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I
OCHOBHbIe 3Tanbl UCCneaoBaHuUA

=

ok

UTto Takoe mMoadenmpoBaHne.

OcCHOBHbIE YpaBHEHUA ONA MaTeMaTN4eCKOIro

MOAENMMPOBAHNA BaKyyYMHbIX 35IEKTPOHHbIX
npubopos.

OcCHOBHble METOAbI MAaTeEMaTUYECKOro
MOAENMPOBaHUA.

3BECTHbIE KOMMMEKCHI MPOrpamm.
[Mpobnembl Banugauum n Bepudomkaumm
KOMMSIEKCOB NPOrpamMmm.

UncneHHble meToabl mogenmpoBaHust OJ1IC3.

Llenb — paccMmoTpeTb KpaTKo
MeToAbl MaTeMaTU4eCKoro
MoaenMpoBaHUA, NPUMEHAeMble
Ans MmoaeriupoBaHUA BaKyyMHbIX

3NEeKTPOHHbIX NpMbopoB, U AaTb
00630p KOMMNJIEKCOB NporpamMmm Ans
UX MOoAenupoBaHus.




I
OcCHOBHbIe NOHATUA Npouecca moagenupoBaHua®

Mogernb. dunsmnyeckoe, MaTeEMaTUYECKOE UMM MHOE NTOrn4eckoe npeacraBrieHne CUCTemMbl, obbekTa, ABfeHus
UJIN npouecca.

MogenvpoBanue. PaspaboTka 1 MCNONb30BaHME XUBbIX, BUPTYyaribHbIX U KOHCTPYKTUBHbBIX MOAENEN, BKIIOYas
CUMYIATOPbI, CTUMYTIATOPbI, AMYSIATOPbI U NPOTOTUMLI, AN UCCNeA0oBaHWs, NOHUMaHWUS UM NPeaoCTaBeHUs
3KCnepuMeHTanbHOro ctumysna nmoéo (1) koHUenTyanbHbIM CUCTEMAaM, KOTOPbIE He CyLeCTBYIOT, NMnbo (2)
cUCTEeMaM pearibHOM XXMU3HU, KOTOPbIE HE MOTYT NPUHUMATb AKCNEPUMEHTbI UM HabnaeHnsa n3-3a pecypcos,
AnanasoHa, 6e3onacHoOCTN NnNn orpaHn4eHnin 6e3onacHoOCTu.

MopgenupoBanue (cumynsaums). Metoa peanMsaumm Moaenu ¢ Te4eHUEM BPEMEHM.

Bepudukaums. I'Ipou,ecc onpepeneHund Toro, 41o peann3auunda Moaesin ToO4HO rnpeacTtaBiAaeT KoOHUuenTyarnbHoOe
ornncaHmne n cnequavmau,vlm pa3pa60Tq|/||<a.

Banuoauums. I'Ipou,ecc onpepneneHuna cteneHun, B KOTOpOIZ MozJeslb ABNAeTCA TOYHbIM rnpeacrtaBiieHnem
pealsibHOro Mmpa C ToO4KM 3peEHUA npearonaraemMoro ncrnosyib3oBaHNA Mmoaersnn.

*Department of Defense, Instruction number 5000.61: “Modeling and Simulation (M&S) Verification,
Validation, and Accreditation”, 1996, 15 p.



N
JdTanbl npouecca mogenupoBaHua*

Bbibop noaxogsiLien maremaTtnyeckon Mogenu.

Knaccndgumkaumna gndpdepeHumanbHbiX ypaBHEHUN B YaCTHbIX NPOU3BOAHbIX.
[MpeobpasoBaHMe maTeMaTUYECKOM MOOENN.

Bbi6op wabnoHa ceTku.

dopmMmupoBaHNe KOHEYHO-PA3HOCTHbLIX YPaBHEHUN.

Anroputm pelueHmns

BbinonHeHmne BblYMCNEHNN.

