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MATEMATHUKA

CEPI'EEB Banagumup AHaTo/IbeBUY
M1V HAYYHBIM COTPYLHUK, NHCTUTYT BBIUUCINTEIBHOM MaTeMaTUK/ U MaTeMaTU4eCKOi
reopusuku Cubumpckoro otaenenus Poccuiickoii Akagemun Hayk, Poccust, . HoBocu6upck

K PA3BUTUIO TEOPUU IIKAJI U3MEPEHU

AHHOmMauus. B cmamoe npusodamcsa cyujecmayioujue u 0armcs asmopckue onpedesieHus 0CHOBHbIM MmepMu-
HAM, CBS3AHHBIM CO «UWKAJIAMU»; 8 HACMHOCMU, 8800SMCS1 NOHAMUSL «<UMMAHEHMHBIX» U «<HA3HAYEHHBIX» C8OLICMS;
daémcs coeMecmHas MabAUUHAS XAPAKMEPUCMUKA WKAA;, 3HAHUS 0 WKAAAX PAcnpocmpaieHst (NOMUMO

ce01icme) u Ha OMHOWEeHUSL.

Knirouessie cnoea: wixanst, C60Uicmea, OMHOUEHUS.

€JIbI0 JAHHOJI CTaThby OBIIO YTOUHEHME U pas-
HBI/ITI/IQ MeTO/I0/IOTO-TeOpeTUYeCKOro arra-
para mosyuyeHus ¥ 06paboTKM JaHHbBIX B HAYUHBIX
M MpaKTUUYeCKUX MCCIemoBaHUSIX. bonee y3ko —
IJIST MEeTOOMYeCcKoro obecrieueHus: c6opa JaHHBIX
ILJIST OLIEHKM ITYHAaMMOIIACHOCTY TIPUOPEKHBIX 30H.
Bonee mmpoko — 11 comeiicTBys MHGOpMaIMoH-
HbIM TEXHOJIOTUSIM, TIOCTaHOBKe U pellleHUIo 3a4a4
reodM3UKM U UCKYCCTBEHHOTO MHTEJIIEKTA.

B pasHbIX HayuHbIX paboTax IO TEOPUU U3Me-
peHuit, aHaJIM3y JaHHBIX, UCCIeA0BaHNIO omepa-
LM, UCKYCCTBEHHOMY MHTEJIEKTY, TEXHUYEeCKOM
KMOEepHeTHKe BBIIEISIIOTCS M PacCMaTPUBAIOTCS
pasnuuHble BUABI «Kam» [1; 2, c. 9-110; 3, c. 131-
134; 4; 5,c. 104-115; 6; 7, c. 641-646; 8 u mp.].

Hau6omee pacrpocTpaHéHHBIM U OOIIEIPUHSI-
ThIM (OPMaJbHbIM OIpegeleHneM TepMUHA
«IIKajaa» SIBJSIETCS Clefyolee, comepskaiieecs B
pa6orax [1; 2, c. 9-110]: «Illkana (= «1IKaga u3mMe-
PeHMii») — 3TO OGHO3HAYHOE 0TOOpakeHue (TOMO-
MOp®OWU3M) «3MIMPUIYECKOI CUCTEMBI C OTHOIIIE-
HUusMu» <W1> B «UKCIOBYIO CUCTEMY C OTHOIIIEHU -
aMu» <W2>», [Ipu aTOM 06pa3sl meMeHTOB W1 1
W2 Ha3bIBAIOTCS «IIKAJbHBIMM 3HAUEHUSIMMU», U Ha
OCHOBEe CBOJICTBA TOMOMOp(dU3Ma OTOOpasKeHUS
U3 CBOJCTB YMUCIOBBIX OTHOILIEHUIT MEX/Y ITKa/Ib-
HBIMM 3HAUEHUSIMU CIEAYIOT BBIBOIBI 00 «3MIIN-
PUUYECKUX OTHOIIEHUSIX» MEXKIY OObEKTaAMU.

W3 sToro onpepeneHus He SICHO:

1. Yto ecTb «IIKaia» — Mpoieaypa oTobpaske-
HUS WIN €€ pe3y/ibTaT?

2. Ha ocHOBe Kakux mapaMeTpOB CTPOUTCS
orpejieJieHNe «IIKaJbl» ¥ KaKMMM IapaMeTpaMu
1IKaj1a XapakTepusyeTcsi?

3. Bcerpma sy mikasa SIBJASETCS YMCIOBOM CHU-
CTeMOI1?

4. YTo eCcTb «3MIIMpUUECKas CCTeMa C OTHO-
LLIEHUSIMM»?

5.  Ha YTO pacrpocTpaHsieTcs omnpeaeieHue
IIIKaJIbI: TOJIbKO Ha CBOJiCTBA 00beKTOB? Ha Touku
B IIPOCTPAHCTBE CBOMCTB? A TaKyKe Ha KOOPAMHATHI
u BpeMs1? Ha oTHOIIeHUST MeXIy 06beKTamMmu?

6. MosKkeT i1 BCE 3TO OTHOCUTBCS He TOJIbKO K
00BEeKTaM, HO ¥ K TOUKaM HaOJII0LeHMIt, a TaKKe K
BUPTYaJIbHOMY MEHTAJIbHOMY HPOCTPAHCTBY OCO-
6eit?

Basxkso OTMETUTDb, YTO SMIIMPMUYECKasd cucremMa
C OTHOIIeHUsIMMU (MU 6e3 HUX) MOXKET He Cylle-
CTBOBATh JI0 U 6€e3 SMIIMPUUECKUX UCCTeI0BaHMIA
(Hampumep, CJIOU Te0JOTUYeCKUX OTI0KEHU, BbI-
JlejisieMble Te0JIOTOM, K0 TaKOTO BbIIeJIeHUS MOTYT
He CYILeCTBOBATD).

MHowo mnpepjaraeTcsl clenyiollee ajJbTepHa-
TUBHOE ONpefeleHNe <«IIKaIbl», JIUIIEHHOE, KaK
MpeACTaBIIsIeTCsI, OTMEUEeHHbIX HesCHOCTeil. ITo
orpeneneHue TMOCTPOEHO IO MPUHIUNY «MarT-
PEMIKM»: K IepBOHAYAIbHOMY Hamboee KpaTKOMY
OIpeNie/IEHNIO TIO3TAITHO 00aBJSIOTCS OJIOKU U
CJI0U, YCIOKHSIOIIME U TeTa/IM3UpyIoliye oIpee-
JIEHMe - BIIJIOTb A0 YPOBHS MOHSITHUS.

Haunbomee KpaTkoe ompeneneHue «IIKajbl»:
IKAJIA = 3TO TUII JaHHBIX.

YTo ke TTOHMMAeTC o[, «TaHHBIMMU», KAKMMU
OHM MOT'YT OBITh, KaK X MOXKHO ITpe0Opa30BbIBATh
U UCHoab30BaTh? Kak COOTHOCITCS «JaHHbIE» U
«yHpopMauus»? OTBeTaM Ha 3TU BOIIPOCHI ObLIU
MOCBSIIEHbI, B  YaCTHOCTM, MOU  pPabOThI
[4;5,c.104-115; 7, c. 641-645; 10, c. 137-145].
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B moeii craTbe o mkanax [11, c. 125-131] mpu-
BOJISITCS CYIIECTBYIOIIME ¥ [AlTCSI aBTOPCKUE
oIpefieJieHNsI OCHOBHBIM TePMMHAM, CBSI3aHHBIM
CO «IIKagamm». TaM, B 4aCTHOCTHU, BBe,eHbl MTOHSI -
TUSA «MMMAaHEeHTHBIX» U «HA3HAUeHHBIX» CBOJCTB.
IOaHa coBMecTHas TabaMyHas XapaKTepUCTUKA
iKaa. 3HaHUS O LIKaJaxX pacnpoCcTpaHeHbI (I10-
MMMO CBOJWCTB) M Ha OTHOILEHUSI. DIeMeHTaMU
HayYHOJ HOBU3HBI B TO¥ CTaThe 06/1aaeT KaskabIii
U3 TIePeUYMCAeHHbIX TYHKTOB.

B maHHOI1 cTaTbe 3a[a10TCSI HEKOTOPbIE IPUH-
UMUIIMa/IbHbIE BOIMPOCHI O ILIKajJaX, HAXOASATCS Ha
HUX OTBETHI, METONOOTMYECKAs U TeOpeTuUeCcKast
HeOOXOAVMOCTh KOTOPBIX BBITEKAeT U3 paboT
[2, c. 9-110; 3, c. 131-134; 4; 5, c. 104-115; 6;
7, c. 641-646].

[TpumeM fajiee B TEKCTe CIemyone 0603Haye-
HUSL.

A1, Avz — 00BEKTBI; A — TTOJIHOE MHOKECTBO
paccMaTpMBaeMbIX 00beKTOB; AAk — k-e mogMHO-
’KeCTBO 00BbeKTOB; AAk € A.

X — MHOXeCTBO CBOJCTB, 3HAUEHMS KOTOPBIX
TIPUTIMCAHBI BCeMY Ay, 4acTSIM OT Ay UJIM TOUKaM B
Ay; X, — p-oe cBoONCTBO; X = {Xy, Xz, ..., Xp, ..., Xp};
P — 410 pa3nuMuHbIX CBOJCTB; Xp' — V-Oe 3Haue-
HIe P-0ro CBOMCTBA; Z (Xp) — 06/1aCTh (OIHOCBSI3-
Hasi Wi MHOTOCBSI3HAS) JOMYCTUMBIX 3HAUeHUI
(= 0b6acTh OTIpemeneHusl) CBOMCTBA Xp.

) — MHOXXeCTBO Pa3/IMYHbIX OTHOLIEHU, KaXK-
Joe M3 KOTOpPbIX 33JaHO Ha HEKOTOPOM
AAx; @, — m-0e U3 3TUX OTHOoLIeHuii; m=1,2, ...,
M; M — unCI0 pasinyHbIX OTHOLIEHUIA.

S - MHOXecTBO WIKajd; Sq — Q-5 IIKasa;
Sq (Xp) — IKaIa, B KOTOPOI ONpesesieHbl 3SHaUeHUSI
CBOJICTBA Xp.

OmpeniesieHNs1 U YTOUHEHUST BaXKHBIX AJIS1 JAH-
HOI CTaTbU BCIOMOTATEJIbHBIX TEPMUHOB, TAKUX
KakK «JIaHHbIe», «MH(pOpMaLMsI», «IIPSIMble U KOC-
BEHHbIe CBOJICTBa», «OOBEKT», «BbIAEIeHME» 00b-
eKTa, «3aJaHue OObeKTa II0 MPeICTaBIeHUIO»,
«KymaccubUKaIUY VCXOOHBIX 3aJaHuii 0O0beKTa»,
«3HaHUSI», «OHTOJIOTUM» U PSOa OPYTUX, COmep-
skaTcs B pabotax [4; 5, c. 104-115; 6; 7, c. 641-646;
11, c. 125-131 u gpyrux].

MHow mnpepjaraeTcsl cleayiollee ajJbTepHa-
TUBHOE OIpeae/ieHne «IIKaJIbI» — 6ojiee AeTau-
3Mpylolliee — BTOPOTro YPOBHSI.

IMonm «mKamoi» (MM «IIKaJIOi M3MEpPEeHMII»)
MbI 6yZIeM ITOHMMATD TUIT TaHHBIX, OTHOCSIINXCS K
MHOXeCTBY {X} DOIMYyCTUMBIX 3HAUEHUI1 (JaHHbIX)
{xp'}, KoTOpble (3HaUeHMUs]) MOXET IPUHUMATH
oTpefieNisieMoe Ha HEKOTOPOM OGBbeKTe CBOVICTBO
(MM OTHOIIIEHME Ha MHOXeCTBe 00beKTOB) X, Tpu
YCIOBUM, UTO PUKCUPOBAHO MHOXKeCTBO {D} morry-
CTMMBIX IIpeobpa3oBaHuii ¢ HaJ KaXKIbIM U3 BCeX

IaHHBIX OJHOBPEMEHHO, T. €. HaJ, 3HaYeHUSIMU
{x"}.

B paspaboTaHHOV HaMU U MIPUBOAMMO HIUKE
XapaKTepUCTUUECKOl Tabauie mKkaa (Tabs.)
IOMYyCTUMbIe 3HAaUeHMS JaHHbIX (T. €. JOITyCTUMbIe
2JIeMEHTBI IIIKaJIbl) YKa3aHbl B cTOjI61Ie «IJI», a mo-
MyCTMMble TIpeo6pa3oBaHusl — B cTosbme «IIID».
OTu cronbupl (a Takke cronbusl ®H u ®M) dop-
MMPYIOT OTIpefiesieHI e KaxkI0ii IKaJIbl, a CTONOIIbI
VB 1 MO xapaKkTepu3yT CBOICTBA IIKaJI.

B pasHbIx HayuHBIX paboTax 1O TEOPUU U3Me-
peHuii, aHaiIu3y JaHHBIX, UCCAeL0BaHUIO omepa-
LU, UICKYCCTBEHHOMY MHTEJIEKTY, TEXHUUYECKOM
KubepHeTHKEe BBITEISIOTCS M PacCMaTPUBAIOTCS
pasinyHble BuAabl wkan [1; 2, c. 9-110; 3, c. 131-
134; 4; 5, c. 104-115; 6; 7, c. 641-646; 8 u 1p.]. Bce
9TU IIKaJIbI JeISITCS Ha CUJIbHBIE U cadble. Kaxk-
IIyI0 U3 CWJIbHBIX IIKaJI Ha3bIBAIOT Takxke apudme-
TUUYECKON (CMHOHUMBI — KOJMYECTBEHHON WIN
MeTpUYecKoin).

Cpeny CMIIBHBIX IITKAJ BBIAENSIOT aOCOTIOTHYIO
(A), uutepBanos (M) (CMHOHUM — IpeaIIOUTEeHMIN),
otHoueHui (0) u pasHocreii (P).

Cpeny caObIX NIKAJ BbIAEISIOT KTy HauMe-
HoBaHMi1 (H) (CMHOHMMBI — UMEH, HOMUHAJbHYIO,
KJIacCUGUKAIMOHHYIO, JIOTUYECKYI0 2-TO poma) U
mkany nopsaka (II) (cMHOHMMBI — ITOPSIAKOBYIO,
PaHroBYIO, JIOTMYeCKyl0 1-ro poza). MHOKO BBe-
IleHa Takke cimabas mKaaa auckypcuBHas (1)

MHOXeCTBO BO3MOXHBIX 3HAY€HUI JaHHBIX
CWIBHOJM WIKAJbI TPUHALIEKUT KOHTUHYaIb-
HOMY (6€CKOHEUHOMY U HETIPEPHIBHOMY JIMGO IMC-
KPETHOMY — KOHEYHOMY Wi OeCKOHEeUHOMY —
MHOSKECTBY) HEKOTOPOJi 06/1acT OmpemeneHust
Z (Xp), 2 JAHHBIX CJIA00¥ LIKAJIBI — HEKOTOPOMY
KOHEeYHOMY MHOXeCTBY Z = {Xp'} (v=1,..., V), - toe
V - ob1iee Mo pa3auvHbIX 3HAUEHUIT X, — He
yropsiioueHHbIX s mwkan H u [I, Ho ynopsizio-
YeHHBIX JIJIs mKasibl I1.

BBemenne MHOI0 miKasbl [l 06yC/IOB/IEHO HEOO-
XOOVIMOCTBIO BBIAEISITh U UCIIOAb30BATh CMBICJIO-
Bble aHHble. VIX MOXXHO MHTeEPIpeTUpOBaTh [4]
KaK TOAIIPOCTPaHCTBA (06/IacTM — OMHOCBSI3HBIE
JIMO60 MHOTOCBSI3HbIE) B «IIPOCTPAHCTBE TTOHSITUI-
HBbIX CBOMCTB». Takue rpyOble M YETKME TMOAIIPO-
CTpaHCTBa 3aJal0T OIpeIe/ieHusI, pyoble M HeUET-
Kie — IpeJiCTaBIeHMs, a TOHKME U UETKYE — TIOHSI -
Tusi. Takue JaHHbIe MOTYT MOIY4YaThCs Kak B XOJe
SMIIMPUYECKUX MWCCIAeNOBaHUI, Tak U TOPOX-
IaTbCSl MHTE/UIEKTaMU (€CTECTBEHHBIMM WU UC-
KYCCTBEHHBIMM).

Hanee mbl oxapakrepusyem wmkansl H, I, U, P,
0, A, I o ciiepyromm napameTpam.

JJI - >3/MeMEeHT: 4YTO SIBJSIETCS 3JIeMeHTOM
LIKa/Ibl (€€ 3jeMeHTapHbIM JaHHbIM Xp'): JI3 -
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0001 3HaK (B ToM uucie GyKBa, CI0BO, ¢pasa,
mepornud, pucyHok, nmdpa, uncio (ijeoe Ui Be-
IIeCTBEHHOE) — JIJIST CIa0bIX IIKaI; B 3TOM C/Iydae
MHOECTBO IOITYCTUMBIX (BO3MOXKHBIX) pa3iny-
HBIX 3HAYEHUI! X,' B TAHHOI 1IIKajie KOHEYHO JIM60
0eCKOHEUHO, ampuopu (UKCUPOBAHO MM HET;
BY - BemecTBeHHOE UMCIO (B YaCTHOCTM, HATY-
pajibHOE) — OJIs1 CWJIBHBIX ILIKaJd; B 3TOM CJy4yae
MHOECTBO IOITYCTUMBIX (BO3MOXKHBIX) pa3jiny-
HBIX 3HAUeHWUIT X,' B JAHHON IKaje 6eCKOHEUYHO
JIM60 KOHEYHO, anpuopu GUKCUPOBAHO MO0 HET,
M SBJSIETCS MO0 HET KOHTMHYYMOM B 0671acTH
ornpeneneHus Z (Xp).

OII — gomycTuMoe MaTeMaTuUyeckoe rpeobpa-
3o0BaHMe p=@(x,) HaJ KKIbIM 3HAUEHMEM Xp. DTO
¢ Ttpakryetcs [1; 2, c. 9-110; 8] Kak CBSI3b MeXKAY
IAHHBIMU «UOeIbHOM» Y JaHHO 1IKa/Ibl. 3HaYe-
Hus OIT: <1> IO = ¢(x,) — TpOM3BOILHOE OTHO-
3HayHOe npeobpasoBanne; <2> IIM = ¢(X,) — Ipo-
M3BOJIbHOE MOHOTOHHOE ITpeobpa3oBaHue, CoXpa-
HSIIOLIee TOPSIAOK Ha 3HaYeHUSIX; IMHElHbIe ITpe-
o6pasosanus (JIIT): JITIII = d(x,) = ax,+B — JIII mos-
Hoe, JIITA = &(xp) = xp+B — JIII agauTUBHOE,
JIIIM = ¢(xp) = axp, — JIII MyIbTUIUIMKATUBHOE:
<3> TII = ¢ (%;) = X, — TOXKIECTBEHHOE ITPeobpaso-
BaHMe (T. €. HUKaKue MpeobpasoBaHusl He MIOITY-
CTUMBI).

