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ABSTRACT

BezhenarR\V. Information technologies of aquatic ecosystegmntamination
modeling for the computer support decisions in radiation safety. Qualification
scientific work with themanuscript copyright.

The thesis for a doctor degree of technical sciences in specialty 05.13.06
Information technologiesi Institute of Mathematical Machine and System Problems
National Academy of Sciences of Ukraine, Kyiv, 2020.

The thesis focuses no the development and improvement of information
technologies for the systems of computer support of decisions in radiation safety baset
the new and upgraded mathematical models for the contamination transport in aqu
ecosystems andlose effects on umans throughdifferent pathwaysof irradiation.
Chemical, nuclear or other facilities located on the seacoast usually release diffel
contaminants. They enter the environment due to regular releases during the not
operation of industrial sites and iresult of various accidents. Only radioactive
contamination is considered in the thesis taking into account that developed models
methods can be used for other types of contamination with similar properties. In the c
of regular or accidental relea®f radionuclides, information should be available to make
decisions regarding the need to take measures to reduce the negative impact on hur
For this purpose, systems for the computer support of decisions in radiation safety
being developed to pvide the necessary information to decisioakers. Such systems
typically consist of a set of interrelated mathematical models. Decision making is basec
information on the level of environmental contamination, including aquatic ecosysten
whose diffeent components are part of the human diet. The mathematical modeling is
effective tool to find the contamination level of marine environment both in regional ar
global scale. However, until recently, information systems of radiation safety did n
include the marine component at all or it was used as external element.

To reproduce the real situation or to implement some possible contaminati
scenarig the main sources of contamination should be considered in the model as wel

processes that occurtwiit, for example transport with currents, diffusion, interaction with



suspended sediments, bottom deposits and marine organisms, and decay due to ve
factors. Assimilation of each substance by marine organisms depends on properties of
substancespecies otheorganism its age, position in the food web acldaracteristics of
the marine environmenespecially temperature and saliniBased on the diversity of
marineorganismsamount of contaminants at the current levehadistrial developmedn
and frequent changes characteristicof the marine environment in the oceairtsis
iImpossible to describe these processes using the modeh \seh ofstandardoarameters
due tothar variability in the natural environmenthus, there is a need develop models
for the assimilation ofcontamirants by marine organisms and their integration into
systemdor the computer support of decisions in radiation safety

The aim of the work is extemdy the functionality of information systems for
nuclear fadities by incorporating both new and advanced mathematical mddels
calculation of contaminants concentratiandifferent components of marine environment
using a limited number of suggested parameters and for estimation of possible impac
humans. Br realization of this aimmechanisms for automatic data transfer betweer
modelswere developed and tHROSEIDONR model was customized to European seas
that helped to integrate it into the system for nuclear emergency response RODOS. °
gives the posbhility to provide a longterm prediction for the radionuclide transfer in the
marine environmenh online modeand to estimate the radiation doses for populaiitie.
module for calculating the doses of radiation receivegdypledue toconsumption of
food products of plant and animal origimntaminated through the freshwater pathways of
radionuclide transfer was also developed in the RODOS system. In addition, 1
POSEIDONR model was incorporated in the PREDO platfatesignedfor estimaion
the radidion dosesto population from regulareleases ofadionuclids from nuclear
facilities.

The box model POSEIDOIR was improved for using in systems for the computer
support of decisions in radiation safety. In particulae, tnodel of thédenthic food web
has beendevelopedallowing us to describe the contamination of benthic organisms
which, according to existing observations, is different from pelagic étexe. transfeof

contamination fronbottomsediments to marine organisms is considered for thetiime.



This food web includes benthic invertebrates, which consumes organic fraction of bott
deposit assimilating contamination from the seabed, as well as demersal fish and bot
predators.Consideration of these processes is importaghen bottom saliments are
significanty contamina@éd due to accidental release of radionuclides or in the case
marine environment contamination by radionuclitieest have a high abilityo adsorb by
sedimentsyesulting in their accumulation in the bottoin addition, the dependence of
cesium and strontium uptake rates by marine organisms on the salinity of surrounc
water that means the concentration of competition ions potassium and calcit
respectivelyjs obtained. Such improvement of POSEID®Nmodelallows t to be used

in water bodies with a wide range of salinity, including estuamés almost fresh water
andseas with large river water runoff.

A new kineticallometric model for nomniform assimilation of contamination by
fish was developed to take intaccount the chemical and biological features of
contaminants to accumulate in certain tissues of the organism. The fish body is consid
as a set of compartments combined into three groups of tissues: bones, muscles
organs, which have significant thfences in biological time of living caénewal. Model
parameters describing the main metabolic processes depend on mass of fishi to th
power that is in agreement with the general scaling law in bioldge values of
allometric constants were detanad based on known experimental d&tamparison of
the simulation results with data of laboratory experiments described in the literature v
carried out for radionuclides, which are responsible for the-terrg contamination of the
marine environmentiresult of routine or accidental releases from nuclear power plant
In particular, the calculated concentrations of radioactive isofépes>*Mn and*4Csin
different fish species during their uptake from water as well as correspondi
concentrationsof %°Co, **Mn and *'Cs during their uptake from food were in good
agreement with the measurements.

The customization of POSEIDGR model to European seas was the necessary ste
for its integration in the RODOS system. For this purpose, it was appliddnigterm
simulation of the transfer of radioactive cesidfiCs in the Black Sea, Baltic Sea,
Mediterranean Sea, in the Northeastern Atlacdictaining the Mrth Sea, Irish Sea, Celtic



Sea andiscay Bay, and in the Northwestern Pacific including thibovieSea, East China
Sea and Japan Sea. For every region, the calculated concentrations of radionuclide i
water, bottom sediments and marine organisms agree with the correspond
measurementshroughout the simulation periodt is shown that the ament at the
Chornobyl NPP had a dominant contribution to the total amoulit@$ in the Black and
Baltic seas, global atmospheric depositian the Mediterranean Sea and release from the
nuclear reprocessing plant Sellafi¢lth the Northeastern Atidic.