©® N o 0o~ 0D~

Bepudpukauuns n Banugaumsa

*Mahaffy J. Verification and Validation of Codes and Results

http://www.personal.psu.edu/users/j/h/ihm/ME540/lectures/VandV/VandV.html
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N
MeTon MmeaAneHHO MEHAKLWMXCA aMNnuTyg

[1ns onucanna aneKTPOMarHUTHLIX MOneit NCMoMb3yTCS Philosophical Magazine

Series 7
ypaBHeHM}:| MaKCBeJ'IJ'Ia, 4acCTO C nUcnornb3oBaHneM Series 7 Publication details, including instructions
NPUBNMXKEHNA MeLNEHHO MEHSIOLLNXCA amMnnnTyg (aHr. — (1926-1955) m[ al;tfhors a[-d féersclriptinn i?lfnlzr?art}im;:a
. . . S wWww. tandronline. comy 1ol m
slowly varying envelope approximation (SVEA)), Bnepsble ’ o P )
npeanoxeHHoro BaH aep Monem (M 4acTo HOCALLUM €ro Uvs). VII. Forced oscillations in
1B . a circuit with non-linear
VxE =T a resistance. (Reception
YpaBHeHua MakcBenna: 1D 4 with reactive triode)
VxH=-"2 _7[ Balth. van der Pol | un. D.Sc. *
c ot C b> ? Physical Laboratory , N. V. Philips
Glowlamp Works , Eindhoven, Holland
divD = 47z-pb’ Published online: 01 Apr 2009.
divB =0. H. O. Nananekcu n ap. HekoTopble
BekTop E onucbiBaeT HanpskeHHOCTb 3NIEKTPUYECKOro Nnoss, “cc"'gF'pr'”"'" B obnactu ”e‘(":'gée:”b'x
Koneb6aHui, NnpoBeAéHHbIE B :
BeKkTop D — anekTpunyeckas MHAYKUKUA, BeKTOp H — HanpsaXXeHHOCTb
eKTOp enekTpniecka AYKLNS, BEKTOP anp . CHHOC HaymHasa ¢ 1935 r. YOH. 1947. T. 33. C.
MarHMTHOro nor4, BEKTop B — marHutHas MHAOYKUUA, oy, Jp — 335-352.
MIOTHOCTU SJ'IeKTpOHHOFO I'Iy‘-IKa N TOKa SJ'IeKTpOHHOFO rly‘—IKa. F. Arecchi’ R. Bonifacio. Theory of
1 aE 1 0E 1 aE 1 0E optical maser amplifiers. IEEE J.
=~ <|E|, o < | EJ, P 5’y <|E|, F—|<|E|, k=wlcC Quantum Electronics. 1963. Vol.1. P.
@ X 169-178.




I
MeToAabl YNCIIEHHOrO MoAaenumpoBaHus

OnHamuky B3anmogencTBus afeKTPOHOB C MOSIEM MOXHO MOAENNPOBAaTb HECKObKMMU cnocobamun: MeTOA KPYMHbIX YacTul,
rMapoaMHamu4eckoe nNpubnmxeHue n MeToq ycpegHeHus a3 anekTpoHOB. B paMkax MeToda KpyrnHbIX YacTuL, UCNOmMb3yeTes
heHOMEHONorM4ecKoe yrnpoLeHne Mogenu CniowHON cpepbl NyTeM 3amMeHbl ee CUCTEMOM YacTul,.

Mpn pelweHnn HecTaLMOHaPHbIX ANEKTPOAMHAMUYECKUX 3aaY ANA SNeKTPOMarHUTHbIX Nofnen, B TOM Y1crie NoSTHOM CUCTEMBbI
ypaBHeHun MakcBenna, akTMBHO NPUMEHSETCH METOA KOHEYHbIX Pa3HOCTEN BO BPEMEHHOWN 0bracTu — pa3HOCTHasA Cxema C
nepeluarmBaHneM Ha NPSMOYroOfbHbIX CeTKax Co cABUIOM (B aHrMMnckom BapuaHTe — metog FDTD (Finite-difference time-
domain) nnun cxema Yee)*.

ADVANCES IN

1+3 | | X |
L L i1 |
1 ) e The Finite-Difference Time-Domain Method
i+2 | I |
— — __2 L J— 3_ — — |_ _ == Er ].r B’I
: 1
1+1 | 4 I B,
- L J_ _ L _ _
.y | By I, E,
i I I ' wlp . ! ALLEN TAFLOVE
® Z EDITOR
k k+1 k+2 k k+1/2 kt1
CeTka C pacnonoXxeHuem Ha Hel MakpodacTuubl AnropuTM C nepeluarmBaHMeM Ha pasHOCTHOW CeTKe

Yee K. S. IEEE Trans. 1966. Vol. 14, No. 3. P. 302-307.
Taflove A., Hagness S. C. Computational Electrodynamics: The Finite-Difference Time-Domain Method. 1995.
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I
1D cuctema ypaBHeHuu gna J10B, JIBB, JIC3, MC3 n t.4.*

2n
J20/0.2 = —Re [Fexp(in)], OF jov — oFjoc =1, I = —% f e~ d0y,
‘ 0

roe 6 — dpasa anekTPoHOB Nyyka, F — amnnuTyaa anekTPoOMarHMTHOW BOJHbI.