OII — gomycTMoe MaTeMaTuyecKoe rpeobpa-
3oBaHue (p=d(xp) HaL KaKAbIM 3HAUEHUEM Xp8
TIpU YCJIOBMM, UTO OFHO M TO 3Ke 3TO ¢ mpon3Bo-
JUTCS cpa3y Haf, BceMyU Xp € Z (xp). [ToHaTHO, 4TO
TOBOPUTb O MaTeMaTUYeCKOM IpeobpasoBaHUM
db=d(xp) He nmeeT cMmbicia, ecu B KauecTse JJI
BoicTymiaet He BY, a JI3. 310 ¢ Tpakryercs [1; 2,
c. 9-110; 8] kax CBSI3b MeXAY JAHHBIMU «UIealb-
HOV» M HJaHHOM miKaabl. KaKMMM MOTYT GBITH
3HaueHus JII: <1> G(xp) ecTb IPOM3BONbHOE OfI-
Ho3HauHoe ([10) mpeo6pasoBanue; b(xp) — Ipo-
u3BonbHOe MoHOTOHHOe (IIM) mpeo6pasoBaHue,
COXpaHsIollee TNOPSAOK Ha 3HaYeHUsIX xp8; <2>
nMuHeltHOe MpeobpasoBaHue d(xp) = axp + B; <3>
npeobpasoBaHue caBura G(xp) = Xp+ B; <4> mpe-
obpa3oBaHue pactsvkeHust G(xp) = a X xp ; <5>

TOXIECTBEHHOEe TpeoOpa3oBaHue (T. €. HUKAKUE
npeo6pa3oBaHMs He JOMYCTUMBI) G(Xp) = Xp.

®H - dukcauuss Hyasd: 3adUKCUPOBaH Jin
SKECTKO HYJTb X, IIKAJIbI (B YaCTHOCTHU, SIBJISI€TCS JIN
OH «eCTeCTBEHHbIM», U eC/In «a», To B = 0), «ga»
WU <HEeT».

O®OM - dukcaimsg Macitaba: 3adUKCUPOBaH Jin
SKECTKO MAacIITab (egMHUIIA U3MEPEHMS) IIKAJIbI?
Eciu «ga», To a=0.

B — MHBAapMaHTHOCTb BbIpaKeHMUIi: KaKue u3
CIeqyoInx apudmeTnyeckux BbIpaskeHUH (pa-
BEHCTB WJIM HEPABEHCTB) OYOYT MHBapUAHTHBI OT-
HOCUTEJIbHO JOITYCTUMOTIO IpeoOpasoBaHus ITaH-
HBIX COOTBETCTBYIOIEN MKaabl? BoIpaskeHUSI:

L xp"' =%, i x," # X%

2. X <X wm x> %,

3. (%" -%")/ (%" - %) =C;

4. x" - %, = C; (5) %" / %, = C; 37€ech
C — HekOTOpas KOHCTaHTA.

MO - maTemaTuueckue orepauyu: Kakue Ma-
TeMaTuuyecKue onepanuu (apubmermnyeckme b0
CTaTUCTUYECKME) NOMTYCTUMBI (MMEIOT CMBIC/T) Ha[,
3HAYeHUSIMU (JAHHBIMM) M3 SMIIUPUUYECKON BbI-
60pKM paccMaTpuBaeMoii mikanbi? Cricok MO:

1. OmnpeneneHue mepeyHs ¥ 4aCcTOT BCTpeya-
€MOCTM KakIOoro U3 3HAYEHUi1 B BRIOOPKE,

2. OnpepeneHue min, max U CpegHUX Beau-
UMH UX YaCTOT BCTPEUYAEMOCTH;

3. TloctpoeHne GYHKIMM pacIpemeneHus
CTaTUCTUYECKMX 3HAUeHMI1 (4acToT), OIpexesie-
HMEe KBAHTUJISI, MeAVaHbl, MOAbI;

4. OrmpepeneHue CTaTUCTUYECKUX MOMEHTOB
pacripeneneHusi 3HaUeHUH (OOBIUHBIX, LIEHTPUPO-
BAHHBIX ¥ HOPMUPOBAHHBIX) M QYHKIMIA OT HUX -
CTaHZapTa, aCMMMETPUM, IKCIeCCa;

5. CroxeHue U BbIYMTAHUE;

6. YMHOXeHMe U elleHue.

Ha ocHose napametpos JJI, OIl, ®H, ®M, VB
1 MO nocTpoeHa pacIonokeHHasl HusKe XapaKTe-
pucTHyecKkast Tabauiia AJIsl MIKaJ Pa3sHbIX TUIIOB.
HamoMHMM, UTO TUII IIKa/Ibl OIIpenesieTcs mapa-
metpamu IJI, OI1, ®H, ®M, a napameTtpsl UB u
MO xapakKTepu3yoT CBOVCTBA IIKAJI.

Tabnuua
XapaKkTepucTUiecKkasi TadamIa mKai

Ne | IlIkama 91 OIT d(x) ®H [))\Y | 1B MO

1 H - HaumeHOBaHUM JI3 1o HeT HeT 1 1,2

2 IT - nopsigka JI3 M aa HeT 1,2 1,2,3

3 N - uHTEepBaIoOB BY ax+B HeT HeT 1,2,3 1,2

4 | P - pasHocrei BY X+B HeT na 1,2,4 1,2,5

5 O - oTHOIIIEeHUI BY ax na HeT 1,2,5 1,2,6

6 | A —abcomoTHas BY X Ia Ia 1,2,3,4,5 1,2,3,4,5,6

7 I — nucKkypcuBHas IIK HeT HeT HeT a,06,B,T 1
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B mocnenymomux CTaTbsIX Mbl IPUBEIEM TIPU-
MepBI 47151 CBOVICTB M OTHOLIEHUI KaXXAO0M U3 3TUX
IIKaJI (B YaCTHOCTM — JIJIST CBOVICTB, MICITOIb3yEeMbIX
D71 0GbEKTOB TeOJIOTUM, ITYHAMM U TeOKaTacTpO-
duKM B 11€JI0M), @ TaKKe PaCCMOTPUM 0COBEHHO-
CTY HEKOTOPBIX 1K/ HeJIMHeHHbIX TUTIOB U HeKO-
TOpbIe TeopeTHUUeCcKye YTBePsKIeHMs O 1IKajax.
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TO DEVELOPMENT OF MEASURE SCALES

Abstract. In this article an available and the author's definition of the basic terms associated with "scales", in
particular, the concepts of "immanent” and " assigned" properties, are presented; the joint tabular characteristic of
the scales is given; the knowledges of scales are spread to relationships (besides properties).

Keywords: scales, properties, relationships.
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PN 3UKA

PBICUH Axzapeii BnaguMmuposua
pagmoutkeHep, AHO «<HTHULI «Texkom», Poccust, r. MockBa

HUKN®OPOB Urops Kporugosuu
JOLIeHT, KaHAUIAT TeXHNYeCKUX HayK,
YyBallickuii rocygapcTBeHHbI YyHUBepcuTeT, Poccus, r. Uebokcapsl

BOVIKAUEB Bnagucias HaymoBuu
IVPEKTOP, KaHAuIaT TexHuueckux Hayk, AHO «HTUL] «Texkom», Poccus, r. Mocksa

CEJIIOTUH Anekcanap Bragumuposuu
re”HepasnbHbIl gupekTop, 'K «PYCTII», Poccus, r. Mocksa

PA3BUTUE 3JIEKTPOOUHAMUWKU U ®PU3NKN
HA OCHOBE TEOPUN MUPO3JAHNS. YACTD 5.
IIOZITOHKMU IO/JI PE3VJIbTAT B KBAHTOBOI1 MEXAHUKE U ®U3UKE.
YACTbD 10

AHHOmauus. B danHoii cmampe noKasama 102uka Heobxoo0umMocmu 00HO3HAUHO020 hopmuposanus 06sekmos
Mupo3daHus om npocmozo 8apuaHma K cJioXHoMy 8apuaimy, ¢ yuémom npeocmasieHus amux o6seKmos 6 3a-
8UCUMOCIU 0m cucmembl HAba00eHUS 8 08YX 2N100AIbHBIX NPOMUBONONONHOCMSX 8 CXeMe uepapxuu npeobpaso-
8AaHUS NPU 00PAMHO-NPONOPUUOHANBHOL CBS3U U CUMMEMPUU 3AKOHO8 8 NPOMUBONONONHOCMAX. [JaHHAS 102UKa
OCHOBAHA HA U3BECMHDIX (POPMYNAX C UCKAIOUEHUEM NAPAOOKCO8 0m ymeepiOeHUll Pu3uKos, C8a3aHHbIX C uyode-
camu. CoomeemcmeeHHO HA 0CHO8e Hauieli meopuu 6YJym 6slulcieHsl 3HAUEHUS U3BECMHble 8 NPAKMUKE.

Knwueesie cnoea: CTO u OTO IiiHwmetiHa, ycogepuleHCME08aHHble ypasHeHust Maxkceenna, npuHyun Ioti-
2eHca — Dperens, ypasHenue Janambepa, cucmema ypasHeHuli lupaxa, ypasHerue IIpédunzepa, ypasHenue I'a-

MuibmoHa — Axoo6u.

B Hauasie, cjielyeT OTMETUTb, UTO Mbl HUUETO He
MPUOYMbIBAEM TOTO, YTOOBI (haKTUMUECKM He
6bUI0 ObI MCIIOJB30BAaHO (GU3MKAMM B TOM WIK
MHOM BUJe. Mbl MPOCTO TMOKa3bIBaeM JIOTUKY
CBSI3U SIBJIEHMIA, YTO YK€ HaIlJI0 KaK TeopeTude-
CKO€, TaK M IPaKTUYeCKOoe MpMMeHeHe B Qu3MKe.
Pasnuune Hamieit Teopuu MuposgaHus c obiie-
MIPUHSITON Teopueit GU3NKOB B TOM, UTO OHU MUC-
M0JIb30BAJIM UyIOIe/ICTBEHHOEe BOSHUKHOBEHME U
MCue3HOBeHMe TPUAYMAHHbIX UMM YaCTHUII, TAKUX
KaK BUPTya/ibHbIEe (POTOHBI, TPABUTOHBI, KBAPKU U
[JIIOOHBI C OTCYTCTBMEM MaTeMAaTUUeCKOTO B3au-
MOJIEICTBUS ¥ BOSHMKHOBEHMEM MX U3 BaKyyMa.
Ha sTOM OCHOBaH MPUHLINIT B3aUMOIEICTBUS Ue-
pes Tejernopranyuio, 4TO OTPUILIAeT HeoOXOomu-
MOCTh Ha/lIMYMSI CaMMUX 3aKOHOB GU3UKU U,

CJIeIOBaTeNIbHO, pa3BMBaTh B (U3MKe CTAI0 He-
4yero. Ml ke onupaeMcsi Ha 3aKOH JlomoHocoBa M.
B., 10 KOTOpOMY 06BEKTBI COCTOSIT 3 TOTO, Ha UTO
OHU pacIiafarTcs.

Vicxofist U3 3TOTO MOHSITHO, YTO ITePBBIM OCHO-
BOIIOJIAraloNIMM SIBJIEHMEM, B OOGBEKTUBHOI pe-
aJTbHOCTH, SIBJISETCSI B3aMMOJEICTBYE MPOTUBO-
TTOJIO’KHOCTE B JII0O0M CYLIECTBYIOLIEM OOBEKTe
Mwuposnanus. JTO SBJeHUe TOJYyYUIO0 Ha3BaHUE
KOPITYCKYJISIPHO-BOJIHOBOTO AyanusMma. B pumoco-
¢bun 31O 6HUIO 0603HAUEHO B BUAE 3aKOHA €IVH-
CTBa ¥ 60PBOBI MTPOTUBOIONIOKHOCTEI [1, . 5-37].
JIoTMKa TaKOro SIBJIEHUSI OOBSICHSIETCS JOBOJIBHO
MIPOCTO: MICXOMS U3 IIPOTUBOPEUMIi, OT 06PATHOrO.
IeiicTBUTENbHO, KAK MOKHO BBISIBUTh CYIIECTBO-
BaHMe OTIeJbHOTO O0O6BEeKTa, eCc/lU OTCYTCTBHE
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MMPOTMUBOIOOXHOCTE 0O3HAaYaeT OGHOPOAHOCTD?
Ia, Hukak! OgHAKO OmpeneauB HeOOXOAMMOCTh
HaIM4usl MPOTUBOIOIOXHOCTEe B MuposmaHuu,
MbI JOJIKHBI OINpeennTb UX B3auMoaencTeue. B
MPOTUBHOM Cjlyyae CKaThiBaeMcCsI BHOBb K HaJiu-
YUIO HE OAHOM, a HECKOJbKMX OAHOPOAHOCTEN!, KO-
TOpble MMEIOT He3aBUCMMOeE CyIlleCTBOBaHUE B
Hamux ¢daHTasusgx. OTcioga cieayetr TpeboBaHue
00s13aTeTbHOTO B3aMMO/IECTBUSI IIPOTUBOIIOIOK-
HOCTe/. DTO B3aMMOZelCcTBMEe MOKeT ObITb CBSI-
3aHO TOJIbKO C B3aMMHBIM ITPeo0Opa3oBaHeM 00b-
€KTOB OIHOJ HPOTUBOIOJOXHOCTY B OOBEKTHI
IpyTOi IPOTUBOIIOJOXKHOCTH, ¥ HA060pOT. B mpo-
TUBHOM CjTy4yae MbI IPUXOAUM K UyiecaM BO3HUK-
HOBEHMS U3 HUUEro U MCUYe3HOBEHUS B HOJb, U
3[echb, COOCTBEHHO, HET M CaMOTO B3auMOeii-
CTBUSI, TaK Kak HET B3aMMHOTO BJUSIHUS uepe3 U3-
meHenus. OrTcioga camM IIPUMHIMII B3aMMOIei-
CTBUSI C Mpeobpa3oBaHMEM MATEMATUYECKH OCHO-
BaH Ha YBEJIMYEHUM OOBEKTOB IIE€PBOJi MPOTUBO-
MOJIOKHOCTU (CJIOKeHME) 3a CUET YMeHbUIeHWUS
06bEKTOB BTOPOJ MMPOTUBOIOIOKHOCTA (BbIUUTA-
HMe), 1 Hao60poT. [Ipyroro crocoba B3amMoieli-
CTBUSI B TIPMHIUIIE HE CYIIEeCTBYeT, TaK KaK MHOe
MUCKJIIOUaeT BAMsSHMe yepe3 n3meHeHMs:. COOTBeT-
CTBEHHO TMPU HAAUUMU BAUSIHUS 4epe3 Koude-
CTBEHHbIE M3MeHeHMSs (3TO CBSI3aHO CO CKOPOCThHIO
06MeHa) CTOUT BOIIPOC O HEOOXOAMMOCTHU paBeH-
CTBa ITepexo/ia 00bEKTOB 10 KOJIMYECTBY M3 OTHOI
MPOTUBOMOJIOKHOCTU B IPYryI0 MPOTUBOMOJIOK-
HOCTbh, TaK KaK MHOE IMPUBOAUT K MCUE3HOBEHUIO
OIHOW M3 MPOTUBOIIOJIOXHOCTEN. MHBIMU CJI0-
BaMM, pasjinMuye IMPOTUBOIIOI0XKHOCTE Ha OCHOBE
HepaBeHCTBA KOJMYEeCTBA MPUBOAUT K UyAecam
BO3HMKHOBEHMUSI M3 HYJISI, WIM MCYEe3HOBEHNE B
Hob. Takoe paBHOe IpeoOpa3oBaHMe MMPOTUBO-
TTOJIOKHOCTE! O3HauvaeT MX 3aMKHYTOe B3aMMO-
nevictBue. [TOHSITHO, UTO Mbl TaKKe JOJDKHBI AATh
XapaKTepUCTUKY Ppasauuusi IMPOTUBOIIOI0XKHO-
CTel C TOUKM 3PEeHUsT ONMUCAHUSI CAMUX OOBEKTOB
3TUX IIPOTUBOIIOJIOKHOCTEH. OJHAKO Kaxk 3mo
npedcmasums ¢ mouxu 3peduss mamemamuxu? Ecim
MCXOAUTh M3 KOJWYECTBEHHOM OI€HKM, TO
3/IeCh PasjINUMii IIPOTUBOIMOJIOKHOCTEN OBITh
He MOJXXeT, TaK KaK 00MeH MeXXIy MPOTUBOIIO-
JIOKHOCTSIMU paBHbIN. Omcroda ocmaémcs eouH-
CMBEeHHbll eapuaHm omauuus

ch?(w) — sh?(w) = cos?( ) + sin?( ¢p);
exp(w) exp(—w) = exp(i¢p) exp(—i¢),

3mech w = (—1)/2¢ = i¢h, B 3TOM CIIyUae apry-
MEHTbI MMEIOT PaBeHCTBO II0 KOJIMYeCTBY. IIpu

npomueononoxcHocmeti ¢ MouKu 3peHuss mamema-
muxu uepe3 GJaUsSHUE NPOMUBONOJIOHCHOCMEL Opye
Ha Opyza, umo ewlpaxcaemcs 8 nepexode 00BeKNO08
yepe3 onepayuu C10M#eHUsl U 8bIUUMAHUSL, KOMOopble
ABAOMCA 0CHOBONONAAWUMU OIS PA3AUUUSA JIH0-
Oblx 3akoHomepHocmeli. CoomeemcmeeHHO, ohe-
pauus cnoxceHus 065eKMoe6 é 00Holi npomueono-
JI0JCHOCIU 6ble1A0UmM ebluumMaHuem 8 Oopyeoti
npomueonojiodHocmu, u Haob6opom. VIHBIMU
CJIOBaMU, pasyinuyie 06beKTOB IO CYIIeCTBOBAHUIO
B IIPOTUBOTIOIOKHOCTSIX OCHOBAHO Ha pacCcCMOTpe-
HUM TIPOIIECCOB B3aMMOJENCTBUS OT CUCTEMBI
HaOIIOJeHNUsT B 3aBUCUMOCTHM OT IIPOTUBOIIOJIONXK-
HOoCcTH. OOHAKO, €C/IM PAacCMaTPUBATh ITPOIIECCHI
B3aMMOJIe/CTBYSI IPOTUBOIIOIOXKHOCTEN 10 MaTe-
MAaTHKe TOJIbKO C TOUKM 3PEHMSI 0OBIYHOTO KOJIMU-
YECTBEHHOTO CJIOKEHMS U BBIUMTAHUS, TO MbI OY-
IIeM UMeTh IIpeBpalieHye ITPOTUBOIOIOKHOCTEN
B OIHOPOIHOCTh OMHOJ IPOTMBOIIOJIOKHOCTH.
DTO rOBOPUT O TOM, UTO JIJIsSI COOTIOTEHNST BEUHOTO
CYIlIeCTBOBAHMS IIPOTUBOIIOIOXKHOCTE B Mupo-
30aHUM HeOOXOAMMO HaM4ume 6oJiee CJI0KHbIX 3a-
KOHOMEPHOCTeI, KOTOpble 06eclieunBanIy paBeH-
CTBO OIlepaluit cJIoskKeHus U BeiunTauusi. Heo6xo-
IMMOCTh 3aMKHYTOCTU [JI0OaJbHBIX MPOTUBOIIO-
JIOKHOCTEN Opyr Ha Apyra, OJis u3beraHus 4ymec,
TpebyeT paBHOTO KOJIMYECTBEHHOTO Mpeobpa3oBa-
HMSI, a 9TO 03HAYAET, YTO AEeICTBYE PaBHO MPOTH-
BogelicTBuio. OTCroa BO3AeliCTBUE TTePBOI MpPo-
TUBOTIOJIOSKHOCTY Ha BTOPYIO CBSI3aHO C OTBETHOM
peakIeii, UTO BbIPaskaeTCs B UCKITIOUEHUY BIIUS-
HUSI TIEPBOJ MPOTUBOIIONIOKHOCTI Yepe3 OTpulia-
HMe CO 3HaKOM MUHYC. COOTBETCTBEHHO BBIYMTA-
HMe B OJHOJI TJI06aJbHOM MPOTUBOIIOIOKHOCTH
paccMaTpMBaeTCsl Kak CJIOXKeHMe B JIPYroil TIJo-
0aJIbHOJT ITPOTUBOIIOJIOKHOCTY, TaK KaK MHaUe HeT
OT/IMUMIE MEXKAY MPOTUBOIIONOKHOCTIMM M3-3a
pasninuuii mo 3akoHoMepHOCTSIM. OTCIOa equH-
CTBEHHBIM aTPUOYTOM OTJIMUUMSI OGBEKTOB B IPO-
TUBOTIOJIOSKHOCTSIX C TOUKM 3PEHMsI MaTEMaTUKA U
JIOTUIKM IBJIIETCS MHMMas eguuuna i=(—1)Y2, korto-
pas obecrieurBaeT OTpUIlAHME MPU BO3BpaTe B
HavyaJbHYI0 MPOTUBOIIOIOXKHOCTb CO 3HAKOM MU-
Hyc. Huuero gpyroro 6e3 uymec mpuIyMaTh HEBO3-
MOKHO. BoJiee oaApoOGHO MBI 3TO PacCMOTpeIn B
[1, c. 5-37], B pe3ynbTaTe uero 6puIa BhIBEIEHA 06-
mas dopmyna MuposmaHus:

(D

5TOM MBI MM€EEeM pa3jinuiie IPOTUBOIIOIOKHOCTEN
Ha OCHOBe aTpubyTa B BUOE MHMUMOI €IVHWUIIBI,
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YTO 1aéT CMEHY 3aKOHOMEPHOCTEH B 3aBUCUMOCTHU
OT cycTeMbl HabomeHus . [IOHSITHO, YTO Hallla JIo-
/KA 3aKOHOB JIO/KHA COOTBETCTBOBATH ITPAKTUKE
3aMKHYTBIX 3aKOHOB Ipeo6pa3oBaHus B GusuKe.
[To3TOMY ITOCMOTPMM, KAKO€ COOTBETCTBME MMEET

BbIBEJIeHHBII HaMU 3aKOH (1) ¢ Teopueii OTHOCU-
TeJbHOCTM JiHIITeNHA. [ Mokasa 3TOro MbI
caenaeM cienyomive mpeoopasoBanust CTO JitH-
nITeliHa B 3aMKHYTOM Buze [2, c. 213]:

x; = (x = 5t) /(1 = v 2 /cH)V3
Xlz(l - sz/cz) = (X - Uxt)z;
X2 = 1% % [c? = (X =) %, /c = ty;
X12 - vxztlz = (X - vxt)z;
x= (% + vty) /(1 — 12 [c*)?
x2(1 —12/c?) = (x4 + »t1)%x/c = t; @
X2 —1,2t% = (x; + %ty
x12 =12t 2 4 (%1 + t)? = (x — 1,t)? + (x2 — v 2t?);
2%,% + 2x vty = 2x% — 2x0,t;

2 2

X7 = X5 = —(x 0ty + xvt);

2

x2 = %12 = (xvt + X1 1ty).

t? — ;% = (0 /o) (t* + t,),

IMocnenHee ypaBHeHMe B (2) GymeT COOTBET-
CTBOBAaTh ypaBHeHMUIo (1), ecin v,=c, U Ipu 3TOM
ILJIsL JOCTVXKEHMSI paBeHCTBa Ha OCHOBeE Hallleii J1o-
TMKM MCIIOJb3YIOTCSI 3aKOHOMEpPHOCTU. MHBIMMU
cJIoBaMM, 061t 3aK0H Mupo3spauust B CTO DitH-
miTeiiHa oOecreynBaeTCs] TP  CBSI3U CUCTEM
HabJII0geHNS Yepe3 CKOPOCTh CBeTa (CKOPOCTh 06-
MeHa). Co6CTBEHHO, B TAKOM ITOJIXO/le MbI HE SIB-
JiseMcsl TIepBOMNPOXOMIlaMM, TaK KaK BIIepBbIe
cBsa3b CTO m OTO DitHirTeliHa ¢ TUnepboMye-
CKMMM KOCMHYCAMM M CUHYCaMM, a TaKKe U C

OOBIYHBIMY KOCMHYCAaMM U CMHYCaMM [T0Ka3aJl ellé
MwunKOBCKMI [3, ¢. 226]. BpIsicHUM Terepb, 4TO
IIPeJCTaBJISIIOT c060It B reoMeTpum MIHKOBCKOTO
npeobpasoBanusi JlopeHna. 3mech, COOTBET-
CTBEHHO BBOASITCSI 0O03HAUEHMSI:

xO=ct, xt=x, x2=y, x3=2, (3)
ITpu 3TOM TONIaraeTcs:
v/c =B = th(w), “4)

3anuieM mpeobpasoBaHus JIopeHila, oTBeYa-
I0IlIMe ABMKEHMIO CUCTEeMbI OTCUETa BAOJIb OcK X'
110 PUCYHKY 1 B ciIefyIoiem Buie:

x'% = ch(w)x® — sh(w)x1,
x't = —sh(w)x° + ch(w)x?, (5)

x'? = x?

, xP=x

)

Puc. 1. 'eomempust MuHK08CK020

3[ech YUUTHIBAETCS, UTO:
ch(w) =y = 1/(1 = B2, sh(w) = By, (6)
OueBupgHO, mpeobpasoBaHus (5) mpencras-
JITIOT c000Ji Iepexoi OT MPSIMOYTOIbHOM CUCTEMbI

KOOPAMHAT K KOCOYTOJIbHOM C IOMOJHUTEIbHBIM
pacTsokeHueM. IIpu TakoM Iepexofe Kaxknas
TOYKA  IUIOCKOCTM  3aHMMAaeT  HEKOTOpoe
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ITOJIOJKEeHIMEe Ha COOTBeTCTBYIOH.leﬁ eit I‘I/Il'Iep6OJ'Ie C
BbIIIOJTHEHVEM PDaBEHCTBA:

x9?% — (x1)? = const, (7
Hanee yuntsiBaem, 4To:

ch(w) = cos(iw) = cos(¢), g
sh(w) = —isin(iw) = —isin(¢), 8)

Orcioga runep6oIMuecKuii TOBOPOT MOKHO MPeCTaBUTh B BUAE IIOBOPOTA HA MHUMBbII YTOI ¢ = iw, T1e

xt = ix0:

x'"* = cos(@p)x* — sin(Pp)xt, 9
x'l = sin(p)x* + cos(P)x?, ©

TakuM 06pa3oM, pojib OKPYKHOCTEI 3a CUET
IIOBOPOTa Ha MHUMBIN Yrojl (LEeCTBUTEbHbIN B
IPYTOii IPOTUBOIIOIOXHOCTHM) B MCEBI0EBKINIO-
BOJi reomeTpuy MMHKOBCKOTO WUTPAIOT TUIIEP-
60J1bl. UTHBIMM ClIOBaMy, MMHKOBCKUIA eIlé 10 Hac
MaTeMaTU4eCckKu CBSI3adl MHTYUTUBHO CJIOKEHUE U

(x'9)? = [ch(W)x® — sh(W)x]? = [ch(W)x°]? — 2ch(W)x°sh(w)x® + [sh(w)x1]?,
x')? = [ch(w)xt — sh(w)x°]? = [ch(w)x1]? — 2ch(W)x! sh(w)x® + [sh(w)x°]?,

BBIUMTaHME, HO He TIOHSI, YTO 3TO 03HAYAET CBSI3b
I7106aTbHBIX MIPOTMBOIIOIOKHOCTEIA.

Yrob6bl 060CHOBATH IpEICTaBIEHME TIOCEeI-
HEero ypaBHeHMs (2) yepe3 3aKOHOMEPHOCTU IIO0
reomeTpuyn MMHKOBCKOTO, MbI JJOJIKHbBI YUECTh:

(10

OTCrofa Mbl BUIYIM, YTO [PV BHIYMTAHMM MMeeM MHBAPUMAHTHYIO PopMYy:
(x'")?2 = (x")? = [ch(W)x°]? + [sh(W)x1]? — [ch(W)x1]? — [sh(W)x°]? = (x°)? — (x1)? = const, (11)

YuutsiBas, uTo gaHHas ¢opMa Ha OCHOBe 3a-
KOHAa COXpaHeHMs KOJMYEeCTBa AJII KaKIOTO 00b-
€KTa OCTaeTCs] WHBAPMAHTHOM B IIOJYyYEHHOM
HaMM CHUCTeMe, CJIeyeT BBbIBOH: CyMMda OaHHbIX
(opm om ecex 00sexmos maxxce 6yoem pasHa KoH-
cmawnme, a 3Hauum, mMoxcem O6vimsb npusedeHa K edu-
HUYHOMY YPOBHIO.

Taxke yuuTsiBasi, 4To 1 BbinosHeHus CTO
DitHmTeltHa Tpe6GyeTCst HEO6XOIMMOCTDb COOITIOe-
HMSI TOXKIECTBa MOCJefHero ypapHeHus B (2) cie-
IyeT YCJIOBME MpeNCTaBJIeHus JI0O0ro 00beKTa
Mupo3gaHus Kak 3aKOHOMEPHOCTM, 3aBUCSILE
OT KOJIMYEeCTBEHHOTO 3HaueHUs B apryMmeHTe
GbyHKIMY ¢ YIETOM aTpubyTa MPUHAIIEKHOCTU K
cucTeMe HabIONEHUS COOTBETCTBYIONIEI MPOTH-
BOIOJIOKHOCTU. COOGCTBEHHO, TIOMYYVIINM BBITIOJ-
HeHMe  ¢wiocodCKOoro  3aKOHa  IMepexoja

KOJIMYeCTBa B HOBOE KaueCcTBO. DTO MPOUCXOAUT B
CUJTy M3MeHeHUs BO3[eliCTBUIL [IJis1 BbITIOTHEHUS
3aKOHA COXpaHeHMs KOJIMUeCcTBa MeXIy MPOTUBO-
TOJIOXKHOCTSIMM, TIPU CJIOKEHUM B ONHOV MPOTU-
BOIIOJIOKHOCTY M BBIUMTAHUU B JIPYTOi MPOTUBO-
MOJIOKHOCTHU. VHauve, B TPOTUBHOM cCJiyuyae, He
obecrieuynTh 3aKOH COXpaHEHUS] KOJMYECTBa
MesKIy TPOTUBOIIOIOKHOCTSIMMU, UTO O3HAUAeT UC-
ye3HOBeHMe OJHOI U3 HUX C ITepexoioM K OJTHO-
pomHoctu. OTClOma, MOXHO TPUATU K ClIeOyio-
IeMY BBIBOJTY: €CJIM CYMMa 3HAYeHMIT BCeX 00beK-
TOB 110 KoopauHate x° coorBercTByeT ch(w), a 1o
KoopauHare x! paBHa sh(w), Tak Kak uHaue He 6y-
IeT 3aMKHYTOI cucTeMbl Mupo3gaHus ¢ y4€TOM
MHBapMaHTHOM (PopMbI, TO B 3TOM C/Iydae Cpasy
MPUXOAMM K MHBApMAHTHOW HOPMMPOBAHHONM K
enuHUIE Gpopme:

D00 = Y @2 = [ehW) = [sh(w)]? = 1 = const, 12)

L A

Ecmu yyecth cootHomenus (5) u (9) ¢ Hamu-
YyyieM CMeHbI TPUHAIJIEKHOCTM apryMeHTa 3a CUET
HaOIIOeHNST U3 TTPOTUBOIIONIOXKHON CUCTEMBI CO
CMEHOJ BBIYMTAHMS Ha CJIOKeHue Npu ¢ = iw, TO
B IIPOTUBOIIOJIOKHOM CHCTeMe HaGII0IeH ST TIOJTY-
YMM COOTHOIIIeHMe:

cos?(¢p) + sin®(¢p) = 1, (13)

TakuMm 06pa3oM, JIOrUMKY GopmyJsl (1) B cOOT-
BeTcTBUM ¢ CTO 1 OTO DitHinTeliHA haKTUUYECKN
rokasaa MMHKOBCKMIA, TOJIbKO OH TakK >Xe, KaK U
npyrue GU3UKK He YUEJT HaauuMe peACcTaBlIeHs
00BEKTOB B 3aBUCUMMOCTM OT CUCTEeMbl HabOIIOIe-
HMSI, UCXO[IST U3 HAJIMUUST ITPOTUBOIIOIOXKHOCTE B
KaXOoM o6bekTe. MMHKOBCKUIT (aKTUUeCKK
MpeAcTaBu/l  Tepexol  OT  Hpeo6Gpa3soBaHMii

JlopeH1ia yepes rumnepooaMIecKuii KOCMHYC U CU-
HYC K YPaBHEHUIO OKPYKHOCTU C 3aMEHOI 3a CYET
MHMMOJ eIUHUIIBI 3aKOHOMEPHOCTEN, 4TO, COb-
CTBEHHO, ¥ IIO3BOJISIET IOJYYUTb TOXAECTBO II0
dbopmyne Muposganus (1). OJHaKO OH He TIOHSII,
YTO, 3aMEHUB BeIlleCTBEHHOe 3HaueHue apry-
MeHTa y QyHKIMI Ha TO ke BellleCTBeHHOe 3Haue-
HJe apryMeHTa, HO C aTpuOyTOM B BUAE MHUMOI
eIVHUIIBI, OH TeM CaMbIM MOMEHST CUCTEMY
HAGIIOIe M.

OTMeTMM, UTO TIpeacTaBieHe 06bEKTOB B 3a-
BUCUMOCTM OT CUCTEMBI OTCUETA (HAOIIOHEHMS)
BBEJI elllé DMHILITEeNH, TaK KakK B 3aBUCUMMOCTHU OT
CUCTEMBI OTCUETA OAVH U TOT K€ OOBEKT MOXKET
paccMaTpuBaTbCSI €  pa3M4IHON  SHEprueii.
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PasHuiia muiib B TOM, UTO Mbl OCHOBBIBA€MCS Ha
(daxre CBSI3M TJIOOATBHBIX MTPOTUBOIIOJIOKHOCTEN
yepes CKOPOCTb CBeTAa. AHAJIOTMUHBIN BBIBOZ, O 3a-
BMCHMOCTY OT CUCTEMbI HAGIIOMEHNS CIeIoOBal U
u3 Hannuusg nommumo CTO OininrteiiHa U3z OTO
JiiHIITelViHa, Tak Kak B OTO mpocTpaHCTBEHHO-
BpeMeHHOe MCKPUBJIeHMEe paccMaTpUBalIoCh OT-
HOCUTEJIbHO CKOPOCTM, KOTOpOe peajbHO He
Ha6JII01a/I0Ch B CUCTEMe OTCUETa JIJIT CKOPOCTU B
CTO. Ilpu stom, kak B CTO, Tak u B OTO, paccmart-
pUBaJIOCh HaAMUMe IPOCTPAHCTBEHHO-BpPeMeEH-
HOTO MCKPUBJIEHUS B 3aBUMCUMOCTY OT CKOPOCTH.
3aMKHYTOCTb MMpo3naHus Ha IPOTUBOIIOI0XHO-
CTM O3HAYaeT CMMMETPHIO B BBITIOJIHEHUM 3aKO-
HOB GM3MKM, a 3TO O3HAYAET, YTO MbI MHAUe, YeM
yepe3 CKOPOCTb MPEeACTaBUTh MPOCTPAHCTBEHHO-
BpeMeHHOe UCKpUBJIeHMe He MoxkeM. Ho eciiut 3TO
3HaueHue ckopoctu nmo OTO He HabmOIaeTCs B
MPOCTPAHCTBe Uepe3 MPOoeKInK M0 KoopAuHaTaM
IJIMHBI, TO OCTAETCS e AMHCTBEeHHbI BapUaHT, YTO
aTa ckopocTh 110 OTO BrIpaskaeTcs B IPOEKIMUM Ha
BpeMsl. Tak Kak AjiMHa U BpeMs B IIPOTUBOIOJIOK-
HOCTSIX MEHSIIOTCSI MeCTaMM M3-3a CKOPOCTU 06-
MeHa (CKOpPOCTU CBeTa), TO IJIMHA IepexXomuT BO
BpeMs, a BpeMs TMepexXoAuT B IJIMHY, U 3TO YXKe
0603HaYaeT CKOPOCTb OT BPEMEHHO TTPOEKIUN B
MPOTUBOMOJIOKHOCTH KaK peaabHYI0 BeIMUMHY T10
KOOpAMHATaM [auMHbl. TakMm o6pa3om, emuH-
CTBEHHBIM BBIXOJOM M3 yKa3aHHOTO IMapajoKca
mexny CTO u OTO 3JitHIuTelHA ABISeTCS T0THYe-
CKOe YMO3aK/IoueHue, 4YTo NpeAcTaBaeHe O CKO-
pOCTM MeHsSeTCS B 3aBUCUMOCTUA OT CUCTEMBI
HaOIIOeHNsT B TIPOTMBOIIOJIOKHOCTSIX. Torma c
YUYETOM Tlepexofa Ha MpaKTUKe KOPITyCKYISIPHBIX
CBOICTB B BOJIHOBBIE CBOICTBA, HAMpuUMep, Mpu
QHHUTWISILIUU TTO3UTPOHA U 3JIEKTPOHA, a TaKke
npu nepexope ¢GOTOHA IIPU CTOJIKHOBEHUM C JI€K-
TPOHOM B [JOIOJHUTENbHYIO Mapy 3JIeKTPOHA U
MO3UTPOHA, MBI ClleJIajii BbIBOZ, YTO B IPOTUBO-
TOJIOXKHOCTSIX KOPITYCKYJ/ISIpDHbIE CBOJCTBA Iepe-
XOISAT B BOJIHOBBIE CBOICTBA, ¥ HAOGOPOT. A 3TO
O3HauaeT Iepexo, MOTeHMaIbHOI SHEPTUN B KU -
HETUYECKYI0 SHepPruio, 1 Hao6opoT. CoO6CTBEHHO
MHOTO Cr1oco6a B3aMMOCBSI3M MPOTUBOIIOIOXKHO-
CTelt TIOTIPOCTY HET, TaK, KaK ecau Obl Ipu Iepe-
XOJle OT OJTHOI CUCTeMbI HabJIofeHUs K Apyroit
cucTtemMe HabIIOAeHUsT He 6bUIO Obl M3MEHEHMIA
KOPITYCKYJISIPHBIX CBOVICTB Ha BOJTHOBBIE CBOJICTBA,
¥ Ha000POT, TO TOBOPUTH O IIPOTUBOIIOIOXKHOCTSIX
" 0 KOPITYCKY/ISIPHO-BOJTHOBOM AyajIu3Me ObLIO GbI
HeBO3MOXHO. Kak roBopurcs, ecjiu HeT U3MeHe-
HMIA, TO, 3HAYUT, HET U OTJINYMIL, U Mbl UMEEM O -
HOPOJHOCTb.