Individual doses of radiation from seafood consumption were estimated based
the concentrations 0f’Cs in European seas calculated by the POSEIERONodel. It
was shown that in all considered seas, except IrishtBeaalculated doses were alyg@a
much bwerthanthe maximum effective dose commitment for public from anthropogenic
radionuclidesqual to 1 mSv/y. In the Irish Sea, the annual individual doses of irradiatic
to a reference group of populatiavith the highestfraction of seafood in heir dies
exceeded this level during 191979. In the case of Fukushima nuclear accident, the
individual dose of radiation was about 1.5 mSv for a virgraup of people who would
consume seafooahly froma 15km area around the NPP

A threedimensionh model THREETOX was used for detailed reproducing the
transfer of radioactive contamination in the Northwestern Pacific over two years after 1
Fukushima nuclear accident and in the Baltic Sea during the five years following t
Chornobyl accident. It pwvides maps fot*s sconcentrations in the marine environment
anddirectionsfor its propagatiorat different timesTo reproduce the transport 8fa sin
marine organisms of Pacific Ocean following the Fukushmualearaccidentand to
predictthe effets of future accidentghe components of modelling technology for aquatic
ecosystems contamination were integrated for the first time in-thmeensional model
THREETOX.

The box model POSEIDOIR was ircorporatedinto the PREDO platformto
estimate radian doses to the public resulting from the releases of radionuclides in tt
marine environment during normal operation of nuclear facilities in Swedlka
calculated concentrations of radioact®€o and®*Mn in the water, bottom sediments and

marine orgnisms are compared with the corresponding measurements for the Forsn



NPP located on the Baltic Sea coddte developed kinetiallometric model for the for
nonuniform assimilation of contamination in fish gives better agreement of the calculat
conentrations for both radionuclides with measurements for fish spatiekfferent
levels of the food chaioompared to other model§his is caused bythe contribution of
different tissues, because&ven a low concentration of activity in muscle tissue
signficantly affects the total content of radionucligkefish due to its large mass fraction.

The FDMA model was integrated into the RODOS system for calculéit®doses
received by the population from freshwapathways of irradiation. It provides the o
assessment due to consumption by people of the drinking watévahproducts of plant
and animal origircontaminated through freshwater. The input data for the model is tt
concentration of radionuclides in the water agriculturaland habitaareas which is the
outputinformation of the RODOS hydro modulModel parameterselated to different
radioecological regions of Ukraine were collected, processed and integrated into
RODOS systenthat was contributed tds implementation in UkraineNowadays, the
dose assessment for population from freshwaainways of irradiatiomsing the RODOS
systemis carried outt the nuclear facilities of Ukrairend in governmental structurds.
particulag it is in operateat the Rivhe NPP anid the Radiation Accidents Consequences
Prediction Centeof the Ukrainian Hydrometeorological Centlatis confirmed by the
relevant acts of implementation.

Keywords: aquaticecosystemsgontaminants, radionuclidespmputer support of
decisionsRODOS system, box mett POSEIDONR, kinetic-allometric model, radiation
dosedo publig accident at the Chornobyl NPP, Fukushimialear accident.
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5SCOdzd dz , ' Lsked JEOEEHBEC s 2. wdh ' ©OH
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LOBEzH@EGR L& o t' Lds’ &OMd & oadfOHCE
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Hyti yOolf, KniheoadH¢® fMmlis: L OMmMo s’ dzdzgW L OB WlzH
stcc AEBEL (B)cko T "o dHEC " Mis! odoe jHjddg? E[EBIcizHC
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tcJ L zdz IsOIs"’ izt (ifls4z constc ¢ Odzd d €3S * M ls - 9 dojHJ
stwekzzo gy J YOMiss OMy ¥ elsy L yYyoOomsdz, (el
LdBj dgh 2° Is iqw e HO " Y . AJ2 H0O0ttOd] Istc d3tsy dzC
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dCorg _ é.h’l 2
Cow—k. C,- i
dt s

@O
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[ dzv  t©OH' tsdzzCdz' H' & L 9 j dzdoi§Qf dgbtgky, tds' tstmipizts
ftesyj Msds ttOH' t5OC Isd oddsts gz Acldslz s IO'H. Iz vBD fitplects Ot
LOYf dMOld o ' dhtskkz odcdyw] tej Lo detOdzyfjp dzlsftc A
CF, OHY J ICHzZOYyptedz" HdzvW BOGCOIs! sn W©WOH'  tsdzlz
o jdzdWKgdzz OC fsMmiss odd oW ls fiC/di = O’ akizsa
L Of d BRBGFE,, O KgBENR/T)CF, ' to' S)dzvdddd 52 .0 d
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oo (¢, F 6,,) 2. (2.4)
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L Ofmeots’ dedz? MO yjtejL dzOdzys 3¢ X do dzj dadz
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Stec Oz 12dg L d3j dzgh j dedev o3 € tsdzy | dzldas B QIls™  tcB®Hnts b
(LB dzr " j dgdgv i Offifeld Sdc G0 dz'od" 2 C' dzr S sfls