[paHn4YHbIE YCNOBUA A58 NydKa 1 BOSHbI NOCTaBMNEeHbl Ha Pa3HbIX rPaHnLax CUCTEMBI:
=0 un {=L (cnyyau JIOB).

*Mmu3bypr H.C., KysHeuoB C. I., ®PepoceeBa T. H. Teopusa nepexoaHbIX NPOLECCOB B PeNIATUBUCTCKOMN
JNNIOB. U3BecTusa By3oB. Pagnocdumsuka. 1978. T. 21, Ne7. C. 1037-1052.

J1.LA. BaHwTenH, B.A. ConHueB. Jlekumn no cBepxBbICOKOYACTOTHOM 3nekTpoHuke CBY. M.: Cos.
Pagwuo, 1973. 399 c.

O.U. Tpy6eukos, A.E. XpamoB. Jlekunn no cBepXBbICOKOYACTOTHOM 3NIEKTPOHMKE ANA PU3MKOB: B 2 T.



YpaBHeHUA Ans Ma3epa Ha CBOOOAHbLIX 3J/IeKTPOHaX*

A - |
dd. & . 1 p e
v i B=J, J= —Ie' d8,, (2a)
oL a1 T
1]
dA- , dA— | .
——=+ +io B =0, (2b)
oz T
Fig. 1. Schematic diagram of a FEM with a combined double-mirror resonator: (/) modified Bragg reflector (2) traditional 1D ;’,C‘E"'B oB ) ~ -
Bragg reflector; (3) electron beam. Wavy lines show the directions of propagation of the electromagnetic flows A, and B. The cor- e 4+ 4+oB+in l(A"' + A } = ﬂ,' {'2(:}
rugation period of the modified Bragg structure ( /) is about twice that of the traditional structure (2). 2 t:;z-’- ot
el

where J is the amplitude of the high-frequency elec-
tron current that is determined by solving the equa-
tions of motion for the charged particles:

&  18) .
[E'_z-l. .B"]a] B: RE{A+EE}1 H|z=D=BUE [{]1. 2“3;}
{£+J3"£]B = A

8z " ot

£=10

*N. S. Ginzburg et al. Free Electron Maser with High Selectivity Bragg Resonator Using Coupled Propagating and
Trapped Modes. Technical Physics Letters, 2010, Vol. 36. P. 952-956



N
MO ana mooenMpoBaHNA BaKyyMHbIX 3JIEKTPOHHbIX NpnbdopoB*

CeTKke CO cOBUromM B NPOCTpPaHCTBE U BpeMeHn

Maxwell Solver

HasBaHue OnucaHue ANroput™bI MNnatdopma ::ﬁ:z';i’;; 33‘"*’"“
Parmela 3D particle tracker to simulate the dynamics in rf guns and injector beam lines Particle Tracking Linux, Mac HeT na
Homdyn | Bissrof qiaiicalformuiae of e beam dynamics i 1 photo mjector The election hoaum s described by longiudinal | paricle Tracking | Linux, Mac | ver
Tredi %;lg% %2 igllretiscle tracking code, based on the Lienard-Wiechard potential for the electro-magnetic interaction between the Eiaerrgigrlg_'lv'\;gicckri]ggrqf Linux aa na
QUlNDI Saférssltngr{rﬁ%%lgﬁ ger%gggg?cng?rtia(:)/s simulator which calculates the radiative spectrum from a relativistic electron bunch Particle Tracking Linux na na
Genesis 1.3 éoggetén%?ctiﬁg%gcliggtf g;]ega%lﬁgttroornolr_e\}ﬁgal%?de, simulating the interaction of an electron beam with a radiation field, Particle Tracking Linux, Mac Het na
Elegant A multi-purpose 3D particle Tracking code through a linear accelerator Lienard-Weichert \|7\I/T#X Mac, HeT HeT
M Sﬁéﬁtﬂﬁé&;ﬁ;gﬁ:?diation properties of the spontaneous radiation at a given 2D target behind the undulator for an arbitrary Lienard-Weichert Linux, Mac na na
field E] /e ﬁ]grfité’?\g?gie\?ile%%%?t’ Sé{g&;]ct&silgut of the supplied trajectories of electrons the position, velocity and acceleration with using Maxwell Solver Linux na na
Am pere A 3D magnetostatic field solver using the boundary element method Maxwell Solver Win HeT HeT
PSiSeSrolg/ (Sr?lz\/)egrngg ggitgﬁtggg)psrgrt#%ngisrycalculates the eigenvalues and solutions of rf cavities, 2D, can distinguish between radial Maxwell Solver Linux HeT na
Gdfidl A finite difference solver for the Maxwell and Helmholz equations Maxwell Solver Linux HeT na
Radia A set of library functions for Mathematica for magnetostatic problems Maxwell Solver Mac, Win HeT HeT
iSS A 3D electromagnetic simulation tool for RF, wireless, packaging, and optoelectronic design Plasma Dynamics Win HeT HeT
Mag'c g%:rig?]%lgtiaclxaopr!ﬁ]srma dynamics. Particle-in-cell (PIC) code. The problem is solved in the time-domain, based on a finite- Plasma Dynamics Win Het et
OOQiCPro A 2D PIC code for plasma simulation Plasma Dynamics Linux na na
KAPAT 3D camocornacoBaHHasi anekTpoauHamuyeckas Mogens, PIC, koHe4YHo-pa3HOCTHbIM MeTog (FDTD) Ha npsiMOyronbHou Plasma Dynamics, Win HeT HeT