Ianee OTMeTUM, YTO BapMaHT, MpeJCTaB/IeH-
HBII1 B [MOC/IefHEM YpaBHeHUM (2), COOTBETCTBYET
YaCTHOMY CJTy4al0 IBVKEHUS HEKOTOPOTO 06beKTa
CO CKOPOCTBIO V. OJTHAKO ITPU COXPAHEHUM CAMOTO
06beKTa 3TOT BAapMAHT TaKkKe MOKEH MOMUM-
HATBCS 001IeMy 3aKOHy Mupo3maHus, nHave pac-
nmajg oobekTa. JIjIsT MCKIIOUeHMs pacnaga o6beKkTa
IIOJKHO OBITh €r0 TaKOe B3aMMOJIeICTBIME C OKPY-
Karolieii cpenoii (HUYero OpPyroro JJisl B3auMO-
IeViCTBUSI U HET) TIPU KOTOPOM CYIIIeCTBYeT PaBHO-
1eHHbIi 06MeH. OTcloga B (2) Ha OCHOBE BEJIM-
YMHBI V,/C, Mbl UM€EeM JJI5 COXPaHEHUS IBVOKYILE-
rocsl 00beKTa B3aMMOJIEVICTBME Yepe3 OKPYKalo-
myio cpeny. Kak 3To 6ymeT 1moka3aHO HECKOJIbKO
HIDKe, OKpY>Kalolas cpefia XxapakTepu3yeTcsl KOH-
CTAHTaAMM 3JIEKTPUYECKOM M MArHMTHONM IPOHM-
11aeMOCTHM, KOTOpble OIpelessioTCS MHTerpaib-
HbIM [IBIDKEHMEM B MPOTUBOIOJOXHOCTU C BBI-
TOJHEHVEM YCJIOBUSI TEPMOAVMHAMUYECKOTO PaB-
HoBecus 1o dopmyse Ilnanka. I[ToBTopuMm, 4TO
MHOTO crtoco6a B3aMMOIEeNCTBUSI 00bEKTa, MUHYS
OKpY’KaloIlyl0 cpefdy, He cyllecTByeT. [ToHSTHO,
yTO OU3UKM TOXKE HE CMOTJIM 00O0ITY B3auMOeli-
CTBUS C OKpY>Kalollelt cpefoii, HO, KaK BCeraa, mo-
IUIM TI0 TyTU 4YyAec, OpUAyMaB 3J1eKTPOMarHuT-
HbIJ U 3JIEKTPOHHO-TIO3UTPOHHbIN BaKyyM.

Ianee Mbl 3amMeudaeM, UTO HajJiMuMe orpaHuye-
HMS B CKOPOCTh cBeTa B CTO JitHIITeliHA Y MHOTUX
(bu3MKOB TakKe BbI3bIBAET COMHEHME, TOITOMY
ObL71a BBIABYHYTA TUIIOTE3a CYIIECTBOBAHMS TaXM-
OHOB [4, c. 291], yacTul, KOTOpPbIE OBUXKYTCS CO
CKOPOCTBIO BBIIIIE CKOpPOCTM cBeTa. OgHako (u-
3MKU SIBHO 3a0bUIN, UTO, HAIIpMMeEp, OeCKOHeuHast
CKOpOCTh cBeTa (06MeHa, M3MEeHEeHMsT) 03HavaeT C
TOUKM 3peHMS] 3aMKHYTO} CUCTeMbl Ha JiBe TJIO-
6a/IbHbIE TTPOTUBOTIOIOKHOCTYM MTHOBEHHBIN OT-
BeT JeliCTBUS Ha MIPOTUBOMAEICTBUE, UTO UCKIIIO-
yaeT M3MeHeHNe 00BbEKTOB BO BpeMeHM. MHbIMU
CJI0BaMM, CaMOJ T€OPUY OTHOCUTEbHOCTH, C BbI-
MOJTHEHMEM aHAJIOTMYHBIX 3aKOHOB (U3MKM B pas-
HBIX cucteMax otcuéra o CTO OiiHuiTeiiHa, B
3TOM CJyyae B MpUHIMIIE ObITh He MOXKeT. ITo-
HSITHO, YTO UM HYJIeBOe 3HaueHMe CKOPOCTU CBeTa
O3HavaeT OTCYTCTBMe B3amMmogenctBus. OTcropa
TpeboBaHMe HaJUUMSI CKOPOCTM CBeTa KaK KOH-
CTaHTBhI, TaK Kak B IPOTMBHOM CTyuyae MHBAPUAHT-
HOJi ()OpPMBI B pa3HbIX CUCTEMAX OTCUETA HE TOJTY-
YUTh U OyIEeT BapUaHT, KOrga O6'beKT B OLHO CH-
CTeMe OTCYETa JOJ/KEH COXPaHSITBCS, a B APYron
CUCTeMe OTCUETA OH OYIeT MMeTh, HallpUMep, pac-
Taji, YTO Ha MPaKTUKe He HabIIomaeTcs.

3aMKHYTOCTb MMpO31aHMs Ha IBe II106aJbHbIe
MIPOTUBOIOJIOKHOCTU OIIpefessieT eé PaBeHCTBO
KOHCTaHTe (B IPOTUBHOM CJiyyae uyneca). U ecin
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Mwupo3gaHue SIBJISIETCSI KOHCTAaHTOM, TO OOMeEH
MEXIY TII06GaJbHBIMM  ITPOTUBOIIOJIOKHOCTSIMMA
MOKET MPOXOAUTh TOJBKO C OAHOJ MOCTOSIHHOM
CKOPOCTHIO C UCK/IIOUEHMEM 3HAUeHUS 6eCKOHeu-
HOCTM U HYJIA. VIHaue Mupo3aaHue aBToMaTuye-
CKM CTAHOBUTCS 3aKOHOMEPHOCTbIO U, COOTBET-
CTBEHHO, He MOKET ObITb 3aMKHYTOV BEJINUMHOI.
[ToHSITHO, UTO 3Ta KOHCTAHTa B CKOPOCTh CBETa He
MOKET MEHSIThCSI B 3aBUMCUMOCTU OT CUCTeMbI OT-
CYETa U IIpU IIepexojie B IPOTUBOIOJIOKHOCTD, TaK
Kak B 9TOM CJIyyae BO3HMKaeT HepaBeHCTBO Ha Be-
JIMUMHY OTJIMYMS Y 9TO TIOAPa3yMeBa/IO Obl MHBIE
3aKOHbI B3aMMOMENICTBUS, UYTO IIPOTUBOPEUUT
CMMMEeTPUM IIPOTUBOIIOJIOKHOCTE Ha OCHOBE 3a-
KOHa coxXpaHeHMs KojamuecTBa. Hamume Komnae-
CTBa, CBSI3aHHOI'O C JMUCKPETHOCTbIO B BUAE 3Jie-
MEHTapHbIX 00BEKTOB, OIpeIeNsieTcs] HeoOX0oau-
MOCTBIO B3aMMOJEICTBUSI Uepe3 OOMEH MeXKIy
IBYMSI TJIOOQJIBHBIMYU ITPOTUBOIIONIOKHOCTSIMMA.
Ecau HeT peanbHBIX OUCKPETHBIX OOBEKTOB (UTO
orpeiesisieTCs B BUle KOJIMUeCTBA B MaTeMaTUKe),
TO ¥ OOMEHMBATbCSI HeueM, M HEeT B3auMOmeii-
CTBUSI, @ 3HAUUT, HET CYIleCTBOBAHMS MPOTUBOIIO-
Jo)kHOCTelt. IlosTomMy B (pu3MKe oOrpaHuYeHue
mara OMCKpeTu3aluyM KOHCTAHTOW ITOCTOSHHOM
[TnaHKa MCKIIOYAET MOJHYI0 OMHOPOAHOCTh, KOTO-
pas 6bl1a Obl B CiAy4yae 3HAYeHMS] ITOCTOSTHHOIM
[T1aHKa paBHON HYJ/IIO ¥ TOTAA TPOTUBOIIOIOKHO-
CTY B IIpUHLIMITE ObI He cylllecTBOBaIN. [Ipu 3TOM,
HEeOOXOAMMOCTb KOHCTAHThI B BU/IE TOCTOSIHHOIA
[T1anka (h) CBSI3BIBAIOT C OTCYTCTBMEM «YyIbTpadu-
0JIETOBOI KaTacTPOQbI» ¥ POCTOM SHEPrum, a 3Ha-
YUT M POCTOM KOJIMYECTBA OO OECKOHEUHOCTH.
[Tpy 3aMKHYTOCTM MuUpO3aaHusl Ha IBe Ia06asb-
Hble ITPOTUBOIIOJIOXHOCTM IIar OMCKpeTU3alun
TOKe aBTOMAaTUYeCKM CjiefyeT U3 TOCTOSHCTBA
ckopocTu obmeHa. To ecTh, OIpeneanuTh CKOPOCTh
oOMeHa [T OGeCKOHEeYHO MaJIoro O0beKTa He
TpeAcTaBysieTcss BO3MOXHBIM. OTciofa ciemyer
M3BECTHBII MMapaJgoKC MaTeMaTUKH, IIpU KOTOPOM
OBICTPOHOIUIT AXMiec, pyu OTOOpaskeHUU IBU-
SKeHUSI uepe3 MpypalleHns: IMCKPETHbIX BeJINYMH
MPaKTUUECKU 10 HYJISI, HUKOT/Ia He JOTOHUT HETO-
POIUIMBYIO uUeperiaxy, ecjii B Hauaje ABVKeHUS
yeperiaxa HaXOOUTCS BIiepeay AXuieca.

Tak, 3amaBIINCh BEIUUYMHON MMUHMMAIbLHOIO
00beKTa Ny, ¥ OIpeIeNnB ero CKOPOCTh mepe-
nmauu (o6MeHa, M3MeHeHMsI) Kak S, Mbl IIPY HaJIu-
uny 6eCKOHEYHO MAajIbIX 0OBEKTOB JPYroii Beu-
YMHBI BCErIa MOXKEM IIPEICTaBUTh ITOT OOBEKT
Kak N,.=kn, rme n — 3TO ellje MeHbIINi 110 BeJu-
uyHe 00beKT. COOTBETCTBEHHO, CKOPOCTh Iepe-
Jauy S A1l OTAEIBHOIO 00BheKTa N MO/KHA ObITh
Beille B Kk pa3, 4YTOOGBI  06GECHeuYnTh

B3aMMOJIeiiCTBME CO BceMU 06beKTaMM, TaK Kak B
MIPOTUBHOM CJTyYae IOJy4aloTcs 06beKThI 6e3 B3a-
UMOJENCTBUS, @ 3HAUUT, UX U HET B MUPO3AaHUMN.
B 3TOM C/Tydae mpu CTpeMJIEHUM IIara BeJTMUMHbI
IUCKpeTU3aluy K HY/ITI0 HeT U Tpefena CKOPOCTH
obMeHa, KOTopasi BeIpacTaeT IO 6€CKOHEUHOCTH.
OTO TPOTUBOpPEeUUT (uU3MKe HEOOXOIUMOCTU
cBsi3u myivHbl U Bpemenu no CTO m OTO 3iiH-
HITeifHA C HaJM4YMEM IIPOCTPaHCTBEHHO-BPEMEH-
HOTO KOHTMHYyMa ¥ IIPUBOJUT K TE€OMETpUMA
IBK/IM/IA C HE3aBUCUMOCTbIO KOOPAMHAT IJIMHbBI U
BpeMEeH!, UTO UCKIIYAeT X Haauuyue caMux 06b-
eKTOB. IIpM 3TOM Mbl HallOMMHAeM, UTO JIl0ObIe
M3MeHEeHMS Y Hac CBSI3aHbI C TIEPEX0A0M B IIPOTHU-
BOITOJIOKHOCTD, TT03TOMY BapMaHT C ABMKEHUEM B
OJIHOJ MPOTMBOIIOJIOKHOCTH, HAIIpMMep IBVKe-
HIe TT0e3/1a, 30eCh He MOAXOIUT, TaK KaK B 3TOM
cJlyyae paccMaTpuBaeTCss BapuaHT 6e3 B3auMO-
IEeVICTBUS C TPOTUBOIIOJIOKHOCTBIO, TO €CTh OTPU-
11aeTCsl HeOOXOAMMOCTh CAMMX ITPOTUBOITOIOKHO-
creii. [IOHATHO, UTO BO3HMKAET TaKKe BOIIPOC O
BO3MOXKHOCTM CMeHbI 3HaUeHMI1 KOHCTAHT Ha ApY-
T'Vie BeJIMUMHbBI, OOHAKO OH TAK)Ke OTIAJAeT B CUITY
TOTO, UTO I7T06aIbHbIE TPOTUBOITOIOKHOCTU B M-
PO3[IaHUM TaKXKe CYIIECTBYIOT BEYHO U UX OTJIU-
yye OIpemesieTcsl TOJbKO 3aKOHOMEPHOCTSIMMU B
3aBMCUMOCTM OT CUCTEMbI HAOIIOmeHUS TIPU CO-
XpaHeHUM KOJIMYECTBA, YTO OyIeT MoKka3aHO He-
CKOJIBKO HITKE.

Orciona BeIBOJ: 3aMKHYymocms Mupo3daHus Ha
0se 27106anbHble NPOMUBONOJIOHCHOCIMU Onpedeasiem
KaK KOHCMaHmol, U 3Ha4eHue MaKkcuMansHoll ckopo-
cmu obmeHa (céema) u 3HAueHUe MUHUMANBHOZ20
waza ouckpemusauuu 0Nl dJIeMEHMAPHbIX 00BeK-
mos, umo mpe6Gyem Haluyue eQUHUUHbBIX 00BEKIMO08
go3deticmeus. IIpu amom koHcmanma Mupo3daHus
onpedensiemcsl 8eJIUMUHOL Npou3sedeHuUs. CKOpoCmu
0b6MeHa Ha uiaz ouckpemu3ayuu ¢ pageHcmeom eou-
Huye.

B mpoTuBHOM ciiyyae ObLIM Obl €OVHUYHbBIE
3JIEMEHTBI, KOTOpble He YJ4acTBYIOT B o6MeHe, a
3HAYMUT, HE3aBUCUMBI OT MPOIECCOB B MMUPO3Ta-
Hun. Takas He3aBMCUMOCTh O3HAYaeT OTCYTCTBIME
B3aMMOZENCTBUS, a B3aMMOJENCTBME O3HAUYaeT
obMeH. IIo3TOMYy, eciy eIMHUYHBI OOBEKT He
MPMHMMAET yJyacTue B oOMeHe, TO OH U He B3au-
MOJIeICTBYeT, ¥ 3HAuUuT, He3aBucum. Ho yuactue
B o6MeHe OIpenesieTcs] CKOpocThio. IToaTomy
CKOpPOCTb 0OMeHa A0JIKHA ObITh TAKOBA, YTOOBI 13-
MEHEHMIO ITOABEPIJINCh BCE eIUHUYHbIE 3Jie-
MEHTBbI MUPO3IaHMs. A MHAUe HeOXBaueHHbIE 3J1e-
MEHTbl aBTOMATMUYECKM CTAHOBITCS He3aBUCU-
MBIMMU.
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Orcioga mosyyaeM: hpousgedeHue CKOpocmu
ceema (c) Ha eeauuuHy nocmosiHvoli Ilnauxka (h)
onpedensiem 3HaueHue KOHCMAHMbl HAULE20 MUPO-
30aHus no 83aumodeticmeuro:

hc = 1 = const, (14)

HOanHast ¢popmysia IJisI KOHCTAHT aHaJIOTMYHA
TpeGOBaHMIO MHBAPUAHTHOCTU 10 (popmyre, mo-
Jy4deHHO! u3 mpeobpasoBanmii Jloperia B CTO
DHIIITeiHA C HaluuueM OOpPaTHO-IPOIOPIO-
HaJIbHO¥ CBSI3YM B MMHAMMKe B3aMMO/IeCTBYS, T]Ie
B KauecTBe ITPOTMBOIIOJOXHOCTE) BbBICTYIAIOT
IJIHA U Bpemsi:

It = 1y[1 = (v/c)?Y?14/[1 — (v/c)?]"/? = const, (15)

34ech MbI MMeeM CJIeAYIOIIYIO JIOTUUECKYIO 11e-
MOYKy. 3aMKHYTOCTh MUPO3OaHUSI OIpenaenseT
MTOCTOSTHCTBO CKOPOCTY OOMeHAa Mpy B3auMOZEN -
CTBUM, YTO MPUBOIUT U K HAIMYUIO MUHUMAIb-
HOTO I1ara AuckpeTtusaium. Tak Kak B3auMo/iei -
CTBME BO3MOXKHO TOJIBKO B C/Tydae o6MeHa, TO MC-
KJIOUUTh HE3aBUCUMMOCTh OTHEeIbHBIX 3JIeMEHTOB
MOSKHO TOJIbKO TOT/a, KOTIa OOIIMIT KOJIMYeCTBEH-
HBIIi 00MeH, KOTOPBI U XapaKTepusyeT SHEePTUI0
B3aMMO/JIeICTBUSI, oOIpepaesnsieTcss 1Mo dopmysie
MpoM3BeJieHNsI CKOPOCTU CBeTa M TOCTOSTHHOI
ITnanka!

[ToHSITHO, UTO IaHHbIEe YTBEPXAEHMS HOJIKHbI
COOTBETCTBOBATH hopMyJIaM AJIsl GU3UUECKUX SIB-
JIEHW}, TI03TOMY OTMETMM, UTO HEO6XOAMMOCTD
CBSI3M CKOPOCTM CBeTa C MOCTOSTHHOI [IaHKa yxe
Obl71a BBeJeHA 10 HAc B (M3MKe KaK MOCTOSTHHAS
TOHKOJi CTPYKTYPHI [5, ¢. 341]:

Aper = 21q?/(hc) = 2w /137 = const, (16)

PasHutia muiiib B HOpMUPOBKE CBSI3aHHAS C CU-
CcTeMOi1 usmepeHusi. E€ MOKHO mepecuuTaTh, eCin
y4ecTb, YTO 3apsij, q o Teopuu [upaka [6, c. 349]
MOKHO CUMTATh PaBHbIM IUIIOC UM MMHYC eOu-
HUIlE, TaK Kak 3apsiia HeT B (OopMysie SHepruu
DIHINITel HA, U ero poyib CBOAUTCS K TIpe/icTaBIie-
HUIO oTlepaly U3JIydeHUs] UM TOTIONeHMs, TO
ecTb He  KOjAuM4vecTBa, a  JeicTBus  —

3aKOHOMepHOCTU. OTCYTCTBIME 3HAUEHUS 3apsiia B
dbopmyse sHepruM DITHIITEIHA O3HAYAET U OTCYT-
CTBME Y 3apsiia CWJIIOBOTO BO3JEMCTBUS, TaK KaK
HeT 3Heprum Ajis 3Toro. Emé pas oTMeTUM, UTO
MpUOYMaTh MHOI IMIPUHLIMIT B3aMMOMAENCTBUS T10-
MMUMO OoOMeHa — HEeBO3MOXXHO, a 0OMeH 00s13a-
TEJIbHO XapaKTepu3yeTcs] CKOPOCTbIO U BeIUUU-
HoVi mmrara guckpetusanuu. Coo6cTBeHHO, U pu-
3UKM He CMOIJIM 060JiTHCh 6€3 B3auMOIeiCTBIA,
HO MIPUIYMAaJIM AJIsl 9TOTO BUPTyasIbHbIe (GOTOHBI U
rpaBUTOHBI. ITOMMMO 3TOrO, HAZO €IIE pa3 OTMe-
TUTb, UTO TIPOU3BEIEHME CKOPOCTM ObOMeHa
(cBeTa) HaA ImIar AMCKpeTusamyuy (ITOCTOSTHHAS
[Imanka) MMeeT 3HauyeHue, paBHOEe eauHMIE, B
MIPOTUBHOM CjTy4ae 6o CKOpoCcTh 06MeHa, 160
Iar AMCKpeTMU3auy UMeIOT MHYIO BeTnuuHy. O -
HOBpeMeHHO 13 (opmyisl (14) cienyer Heo6xo-
IVMOCTb ¥ OTpaHMUEHMe Y1cia 06beKTOB B MMUpO-
30aHuM 110 popmyJie:

N, = c/h = const, a7

@DaKTUYEeCKM ITO O3HAYAET, UYTO HU OAUH 00b-
€KT He MOXXEeT BOMTHU WJIM BbIATU U3 3aMKHYTO Ha
IBe r06aJbHble MPOTUBOIONOKHOCTY CUCTEMbI
Mwupo3snaHus.