COH' S5OCIkdoddds tesL § OHEd ( dzd P j Kﬂﬂgﬁ%@@m' i §
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Hdzw KE®stsdo zydrs ©OH' SdzSCdz" H' 9 hodHC ' s
f stc’ odzgv dztss, OBt d&zOo " Is! B' dz' hts¥ , dzg' ¥ B o«
USH' HOdzd?2 HBHOMsS Y Blstc" Bdets otcOntso lzo Olsc
(25 , s@¢"'C, Wt H 50" HOH Is'Q 'LEO LCCBdpYzjHAAB I Y S
otsH' ' 9 Y BOCENKLS I sHd,dMEE Is! 9 j dzd ydc
C dzr €' Mls! o' HW' ' dz' stctseo Odzts” o sHJ U@ OgH I
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odL dzZOyO' Iy fifiyls RAdgs cots Iso€ Odzd dz' , HI yYj2 t©WOH' 6
o3 Mstsds OCIsdo desls 3 tdzh d A Is ¢ Odzd dz0O
dzj -~ sz o(Gdzfsom W tets.L HY tdAs 4 6H@ded?2 " HR ' H M tcC
tCOH ' tsdgzC dz' H' o Is d 3% 38, L18]ls st 'Cd -d3p flzll?! e ' o dat
CSLYyBH' &vEl: ijw bk off! SBz BLecOd L& , MC
otsded fjtcj 9o Oydets dzOCS s Jylze Is mw ‘ Hisd' dazlz
ZOSsfdquykz' Is! mMw o " dzhdr IsC Odzd dzOA,0r" df dets[te st
Mklsls' asets L Odzdy J dzdz? teSL tcOnRtso Odzts’ & jsdia|g
Ctsdzyd dzlstcOy' Wo tc®mW ISHAZ'C W' |8 OOdzd dz2' Bsy § BOL
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stsd3dz, 9 L Oc Odz ddzfsjdetids @y’ GH CLEQ B €A dz¥ Chip 15
ftslstc’ Bdes totsL tcOrnBolzo Olsd L O H tstndcdite dassc  filple
L ktcOrkzoOdzdz" 3 " mnde' B BOMSeats'™ YOMIsECd:

Crish=a Ck M, 2.6)(

k=1

Him T B3OMBs e O kilp@MMls UsA & A Hadpy 4 dzlstc Oy ' W kIS0 B2ts
5 Odzq dz' .

21[ dzs o dz' &' o dg¥ dzdz" GBS H | d2

[HdzdiE tojL zdz IsOIs* otesBdSHEd Is'OY ‘edztsts B §-0
Odzts i3 Is te d y dzts’ BsHj d' o WwWC'2 9 tizORGd &L
Csdzyj dzlstcOy' ¥ L OBtolzHdgj dzdzv o todB ' . vizls
Stec OO Ot WAS 5C ' dzj sdydzdn &GESH j dzfAc s ¢ » g
L Odzj ¥ dz' Mmis hodHCtsMmisj 2z tea['BS dztsed™ ydzdf 7 ST
t SLtetsB dz dzgO@ d3tsH j dz ftslstcj BIz® L dzOydets 3J &
BsHjd , ' Bsyj Bkld adSstedmlsOdzO Hd&Y te' L

Vdzts o * 2 dfistitg diff) Is B IO IS vy 20§ dzdzv

1) st Odz L &3 ttdBd tSLEEYHO' sk frwy d'¢2 fk
L OBtolzH dzj dzdz? tetsL f tsH ' dzj daj to' o das 3’ tocdats;

oM Ctd3 6Cd tetsLtSH' dvsls! v dzO Isted @
"  Hto' L dgv s Is! Mw o3 ¥ e s tosoyd HIE ‘efilse B d3'

)L OBtolzHdzj dzdzv, N5 fsktcOfdvw’ o Bt Ods
kteOo dzz MdMmlsj Bz, tsLfsH' &' s v &' ¥ I8¢ Oc
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4o do jHjdzdzgv L OBtlzHOzj dzdz?y L C BBy dets’™ IsCOd
o dL &zOy®s &" dglzd disd § tetsyj MOBY, = OwOCIs toded d3d

55h adHSsMIs® L OMoats’ dedz? * o9dojHjdzdz? L OB
ted BLdG ' H dBIzEAiB] Isted ydzts® Isj ste’ ° &

s OSdd3 yd dzts a3, Ctsdzgyj delstceOy' W L OB tolzH dzj dz
Lo 0L Sk Mdighpdpf dzlstc’ tBishififk’ L dzOCCOMRE i ji slada
BCtej i 2 (ECABREBRT, HOWLOS ' GiedOdOR) :

d one —
%_abeCf +q)Kwa K).S(b)cnone

dC
%scle =a, K f Cf +bﬂ KWCW 'K).S( m Cmuscl(’ (27)

———) =) =) == = (]:

dCorgan
5 =a,K;C; MK, G, K50 Cogan

Hal®iSsjW ' y' “disd jWjClkdodzsMmls' L OMots’
sOoBHG, o' HYGo' ikds, ot " "Co hidgsiz (9 dz0 dzts ¢
Cy sz ' o dzv dzdz NdMlsj &3 " @ @€ Sisiflf)ls s odz
L OB tolzH dzj dzdzv L 9 ' Kolfps® 5 HWZt\ & dafis@fdech dzd' L Prs Is
L dzO Y j dzdz" dgdni ¥ Ols @gzdkddiilo ts° dzdzy  j o dets’™ toj Kt o
' L BusHdo HBRBJB] L J <MY Jtedd3j dzls O de Cligif-
ff o9 Hdztsh j dadz¥ d3q

3 3
A =aam, B,=ahm. (2.8)
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LOdzdh Olsdd3j s+ mw sOdZ HBO N |, ddz ¥ ) alzO Yy dets d A
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tc' o dgw dzdzgv = S H § dZ (3. 3) 9 ' HdagtsMmw Is! WM ts
f sH' dapbsd slsted BO* di3s tsMis Ols sy dz' Odzsdzd Iste d
BEHY A&
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v hOte' o I lyts My *etisrfd o L dzgOY O Is fw  w



111

_ K,SSW
PR @K, Sg)
_K,SSW
Gk —m,

9y =0.