*http://pbpl.physics.ucla.edu/Computing/Code Overview/



http://pbpl.physics.ucla.edu/Computing/Code_Overview/
http://pbpl.physics.ucla.edu/Computing/Code_Overview/
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#parmela
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#homdyn
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#tredi
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#quindi
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#genesis
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#elegant
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#spur
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#fieldEye
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#ampere
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#poisson
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#poisson
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#poisson
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#gdfidl
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#radia
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#hfss
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#magic
http://pbpl.physics.ucla.edu/Computing/Code_Overview/#oopic

B ocuoge Koaa Ne®HT TPEXMEPHAS CAMOCOTIACOBAHNANR
WIEKTPOANHAMHYECKAA MOJENE, HHIYUHPORAHHEE YIeKTPH-
yeckne £ B MaruuTHele B Nons B EOTOPOH HAXOOSTCH H3
vpasnennii Makceenna:

VuB=—J+——, 1
. c ¢ of M
108
VuE=———, 2
. c of @

rae J — mnornocte Toka. [ona E n B ynosnersopsior pas-
JIMYHLIM TPAHHYHEIM YCIOBHAM B 3ABHCHMOCTH OT THIOR
TPaHHI CYETHOH 00NacTH, B TOM YHCIE HISANLHO NPOBOIA-
LIHX MOBEPXHOCTE, NOBEPXHOCTEH C KOHEYHOH NPOBOIHMO-
CTLIO, OTEPLITEIX Fpannn. Beon snelmtero aekTpoMariuT-
HOTO HMITYIBCA, B YACTHOCTH A3ePHOTO HMITYILCA, OCYILE-
CTRISETCH MYTEM Pealn3IalHl COOTBETCTEYIONINY THIY BOJT-
HEI IPpanHLx yenoruii. Creresa (1), (2) pemnaetcs koned-
HOo-pazHOCTHEIM MeTogosM (FDTD) wa npasoyroasino
CETKE CO CABHIOM B NPOCTPAHCTEE H BO BPEMEHH.

B mactosmeil 3agave NIOTHOCTL TOKA B Ea#Ioi Touke
CHCTEME! OTpeJeneTcd TonsKo B pamiax PIC-meToma:

I
dusnveckana mogenb koaa KAPAT *

FAPASA MAKPOTACTHILL C HOMEPOM § B JaHHOH WleMenTap-
Hoi Aueiike; AV — o0bes emMenTapHoi aueikn.

[MockonLky WIEKTPONEL MOTYT HMETEH PelATHBHCTCEHE
CKOPOCTH, /718 OMHCANHA IBHAKEHAS MAKPOYACTHI HCTIOIE-
IYeTCA PelSTHEHCTCEOS YPABHEHHE OBHAKECHHA IapaXeHHO
YACTHIEL B AR TPOMATHHTHOM 1018

dﬁ’:(_}(E-—luﬁ X B). 4
dr C
3neck p, — HMITYJILE MAKPOUACTHIEL, TPHYEM
1
e = BB )= ——— (5)
? " (1- l’,:.-'fr.'zll"'
M = KM — Macca MAKPOTACTHILL () = g — ee 3apaa; mu g -

MACCA H 3APAA PEANEHEIN MTAIMEHHEIX TACTHI (3NeKTPOHOR
H HOHOE); I} — DAPAMET] YEPYIHEHHA.