TMoHSTHO, YTO 3aMKHyTas cucteMa Muposmna-
HUS U OTIpenesieT 3aKOHbI Gu3uku. IToaTomy I1o-
KaykeM, KaK Ha OCHOBE 3aKOHAa OKPYKHOCTH ITOJTy-
yaeTcs u3BecTHas GopMyria sHepruu JHIITeHa.
Otcioga mpu yCIOBUM COXpaHeHMs] oO0bekTa (3a-
MKHYTasl cuUcTeMa oOMeHa) OMHAaMMKa B3aMMO-
IeICTBUSI IIPOTUBOIIOJIOKHBIX UacTeil 00beKTa, C
YIETOM HAOIOAEHUST U3 OJHON BBIOPAHHOI MPO-
TUBOTIOJIOKHOCTY, OyIeT BBIIVISIAETb C YYETOM
MaKCHMaJIbHOM CKOPOCTY 0OMeHa B BUIE:

v? 4+ v? = ¢? = const, (18)

[TepenuiiieMm MoSy4eHHOE YpaBHEHME C YUETOM
repeHoca:

v =c? —v?, (19)

Hanee mpousBeneM cledymollre mpeobpazoBa-
HUSI:

v =c2(1 —v?/c?);
vi/(1—v?/c?) =

1/(1 —v?/c?) = ¢ /vi; (20

/[ (1 —v?/c)] =1/v,

[MocnenHee ypaBHeHMe N0 BUAY aHAJIOTMYHO
ypaBHeHMI0 mpeobpasoBauuii Jlopena. 1 orcioga
Mbl TaKke MOXeM IOJyYUTh COOTBETCTBUE C

me?/(1 —v?/c?) = m?,
m=my/(1—v?/c?)/?,

EcmM yMHOXNUTH 06a ujeHa yKa3aHHOIO II0-
cleqHero ypaBHeHMSI Ha OJMHAKOBYIO BeJINUMHY
c*=¢/h=Noys, TO TIONyUUM (POpMYyITy SHEPTUM DitH-
mreiiHa B Bumge E =mc?. 3HaueHue Ny

YpaBHEHMEM 3HEpPTuM IDVHINTENHA, eCIu COenaThb
3aMeHy IIepeMEHHbIX M CUMTaTh, 4YTO M=1/vi, a
mo=1/c. B utore umeem:

@1

ompeenseT 0O0Iee KOJIUYECTBO 3JIEMEHTAPHbIX
00bEKTOB B MUPO3IAHUYU IIPU OOMEHE U UX B3au-
MOCBSI3U Uepe3 CKopocTb cBeTa. COOTBETCTBEHHO
MbI BUAVM, UTO SHEPIUSI ¥ Macca BBICTYIIAIOT KaK
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MIPOTUBOIIOIOKHOCTH, CBSI3aHHbIE OOGPATHO-IIPO-
MTOPILMOHAIbHOM CBSI3bIO, M (PAKTUUECKM OHM 3a-
MEHSIOT  COOTHOIIEHME  HeOoIlpeaeleéHHOCTeN

mz — mOZCZ/(CZ _ 1.72),
m2c? — m2v? = my2c,
m2ct = my2c* + 2m?v?,

leii3eHbepra B JOeTepMMHMPOBAHHOM BUIE.
MOXXHO IpenCTaBUTh SHEPIUMI0 JDNHINTENHA U B
MHOM BUJIE:

(22)

(m2C4)1/2 — (m02C4 + szzvz)l/z’

E = +c(my?c? + P?)1/2,

DTO O3HAyaeT, UTO U3 mpeobpasoBauuii Jlo-
peHIla, KOTOpble TOXe CBSI3aHbI C (HOPMYJION
OKDPY)XKHOCTH, TOJIy4YaeTCs ¥ ypaBHEHME SHepTruun
DiiHIITeliHA. YuuThIBasg, 4To B dopmyny IitH-
IITeiiHa BXOMSIT TOJIbKO JIBe TepeMeHHble Besu-
YMHBI, KOTOpble MAlOT 3aMKHYTYI0 CUCTEMY IO
dhopmyiie OKpYsKHOCTU, TO OHU U SIBJISTIOTCSI IIPOTH -
BOITOJIOKHOCTAAMM JIPYT OJIs Apyra (aHaJOrM4yHO
IJINHEe U BpeMeHU, KOTOpbIe CBSI3aHbl Uepe3 CKO-
pOCThb CBeTa, YTO OBLIO BIEPBbIE cAeaaHO MMH-
KOBCKUM B [3, c. 226]), TO eCTh MOTYT IIpeobpa3o-
BBIBATbCS TOJMBKO APYT B Apyra. OTcioma cienyer,
UTO YKa3aHHbIE BeJIMUYMHbBI KaK TPOTUBOIOI0XHO-
CTU He MOTYT BBIPaKaThbCsl Yepe3 OOUH U TOT ke
BuJ. MiHaue Takoe mpeo6pa3oBaHye HUYEM He 3a-
buxkcupoBaTh B CWJIYy OTCYTCTBMSI pPa3IUumii
MeXIy MOPOTUBOIOJIOXKHOCTIMMY. OnHO3HAUYHas
CBSI3b CKOPOCTU CBETA U BEIUUYMHBI MOCTOSSHHOM
Ilnanka, B Buge ch=1, ¢ yuéTtoM TpebGOBaHUS
CMEeHbBI ITpeJiCTaBJIeHNUs] 0ObEKTOB B IPOTUBOIIO-
JIOSKHBIX CHCTeMax Hab/oleHs, 03HavYaeT HeoO-
XOJMMOCTb 3aIIUCH IepeMeHHbIX B Buze mo=h=1/c.
To ecTb MMHMMAa/bHAsl Macca OINpeLessseTcs MuU-
HUMIbHO BO3MOJKHOM BEJIMUMHON ITIOCTOSSHHOM
[TnaHka, 1 3Ta BenMUMHA AOJDKHA BBIPAKaTbCs B
BUEe 3HaYeHMSI OOHONM U3 MPOTUBOIIOIOKHOCTEN.
B nmpoTuBHOM ciyyae 6bu1a 6bI HE3aBUCUMOCTD OT
obMeHa. ITOBTOpPUM, UTO aHAJOTMYHBI BapuaHT,
”“3-3a OAHO3HAUHOW CBSI3M TaKkke CjlenyeT U3
npenyiokeHust GU3MKOB B cucTeMe usmepenus CU
B BUAe TIOCTOSSHHOM  TOHKOM  CTPYKTYpPBHI
a = e?/(hc) = 1/137. OnHako, B BapuaHTte Ghusu-
KOB HapylaeTcs HeoOXOIMMOCTh B3aMMOAEN-
CTBUS C OXBATOM BCex 4acTull, MuposnaHus yepes
3HaueHMe CKOPoCcTy obMeHa (CKOpocTH cBeta). Ta-
KM 06pa3om, Mbl 3JIEMEHTAPHYI0 MUHUMAIbHYIO
Maccy o6beKTa MpeacTaB/sieM B BUjle BeJTMUMHBI,
CBSI3aHHOII C BeJIMUNHOI TOCTOSTHHOV [171aHKa, Tak
Kak MuposmaHue onepupyeT B peaibHOCTU KOJIN-
YeCcTBOM B BUIe 00BHEKTOB MMHUMAIbHOW Beu-
YMHBI U 3aKOHOMepHOCTAMU. To ecTb Muposna-
HMEe HUYEro He 3HaeT O CHUCTeMaX M3MepeHWUs
Macchl (HarpuMep, B KMJIOTpaMMax), MpuayMaH-
HbIX JiogbMu. OTMETUM, YTO CUCTEMBI M3Mepe-
HMs, TIPUAYMaHHbIe JIIOAbMU, TIPUBOIAT K Iapa-
JlOKCaM B BUJ€e YEPHBIX IbIp (CUCTEMA U3MepPEeHUS

CH) u obocHOBaHMS BaKyyMa Kak ITyCTOTHI, IO -
YMHEHHOI reoMeTpum IBKINAA (CUCTEMA U3Mepe-
Hus CI'C, rge B KaccuueCKux ypaBHeHUsIxX Makc-
BeJIJIa UCKITI0YAI0TCSI KOHCTAHThI 3JIeKTPUUECKOit 1
MarHMTHOM TIPOHMUIIAEMOCTU [T XapaKTepu-
CTUKM TIPOCTPAHCTBA ¥ BpPEMEHM KaK OOBEKTOB).
BpI60D AMCKPETHO BEIMUYMHBI AJISI MAacChl TIOKOSI
paBHOI1 TTOCTOSTHHOM [I/1aHKa 03HAYaeT, UTO 3/1eK-
TPOH U TO3UTPOH — 3TO MUHMUMAJbHbIE TUCKPET-
HbIe KOPIYCKY/ISIPHbIE OOBEKTHI M UX U3MEHEHME
CBSI3aHO TOJIBKO C TepexooM B IPOTUBOIMOJIOXK-
HOCTb B pe3y/bTaTe aHHUTWISILMM, @ He pacliaaa
Ha elllé 60Jiee MeJIK/e KOPITyCKY/ISPHbIE 00bEKThI.
CooTBeTCTBEHHO B cucTeMe MwuposmaHus, ecin
O/lHA TlepeMeHHas BeJIMuMHa BbIpaXkaeT CKOPOCTh
V, TO BTOPOI U3MeHsIeMOJi IIepeMeHHOI 0CTaETCs
PpOJIb MacChl U IpU 3TOM Vi=1/m. B IpOTUBHOM CJTy-
yae OMpeAenuTb Haau4ue MPOTUBOMOIOKHOCTEN
HEBO3MOXKHO, eC/iM BUJ, 06BEKTOB B MPOTUBOIIO-
JIOXKHOCTSIX coxpaHsieTcs. Tak Kak ornepaius Cjo-
SKeHMSI IIPY MHBapPUaHTHON Gopme, 3a CUET mepe-
HOCa 3HaueHus V2, 13 JIeBOoit yacTu ypaBHeHus (18)
OT 3HAaKa paBeHCTBA B MPaByl0 4aCTh OT 3HaKa pa-
BeHCTBA B (19), IpUBOANUT K CMeHe CYMMBbI Ha pa3-
HOCTb, TO [JIA COOMIONEeHUS WMHBAPUMAHTHOM
(hopMbI B BUIE TOXIECTBA HEOOXOIMMO CMEHUTD
1 3aKOHOMEPHOCTU. B IIpOTHBHOM c/Tyuyae B MaTe-
MaTKKe BO3HUKAIOT pelieHus C ejieHyeM Ha HOJIb
1 6eCKOHEUHBIMY 3HAYEHUSIMU. FIMEHHO 3MuUM J10-
euxka usuku omauuaemcs om Jo2UKU Mamema-
muku. JIpyruMu cJioBaMu, Mbl TIepexoauM U3 pac-
CMOTpeHMS Tpoliecca B BOJITHOBOM BH/le K KOPITYC-
KYJISIDHOMY BUY, U CJIOXXKeHMe B OJIHOM MPOTUBO-
TTOJIOKHOCTY TO/KHO 0TO6pakaThCsl BBIYUTAHMEM
B IPYTrOil IPOTUBOMOJIOXKHOCTY. TakuM o6pasom,
3aMKHYTbIe npeobpas3oearus no CTO DiiHuimetiHa
mpeb6yrm HAIU4Us pa3HslX cCUCmem HabI0eHUs om
OJIUMBL U 8peMeHU € Nepexo0oM SMUX 8eJIUUUH dpye 6
dpyza 6 3asucuMocmu om cucmemsl HabaOOeHUs U
CMeHOUl 3aKOHOMepHOCmell.

Hamo oTmMeTuTb, UTO UCIIOb30BaHMeE MIPU Ma-
TeMaTUYECKMUX PaCUETax CMEHbI CUCTEMBI HaOITIO-
JleHUsI TIPUMeHWI UHTYUTUBHO U Bop mipu BbIuKC-
JIeHUM pajuyca OBUKEHUSI 3JeKTpPOHa 10 opbure
BOKpPYT IpOTOHA. [Ipy 9TOM OH UCII0JIb30BaJI YpaB-
HeHMe TapMOHMYECKOro OCUW/UISITOpa, KOTOpoe
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(TIp HOpMUPOBKE Ha nhf) OTpaskaeT ypaBHeHUe
OKPY>KHOCTM B Buze [7, c. 58-59].

p?/(2me) + mo(r2nf)?/2 = nhf,  (23)

CyTb HEOOXOIMMOCTH MUCIIOJIb30BAHUS YPaBHe-

HUS  TapMOHMYECKOro  OCUMIIATOpa O

myv? = hf;

mq(ro2nf)? = hf;
mo(2Tf1y)? = my2nfwry?
myvr, = h,

vry, = he/(2m) = 1/(2m),
IIpu ompeneneHun MepBoii Op6UTHI BOJOPOAA
Bop dakTuyecku MCrOAB30BaJ CMEHY CUCTEMbI
Ha6TI0eHNS 3a CUET HOPMYJIBI MyVT, = A TIPU 3a-
MeHe MMITY/IbCa Ha paanyc opbutsl. UHbIMU CI10-
BaMM, OH CHejia] MepecyéT KMHETUUYECKO dHep-
TUn B MOTEHIUATbHYIO SHEepruIo

movz/ro = mozvzroz/rog = hz/rog = moqz/rozi

To = hz/(moqz)'

Odnako napadokc, donyuieHHsili Bopom é mom,
4mo c80UM NOCMYAAMOM o OUCKPEMHbiM opoumam
OH UCKJIIOYUJ U3JlyueHue npu 08UuXIeHUU 31eKMpPOoHa
Ha JuckpemHsIx 0pOUMax, 8 Mo 8pems KaxK ypasHe-
HUEe 2apMOHUYECK020 OCYULLMOPA UMEHHO OCHO-
8AHO HA U3/yueHUlU, 8 sude 3HaueHus nhf.

OTmeTMM, 4TO C YYETOM Hallleil Teopuu pas-
HMIIA Ha 27, He M03BOJISIeT NMpeCTaBUTh IJINHY U
CKOPOCTh KaK IPOTMBOIIOJOKHOCTM C YUYETOM
YCIOBMSI OXBaTa BCeX 00beKTOB MUpO3JaHus Tpu
B3aMMogencTeun. BennunHa pagmuyca xapakrepu-
3yeT CUCTeMy HabJojeHue Ipolecca, HO He orpe-
JlesieT B3aMMOJeNCTBMEe B Ipeo6pa3oBaHUM Be-
nuuuH. IIpy 3TOM McMonb30BaHMe paguyca Mpu

myv2nr, = 2mh;
myvr = pr = h;
mour = h =1/c =my;

vr =1.

B pe3ynbTaTte M3MeHeHMs IO CKOPOCTU U IIUHE
c yu4éTOM cuCTeM HabMIOfeHUs U 06pPaTHO-TIPO-
TOPIIMOHAIBHON CBSI3U paBHbL. OTCIOAA HUKAKUX
HOPMMPOBOYHBIX KO3 GUIIMEHTOB B TOM CTydyae
He TpebyeTtcs. CnegyeT OTMETUTb, UTO, TaK KakK B
cpeze pacrnpocTpaHeHUs 3HaUeHMeE AJIVMHbBI OKPY3K-
HOCTM OTpaxkaeTcs uepe3 IMPOCTPAHCTBEHHO-Bpe-
MeHHOe MCKPUBJIEHNEe, TaK Kak B MPOTUBHOM CJTy-
yae MbI MMeeM TeoMeTpuI0 DBKIKIA 6e3 BO3MOXK-
HOCTM CBSI3M IO KOOpAMHATaM, TO B MPOTUBOIO-
JIOSKHOM cyucTeMe HaGJIOgeHNsT 3TO 3HAUeHMUe UT-
paeT poJib MaccChl, ¥ Mbl MOKEM 3arucaThb r=m=1/v.
DTO O3HAyaeT, UTO CKOPOCTh B OIHOI CUCTeMe
HaOJII0IeHNS TIPeCTaB/SIeTCS] 3HaUeHMeM MacChl
(OIMHBI, OTpaXawlleil IPOCTPAaHCTBEHHOE WUC-
KpUBJeHME) B IIPOTMBOIIOJNIOXKHOI  CUCTeMe
HabmogeHus. JIefiCTBUTENbHO, eCJI pacCMaTpy-
BaTb MacCy KakK HeUTo OT[ejlbHOe  OT

06BbSICHEHMST B3aMMOAECTBUS ITPOTUBOIIOIOXKHO-
CTeil C HaIMuMeM 4acTOThl U3JIydeHUs] Mbl MOKa-
K€M HeCKOJIbKO Hirke. 13 (23) Bop momyumi dop-
MYJIbI BUZA:

=my2nfvry = 2nfh; (24)

MPOCTPAHCTBEHHOTO MCKPUBJIEHUSI U TEM CaAMbIM
dbakTMUeCcKu CMEHWT CUCTeMy HabJofeHus Ha
MPOTUBOTIOIOKHYIO CUCTEMY C YUETOM CBSI3U Ue-
pe3 CKOpOCTb cBeTa (IIpM COOTBETCTBYIOIIEN HOP-
mupoBke Ha 2m). Otcioma bop monyumn ypaBHe-
HUe:

(25)

B3aMMOJENCTBUM NPUBOAUT K Iapajokcam, Kax,
HarpuMep, MarHUTHasl CuUJia MPU OBUKEHUM 3a-
psifia 1o OKPY>KHOCTY He MOSKeT OCYIIeCTBISATh pa-
60ThI [8, c. 118-119]. OgHaKo 9TO O3HAYAET CylIe-
CTBOBaHMe CUJIbI 6€3 3aTpaT SHEePTUM IO BTOPOMY
3aKoHY HbI0TOHA, yero 6bITh He MOKeT. HbIMMU
CJI0BaMM, MCIIOJIb30BaTh HEM3MEHHOE 3HaueHue
pazinyca Kak KOHCTaHThI JJ1s1 OMCaHUs AMHAMUKA
B3auMoOAeNCcTBUs cuia Heab3s. OTCloma MpaBUiib-
Hasi HOPMMPOBKA B OMHAMMKE B3aMMOIENCTBUS
COOTBETCTBYET He PaguycCy, a IJIMHe OKPY>KHOCTH,
10 KOTOPO#1 OCYIIEeCTBJSIETCSI B3aMMOZECTBUE C

yuaéTom popmyi:

(26)

MPOCTPaHCTBEHHO-BPEMEHHOI'0 UCKPUBJIEHUS, TO
HagoO MpuAyMaTb MeXaHU3M (3aKOH) BIUSHUSA
9TOI Macchl Ha M3MEHEeHMe MNPOCTPAHCTBEHHO-
BpeMEeHHOe MCKPUBJIEHME, a eT0 KaK pa3 u HeT.
CrnenoBaTenbHO, MbI PACIIMPUIN 3aMEeHY, BBEIEH-
Hy1o Bopom ncxozns u3 Toro, 4To Macchl Kak Tako-
BOIl BHE OINMCAaHUS MPOCTPAHCTBEHHO-BPEMEH-
Horo uckpuaenus mo CTO u OTO diiHiTeliHa He
cymecTByeT. [TOBTOpMM, YTO B COBPeMEHHOIi hu-
3MKe ceiyac TrOCIOACTBYeT MpencTaBleHue, YTO
Macca — 5TO HeuTo OTAe/bHOe Y OTCI0Ia BO3MOXKHA
HeKasl HeWTpajabHash macca BHYTPU MOPOCTPaH-
CTBEHHO-BPEMEHHOTO MCKPUBIEHUS Cpenbl pac-
npocrpaHeHus. IIpy 3ToM NpUAyMaHO Oaxe OT-
[leJIbHOE B3ayMOZENCTBME 4yepe3 rpaBUTOHBI. O
MapajoKkcax, KOTopble IPY 3TOM MMEKIT MECTO,
MBI TOBOPWJIN B [9, c. 5-44].
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Ianee HeO6XOAMMO BCIIOMHUTD camy HopmyIry
JIyu pe Bpoiing [10, c. 63] oTpaXkarllLy KOpIyc-
KYJISPHO-BOJIHOBOI Ayalu3M:

Kak MbI He pa3 IToKa3bIBaju, 3Ta Gopmysia Bbi-
BOAUTCSI U3 apTyMeHTa BOJIHOBOV GyHKIMM ¥ =
exp[ — i(Et — Pr)], KOTOpasi OTpaxaeT YCJIOBUe,

A=h/(mv) =h/p, 27) rge KoJIM4YeCTBeHHble M3MEHEeHUS B aprymMeHTax
(byHKUMIT B IPOTUBOMOIOKHOCTSIX PaBHBbI:
Et —pr =0;
htf = pct; (28)
A=c/f =h/p.