(36)

r dzv  f tcdH sdaadmd ,h QS 9 L dzO=- sH W Is! fqw  dsdRv {
Hisdedzed WzOe j ez CwjJW' y' “dzlsd d3OsIs' o dag dzv H

_ K,SSW
b = 1+ K,59)’

g = L KsSSW, D . KSSWB ¢
“TU+KSHE R bemin(L L) Lomin(L, L)
Do -1 . D "'(R(-l) - & * Vk|’ (3.7)
R Lemin(Lyo L) R Lemin(Lyo L) o L

T
Rk Lt,k(l' ek) {Z Rk Ltkmln(L[k’ Lmk)

1o
H R, min(L, L, )
g -(B-D_ ssw
YR Lud-e) ¢

Hy f OtRDMEjLEO YO s+ v w¢

R =1 MK ) (3.8)
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Sk i lstoh qdzg® ftedHbddzseE 5 ¢ toOdzd UkZSE 15
Ctodzyj dzlstcOYy' v L 9 Oy jodzcdhriOkilg tadslisOs] Iz ingddsdd Qizs@ L
od B bt o Ody OB L toj,\Wadhl @S fi)iys @ G & G
COBKEBS WhkdSy v ° SSBWE S Lsd)st? dzd2 f Sis
YOI pdzsNOBPE CEj %' y' ' dls o tolsd S Ozl eatigB i H d
Cj¥%' B SiEEtemQuwi'd SEk h O’  HIEmgiE g in S
f stcdmls’ Mls- ‘ GlMmisd dizO WO B RY, e HHEORdZzdHAAZ. |

[ Ofso @ dglstat®py’ ¥ OF s d o dzs fj) s das BBk s dzlz Mdz'tek
Hisdzdzd n o ‘o Sudg®u fHYzC 6" HY tso ' H dZsfV s tcOR So I2°

ty, :ﬁ, oy :ﬁ. (3.9)

V B SEBQR133] f S OL Odzets, N s fls OdzgH Otels dzO
OCIsdoe dz Mliss B Y ofBHIEEH ‘ Hitsdeded &3 © ° H § dzC
Msteey' '/ HjMseBY' ', &sdjSdviods' Hl¥Ezl'
ftode jtjyddr ©0O268d0O% cftd ', w¢' SOLOSI
WiedzOdzn M) StscBz * 1" odz ydesBz HwBsSEw R, HJ MY

C' dz CO RO IR o, WC' o' HY 5o 'LHO® sk H ] €
o jtrndsy sz N Ot H ts dzdzd [A34]99" jHELISHEHQj drtz! dzdf Tp 16O] Ht
tcOn sz Pdetc’zH dzj dzgd r Htsdzdzgd = 9 HC dzOH j dg

H' ‘s Isjy 2, nsgezy, Os sP&moR jMHsHEz * B
L dzd 3 jCdiddgy j dZlé'@s®ry j tern dz' sz h O’ H s dzdddEs®ESIs
[135] 9 “ HL dzgOYj dets, Nts toj kM jde " v * {Fteshlst
9' HS dzOH j dz Bsy Iz s L d3' dzt ez@BE "’ ttizOf sHdz'dz

ftcj HMISOo dzj dzdzg? 3d ~OCdz' L &3 @ BB dzz o 9 j t6n
sfdmkzeo Olsd L ¢ OH OBDSEIPANR.N Oy ptc jJ3sHYy Jz' © S H |
f OtcOBBj stedL Oy v ftesyjm' o toj MzMmy j daL * j,dadiwt
LOBtlzHdz] dzdr HBdzdzd -~ 9" HGC dzOH j dzt .
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L i3tsH JPESEIDONR H Odzdf Btsyjf B9 S dMOdad?2 W
OCIsdo dzsls L o9 jtndy 6B IOzl H (sl G dzdz
CojVW Qo dais' 93 Wdedz ot stey' 2dzd2 H sk dgcdtdd
COodQnte ) Ofp@dgjols sy ' dRCuEl 2 4A0TH dzv BBt © B j L
fpd dz' ded = G tedy dzd o dzd = Is j M{T Bt H A de Jdadisd o EHfs" 1ot
CORkte'" s oadL dz@YOddsh fijezdzw € Mz BAddFa 3" § (B ES
h Otetsds Ck@A) todsH dzd B3 " OO L MM Hdz 7 €«
GSLH" dvsls! 8 COdRj OB

aFkn
V= e (3.10)
b tejLbd O’ OB SO JoHgsESd R e LOH ' &

Flseo tstc¥ 9 Olsdmw IsOC Lo Odz HBY' tedz BESEID@NIzE ¢
Rt " oadWwdedz" HdzwW HBY todz' = ©OH ', 8k dzicB.2 azv
3.4), Odzj L ‘" dhdds fjtc’ SHBHRY @REHsCdsts sH O
COH' SdkzS'd WPjte] dds'ds,  BCg b SHEM tdd s L B
tesSLf OHEZ Mo dzisG 5.

321 ddz20d3' ydzO i3sH § dz2 dzOC s d yj dedz? t©WOH ' f5¢C

| OMmo s* dzdz" t©OH' GBS d H' o dBtef' ¢ dEEd das s
otsHd, O kOCBY bk tjLbkd Ok My ds Odad”
[MS & §d daj Bsyddos, O o B' d "' odfoO
COH' BdkzSd H' o bk Cydsdhz zoktn | d'ds kgt
H' dzvls! M d da® KE®dzj 3y dzgsfls’ o' H B' Bdsc' Ydsd
wdodj dzgdz". 1wBLE®R &s, s k eof' T ckf oO!
Gjfjejicodss o BjyO8 fjodsets fwosd yCk.
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~nOteOCIsjtedL iz’ Is! MW HJWEEBE P m’ HAgVtsevX &
Aj BB C'dz €' MmMlsy fOtORBJIste’ 9, dzj BB n
E di3stem! Cdm StecOdz L 3Or SO " "dz' 8° o ctcOY'
dZzOB " tc 9~  Hd2dmr OGO Iste’ &8 HBL O By Yd Wz dagd
L Odzj ¥ dz' ® H BB W&OMIs' dc3tsH J dz¥ 9 Odzdz? H Odz' F
tcOH' Bz Cdz" HO Ctej B, s LOLoadyUoO?2 twtsBdls!