Ypagrneuusa (1)-(5) cocTapnaeoT NOIHYO CHCTEMY, T0-
ABOIKIOUIVED CAMOCOT IACOBAHHD ONHCKBATE THHAMHEY Yac-
THII H TEHEPHPYEMEIX HMH WIEKTPOMATHHTHEIX ITOTEl.

i *C.H.AnpgpeeB, A.A.Pyxapnzse, B.l.TapakaHoB, B.l1.5kyToB,
I= M’ZQ‘”*' G) KBaHTOBas anekTpoHuka, 2010, 1. 40, Ne1, c.64-67

KomMmepuyeckmn npoaykr

rag v; — CEOpPOCTL MAKPOYACTHHL C HOMEPOM 5] 'Qf — HACTh
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Apyruve ussectHble koabl — Geant4

6\ Pownosd UsarFoums - (G@@Nt4 - HABOP I/IHCprM%HTOB ansg
S=FAN _ MOZENMPOBaHWS MPOXOXKOeHUs1 Yacmuy,
] http://www.geant4.org/geant4/ yepe3 gewjecmeo. O6rnacTn NPUMEHEHNS
https://geant4.web.cern.ch/ BKIOYaoT (OU3MKY BbICOKMX SHEPTU,
Overview agepHyr0 OU3NKY U PU3KKY yckoputenen, a
ol e 2 e s ) e e e e st TQI0KE UCCIEA0BAHNA B 06NaCcTU MeaMLMHBI

Nuclear Instruments and Methods in Physics Research A 506 (2003) 25

30 , |EEE Transactions on Nuclear Science 53 No. 1 (2006)

v
270:27813_and Nuclear Instruments and Methods in Physics Research A §35 (2016) 186-2250 . patcnoz arsease 1075 aaiwe v V1 KOCMUYECKOU HAYKW.
the Download area.
Applications User Support Publications Collaboration [ Moﬂen MpOBaH Me rl poXO)KﬂeHMﬂ 3a pﬂ)KeHH bIX
2021 planned developments.
Y . 2020-11-06 LIaCTVIL'. L‘Iepe3 MCKyCCTBeHHble
Patch-03 io release 10.6 is available from
fems s e NPOCTpaHCTBEHHO-Nepnogn4yeckme
A I T applic; 3 G i ed, guides \/a\dat f G 4, i-'u'l e
el FeTir i =T P T CTPYKTYpbl Bbi3blBaeT 6onbLune
other uses of Geant4 users and developers and publications members,
organization and legal
3aTtpyfHeHuA.

Geant4 - becnnaTHbIN NporpaMmMHbLIN NaKeT.

MosBonsieT MogennpoBaTtb: reoMeTpma CUCTEMbI, MaTepunarsbl, q)yH,D,aMeHTaJ'IbeIe YyacTtuubl, reHepauuna nepBnYHbIX
cobbITuR, npoxoxgeHune 4actul 4epe3 Mmatepuarbl N AJTIEKTPOMarHUTHbIe Mo, (*)I/I3I/I‘-IeCKI/Ie npoueccsol, ynpasndwouwne
B3aUMOOENCTBMEM HYacTuL,, OTKINUK YyBCTBUTEJIbHbIX KOMMNOHEHTOB AETEKTOopa, reHepauna gaHHbIX O CcobbITHSX, XpaHeHue

CcoObITUI U TPEeKOoB, BU3yalnin3auma geTektopa n TpaeKTOpMIZ yacTtuul, n 060p 1 aHaln3 gaHHbIX MogesinpoBaHnA Ha pa3HbIX
YPOBHAX AaeTanun3aunn n yTodHeHu4.
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Apyrue usectHble kogbl — CST (Computer Simulation Technology)

2 simuLia MonHbin Habop peweHnn ana 3D

CST STUDIO SUITE

ELECTROMAGNETIC FIELD SIMULATION SOFTWRARE

CST Studio Suite® is a high-performance 3D EM analysis software package for % B - =- fr—e@e
designing, analyzing and optimizing electromagnetic (EM) components and "
systems.