C y4éToM Halllell Teopuu L5 3JIeMEeHTapHOM 4acTUILbI C MacCoOil my=1/c Mbl MOXeM CBSI3aThb YaCTOTYy U
CKODOCTb B BUZE:

A=c/f=h/p (29)

f =c*p =cmgv = cv.

3mech HEOOXOAMMO OTMETUTD, UYTO MPEeJCTaB-
JleHue 4Yepe3 YacTOTy M CKOPOCTb OTHOCUTCS K
MIPOTYBOIIOIOKHBIM CUCTEMaM HaOIIOIeHUST, CBSI-
3aHHBIM Uepe3 CKOPOCThb CBeTa. IHbIMU CJIOBaAMMU,
Mbl MMeeM MepBOHAYaJIbHYI0 CBSI3b Yepe3 CKO-
POCTb CBeTa aHAJIOTMYHO CBSI3U IJIMHBI U BpEMEHU
mo umee MuHKOBCKOTO [3, ¢. 226]. U3 dopmyib
(29) Takske cienyer, UTO MIpeCTaBieHMe IIpolecca

mc? = hf;

U GU3NYECKUX BEIUUMH TaKKe 3aBUCUT OT CU-
creMbl HabmogeHust. Terepb BCIIOMHUMM M3BECT-
Hyio dopmyny Jlym nme bBpoiuis pjas ommcaHus
«BOJIH MaTepuu» II0 KOTOPOI CO BCSIKOV HeIo-
IBUKHOJ YacTuUlleli Maccoil m CBsSI3aH HEKOTOPbIN
repruogu4ecKuii mpouecc 4actoTsl f [11, c. 216] u
yurém OTO JiiHIITeliHa, a TaKKe YTO I10 Hallei
Teopun me=1/c=h:

mocz/(l - 1711p2/C2)1/2 = hf;

/(L ~ v/ = f;

E/f = (1= vp® /Y (30)
C4/f2 = (1 - vnpz/cz);

/P vt et =1

?/v? 4+ vy% c? = 1.

Takum 06pa3omM, Mbl BHOBb ITPUXOAVM K YPaB-
HEHUIO OKPYKHOCTHU, TO €CTb 3aMKHYTOJ CUCTEMbI
Ha JIBe TPOTUBOIIOJIOXHOCTY, TOe B 00OUIei cu-
cTeMe HabJII0eHMsI CKOPOCTU OT IIPOTUBOTIOJIONK-
HOCTeT BBIPaXKaI0TCSI B 00paTHO-ITPONIOPIMOHAIb-
HOJi 3aBucuMMoOcTH. Kak Oymer ITOKa3aHO He-
CKOJIbKO HIKe, TaKO¥ ske BUJI ITOy4daeTcst U B CITy-
yae B3aMMOJIEMCTBUSI JIEKTPUUECKUX U MarHuT-
HBIX COCTaBJISIIOIINX, UTO TOBOPUT O CUMMETPUA
3aKOHOB B ITPOTMBOII0J/IOXKHOCTSIX.

TakuM o6pasoMm, U3 Haleil Teopun Mupo3smga-
HUSI CTIeIYIOT 3aKOHbI (PU3UKM, KOTOPbIe TOKA3bI-
BalOT CBSI3b CKOPOCTH, MACChl, YACTOThI UCXOAS U3
HaJIMYMS TTIPOTUBOTIOIOXKHOCTENM, 3aMKHYTBIX APYT
Ha Jpyra ¢ Haauuuem obMeHa mexny HuMmu. Cob-
CTBEHHO, UTOOBI ONIPaBIATh CBSI3b MACChI IOKOS C
yacTtoToit, Jlyu me Bpolinb mocTynupoBana cyie-
CTBOBaHMe BOJIHOBOTO MOJIS

Y(t,r) =¥ exp(ig) = ¥yexp(iwgt), (31)

He 3Hast, uTo c0060¥i (GU3MUECKY MIPEICTaB/ISIET

3TO BOJIHOBOE nose, busukm cTanm

V(t,r) =¥, exp(ip) = exp(—¢)
= [ch(¢) — sh(¢)] exp(iwot).

DTO 03HAYAET, YTO OOBEKT OTOOPAKAETCS B O -
HOJi TIPOTMBOIOJIOXKHOCTM IIPOCTPAHCTBEHHO-
BpeMEHHbIM MCKpUBJIEHVMEM, a B JIpYroii

MHTepPIpPeTUPOBaTh ero kak (QyHKUMIO, KOTOpast
XapaKTepusyeT BepOITHOCTb. Ho MBI OoTMeTUM,
YTO NpU 3KcrepumeHTe [IsBuccoHa u [xepmepa
[10, c. 63] ¢ OOHO3HAYHO IIOJy4aeMOl BepxHe
dopmyoii (29), crydaitHOCTe HeT, TaK Kak IIpu
CJTYYafHOCTSIX BEJIMUMHBI B OTIBITE TAKKE ObLIN ObI
CIydaliHbIMU. M 3TO Kak pa3 MCKIIOYaeT CBSI3b
dyuxkunu Jlyu ge Bpoiins co ciaydaitHbIMU Ipoliec-
camy, Ilo cytu Jlym ge Bpoiinb yTBepaun mnpep-
cTaBjeHMe 00beKTOB Mupo3maHusi B OGHONM po-
TUBOIIOJIOKHOCTY B BUJIe BOJIHOBBIX IIPOLIECCOB, a
B JIPYTOJi IPOTUBOIIOJIOKHOCTY B BUJ € KOPITYCKYJI
¢ Maccoii mokos. OTcIofa ciiefyer, 4To Crocob oT-
pakeHMsI KOPITYCKYJISIPHO-BOJIHOBBIX CBOJCTB, UC-
xogns u3 dyukuuu Jyu ne Bpoiins (31), ¢ cooTeT-
CTBYIOIIMM TpefcTaBaeHneM 3HaueHus1 Wy 1o reo-
MeTpuy MMHKOBCKOTO [3, €. 226] yepe3 3KCIIOHEH-
MaIbHYI0 QYHKIMIO C YIETOM HIKHel HopMyIibl
B (1), MOXeT ObITh TPEACTABJIEH B BUIE:

exp(ip) = exp(— ¢) exp(iwpt) = 32)

MMPOTMUBOITIOJIOKHOCTU — BOJTHOBBIM ITPOLI€CCOM CO-
OTBeTCTBYIOLLIEVI YaCTOThI. HpI/I TaKOM IIpeacTaB-
JIeHUU OOBEKT MMeeT KOPITYCKYJIIDHO-BOJ/JIHOBOE
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oTo6paxkeHue B 00eX MPOTUBOTIOIOKHOCTIX U 32 penJIoKUI TTepexot OT KOPIYCKY/SPHBIX CBOVCTB
CYET MHUMOJM eAUMHULIBI TPOUCXOAUT CMEHA KOP- K BOJTHOBBIM CBOJCTBaM uepe3 ypaBHEHME SHeEp-
MYCKYJSIDHOTO TMpPeCTaBJ€HMST Ha BOJHOBOE MY DVHIITE/HA HA OCHOBE BOJIHOBBIX (DYHKIIMIA
TIpeficTaB/IeHNe, ¥ Ha000POT. YUUThIBAST HEOOXO- JIymn me Bpoitns, kotopsie B (1) hopMupyioT obiiee
JVMOCTb OOHO3HAuUHON CBSI3U BOJHOBBIX U KOp- ypaBHeHMe MuposmaHus.

ITyCKYJISPHBIX CBOVCTB B KaXXIOM 00beKTe Mupo- B sToM ciyyae mnepBOHauvaJibHOE YpaBHEHME
3IaHUs, ¢ YYETOM OOMeHa C yCI0BMEM 3aKOHa CO- SHepruM JUHILTENHA C YUYETOM «IMHeapusauum»
XpaHeHus] KOoJuvecTBa, [uMpak WMHTYUTUBHO umeet Bz, [12, c. 295-298]:

B = c(P? + Myc))V? = c() Ay - Py), (33)
k

3nmech k usmensiercs ot 0 7o 3; Po=Myc; Pi=Py; P=P,; Ps=P,. I3 3T0¥ 3ammcy Ipy UCIIOIb30BaHMUM MATPUI]
IJIS1 pasyiokeHus (33):

0 0 0 1 0 0 0 —i 0 0 1 0 10 0 O
oo 10 o 0o i o o 0o 0o -1 o1 0 o

Al_0 1 0 o’Az_o —i 0 0’A3_1 0 0 0'Al 0 0 -1 0 (34
1 0 00 i 0 0 0 0 -1 0 0 00 0 -1

CnenyroT U3BeCTHbIE YPaBHEHMs, KOTOPbIE JAIOT CUCTEMY ypaBHeHumii lupaka. [Ipy 3TOM cucTema ypas-
HeHU uMeeT BUI:

(E — Myc?) —c(P, —iP)) —cP, = 0,

(E — Myc?) — c(P, +iP) + cP, = 0,

(E + Myc?) — c(P, —iP)) —cP, = 0,

(E + Myc?) — c(P, +iP)) + cP, = 0.

(35)

Iamee KOHKpETHbIE UMCIOBbIE 3HAUEHUS 3aMeHsI0TCs O depeHIaTbHbIMU OllepaTOpaMy B BUIE:
E = ihd/0t,
P = —ihV,
KoTopblie MomKHBI BO3eiICTBOBATh HA BOJHOBYIO GyHKIMIO W, 1 KOTOpasi, B CBOIO ouepe/ib, XapaKTepu-
3yeT BepoSITHOCTb. B auddepeHiasbHOM BUle MbI ITOTYYMM CUCTEMY ypaBHeHM [lyipaka:

0 d 0 0
(ih—— mocz)‘}’1 + C(ih—x+ h—) Y, + cih—Y¥; = 0;

(36)

Jat a dy 0z
.0 ) .0 d .0 _
(lha —myc )‘{’2 +c (lha - h@> Y, — ah£‘P4 =0;
d , 9 9 <
(lhE + myc?)W; + c(tha-l- h@) v, + Clhgq’l =0;
.0 5 0 d .0
(lhﬁ + myc?)¥Y, + C(lha - h@) v, — Clhalpz =0.
TTOHSTHO, YTO IpU «IMHeapusauun» Iupaxk He Buza (33) 1 MUCoab30Bal GYHKIMM, KOTOpbIE Xa-
OomMpasics Ha peanbHble (GU3UUYECKME ITPOIECCHI pPaKTepU3YIOT BEPOSTHOCTD BUAA:
IJISI TIOTyYEeHUsI YpaBHEHMSI SHepruyu JIHILITEeHA
Y(t,r) =exp[—i/h[(Et — Pr)] = exp[ — i/h(Et — P.x — P,y — F,2)], (38)
Takoif Bup, cooTBeTCTBYeT (yHKiMu JIyu me YyjieHax, TO €€ MOKHO UCK/TIOUUTD U3 AabHeNIIero
Bpoiinga nys 06beKTOB MUpPO3aaHKs B OTAEJIbHOM paccmoTpenusi. COOTBETCTBEHHO MMEEM BUJ,
3aMKHYTOM Bupe. Tak Kak moctosiHHas [lnaHka A GYHKIMIA TP OBVDKEHUM YaCTUIBI 0€3 HaJIMuus
MMPUCYTCTBYET Mpu auddepeHIIMPOBaHUYM BO BCEX BHEIIHUX CUJI:
Y(t,r) = exp[ —i[(Et — Pr)] = exp[ — i(Et — P.x — B,y — B,2)], (39)

ITpu BeIpaskeHUM OJHMX GYHKIMIA yepe3 Apyrue, ¢ yuétoM auddepeHIIMpoOBaHNUS IJis CBOOOIHOI Ya-
CTUIIbI 6€3 BHEIIHEr0 3JIeEKTPOMAaTHMUTHOTO IT0JIsI, TIOJy4aeM:

(E = Myc®)¥,; = c(P, — iP,)¥, + cP,¥s,
(E = Moc®)¥, = c(P, + iP,))¥; — cP,¥,,
E + Myc?)W; = c(P, — i)V, + cRY¥,

(E + Moc®)¥, = c(P, + iP,)¥; — cP,¥,.

(40)
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Ianee BeIpaskaeM ofgHM (QYHKIIMY Uepe3 qpyrue:

¥, = [c(P, — iP))¥, + cP,W5]/(E — Myc?),

W, = [c(P, + iP))¥s — cB,¥,]/(E — Myc?),

Wy = [c(P, — iP))¥, + cB, ¥,/ (E + Myc?),

¥, = [c(P, + iB)¥; — cP,¥,]/(E + Myc?),
Ha cnemyromem stare moacTaBiseM OgHM (PYHKIMY BMECTO APYTUX U COKpaIllaeM ITOJ00HbIE UIEHbI:

¥, = [P, (PW, +iP¥; — B,Y¥,) — iB,(P¥, + iP,¥, — PB,¥,) +
+P,(PY¥, — iBY, + BYDI/[(E - Moc*)(E + Mocz)]'
¥, = (P2, + iP.P¥, — P,B,¥, — iB,P¥; + P,*¥, + iP,R,¥, + (42)
+P,P¥, — iP,P,¥, + P,°¥,)/(E* — My*c*),
(E? — Mp*c"¥, = 2(PY, + B,*¥, + P,°¥,)
Cokparast Ha BOJTHOBYIO BEpPOSITHOCTHYI0 (PyHKIIMI0 W1, TTO/TydaeM ypaBHeHMe dHepruu JMHIITeHa s
B3aMMOZ e CTBYIOIIMX MTPOTUBOMOJIOXKHBIX YaCTUII:
E? = mg®c* + c*(P,* + B> + B,%);

(41)

E = +[my?c* + c*(P,> + P2 + P,2)]V2. 43
AHanoOTMYHBIN pe3yabTaT Mbl MMeeM U IJIs IBVKYIIUXCST KOPITYCKYJ/ISIPHBIX YacTUI] HE COOT-
IPYTUX BOJIHOBBIX QYHKIINIA. BETCTBYET ypaBHEeHMIO [aMmibTOHa — IK06M, KO-
OpHako ciegyeT OTMETUTD, YTO IOTYYEHHbIN TOpOe C/eyeT U3 BTOpOro 3akoHa HproTOHa:
BUJI Yepe3 CUCTeMYy YypaBHeHMI1 [upaka pjs
F=ma=md?s/dt?*= mdv/dt; (44)
E=JFds=[Fvdt={mvdv=mv?/2=p*/(2m).
Ha cienmyiomemM sTare mo KaacCHMUeCcKoil ¢u- IMocsie B3SITUS POU3BOAHBIX B (45) MbI UMeeM
3MKe 6epércst Hekast GyHKUMS meiictBus S(r,t) ¢ ypaBHEHME:
Y4€TOM paBeHCTB Vs =p u 0S /0t = —E. B pe- E =p?/(2my) + U(r) = p%/(2mg) + my(r2mf)? /2, (50)
3y/lbTaTe UMeeM ypasHeHue I'amunsmona — Akobu [TonsiTHO, YTO ABMIKEHME C YCKOPEHMEM CBSI-
0e3 8HellHez0 NoJs: 3aHO C U3JIyueHMueM, OJHOBPEMEHHO [JI NOIyJe-
—0aS(r,t)/0t = [1/(2m)][VS(r, D)]?, (45) HUSI CTAOMIIBHOTO 00'beKTa HEOOXOAMMO U ITOIJIO-
W B TOM 1 IpYroM ciIydae Mbl MMeeM IBVOKYIILY - I[eHMe, UYTO ObUIO 3aMeYeHO JIHIITeHOM MJIs
10CST YacTuily 6e3 BO3JeCTBUS BHEIIHUX CUJI, HO omucanus ¢oTosdderTa B ero ypaBHeHMM BUIA
3aKOHbI pa3Hble, M 3TO O3HAYaeT HEOJHO3HAU- [14, c. 36]:
HOCTb U Iapagokc. IlosToMmy Hafo roKasaTh Ipu- hf = p?/(2m,) + A(7), (51)
YMHY TAKOT'0 pa3jINuus U C 3TOM LeJIbI0 YUTEM, UTO OTcroga ¢ y46TOM paBEeHCTBAa MOIVIOIIEHUS U
ypaBHeHMue [amuiabToHA — SIKOOM MpM HATUIUU U3JTYYeHUS IJIs1 HAM4Iusl COBTIoeHMs 3aK0Ha CO-
BHEIITHETO IT0JISI MPUOoOpeTaeT BUI: XpaHeHUs KOJIMUUeCTBa MeXIy MPOTUBOIIOJIOKHO-
—aS(r,t)/0t = [1/(2m)][VS(r, ©)]* + U(r), (46) ctsimu nipu E=hf nomyuaem dopmyy rapmMoHuue-
[anee mOKakeM CBSI3b JaHHOIO yYpaBHEHUS C CKOro ocIuyuIsiTopa B Buie (23). OmHako nasee,
ypaBHEHMEM TapMOHMYECKOTO OCHUJIISITOpPa, HO MCXOMS U3 TIONYyUEHNUS 3aBUCUMOCTY mov? = hf B
MIpY 3TOM CUMTaEeM, UTO CUJIa TPUTSDKEHUS TTOTEH- (24) HeoOXxOIMMO 060CHOBATH 3aMEHY IOTEHIIM-
LIMaJbHOTIO II0JIS1 paBHA Ccuile OTTalnkuBaHus. [Ipu aJIbHOM SHEPruM my(r2mf)?/2 Ha KUHETUUECKYIO
3TOM HAIllOMHMM, YTO TAPMOHMUUECKUM OCITUJIISI- sHepruio p?/(2m,), u Hao60poT. COGCTBEHHO Ta-
TOPOM Ha3bIBAIOT YaCTHUILY, COBEPIIAONTYI0 OTHO- KyI0 3aMeHy Mbl 060CHOBau B [9, 5-44; 15, c. 32-
MepHOe€ ABVKEeHMeE IO, AeiCTBMEM KBa3UYIIPYToit 56], 3mech MbI TOJIBKO YKaskeM, KaKue IMpOoTHUBOpe-
cunbl F=—kx [13, c. 90]. [loTeHUMaNbHAST SHEPTUS Yys TIOMEIIaIY YUEHBIM IPUIATY K HEOOXOTUMOMY
TaKO¥ 4acCTUIIbI UMeeT BUT: pes3ynbTaTy M KaK OHM IOJDKHBI ObUIM GBITH pe-
U =kx?/2, 47) IIeHbI C YIETOM MPaBUJ, IPUMEHEHHBIX CAMUMU
Co6CcTBEHHAsT YaCTOTa KJIACCMYECKOTO rapMo- dusukamu. [Ijis aTOr0 60JI€€E JEeTaNTBHO PACCMOT-
HMYECKOTO OCUMJIISITOpa MPU Macce 4aCTUILbl My PMM UCIIOSIb3yeMOe B KBAaHTOBOI MeXaHMKe ypaB-
paBHa: Henue llIpennnrepa, KoTopoe GakTUUECKY CBSI3bI-
o = (k/mg)/?, (48) BaeT KOPITyCKYJSIpDHbIE CBOWCTBAa C BOJIHOBBIMU
Hanee nomyunm HopmMysry i1 IOTEHLIMATbHOI CBOJCTBAMM C YUETOM 3aKOHA COXpaHEHUS KOJM-
3HePTMM YacTUIIbI B BUTE: yecTBa. [Ipy 3TOM MbI YUMUTBIBAEM, UTO ypaBHEHME
U =myw?x?/2, (49) Illpenyurepa 6e3 yyéTa BHELIHNMX CIJI OYIET MMETh