3211 jdzOe "' ydzd?2 ° fHtedHdzdzd?2 Odzyr 3 <d

V] f syOlsCtso " 2 BURNE-AOSEIDOMNO8] jtdaS L ¢ dzv H © 9
fJdzOc"' yded?2 dzOdzys 3¢ Y dodzj dgdzv, hts o Cdzt y
~ndY 2z tedBd,tcOBEsdfssinG g8, dz" ( iIsPo o 58 i Bl fijdhs dhjdz68 . O
dZO o4 AEBEGORG sC OL OdZO 9 Oy dzde ' Mmis: o tcO
¥ doe dzj (B8kw136, 137] wed?2 L 2 d3ts o dz¥ L OB tclzH dzj o
tcOH' 5O0CIsdeodz Mlse © HBeaetMstesC e " 2  Jjtemtf
tcOn 2z dzts € Isd u' 2 sO ftwtsyjmM o Hjtejd hkzeo O
L Odzdh O Is! v L OBticldzHalg dzdlsligd & Qdztf des YO Mz .

vyjtejL yYJPOSEOONRB EZdZO HBYf o dzj dzO ctolztf Odzd
we' WVitediz¥ Is! HBdzdzd 2 d&zOdzy® 3 ts5¢ 3 d o dzj dzdzv .

B ctcOyYy’ ' wWOH BdkzCd" H' 9. [ dzdz BJLnrntc] B I
Hsdz8z o' HGC d&zOH j dz wCO fjtejBlkzo O ) tc’ o d
Ctsdzyd dzlstcOy " v OCIsdo desmis 9 Bt Odz ydz' 2

o jtondy sz ( OCIsd o dzts d3lz) h Ot Htsdzgdzd = © " H!

3

Cd?2 LOdziydIls! ofsH HHOMsTE tstcc OdzB% A8l Is ' fip
Sdedzts’ BEOd € o' HdzsMWIs! MW ©jhIsSd o' H¢
BOSCIjt' ° O ' dzbh s diglad T tas'toe OdzOn fetkdzy & . ) to
wWC nisdedzd 5 BJL Rtj B jlsdzd d3ef O daS taciisds L WEOERY Y
9 ' HCdZzOH jdz' , ftets hMts fo" HYOls! HsMdz' H[Y39].dzdz

I
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[ e Oy Heslgzdzd & S gy O wdz'e Rlsifrds B j L Rtej B j Isdzd 7
cded. bREWHEZ tLLEvHOs ! MW ftodse ] by @Y
fjdzOc¢' ydzd B *° Hisdeded B3 tecOde L BOB] o
fjtcj deslz ©WOH' SdCd H' o 5 &OHY 4SS O8 xd¢

yjtehjaduSd2 okjls0Btd ey, delist Cap das s Qs ir
CnteSL 6ORBo k' 5! Mw Cus dayg UastsPiyls @@ ds & OfS jistdsjt
Bis B dzls Odz dzj L Ofyo@s " dsdsvf dAO@ES Istsddsz ' H o Mis O
Ctsdzgyj delsteOy' ° L fjodedds SEW@G' | Cakjsy s Ha

C,p=CFy G, (3.12)

HICF, i Cdzyj dzlsteOY' 2 dzd?2 WOC bt ¥ ' Istf dzOdgs

] H
H i
i : i
Bona ®ito- 3o0- Hexuxa Xuxa ]
& _“: nnawkton | 2| nnawktoH [ 2| puba —>|  puba
I
s = |
| > : !
i i Montocku E Jr
) 3
i 1’ ' >an69pe)KHi E
i | i XWXKaKu '
s =4 i -
i PakononioHi T
1 1 .
: ? i .
M 1 ]
[ ; : v i vl' 1y |
OoHHi i | : o i p
: M Bonobocii IS [oHHI . puaoHHa OoHHi
?;ﬂr::il'l(zl)mﬂ E o= _TﬁesxpeGeTm-;" puba 3 xuxaku i
1 1 i !
| l | : 1 ) i
: e | i
a i

-------------------------------------------------------------

t dMzBBY wnj BOIsdydsj L sB Oy j dadz” zOdzy ¥
POSEIDONR. ulstc' &z Odsd i@t dgzls o j o) desfbk
MG Odz L BOR] L O tORbLdsS ' Ady sets Mty dse Od
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lted twsLtcOrlzdzSE Ctdzyj dzstceOYCay, O d adadr
tcOH "' dzlz ¢ dz' H dts P d,SLdB QEEsECLd otc OH cisdgdz dz" H @ X |
‘cdetstolzo Olsd . U gdizd SHisky d frplastsotdadaddy s Wis ftef fplzdz L

COH ' BdzCdr'smE ' odojHjdd" 2B LO ©OLTE
tc 5 fpdzd dzd :

dCa ; In.2

—dt'gz(c:Falg @, <,) —5—T , (3.12)

0.5(alg)

HJCFayg 1 S sdayj dzsteOy' 2dzed?2 W RE IS tbdstsds'cipdy
Ot " 909 do jHjdedz" tcOH' SdzzCdz'" H' &9 L oBHBSML
stsdzyd dzlstcOy "' w OCIsdo dztsfls ) Cdzh d A s 1
HdW jtejdey 2ded s to' o dgw dedzw a3, wWC*° o Htse ' H

dc In2
=K G BK,G, ;‘— c, (3.13)