Electromagnetic field solvers for applications across the EM spectrum are

contained within a single user interface in CST Studio Suite. The solvers can be
coupled to perform hybrid simulations, giving engineers the flexibility to analyze
whole systems made up of multiple components in an efficient and
straightforward way. Co-design with other SIMULIA products allows EM
simulation to be integrated into the design flow and drives the development
process from the earliest stages

3reKTPOMarHMTHOro
MOZeNnMpOoBaHNSA MOAENUPOBaHY
AN MPOeKTUPOBaHNSA, aHann3sa
onTMMM3aumm pasHoobpasHbIX
% ONEeKTPOMarHUTHbIX KOMI‘IOHGHT@ A
\§ cvcTeMm.

= Kommepueckuin npoaykr. P 2017 Offers

Mlcr.wave

ournad

J I

CST STUDIO SUITE

Common subjects of EM analysis include the performance and efficiency of antennas and filters, electromagnetic compatibility and
interference (EMC/EMI), exposure of the human body to EM fields, electro-mechanical effects in motors and generators, and thermal
effects in high-power devices

CST Studio Suite is used in leading technology and engineering companies around the world. It offers considerable product to market
advantages, facilitating shorter development cycles and reduced costs. Simulation enables the use of virtual prototyping. Device
performance can be optimized, potential compliance issues identified and mitigated early in the design process, the number of
physical prototypes required can be reduced, and the risk of test failures and recalls minimized

https://www.3ds.com/products-
services/simulia/products/cst-studio-
suite/?utm _source=cst.com&utm medium=301&
utm campaign=cst
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_| S EM Simulation on
== EveryScale

Computer Simulation Technology (CST)

U sineion sdwsecous wd g dme.  FRTEN RSN 30
offer acompact and igh-

of components

Gesgn. €S

‘STUDIO SUITE® 2017, the upcoming® release of the  fiters mal

EM and mutiptysics smulation package, ntroduces.
the!

s,
anaping hese orponens s sysems.

¢ the tull-wave 30
=" Y o samolcsvsvmmsunu a ol b iown

ANTENNA-TO-ANTENNA COUPLING

{oraerea coupng mion. CS1 STUDI SUTE
2047 Sk id sasaty o iy h

acing Asymptotic Soher
Dsomn csviumosuug an now directy

CST STUDIO SUITE ZO‘ITOfféTS”’E‘M Simulation
on Every Scale. MicrowaveJoarnal, 2017,
February
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Apyrue usectHble kogbl — CST (Computer Simulation Technology)

Bonbluaga YacTb yKasaHHbIX BblLe
NpOrpaMMHbIX MPOAYKTOB NUMEET
BbICOKYKO CTOMMOCTb, @ B CUIYy KX
CNOXHOCTW 3a4acTyto TpebytoTca
3Ha4YUTENbHbIE YCUNNA AN NONyYeHns
pe3ynbTaTtoB MOAENUPOBaHUS
TpebyeMbIX KOHKPETHbIX MPMBOPOB.
WccnepoBatenu, ncnonb3aytoLwmne Takume
CNOXHbl€ NakeTbl NporpaMmm, MoryT
obxoanTbca BooOLLe 6e3
dopMynNUMpPOBaHNA CUCTEM YpaBHEHWUN,
OnucbIBaOLLMX M3NYECKNE NPOLIECCHI,
KOTOpble OHM MogenupytoT. Ho npu
9TOM, K COXalleHM0, MOXHO NOMy4nTb
HeU3nYHbIe pesynbTaThl.

MATEMATHYECKOE MOJAEJIUPOBAHUE 2017 roa, Tom 29, Homep 7, cTp. 109-122

MOJEJIHPOBAHHE HEYCTOHYHBOCTENR
B PEJATHBEHCTCKOM 2JIEKTPOHHOM INOTOKE
B CPEJE CST PARTICLE STUDIO

© 2017 o CA. Kyprun, AA. badapun, A.A. Koponoscxus, H.C @Ppoaos, A E. Xpanoe*

B pabore B cpene CST Particle Studio nocrpoena u noapodHo onucana MoJgens HHTCH-
cusroro POIT ans usydenus pasBuTHA U B3auMoAeicTBis B HEM HeycToifunsocteil. [Tposene-
HBl YMCIICHHOE MOJCIMpOBaHHE CNOKHOI aiHamukn POIT i anamis pu3Hyeckux MEeXaHH3MOB
COCYILECTBOBAHMSA, OHOBPEMEHHOIO Pa3sBUTHA H B3aHMOJCHCTBHA OypCHAHOBCKON M AHOKO-
TPOHHOIT HeycToluuBOCTEl B HeneliTpansHoM POIT B kiiaccuyeckoil pes THBUCTCKOH MoenH
Bupkaropa. OGHAPYKeHA U HCCIEA0FANA HOBAs YUCICHHAsS HEYCTOIMHBOCTE B>)/IeK TPOHHOM
NOTOKE, NPUBOAMALIAA K MOSBICHUIO XapakTepHoii “psadu” B myuke. Ipeanoxken meroa 6opsOb!
C JIaHHOIT HEYCTOHYHBOCTLIO.
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L
OcHOBHbIe NOHATUA Banuaauum n Bepudukaumumn*