Buz [16, c. 30-31]:



AKTYyaJbHbIe UCCIeOBAHUS ¢ 2024. N252 (234)

[ ®usmka | 23

(=h/DO¥ /0t + [R?/(2my)]VZ¥ =0, (52)
Co6cTBenHo IllpenyHrep MOMbITANCS 00bEeOV-
HUTb YMCTO KOPIYCKY/SIPHOE ypaBHeHMe [aMuib-
TOHA — IKOOM Ha OCHOBE BTOPOTO 3aKOHa HbhioTOHA
C MPUCYTCTBMEM BOJIHOBBIX CBOMCTB. B aTOM Ciy-
yae JOJKHO OBITh PABEHCTBO KOPITYCKY/ISIPHBIX U
BOJTHOBBIX CBOJCTB [JISI OGHOTO U TOTO Ke ypaBHe-
HMSI, YTO OBIJIO BBIITOJIHEHO JIJIST CIy4ast B CUCTEME
ypaBHeHuit [Iupaka. IIpu 3ToM BOJHOBbIe (YHK-
UM TI0 CMHYCY M KOCMHYCY TP TIO/CTAaHOBKE B
ypaBHeHMe ['aMuIbTOHA — SIKOOV TIpU B3SITUM T1ep-
BOJ ¥ BTOPOJ HPOM3BOAHBIX He 00eCreunBaioT
paBeHCTBO. ITosTomy [llpenyHrep 6bIT BHIHYKAEH
MCITO/Ib30BaTh KOMILIEKCHYIO BOTHOBYIO OYHKIIMIO
JIyn pe Bpoiiis o opmyiie (38) ¢ HOpMUPOBKOI
Ha TOCTOSHHYI0 [1aHKka M YMHOXeHueM TepBoit
MPOM3BOIHOM OT PYHKIMM 10 BpeMeHU Ha MHU-
myto enuHuily. COOTBETCTBEHHO, BO3BelleHle B
KBajipaT IIepBOil MPOU3BOAHON OT (PYHKUUM IO
IJIMHEe OH 3aMeHMUJ MHTYUTUBHO ABOVHBIM Iud-
(depenuypoBanmemM 3Toit GyHKIMKM. B wuTore

BOJIHOBOJi BUJI KOMILJIEKCHOM (QYHKLMM TO3BOJINII
TOMYUNTh pellleHue aHaJIoTMUYHOe TOMY, Kakoe
CJ1emoBajo A ypaBHeHUs ['amuibToHa — SIK06M
OT BTOpPOro 3akoHa HeioToHa. CoBIazeHue pelie-
HUSI [ BOJIHOBOV (YHKLIMM C peIleHreM Jjis
GyHRIIMM 1T KOPITYCKYJ/ISIPHOM YacTUIIBI O3Ha-
YyaeT BO3MOKHOCTb COUETaHUS KOPITYCKYJISIPHBIX U
BOJIHOBBIX CBOVCTB B OfHOM 061eM o6bekTe. Ho
BUJ YpaBHEHMII TPU 3TOM OKa3aICsS OTANYAI0-
mumMcs. Torma GU3MKM MMOCUMUTANIM, YTO JAHHOE
ypaBHeHue lllpenuHrepa AOKHO YOOBIETBOPSITh
YCJIOBUIO, TIPY KOTOPOM OHO [IOJIKHO B TIpefiefib-
HOM cJiyuae TepexoJuTh B ypaBHeHMe ['amMuiib-
TOHa — SIk06M. C 3TOI Lje/IbI0 BMECTO BOJIHOBOI
bynkummn Y(rt) = AHOpM exp[(—i / R)(E — pr)]
BBOJSIT QYHKIMIO S MPU MOMOIIM COOTHOIIEHUS
[16, c. 30-31]:

W(r,t) = Auop expl(=i / DS D], (53)

Janee yuuThIBaIOT paBEHCTBA:

YW = (i/R)(VS)¥;
VY = (=1/h*)(VS)*¥ + (i/h)(V2S)¥; (54)
oW /ot = (i/h)(3S/t)¥,

Tak kak BoysiHOBast GyHKIMS ¥ BXOAUT BO BCe
YJIeHbl JIMIIb MHOXKUTEIEeM, TO €é MOXHO COKpa-
TUTb, TOTAA MOJIYYMM:

—05/0t = [1/(2my)](VS)? — [ih/(2mg)](V2S), (55)

B nipenmesnbHOM cityuae u3MKM IoaraioT, YTO
npu BenuumHe h — 0, MHMUMAsI COCTaBJISIOLIAS
nponajgaetr M OaHHOe ypaBHEHMEe IepexonuT B
ypaBHeHyue 'ammibTOoHA — SIK06M. OgHAKO Hamo
HAIlOMHUTb, UTO 2mh = const = 1 / ¢, a 3TO O3HA-
YyaeT, YTO Mepexona K ypaBHeHUIo [aMUabTOHA —
SIKOGM MPOCTO OBITh HE MOXKET, TaK KaK HET Bapy-
aHTa, Ipu KoTopoMm h — 0. A ¢ y4€TOM 0OpaTHO-
MIPOIOPLMOHAIBHOM CBSI3M CO CKOPOCTBIO CBeTa
3aKOHOB (DU3MKM KaK TaKOBBIX MPOCTO OBITH He
moxeT. To ecTw, ipu i — 0, MOJIy4aeTCsi OHOPOS, -
HOCTb, HApYIIAIOTCS 3aKOHbI (PU3UKU U, COOTBET-
CTBEHHO HeT U CaMMX M[POTUBOIIOJIOKHOCTEN.
Kpowme Toro, B fanbHejiiem 3T0 ypaBHeHue (55) ¢
Y4YETOM BHEIIIHEro MOTeHIMATbHOTO OIS UCIIOJb-
3yeTcs ipu Mmetofe Benriens —Kpamepca — bpui-
nosHa (meton BKDB) [17, c. 60] mns cuivMBaHUs
(byHKIIMIT HA TpaHUIlE pasfesa C MOJyueHUEM B

KOHEeYHOM WUTOre IipaBuja KBaHTOBaHUSI Bopa —
3omMepdenbia, Ha OCHOBAaHUM YEro OIpPaB[Ibl-
BaJICSI TYHHEJIbHBIN 3(PPEKT C MPOXOKIEHMEM Ye-
pes IOTeHIMalbHbI/l SHepreTuueckuii 6apbep, a
TakKke HaJaudyMe HyJIeBOV SHePruy Mo COOTHOIIIe-
HUIO HeoTpeneléHHocTel ['eiisenbepra. [Tpyu sTom
MCUEe3HOBEHME UjieHa C BeJIMUYMHOM IMOCTOSTHHOM
ITnaHKa MCKII0YaJI0 10Ka3aTe/JIbCTBO BCEX OCTa/Ib-
HbIX 1mpeobpasoBaumit. IlapagoKCchl  TaKuUX
pelieHuii Mbl TaKke IOAPOOHO pacCMOTpenu
B[18, c. 5-27].

Hago ormeTtuts, uto lllpeguurep 6b11 6J11M30K K
VCTUHE, ecyii ObI YUYEJI, YTO OCHOBOI YpaBHEHMS
TamuabTOHA — SIKOOGM [IJIS1 COBMEIIIEHMST KOPITYCKY-
JIIPHBIX ¥ BOJIHOBBIX CBOJCTB SIB/ISIETCSI 3aKOH
OEeCTBUSL U TIPOTUBOOENICTBUSL O/ MPOTUBOIIO-
JIO)KHOCTeN. B 3TOM cityuae JOJKHO COOTIOAATHCS
paBeHCTBO:

—0¥ /ot = 2y, (56)

COOTBETCTBEHHO 3TO PABEHCTBO OIpeesseT U
BUJ, BOJHOBOV ¢yHKUMM JIyu me Bpoitns Buma
Y =exp[—i(Et —pr)/(2h)]:

¥ = exp[ — i(Et —pr)/(2h)] = exp[ — i(Et — pr)/(2m,)], (57)

Ianee Mbl yUUTBIBaEM, UTO [IMpax Jio60e aud-
(dbepeHIMpoBaHMe eIlé 0 HAC CBS3asl C JOMOTHMU-
TeJbHbIM YMHOXEHMEM Ha MHUMYIO €IMHUILY I10

dbopmynam B (36). Mbl JINIlIb B TEOPUM MUPO3/a-
Hu [1, c. 5-37] many aToMy JIorM4ecKkoe 060CHOBA-
Hye. OTCI0fa IT0/Iy4aeTcs pelleHue:

E/(2my) = p%/(2my)%; (58)

E =p?/(2my),
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Hanmo otmeruts, uto B [15, ¢. 32-56] Mbl manu
Jjornueckoe obbsicHeHne Kospduinenty 1/(2h) B
(57) KaKk BeJMYMHE CBSI3Y MEXIY MeXaHUYeCKUM
IBVKEHVEM M MarHUTHBIM MOMEHTOM (9TO U OT-
pakaeT HeoOXOOVMOCTb KOPITYCKY/ISIPHO-BOJTHO-
BOT'O AyajiM3Ma JIro60ro o6beKra), M 3HaueHue Y4
CBSI3aHO C TEM, UTO YUMUTHIBAETCS TOJIbKO OJHA —
MarHMTHasi COCTABJISIONIAS MPU CBSI3U IPOTUBO-
TOJIO’KHOCTEN uepe3 cKOpocTh cBeTa. CiieyeT OT-
MeTUTb, UTO BelauumHa 1/(2my) TMPOMArHUTHOTO
OTHOIIEHMS TI0 Halllell TeOpUM UTPaeT OCHOBHYIO

PO/b B BBIYMCIEHUY aHOMATbHbIX MATHUTHBIX MO-
MEHTOB. [1e/iICTBUTENIbHO, PAaBEHCTBO, MCIIOIb30-
BaHHOe Bopom B dopmyse (25), COOTBETCTBYET
TpeTbeMy 3aKOHY HbIOTOHA, KOTAa cuia AeiiCTBUS
MpU M3MEHEeHUSX paBHA Cujie MPOTUBOIENCTBUS
Fri=-Fup [19, c. 56] (110 cyTH, popmyna (56)). CooT-
BETCTBEHHO, C YUETOM Hallleli TeOpuu 110 MoayJde-
HUIO HYDKHET GopMyJIbl B (26), @ TAKKE B COOTBET-
CTBUM C Teopueitr [Iupaka, ypaBHeHue (25) IpumeT
BUJ:

mev? /T = —myq?/r?;
vi/r=-1/r? (59)
s=r?=—r=—(s)?

I[Ipy 3TOM MBI YYUTBIBAaeM, 4YTO IOCIefLHee
ypaBHeHMe B (59) OTHOCUTCS K CBSI3U IIPOTUBOIIO-
JIO)KHOCTe Kak apryMeHTa 1 QyHKIIMM, TOe Tpe/-
CTaB/ieHMe uepes3 3HAUEeHMUS S COOTBETCTBYIOT ap-
TYMEHTY BOJIHOBOJ (GyHKUMM JIyu me Bpoitns ripu
OIMMCAHMM KOPITYCKYJISIPHOTO IBVOKEHUST YaCTULIbI.
DTO 03HAYAET, UTO MbI OYyZIeM UMETD pelleHue s
KOPITYCKYJISIPHOTO JABV>KeHUS YaCTUIIBI TIO ypaBHe-
HMio TaMmiIbTOHA — SIK06H, ec/iu He B Halllei Cu-
cTeMe HaOMIOIeHUsT TIPUCYTCTBYET 3aKOH COXpa-
HeHMsT KOJIMYeCTBa 10 3aMKHYTOMY LIMKIY C Jeit-
CTBUEM M IPOTUBOIelicTBMeM. [Ipuuém B OmHOI
MPOTMUBOTIONIOKHOCTY IJIMHA BbIpaXkaeTcs Besu-
YMHOM S, a B JAPYroi IMPOTUBOIOJOKHOCTMA Mbl
MMeeM SKBUBAJIEHT B Bue (S)2. Tak Kak pa3HOCTb
B IPOTUBOIIOJOXHOCTY MEHSETCS Ha CyMMYy, TO
MPOTUBO/IEIICTBME B OJHOM MPOTUBOMOJIOKHOCTU
O3HavaeT Ha/Im4me ob1iero 06beKTa,

BBIPa’KEHHOT'0 Yepe3 BO3IeliCTBIeE (CUITY) B APYTOi
MPOTUBOMNOIOXHOCTU. COOTBETCTBEHHO Mbl yUM-
ThIBaeM, YTO TMPOCTPAHCTBEHHO-BpPEMEHHOe MUC-
KpUBJIEHME, YTO XapaKTepusyeTcsl 3HaAYeHUEeM S
BbI3BAHO JBMXEHMEM B MPOTMBOMOJIOXHOCTU TIO
OTO OisiHIUTeliHA, U ONpeneyseTcsl NPU CBS3U
BOJIHOBBIX ¥ KOPHYCKYJISIPHBIX CBOMCTB rMpOMar-
HUTHBIM OTHOILIeHUeM 1/(2mo)=c/2. OTcioga c yue-
ToM CTO m OTO DiiHLITeliHA [TOTy4aeM BbIpake-
Hye 1js1 Ko3(puiMeHTa aHOMaJbHOTO MAarHUT-
HOr'O MOMEHTA Ha OCHOBE ITPOCTPAHCTBEHHOTO UC-
KpUBJIeHMSI KOTOpoe (popmMupyeTcs: B MPOTUBOIIO-
JIOKHOCTSIX B BUAE TMPOTUBOAEICTBYIOUUX APYT
IPYTY 2JIEKTPUUYECKMUX M MAarHUTHBIX CUJI B OLHOM
MTPOTUBOITOIOKHOCTY Y O HO¥ 0611l CyMMapHOIA
(MarHuUTHOM) CUJIBI B APYrOi MPOTUBOIIOIOXHO-
CTU (MHAUe OTJIMYNIL HeT):

s =[(1-1/(@2me0)*]"? = [(1 - 1/(2)*]"/? = 0,866;

()% = J{I(1 ~ 1/(2moc)?]/2} = [0,866]'/* = 0,93,

Cymma s+(s)?=1,7966 naét HeO6XOMMMbIiI KO-
3 dULMeHT Py BBIYMCIEHUM aHOMAJTbHOTO Mar-
HUTHOTO MOMeHTa JJis npoTtoHa [20, c. 317-318],
KOTOpBIi TP MPAKTUIECKOM BBIUUCIEHUA C YUE-
TOM BJIMSIHMS BHEILHel cpelbl COCTaBUI Besu-
yyHy 1,79. Tak Kak MpOCTPaHCTBEHHO-BpPEMEHHOE
VICKpPUBJIEHME JIJIST MaCChI TPOTOHA GOPMUPYETCS B
MPOTUBOIIONIOKHOCTH, M UMEHHO Ha 3TOM OCHOBA-
HUM TIONy4aeTCs aHOMAa/IbHbIVi MarHMUTHBIN MO-
MEHT, TO COOTBETCTBEHHO B Hallleii cucTeme
HAGIIONeHMS STOT aHOMAa/IbHBI MAarHUTHBIN MO-
MEHT, TIOJIyYeHHbIi Ha OCHOBe 3aMKHYTOTO feli-
CTBUSI U MIPOTUBOAEICTBUS, HE 3aBUCUT OT CKOPO-
CTU IBUKEHMSI TPOTOHA KaK, HalpuMep, AMPaKoB-
CKMIT MarHUTHBIN MOMEHT. [Jajsiee y4TéMm, 4TO pas-
HUIIA TEOPeTUYeCKOTro 3HaUeHUS C 3KCIIepUMeH-
tom Ha 0,0066 cBsi3aHa ¢ TeM, 4TO B (60) yunThiBa-
eTcs HaJluuue OTHEeIbHOTO CYIIeCTBOBaHMUSI Of-
HOT'O aTOMa BOJIOPO/ia, a B peabHOCTHU B IKCIIEPH-
MEHTe J3TOro He [noayuuTtb. [jag  ydéra

(60)