0.5

HJCT CSBdzyj dzlstcOY"' Vo ol d detlelBR dzlsief @ °  d3t€48 M-
CtsdayPulziovtc ©OH Gsd Ylzce® e Odgsy Wy * dls L
tc OwlZiztE d' H'BY T H j dzgdzO o j dzd yd dzO bfij iCts p W[ ‘0 P'dzdalzls *
COH' Sdaz Cattkui®,” dz' €' Mls! otHd, "t §toss Byidls-
B' Sdzts¢' ydgd?2 yOfm  dzO il seOdsdec Hojaadad b Gutizf Ts
f OLO®Rj ste’ o dBsH | d' 3.0%cd o mdediz s 9t dig®Edddd0oq’
140-142]

[ dz¥ fcg B d OC Odz! dzts,d3z0 mdsdsfin®@re & Is '-@drs d3§ Is dz
BtsH j dz! LOMmots’ dedgv L OBtolzH dzj dzdzv, tetsL G dzw dziz
SCtjBIR OD BN Lo L OMssmikze Odzdz® M tetsh j
ZOMskzf desdisz f EdzS s HOdesets totsL H' dzlz.
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v OB dBY Ot Od3J Isted HJ dzOd3" ydzs®™ d3sH § dz'
1 OOd3j st
i JteOdz'| m¢C | drw a b Kw Ki | Tos
(A€ e)D)H (HY) | (H)
0 | sdzdzO ®© - 0.1 - - - ; 3
1 AT s dzO - 0.1 - - - - -
2 1 st dzOdg 1.000°%| 0.1 0.2 | 0.001 1.5 1.0 5
3 14 ~dY O 0.2 025 |{ sL A3.A v O B2dk.
4 mdy O ted| 4.0 03 | sL A3.A v O B2dk.
5 ] sHistets)| 0.1 0.1 - - - - 60
6 [ 15 dzdz 0.001 | 0.1 0.3 | 0.001 0.1 0.02| 15
BJLnntc] B
7 [ sdzt S d| 0.1 0.1 0.5 | 0.001 0.15 0.06 | 50
8 t OC Y tsH 1.0 0.1 0.5 | 0.001 0.1 0.015| 100
9 ] ed H tsdzdz| 0.2 025 |t sL A3.d uv O B2dk.
10 |1 s dzdz’ n 4.0 03 |{ sL A3.A v O B2ck.
11 |1 .edB j t6] 4.0 03 |{ sL A3.Ad v O B2dk.
~dy0o0¢d

n

i=0

{ Oy tsdz &stem: ¢ dn

Cf = a Cprey,i Pprey,i

dz0

tSte ¢ Odzh 6 Bl dzd ARl g § ‘ML oz
o df OHC E € tsdzyg, deliste BPrusodz ‘ Isy w

d erred

drw

Oy, dengz, T YOMIsC O Miznts’

t Oy sdz stecOdz' L d3' o

prey,i

L O

HJC, 1 Cdzy j dasteOY' Wo wOW " isHgT HO MO O

3.14)

)|
3O m ddrwg,, TEOENGSER O dij Iz ~
Stc6 Odp jusdsiodfn JOO &' H detsfd s mw

Hist tsd3ts ¢

HiS tsted Odz' ydats’

f3@j HMlsOo dzj dzd 2 o

s OB

dzc



118
v OB dBfY Oy’ sdz st Odz’ Ld3' 9, Hted2devIsd?2 o

A d > ® 2 [ 34678 9]10]11
fr Jtcldo O
0 0.5 0.1
1 1.0 0.6 | 0.1
2 1.0 0.2 | 0.8
3 1.0 0.2
5 05 02| 0.1
6 0.7 | 0.3]0.25
7 0.1 02| 0.1
8 0.1 0.2 0.2
9 0.3 10.25
322 HdzBtdZ] ' dzj sHdetste® Hdzj dzOC s d yj dedzv ¢

1 ©2 yomls' hj dsH§ dzt 9 Odzdz? f jtoj desmlz L OBt
P86t L OMoats’ dedzvy tdBTSE MMk Is' W3 CL OH " A
fso0WLOdts L Isddz, hts yjL' 2 dzdsH dad dPO Ly ' 2f
oJddsd?2 it sH dz2Of " otesL §f OH Iz, 4t desmd Is
Ol ddsMW j tolz, HtsBte] ttsLyddzdzd?2 £k otsH' ‘ dz
tesL@2'4dr. wvOdzgj bz £ oadfOHCE O8Ot 2dedn
HsLz fttsdy dgj dedgv, tslsted 3Odzz yjtejL o tsHdg
CS Bhkdts ffts5C OR Gdz{2te MetsHHZVdZ'yjL " ¥, hs ]t

BowLtse' 2 IsCOdzed dz |, Atsets o3 Missds o * dgh d
ftcOoddzs, Wg o OsO'Ylg'Lf) 2 tc' adesdz’ todets totsL f SH '
) 35 HPO&EIDONR € tsdzyJ dzlstc Oy ' W Ll o YyJL

L ttORtsolz’ 54 Mw L 9dCHTUBMIs O dzaay dysWABU b dzvia
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dzOt " 99 do j HJ dedavts tote @HiE, 4B digl SAzsAH 5 3O W L 59 t5°
f*"HR'"H fsCOLOs HBBt] kL EtH)Y Mokt istetsingtc®
StecOdz L BOE L odd wOdBd Hdv (o33 B, 1633 z® fi)
sOCtsY HBL OB mMElls® e L d3d dzg" dIsd OBdzdR
C ' dzj lsQdpetds) sted ydets® BsHjd' , s dBsyi Blklsd
sy dets$ L OBtokzHdzj dgdg? RBstem! Cdr BeeOdz L i3 o
2z MMk s Mw ' d" d8  t©OH' fsdzkigQe CHE dad'
MjtejHsodhj ftod j S MY dzkio @t ko & isdsditzd 2 d3tss
Oo O’ 2dzd R MdkkzOy' 2, 3L OBfs s oseQ dzdl'tc dts ‘s dg
L Odzd 3 J dzdzv tcsL tcOrR o QM = v < Sdayth dals tc Oayd ROH
pON oo Olsd o dzj MASCO GO dr' dielrn S KsSAAdEdiEB e Yl dzt
C ' dzj sQdp=igUsiiEts ¥ 0 Btgjiteddzstc’ H dzse s L Ofpe 5 dzde
(Hdo. 2L HicdzS ZzOHd L Ofmistsmkze Odadzr y' * °  dists
POSEIDONR W ¢ Hdzv odlksC' o fttd dstdOd d 2 t
Mdlszoy' 2 { tcjfHsipd Qe detsLon 'L e sisd.