Mogenb. NpeacraeneHne punanyeckon cUCTeMbl UNKU Npouecca, NpegHasHavYeHHoe ANS yryydleHns Hawen
CNOCOOHOCTU MNOHUMATb, MPOrHO3UPOBAaTb UMM KOHTPONMMPOBATL €€ NoBeAEHME.

MopoenupoBaHue. [Npouecc NoCTpoeHna nnn mogmukaumm mogenu.

MogenupoBaHue (cumynaums). Passntue nnm ncnonb3oBaHne MOOENMN.

Bepudmkauums. lNpouecc onpeneneHns Toro, YTo peanusauma Mogenn TOMHO npeacTaBnsaeT KoHuenTyanbHoe
onncaHne Moaenn u ee pelleHne paspadoTyUnKom.

Banuoauus. Npouecc onpeaeneHns CTeneHn, B KOTOPON Moaesb ABNSETCA TOYHbIM NpeacTaBneHnem
pearibHOro Mmpa ¢ TOYKU 3peHUs NpeanonaraemMoro UCnonb3oBaHNA MOOESN.

HeonpeneneHHoCTh. NoTeHumanbHbIn HEAOCTATOK Kakon-nmbo gasbl npouecca MoaennmpoBaHna n3-3a
HegocTaTka 3HaHUN.

Owwnbka. PacnosHaBaeMbln HE4OCTATOK Ha NOOOM 3Tane unn B npouecce MogenmpoBaHust, KOTOPbIN HE
CBSAA3aH C HEQOCTAaTKOM 3HAHUMN.

[MporHosupoBaHue. Micnonb3oBaHne Mogenu ans npenckasaHust COCTOAHUSA PU3n4YeCcKon CUCTEMBI B
YyCroBUsIX, AN KOTOPbIX MOAEeNb He Bblna npoBepeHa.

Kanubposka. lNMNpouecc HaCTponkn napameTpoB YNCIEHHOTO NN OU3NYECKOrOo MOLENMPOBaHUS B
BbIYUCITUTENBbHON MOAENN C LeNbio YyyLLEeHUs corfiacus ¢ akCnepuMeHTasribHbiMU AaHHbIMU.

*Guide for the Verification and Validation of Computational Fluid Dynamics Simulations, American Institute of
Aeronautics and Astronautics, AIAA-G-077-1998, Reston, VA, 1998.
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Banunpgauusa n sepucdukauma NO

NMpouecc Bepudukaumm:

CONCEPTUAL

MODEL

COMPUTATIONAL
MODEL

J

COMPUTATIONAL
SOLUTION

YERIFICATION

TEST

Comparison and
Test of Agreement

CORRECT ANSWER
PROVIDED BY HIGHLY
ACCURATE SOLUTIONS

- Analytical Solutions

- Benchmark Ordinary

Differential Equation
Solutions

* Benchmark Partial

Differential Equation
Solutions

REAL
WORLD

[ CONCEPTUAL ]

MODEL

:

[CI‘JM PUTATIONAL]

MODEL

:

[c OMPUTATIONA

L
SOLUTION ]

VALIDATION

TEST

Comparison and

Test of Agreement

Npouecc Bannpauuu:

CORRECT ANSWER
PROVIDED BY
EXPERIMENTAL DATA

* Unit
Problems

» Benchmark
Cases

+ Subsystem
Cases

+ Complete
System

*Guide for the Verification and Validation of Computational Fluid Dynamics Simulations, American Institute of

Aeronautics and Astronautics, AIAA-G-077-1998, Reston, VA, 1998.




