pocTae IiXHsS BIJHOCHA IHTCHCUBHICTh. 3MiHa
BiTHOCHOI IHTEHCHBHOCTI JiHIH Ja€ MOXJIHBICT
MOYEProBO BUAUIATH IIi JiHII Ha (OHI CYHITBHOTO
kouTypa XI', migOuparouu ajis IbOr0 ONTHMAJIbHI
IHTEHCHBHOCTI HaKadyBaHHS, NpPU SKAX I JiHIl
HalKpaie MpOsBISIOTHCS. 30KpeMa ISl BHUIIJICHHS
IIOBIOXBUJILOBHUX JIIHIA ONTUMAJILHOIO € HaWOlIbIIa

]

IHTEHCUBHICTH

580 590

A, HM

560 570
Puc. 3. Criektpu BTOpUHHOrO BHnpominioBaHHs (1),
XI" (2) i BKP (3) 6apauka HIC B koHIIEeHTpOBaHI
cycnensii MikpodacTMHOK KopyHay B IIYA mnpu

inTencuBHOCTI HakadyBauus 1,7 MBT/MM.

IHTCHCUBHICTh HaKauyBaHH:, 2 KOPOTKOXBHIILOBUX —
JiesiKka TPOMDKHA BEJIMYMHA, NPU SIKIH 1l JTHIT
IOCTaTHLO IHTEHCHMBHI, ajJleé HE «3a0HBAIOTLCI»
3pOCTalOuol0  IHTEHCHBHICTIO  CYCifHIX  OUIBbII
JIOBIOXBUJILOBHX JIIHIM.

3arajioM  TOBEHiHKAa  CIEKTPAJbHHUX  JIiHIH
BropuHHOoro  pumpominioBanHss HIC B BPC
ananorivHa mnoseniHni BKP nmiwiii pomamina 6G
(R6G), neranpHO AocimkeHoro B podorax [1, 2, 5].
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4 JIOBTOXBHJILOBY ~ 00JacTh, B  pe3yiabTaTi doTo
2 KOMITOHEHTa ~ bixpomarniHoro 30ymkenHs BKP,
g obymosnena XI', cmabme 31 36iIbIICHHAM
5 3 HakauyBaHHsA. lle He 103BOJIIE BUKOPHCTOBYBATH
1_55‘ IUIA  DOCIIDKECHHS BKP oimpmr  edextuBHI BPC,

SIKUMH € BE3UKYJISIPHI TUTiBKH.
1o ¢ BucnoBku
0.5 JocnimpkeHo BuMylieHe KoMOiHamiiHe po3CisTHHS
1 JIa3epHOTO OapBHHUKA HIC (1,3,3,1'3",3'-
001 T T rekcameTHiIiHIokapOouianiH-BF4-) B Be3ukymsapHiit
560 570 580 590

Puc. 4. 3anmexHicTh MHINYACTOI CKIAIOBOI CIIEKTpa
BTOPHHHOTO BuIpoMiHiOBaHHS OapBauka HIC B
KOHIICHTPOBAHiH CyCTeHsii MiKpOYaCTHHOK KOPYHILY
BiJl IHTEHCHUBHOCTI HakadyBaHHs: ,=12 (1), 1.6
(2), 2.2 (3) MB1/MM%.

BpaxoByrouy 1ie, MOKHA 3 YICBHCHICTIO BBaXATH,
mo JiHii BTOpWUHHOTO BuUIpoMiHtoBaHHA HIC,
ooymosneni BKP, sike iHinitoerbes 61xp0MaT1/IqH1/IM
30y KEHHSIM BUIIPOMIHIOBaHHS HakadyBaHHS Ta X1 '.

BKP B HIC opmHak BiApi3HIETHCA MEHIIIO
THTEHCHBHICTIO 1 Pi3KiCTIO CIIEKTPAIbHUX JIiHIH HIX B
R6G i pomamina 575 (Rh575). Ile cmpuumaeHo
3rajlaHiM BUILE CIOB3aHHAM criekTpa XI i3 obmacTi
nokamizaumii crokcoBux siHid HIC B Oinbm

Cnncoxk BUKOPUCTAHUX JzKepeJt

1Awyx B.II, Tuxomos E.A., Ilpucoowx O.A.
Bnusanaue BBIHYKJICHHOT'O KOMOHWHAIIMOHHOTO
paccesHusi Ha (OpMHUPOBaHUE CIEKTpPa XaOTH-
YEeCKOW TeHepallMi OpraHMYeCKuX Kpacuremnei//
TTucema B XKOTD. — 2010. —91,Ne 4. — ¢.186 — 189.

2.Yashchuk Vasil P., Tikhonov E.A.., Prygodiuk O.A.
Stimulated Raman scattering of dyes under random
lasing in polymeric vesicular films// Mol. Cryst.
Lig. Cryst. —2011. — 535. —¢.156 — 166.

3.Lawandy N.M. et al. Laser action in strongly
scattering media// Nature. — 1994. — 368 — ¢.436 —
438.

4.Tikhonov E., et al. The dye activated polymers
with added fine scattering particles as new lasing
media// Solid State Phenomena. — 2003. —94. — ¢.295.

SAwyk Bl u Op. Pe3oHaHCHOE BBIHYXIECHHOE
KOM6I/IHaLII/IOHHO€ paacceaHue OpTraHUYCCKUX
KpacuTeseil B MHOTOKPaTHO pacceuBalollieil cpejie
Kak BO3MOXKHBI  METOJl  ONpPEAEIEHUsl HX
konebarensHOro criekrpal/ Kanr.anekrp. — 2011. —
41,Ne 10. —c.875 — 880.

6.4wyx B.Il. u Op. BiusHue mnepenoriomeHus u
nepeusnyuenuss Ha BKP B MNOJMMETHHOBBIX
KpacCcuTeisax B MHOT'OKpaTHO pacceuBarOmnx
cpenax// Keant. smextp. — 2013. — 43 Ne 12. —
¢.1127-1131.

7.Yashchuk Vasil P. et al. Specific appearing of
stimulated Raman scattering in dyed multiple
scattering media (2013) IEEE Xplore Digital
Library. DOI: 10.1109/NLP.2013, 6646387. —.48-49.

MOJIMEpHii IUTIBLI Ta KOHLEHTPOBAaHIH cycreHsil
MIKpOYAaCTHHOK KOPYHIy B noniypeTaHaKpHnaTi
Cnocrepiraerbest BKP Ha cemu CTOKCOBHX JIHISIX,
SKI  pO3TANIOBAHi  JOBrOXBWJIBOBIH  YaCTHHI
MOJIMBOI 00JIACTI JIOKaJi3amil CTOKCOBHX JiHIH, IO
BH3HAYCHA 110 cEeKTpy Horo IY nornuHaHHS.
3aKOHOMIpPHOCTI ~BHHUKHEGHHS JIiHIH  Biamo-
BiJafOTh OiXpOMaTHYHOMY MEXaHi3My 30yKEeHHS
BKP BurnpoMiHIOBaHHSAM HaKadyBaHHS Ta XaOTHIHOL
TeHepallil Ha BiJIIOBIIHUX CTOKCOBUX YacTOTaX.
IarencusHicTs niHiit BKP oOMexena crioB3aHHsIM
CIIEKTPa XaOTUYHOI TeHepallii 3 00JacTi JoKai3amii
CTOKCOBHX IIiHIA BHACTINOK TEPETOTINHAHHS il

BUNIPOMIHIOBaHHS  HE30Y/DKEHUMH  MOJICKYJIaMHU
OapBHUKA.
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