331 3" &0 hoadHECBMIs' L OMots’ dadz? tWWOH' BOC Isc
stcc Odzzic BOF tc* Mdzj dz2' 2 o SH'

| Hek®, dsweh' Cskk MjtjHseadh' L OMe s’ da
St Ode L BOBRG L Bjdzh ' s v L Gk c@F & dats S dzlf &
stsdzS oz yddz * tsdesd3s Hdzv L Ofme ' dadz? Ko Qi to i
Moy Mls' 7' & ydeds o &Ofmisdotsmisj2 (y' HoO
[jJdHjdz " 290). [MEC' dz Cd yjL' 2 HsteOf dw'
dz@i2d ¥ yz dzOdzCkz (L OMmots' dgdg" yjL "8 tStcc Odz L
odL d2ZOyodzr dzdds f Ot OdRj Istetsdz * C sdzigls s & Ow s Bt
LHOd 2 ek’ HA&Y sfdhkz L Odjxpdsnle d s
COdz' ¥ bk oHdESEE o gngHudjlsisivd b § 51 0 Bds Y daRd
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o dELOY O Is! v  yYjjL jdjCltesn & yd MY o
d &MY Jted i3 dalsf @R e sdpsiag if2OU3d (W ste i3z d&zO 1 § te dzf)

(3.15)

HjK' i Cdpyj dzlé us@ia)'ow COd&QY s B [j EPIskcO (
Ctsdgyj delstcOy' v "sdz' @8 COdz' ¥ 9o Bstem! € 2 o
CstedMiskzeo Olsdmw L dzOyj dedz" 3 L Oc Odz! dgts’ s dzts
Ctsdz’ 9 COdz ¥

K"=116© 4.2¢, (3.16)

HESI Msdztsdz' Mis' 1 @t M G 6 dz) H dets | dBz"0,14M Y tc O
USH' Ctsdzyj dzlstcOy ' 2 dz WEaCIstsdctH sHods' s § 2
odce dzv H

CF, =F, OF,, CF,, = F. OF,,, (3.17)

alg

H JCF, =20dz/ B, = 50 i g OdzH Otls dz' € ts dzy j HiEs ks O

Bstem! Cosdizz BYtcj Hfsptdhj HOdd?2 ' H-' HBGHRHS

ftoslsj Mistso Odes dzO H OdzZd L' ©  dzl{ld4lzd Bazelz’ © |

[ dzv tOH' ' 5OC Isd o dats ¢ ¥8Sr ¢ & delshstf bz Uiplafaits' @iz
L dzZOr BHW IS Mw o GHdZ 2 ¢ tgbBifio sis dzdzd fipls tc  gzuzH
d3d 3B e Odzd L Wele(® " & 2 HoEsted iy det® L o yj L' ¢ .
dzj L dzOydzy §tsh dtej dedgv Mlstetsdzy’ ¢ yYdted L dzOdzy
RZOCtsf dyk' s+ Mw o s detsazlzts dzlrzv o ooy @ fEEAD R Ao \f
CsdeS oz ydr * sd2°Ss dgd o) @fpad d@zd o BsH
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L Offo t5' dadz" taOHS tselaiis Gz OS] ' teiftu'de o ' dzvdi®O"
Sfdzs ff B tow dzd Fozdes otaztipsdPie S sz MjtejHise N

-1.35

b=0.1(11.66 95> (3.19)

At BERdE By &0 L OfkiBo o Olsd §ted

34r Y jtoj d&zO tOH BdzCdz" H' 8, NMts totsL GdzVv H O¥

] d3ts HRO&EIDONR sif d iz’ Is+ Mmw tesL f s9 ME HY J da
fslstcOf ddzd o dstem! ¢j MjtejHsodhj o tjL kzd

DNOIsBsMW j cdzetse s o df OH' dzdzv 6 B s Mj toj H dz

2fMstsCE ydtejL " ySseok MmMdmlsj Bz twWOH ' Bdzkz
f tso jton dg® ;

Qejezdzvtcedzdr yd Oo Ot 2dzdr o dltsC' 9,
tesLIsON" s 0Odzdr BJjLYBMjtejHd 5 dgO Bjtoj L' A3t

4) O Otg' 2 desets odlssCz © BEH! werd sy
fsodbWLOdtsets L OQoOte' "8 dzgO Olstsdizdetsdzz § * H o ¢

[ dzw ftede j toj y dzd - odlst ' o ¢ tsted mdzts s
tesLf sofms HY jdzdgw t©OH' SOCIsdo desfls’ dzOm ¢ dgteiais)
fjtejHBOYjdzagj Mottcj dzdz" HBHOISC SO t5° cftcds
ctej 6" SdzOdzr dzke C O3 telz, CkHd LH' 2Mmdzs * sy f
HOdzsGts " HaBHIz: O) HftdBjteddzO GCOd3j @ o
stseo ' o BHjdigj ¥BAEO fCtgfdpj t® oL O° d@BsH ' ' dzdh j L
toj 6' 5SdzOdz! dats’ COdij tod, stsdzdz cdzdB ddzO § ted
ssoh ddzd o jtendzjosets h Otk tj 6 sSdzOdz dzts’
" 9" HYB9 " Hdzts¥ o G' BSdzOHEAS dletstes” & B3] OB 5 tS5¢€
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SHdO ftedBjtejydzO0 COBRBjtcO® dhBsyj BRI Mlso st
ftedBjtojyde 2 CORjte’ dhsyj BRI dzdh j BH dzj
odfOHSE €' dz SR HYjtojdz, (lstc' BUB Is OHOW
Bkzlsd L d3 dzgdzs® o yOMm' ) .