Banunpgauusa n sepucdukauma NO

Software verification asks the question, Software validation asks the question,
"Are we building the right product?";

"Are we building the product right?";
that is, is the software doing

that is, does the software conform to its what the user really requires
specification. yreq :

«[paBUnNbLHO NN Mbl co3aaemM NPOAYKT?», «Mbl coznaem npaBuNibHbIA NPOAYKT?»,
TO eCTb COOTBETCTBYET J11 NMporpaMMHoe TO eCTb AeraeT N nporpaMmmMmHoe
obecne4vyeHue ceBoen cneuncpukaumn. obGecne4yeHue TO, YTO 4EUCTBUTESILHO

TpebyeTca nonb3oBaTento.

IEEE Std 610.12-1990 - IEEE Standard Glossary of Software Engineering Terminology ISO/IEC/IEEE 24765:2010(E),
Systems and software engineering — Vocabulary.

1012-2016 - IEEE Standard for System, Software, and Hardware Verification and Validation.
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L
Banunpgauusa n sepucdukauma NO

Modeling error’s categories™: Kateropuu olinboK MogennpoBaHus:
* Project Management Errors; * OWKnOKM ynpaBneHns NPoeKToM;
+ Data and Data Model Errors; * OWNOBKM OaHHbIX 1 MOAENU OAHHbIX;
* Logic Model Errors; » OWwnbKM normyeckon mogenu,
» Experimentation Errors. * OWNBKN 3KCNEPUMEHTOB.
Source of errors**: NCTOYHMK OLIMGOK:
1. Selection of mesh spacing or time stepsthata 1. Bwi6op cnuwkom 6OMLLLOO LWara CeTKn Unm
re too large. BPEMEHHbIX LLIaroB.
2. Selection of convergence criteria for iterative 2. Bbibop cnvwkom cnabbix KpUTEPMEB CXOAMMOCTU
eqguation solution that are too loose. ANS pelleHnst UTepaLlnoHHOrO YypaBHEHNS.
3. Programming errors in the computer code. 3. Owwubkn nporpaMMMpPOBaHNS B KOMMbIOTEPHOM
4, Errors in the specification of input for the koge.
simulation of the experiment. 4. Owwunbku B cneundunkaumm BXoaHbIX AaHHbIX ANs
5. Errors in understanding of code output. MOZIENUPOBaHNS SKCNepuMeHTa.

5. Owmnbkm B NOHMMaHMN BbiBOAA KOAA.

*Carson J.S,, ll, “Model verification and validation”, Proc. 2002 Winter Simulation Conf., pp.52-58, 2002.
*Mahaffy J. Verification and Validation of Codes and Results.
http://www.personal.psu.edu/users/i/h/ihm/ME540/lectures/VandV/VandV.html|
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Banunpgauusa n sepudcdpukauua NO*

2-9 ARE THE RESULTS CORRECT? TESTS

The simulator, in demonstrating correctness, has many of the problems
of a theorist or experimenter. The latter two may be questioned, for exam-
ple, on their approximations and on their instruments. The simulator uses
an unpublished program, with a restricted set of physics (e.g. forced to be in
one dimension, or to be electrostatic or lacking collisions, radiation, etc.),
with carefully chosen initial conditions and a limited amount of output. How
can he tell himself and the world that his work is to be believed?

He can compare his results with those obtained in theory and or in
experiment, obtain the desired results for problems with known answers,
show invariance of his results as the nonphysical computer parameters (Ar,
Ax, NP, NG, etc.) are changed, and so on. Even so, he may leave some
doubters. Problems that are fundamental may t“checked by simulators at
different computer centers, using separate programs, an example of such a
problem is plasma diffusion across a magnetic field.

The simulator himself must have confidence in his program and know
the bounds within which it should work. The confidence must be real.
First, all component parts of the program (particle mover, field solver, etc.)
must be tested separately to produce predictable results.

Cawm aBTOp NporpamMmmsbl
AOIMKeH ObITb YBepeH B Heun
M 3HaTb rpaHuLbl, B
npepenax KOTopbiX OHa
AOJKHa paboTtatb. U ata
YBEPEHHOCTb AO0MXHa ObITb
peanbHoONn, a Bce
cocTaBHble YacTu
nporpamMmmbl (Hanpumep,
ABUXEeHue YacTuu,
MoaenupoBaHue Nnonen N T.
A.) AOMKHbI TECTUPOBAaTbLCS
oTAenbHO Ans nonyYeHus
npepckasyembix
pe3ynbLTaToB.

*C.K. Birdsall,

A.B Langdon. Plasma Physics via Computer Simulation. CRC Press, 2004

(4. Baacen, A. JIaHraoH. ®usukKa nnasmbl U YUCTIEHHOE MoAeNnupoBaHue)
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