it BLEdzYHO8 yd tesL f s Mme HY [ dfdevd B JetOHY dB'O% |
ftslstc' Bdagts o tcOrntsokzoaOdzd, hts o OCdr dztsC Od
odfOHCB00O & Oy ' v ttded, wWCO §jtjdg My "l
Bilsse E fteOokz WONstdzlz dzjctStoditytez' H dis sz OB
tc' o dag¥ dzdaV (3.13) ftcd BHAS Hdb@GRE J s t
HAWEL ' 2 P CittliTde v dzv §ted B J to] -’ -CTP(asT,18 d
HdzW o " HIY tdoo) GH daElzO dz! dalsig T & Ce) Qelslj. to dadzlds Yy Of o3
ftede jtcjopdgst ' ( t6j ¢ (BYeO @BetsOBd, Nt L Odzj )
ftedBjtojydes’ CORBPEGY " H dwhdHdzdzvic JBE]G ' Bz tcj ¢
sBO' BBz Hftedejtoiydes™ COd3J ted.

v 06 dfists H jRRSEIDONR Btsy dzd 9 * Mls st dfMkze O
tcOH' 5OCIsdodesMmils’ L bsySsedr HYJtjd, Mt I
LOstsdzz dzd n CtstcOB dz' 9, Olsus@RIAYE ts dij dzach s HYad J- to d
sOCtsdBz o df OHSCLE dOOSdEsdEMI tcj g0 twDH " Is! fi
wWCO ROLOSIsjtedL iz Is! v dzOMiskzy ded digd o dzOMls d
tetsL d3' M j d2OC 92 Bz &' SdzOdz g’ €2 2C @dggdis' d delz@ 88D |
zts ¢ Odz! dzts CORjted L OHOB Is! MW totfotddy fstiotOyy 2Lds]
tcd 6' tSdzOdz! dats’ COd3j ted ; 9) WwC ‘YfoRs®ff Ok
zts C Odz! dats ® ‘ ' HYf 50 ' Hdats® tcd 6' tsSdzOdz! dats ¥
ZzOf oW i3S OF .
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35vydMmjdzt ded?2 tesLo0wWLtsS t' adevdz isH j dz

vfp®  ftsyd mMd o GsHd D22 diddn zw dsW jityd dey’ 2
fjtehsets BEEYHSE, WC' cHtOsde® ydsikin @l d He

‘j'j_fz AC+Q,., 3.19)

HiTojClstste ¢ tdyiRISt@yw?2 ,¢ 5] Vo' Cylzs' ydgls ' oL, d
fslssC" 9 otHd & ¥y COWRj ORI, f Ots Qe dsicls tx
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fsmis’” R deg W) ¢ tcfosjtsjlsdd?? s dfm HOdSets &t

[Hdzstc" Hdzgj BOIted ydei to' o dzV dadzv

dC

—=AC
= (3.20)

BO° tsLooOwWL €

C(t) = e*C(0) . (3.21)

l tsbWEtsd tesL 8OD EZdzS 5o BES,) WOMSEEE B0 W U
LOf dim@ls o 6 dzW H

= e"C_, (3.22)

n+l
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OB EtsL dzOydonh d yomsad? Sttt L &3 dzdetss

C(t, +t)=eC(t,). (3.23)
[ Olsted ydzOdzlse® e ezfyls O o dzv ' ldewipwz &5 j o2 fixdsde'oH

2 3 k
eA[ - | +A[ + (A‘Z[I) + (A[) +. .+ (At)

3! k!’

(3.24)
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Clt, +1) = €M C(t,) + € pE M Q(t)dt. (3.25)

ty

16 yY' sdBz bk odf OHCE Qfesmds] P @ ¢ & O fiy ©z0RG ek
CLoOWL 8¢ &BOIdA] odcdvH

C(t, +1) =eMC(t,) +(e™ - NAQ(L,). (3.26)

t ' o dzgw3dd® ‘' ( BSMmdatse dzd d3 te ' -p Ut fladzadz fisdz i3 O3s dets| A
A 5L dzOYO‘ B j teidaj(lsiziz s ANl o= )

{OLBd L Bdlls’ o ddBBd L dz0O g jigizdeQ0) dzk s dzupj tizbs
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t,+t

IC(t, +¢) =fC(tdt, (3.27)
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IC(t, +1) :T?p(t)dt + FHdt I1&t) 4 Fl

{MS " dz €idt,;tn ey
Ct)=e""qy) £ ) A Qyp),

Is ts

t,+t

IC(t, +¢) 4C(t) ﬁ(e‘\“"n)c:(g) (e |)-A1qp) dt
-1c) -C(tn)nl;]eA“"")dt n++(ﬁ?(“"’ }AG@pdt =

=|C(tn) _C(tn)(eA(t-tn)Al)‘zn*'f (+e““ 4 Al @[n +t A}Qrt)
=IC(t,) €t)(e" HAY (@ - DA -Ir) ATQL).

lo"ohd 6L d2OY]ddzv HdEzvW d&BOIsted y!
El()=¢€",
E2¢)=(e" -1) A",
E3()=((e" -1) A" 1) A%,

' o d2BABR(B.30) Bisy dzO L @f o i @ kkzef H

C(t, +7) E1(JC(E) E2()Q(,),
IC(t, +2) dC(t,) BE2(JC(t,) EB( )Q(t,).
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(3.28)

(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)
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El1(t)=E2( JA H,
E2(t)=E3( }JA + It (3.35)
a8 (A
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E. .=DC. C. T (3.39)
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. =0.5DC_, C, T, (3.40)
Eboat

subm™~ w k' boat?
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