aHOMAaJIbHOTO MAarHMTHOTO MOMEHTa HeTpoHa
HeOOXOIMMO yUeCThb, UYTO HeTPaTbHOCTDb 0becrie-
YMBAETCS HAJAMUMEM JBYX IMPOTUBOIIOIOKHBIX Ua-
CTUIL, ¥ KO3GULIMEHT OJj151 aHOMaJIbHOIO MarHUT-
HOTO MOMEHTa HeiiTpoHa popMupyeTcst CyMMOit
PasHOCTBIO,  Pa3HOCTHIO OT HUX B CUJIy B3aUMO-
neictBus. Tak Kak CJIOXKEHUE B OJHOI MPOTUBO-
TTOJIO’KHOCTM O3HavaeT BhIUMTaHME B IPYToii Mpo-
TUBOIIOJIOKHOCTU, TO Pe3y/JbTaT TAKOIO 3aMKHY-
TOTO B3aUMOZIENCTBUS [-S—(S)2—(5)V2+s]=2(s) 2=
1,86. CoGCTBEHHO TaKoe ITPeAII0I0KEHNE CBSI3aHO
C TIPOIIeCCOM peajbHbIX M3MEHEeHMU ¢ IpeBpale-
HMEeM IIPOTOHA B HEMTPOH U HEITPOHA B MPOTOH
10 peakiusIM CHHTe3a M pacmaga. IIpumepom
3JIEKTPOHHOTO 3aXBaTa MOXET CJIYKUTh IpeBpa-
menue Kamust K* B apron Ar'® [21, c. 248]:
10K +e > gAr* + 1, (61)
O6paTHbIii Mpolecc MOXKHO IMPUBECTY Ha TIPU-
Mepe rpespaitenne asora N3 B yriepon C13:
N3 = CB3 +et +1, (62)
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[ToHSITHO, UTO B3aMMOJENCTBME UYACTUIL C UX
npeBpalieHeM B HOBbI€ YaCTUILbl OCYLIECTBISI-
eTcs yepes3 OKPYXalollylo Cpefiy, a 3HauuT, 3aBU-
CUT OT € ITPOCTPAaHCTBEHHO-BPEMEHHOT'0 MCKPUB-
JIeHus. Imo 8 KopHe omjuuaemcs om KOHuyenyuu
(u3suxos, Komopole NbIMArMCsl NOJIYUUMb HeliMmpoH
3a cuém KuHemuueckou SHepauu U CMOJKHOBEHUS
npomoHo8 8 pe3yivimame npeodosieHust HeKux soep-
HblX cus. IHBIMM CJIOBaMM, Mbl BUAMUM, YTO aHO-
MajibHble MarHUTHbIE MOMEHTbI CBSI3aHbI C (puU3N-
KOJ1 peaJIbHOTO Mpoliecca MPOCTPaHCTBEHHO-Bpe-
MEHHOTO MCKPUBJIEHUSI 38 CUET 3aMKHYTOIO JIBU-
SKeHMSI B IIPOTUBOIIOJIOXKHOCTSIX. KpoMe Toro, He
HaJo0 OyMaTb, UTO yKa3aHHbIe BBIYMCIEHUS [IJis
aHOMAaJbHOT'O MarHMTHOTO MOMEHTAa uepe3 JBU-
sKeHMe € YUETOM Pa3HOro IMpencTaBaeHus] 06bek-
TOB B IPOTMBOIIOJIOKHBIX CUCTeMaxX HabIIOneHNs
— 9TO HalM BbIAYMKM. Kak He xoTenyu hdusuku, Ho
OHM ObUTM BBIHYKAEHBI PV OMMCAHUY aHOMAJTb-
HOTO MarHMTHOTO MOMEHTA MCIIOJb30BaTh OpOu-
TaJIbHOE [NBVKEHME BUPTYAJIbHBIX I1M-ME30HOB
[22, c. 240], yTo, COGCTBEHHO, TaKkKe OIpeJens-
eTCs CBSI3bI0 MAarHUTHBIX CBOVCTB C JOBVKEHUEM
yepe3 r’MpoOMarHuMTHoe oTHouleHue. Kpome ToroO,
OHM MCIIONB30BAIM [JIS1 ONMMCAHUS aHOMAaJIbHbIX
MarHMTHBIX MOMEHTOB MU(UUecKe KBapKu 1 CO-
3[a7MM TIPOTUBOPEYME C HEOJHO3HAUHOM CBSI3bIO
3MEKTPUYECKUX Y MArHUTHBIX CUJI 13-3a IPOOHO-
CTM 3apsioB TPU OJHOM U TOM K€ MarHUTHOM
cnuHe. Msi xe, ucxogs us CTO m OTO OiiH-
HITeiiHa, TaKKe OPUEHTUPYEMCS Ha OpObUTaIbHOE
IBVKEHNE, HO B IPOTMBOIIOJIOXKHOCTSIX Ha APYTOM
YPOBHE MepapXuu B COOTBETCTBYIOUIMX CUCTEMAX
HabmogeHns. CaMmo M3MeHeHMe TpeiCTaBIeHNs O
B3aMMOJIEICTBUSIX B IIPOTMBOIIOJNOXKHOCTSIX,
TIpu TIepexojie OT OJHO CUCTeMbl HabJI0IeH NS B
IDYIYI0 CUCTeMY, CBSI3aHO C WCKIIOYeHMeM
OJHOPOJIHOCTH, C YYETOM M3MeHEeHUsI pa3HOCTU Ha
CyMMy  (MHauYe  HeET  pasIuuuit  Mexny
MPOTUBOIIONIOKHOCTAMM). OJHAKO MCIO0JIb30Ba-
HJe KBapKOB JIaJI0 eIl OMH ITapajioKc, MpU KOTO-
pOM 3HaueHMe MarHMTHOTO MOMEHTa KBapka He-
BO3MOJKHO BBIUMC/IUTD, TaK KaK HEM3BECTHO CAMO
ero mpowucxoxneHue. IlosTomy dusMKaMu
IlejlaeTcsl ouepeqHasl MOJTOHKA I10J, pe3y/abTar,
Mpy KOTOpPOV 3HAUeHue MAarHMTHOTO MOMEHTa
KBapKa BbIOMpAeTCcs] paBHOI OOIIEMY 3HAUYEHUIO
MarHMTHOTO MOMEHTa IIPOTOHA, C VYYETOM,
KaK aHOMAaJbHOTO MarHMTHOTO MOMEHTA, TaK U
OObIYHOTO MArHMTHOTO MOMEHTA [i,.,, TO €CTh
Houp = Hamp + Happ = 2'79”smp + Happ = 2'79”51&]3 =
U B UTOTE NJIT aHOMaJAbHOTO MarHUTHOTO MO-
MeHTa HeliTpoHa GusMky nomyumnu [23, c. 297]:

Hueiir = —2/3e = (—=2/3)2,752p = —1,86 45, (63)

Co6CcTBEHHO MTOJTYYeHHBIT KO3 hUIMeHT B (63)
COBIIaiaeT C HAlIMMM BBIUMCIEHUSIMM, HO MpU
SKCIepuMeHTe TIoaydyeHa BenmuuHa -1,91. C
TOYKM 3peHMs Halllell TeOpUM 3TO CBSI3aHO C TeM,
YTO YCJIOBUS IKCIIEPUMEHTA HE MOTYT OBITh M EH-
TUYHBIMMU YCJIOBUSIM TEOPETUYECKOTO pacyéTa m3-
3a BJMSIHMS OKpyKammieil cpenbl. Takum ob6pa-
30M, BbIOOD Y OMITOHEHTOB HEOOJIBINOI, TGO OpU-
€HTUPOBAThCS Ha Uymeca OpOUTATIBHOTO JBVIKE-
HMSI B BUJle BUPTYaIbHbBIX UaCTUIL (KaKye [Py TOM
pasMepbl OpOUTaAM WIM OPOUTHI TOXKE HE W3-
BECTHBI), BO3HMKAIOIIUX U MCUE3a0LIX B HOJIb,
Jmbo paccMaTpMBaTh B3aMMOJIECTBME 3a CUET
IBVDKEHMST B 3aBUCUMOCTM OT CMCTEMbI HabJTiome-
Hus1, yto caenyet u3 CTO u OTO OiiHuITeliHA U
HaMU OJIpO6HO paccMOTpeHo B [15, c. 32-56].

OpHako, Terepb MOMbITa€MCSI IOHSTD, €CThb JIn
BO3MOKHOCTbD Ilepexofia oT ypaBHeHMs1 (56) ¢ BOJI-
HOBOI GyHKIMen W no (57) K KOPIYCKYISIPHOMY
IBVKEHUIO YaCTUIIbI, KaK 3TO TOJTYUMIIOCH [IJIS CH-
cTeMbl ypaBHeHuit [dupaka [12, c. 295-298].
VHpIMM c7I0BaMM, MBI MbITA€MCSl OKa3aTb, UTO
ypaBHeHMe ['aMMIbTOHA — SIKOOM He ITOJIHOCTBIO
OTIMCHIBAET YACTUILY MCXOHS U3 KOPIYCKYISIPHO-
BOJTHOBOT'O Aya/iu3Ma, TO €eCTb 3aMKHYTO CU-
crembl. CregoBaTenbHO, TeNepb HaLo paso-
6paThCs, UTO, COOCTBEHHO, TAET YUET B3aUMOAE-
CTBUSI KOPITYCKYJ/ISIPHBIX ¥ BOJTHOBBIX CBOWCTB, ITpU
3aKOHe COXpaHeHMs KOJIMUeCcTBa 3a CYET Iepexoza
OT BO3Be[eHMsI B KBAaApaT MEePBOJi MTPOU3BOLHON
GyHKIIMM OT IJIMHBI B ypaBHeHUM ['aMWIbTOHA —
ko6 K pBoitHOMY aubdepeHIMPOBaHNIO II0
IJIMHe 3TOoi ke GyHKIUMKU. Ecu BoMHOBast GyHK-
uust ¥ umeet Bug (57), TO Mbl MUMEEM ypaBHEHMeE
FammibpToHA — SIK06M (58). OmHaKo, eciu UCXo-
IuTb 13 (53), TO 30€Ch YUUTHIBAETCS Y U3MEHeHue
camoro aprymeHTa. To ecTb ypaBHeHue lllpenus-
repa MOXeT pacCMaTpMBaTh MPOLECC BO B3auMO-
CBSI3M TIPOTMBOIIOJNIOKHOCTEH, a He B BapuaHTe
HaJIMYMSL OFHOJ MPOTUBOIIONIOXKHOCTHU 10 BOJIHO-
Boii dyHKIMKU ¥ ¢ Buaom (57). IIpu 3TOM IOIKHO
COOJTIOIAThCS YC/IOBYE 3aKOHA COXpPaHEHMS KOJI-
YeCTBa, TaK KaK 00BEKT He MCcUe3aeT B Pe3yyIbTaTe
IBVKEHMSI.

B Hamiem cirydae, dyHkuus S(r,t) oTpaskaer m3-
MeHSIeMYIO0 BeJIMUMHY BCEro apryMeHTa Kak efiu-
HOTO 11€JI0TO, ¥ IT03TOMY MbI OyIeM MMETb BUJI 6€3
HOPMMPOBOYHOTO K03 duiMeHTa B BUAe BeIu-
YMHBI NOCTOSHHO [l1aHKka:

(1, t) = Ayopw exp[iS(r, )], (64)

B urore c yuérom mpasuia guddepeHnpoBa-
HUSI C YMHOXKEHMEM Ha MHUMYIO eIVHUILY, TIpe -
JIOXkeHHOTo B (36) JIlupakoM, M TOKa3aHHOTO B
Hauel Teopuu [1], mosryyaeM paBeHCTBa:
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vy = (VS)Y¥;

V2@ = (VS)*W + (V2S)¥; (65)
oY /ot = —(8S/at)¥,

C yuétoM (64) 1 TOCKOIbKY BOJTHOBAsT QYHKLIVS
Y B pe3ynbTaTe JAHHOTO ITpeoOpa3oBaHMS
IOJIKHAa BXOAUTDH BO BCE YJI€HbBI JIMIIb MHOXUTE-
JieM, Mbl MOXXEeM €€ COKpPaTUThb. B uTOre nosyvyaem:

M  BOJMHOBOM  GYHKUMM  OT  aprymeHTa
S =exp[—i(Et —pr)/(2my)] B TNPOTUBOIOIOX-
HOJ cucTeMe HAOJIOAEHMUS, C YYETOM TOTO, UTO
IuddepeHIMpOBaHMe COOTBETCTBYET YCJIOBUSIM

—0S/ot + V2S + (VS)? =0, (66) Iupaka Buia (36), Mbl MMeeM ypaBHEHME:
ITpu yuére BoaHOBOV GyHKIMKM ¥ Buma (64)
B OIHOI cucreMe HabIIOeHUS

E/(2mo) = p*/(2mo)*] + p*/(2mo)?;
E = hf = p?/(2mg)] + p?/(2m,) = mev?,

WHbIMM c70BamMM, Mbl [OKa3aju Iepexon OT
rapMOHMYECKOT0 OCLLIATOpPa (23) K BEpXHEMY
ypaBHeHMUIO B (24) Ha OCHOBe MMOJIHOTO YpaBHEHUS
TamuabTOHA — IKOGM C YUETOM CUJT B BUJIE TTIOTEH-
UMIbHOM Heprun (KOTOPOe U OIpeessieT ypaB-
HeHle TapMOHMUYECKOTO OCLMJIISITOpa), U C U3Me-
HeHueM aprymeHTta S npu byHkuuu Y. To ecTb
Mpy yU€Te KOPHYCKYISIPHO-BOJHOBOTO Ayain3ma
IBIDKYIIErocss o6beKTa IOJHOe ypaBHeHue Tla-
MWIbTOHA — $IKOOGM COOTBETCTBYET YpPaBHEHUIO
rapMOHMYECKOTO OCLUJIISITOPA, KOTOpOE TakKe
COOTBETCTBYET YPaBHEHMIO OKPYKHOCTU. A BbIllIe
MbI TaKske TT0Ka3aiy, Kak ypaBHeHMe OKPYsKHOCTU
MepexonuT B ypaBHeHMe 3Hepruu JifHIITelHa, U3
KOTOPOTO BBIBOAUTCSI CUCTEMa ypaBHeHui [u-
paka. Tem camsiM Mbl paspewiuiu napaooxc
HEeoOHO3HAUHOCIMU, KOMopblii GbL1 mexcdy ypae-
HeHueMm 3Hepzuu JliHwmetiHa u ypaeueHuem I'a-
MunemoHa — SIKo6u ucxo0a u3 HaIUuusa Kopnyc-
KYJipHO-8071H08020 dyaiu3ma. COOTBETCTBEHHO,
eciu ypaBHeHMe [aMumibToOHA — SIKO6U (46) OTIICHI-
BaeT KOPHYCKY/ISIpHOe NIBMKeHMe YacTUIIbl B He-
KOTOpPOM BHEIIIHEM IIOTEHIIMaAbHOM IIOJie, TO
ypaBHeHMe (66) ONMMChIBAeT yCJIOBME COXPaHEHUS
Ccamoii 4aCTUIIbl KaK KOPHIYCKYJISIPHO-BOTHOBOTO
06beKTa Ha OCHOBe PaBeHCTBA CMUJIbI IECTBUS U
MIPOTUBOIEICTBUS C YUETOM KMHETUUYECKON U MO-
TEeHIMAIbHOM 3Heprun. Takum o6pazom, uHmyu-
mueHsle nodxo0dbl PuU3UKO8, KOMOpble UCNO01b3064a-
JUCL Npu Npakmuueckux pacueémax, umeiom

(67)

Jlozuueckoe 000CHOBaHUe NO Hawleli meopuu ¢ yué-
MomM HAawux nonpasok HA OCHO8E MO020, MO Yxce
0bL10 NPEONOHEHO CamMuMu u3ukamu, Ho mpebo-
84710 pa3ssiCHEHULI.

OnHaKO MbI LO/KHBI OTMETUTD, YTO UCII0/Ib30-
BaHHble lllpenyHrepom u [IMpakoM BOJIHOBbIE
dyukunu JIyn ge Bpoitas onuchiBaIuCh Kak BOJI-
HOBble (DYHKIVMM, XapaKTepusywlye BeposiT-
HOCTb, ¥ HUKAK He ObUIV CBSI3aHbI C PeaIbHO CyIIe-
CTBYIOIIVMM 3JIEKTPOMATHUTHBIMU (YHKIUSIMMA.
Ho, Tak Kak MbI He MOXeM ONMPAThCs Ha uyneca
BepOSITHOCTEN B 3aMKHYTOI cucreme Mwuposza-
HMSI, TO BO3HMKAeT Borpoc: «Kak coBMeCTUTb BOJI-
HOBbIe QyHKUMM JIyu me Bpoiisiss, KOTOpbIE COOT-
BETCTBYIOT PYHKIMSIM B ypaBHeHMM (1) C 2/IeKTpO-
MarHUTHBIMU QYHKIMSIMM ?» [IOHSITHO, UTO B 3TOM
caydae cuCTeMa ypaBHeHui Jlvpaka JOJKHA BbI-
TeKaTb U3 3aKOHOB 3/IEKTPOJAMHAMMIKN, KOTOPBIE B
CBOIO OUepeb JOJIKHBI CJIeIOBATh 13 061Iel hop-
Myl Mupospanus (1). TTonpo6HO omucaHue Ta-
KOTO0 Tiepexojia Mbl IoKasaiu B [24, c. 5-36]. Ceii-
yac Mbl yOeauMm 0coboe BHMMAaHUE CUMMETPUM
npeobpa3oBaHMil TPOTUBOTIOIOKHOCTEN TIPU TIe-
pexojie OT KOPIYCKYJISIPHOTO BMAa K BOJIHOBOMY
BUJY, ¥ HA060POT. C 3TOI 11€JTbI0 MbI ITOITBITAEMCSI
OOBSICHUTh HEOOXOAMMOCTh IepPBOHAYAIbHOI]
(bopMyJIBL, UCTIONIB3YEMOI1 B 3JIEKTPOIMHAMMKE TI0
CBSI3Y MATHUTHBIX U 3JIeKTPUYECKUX TI0JIeil Buaa
[25, c. 25]:

B = puoH,
D = &E, (68)
Hogo = 1/¢%,

31echb oy U & KOHCTAHTbl MarHUTHON U 3J1€K-
TPUYECKOJ IPOHMUIIAEMOCTH OKpYKalolleii Cpefpbl.
B kitaccuyeckoi 3eKTpogMHaMyMKe B CUCTEME U3-
mepenust CU ucnonbsyercst opMysia IJisl BbIUKC-
JIeHUsI BOJIHOBOTO COTNIPOTUBJIEHMUS CPelbl B BULE

[26, c. 299]:
E./H, = (Uo/€0)"/? = 120m =~ 377,  (69)

IOns cuctembl usmepenuss CI'C BoobGIne HeT
KOHCTaHT 3JIEKTPUUECKO ¥ MAaTHUTHOM TPOHUIIA-
€MOCTU B OKpyXKamwleil cpeie (BakyyMe) U TaKUM
00pa3soM BaKyyM COOTBETCTBYET TIeOMETPUU
dBrmpa. B cucreme CU snekTpuyeckas M Mar-
HUTHas COCTaBJISIONIAs] BOJHBI B Cpelie pacripo-
CTpaHeHMUs OTIMYAIOTCS APYT OT APYra TOIbKO KO-
JINYECTBEHHO, u He SIBJISTIOTCS
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IIPOTUBOIIOIOXHOCTSIMM, KaK, HarpuMmep, AauHa U
BpeMsl, KOTOpble CBSI3aHbI I10 Teopuy MMHKOB-
CKOTO [3, c. 226] yepe3 CKOPOCTb CBeTa. A eC/Iu OT-
JINUMS TOJIBKO KOJIMUYEeCTBEHHbIe, TO 9TO O3HAYaeT,
UYTO M 3aKOHbI (PU3MKM OOJIKHBI OBITh OHMHAKO-
Bble, UETO Ha ITPAKTMUKe He HAOII0IaeTcs, Tak KaK
HeT HMKAKMX MarHMTHBIX 3apdad0B B IIPOCTPaH-
CTBe, KOTOpble Pu3uKy 6e3ycrerHo uiyT. Kpome
TOTO, OTCYTCTBME OTJINUMIT UCKII0YaeT U B3auMO-
IlelicTBYE, YTO COOTBETCTBYET MPOTUBOIIOI0XKHO-
CTSAM, TaK KaK [OJId BeJIMYMH OTJIMYaIOUINXCS
TOJIBKO KOJIMUEeCTBEHHO ITPOMCXOAUT acCOLMaTUB-
HOe CJI0KeHME UM BhIUMTaHMe. DTO O3HAYaeT Ia-
PaZoKC 1 OTCI0AA CAeAYeT, UTO JO/DKHA OBbITh MHAS
MHTEepPIIpeTalys KOHCTAHT JIEKTPUUECKOI M Mar-
HUTHO MPOHUIIAEMOCTH, ITPU KOTOPOI Mbl UMeU
npeAcTaBaeHe 2JIeKTPUUECKUX U MAaTHUTHBIX CO-
CTaBJISTIONIMX KaK IIPOTUBOIIOIOKHOCTEN. YUNThI-
Basi CKOPOCThb PaCIIPOCTPAHEHMST 3JIEKTPOMArHUT-
HBIX BOJIH CO CKOpPOCTBIO CBETa, HAM OCTaE€TCS
MPeAToN0XUTh, UTO JIEKTPOMAarHuTHbIE COCTAB-
JISTIOI/i€ OTHOCSITCSI K ITPOTUBOIIOIOXKHO CHUCTeMe
HabJII0geHMs, IIe BhIIIOJIHeHMe TI0 IIpeodpa3oBa-
HusiM JlopeHlia — MMHKOBCKOTO COG/IIONAeTCs Ha
OCHOBE IIPOEKLMM CKOPOCTM Ha BpeMmsi. B satom
cyyae KMHeTHYeckash SHepTUsl 3JeKTPOMarHuT-
HOMl BOJIHBI B IIPOTUBOIIOJIOXKHOW CUCTEME

Ha6moeHNsT 6yIeT BbIPaskaTbCs MOTEHIIMATbHOM
sHeprueit mo OTO DiiHINTe}HA B Halle cucTeMe
Ha6JII0IeHNST uepe3 KOHCTAHThI 3JIEKTPUUECKOI U
MarHUTHOV NPOHULIAEMOCTH.

[MosTomy, Ham cienyeT BbIPa3suTh KOHCTAHThI
MarHuMTHOM U 3JeKTPUUYEeCKO IPOHUILAeMOCTHU
yepe3 yCpeJHEHHOe (MHTeTrpajJibHOe) IBUKeHUeE
YaCTULL, CO CKOPOCTBIO (KMHETUIECKOI SHepruein)
B MPOTMBOIIOJIOKHOM CUCTeMe HAOMIOAeHUS v, =
Vyp, CBSI3AHHOV C HAIEN CUCTEMOIA HabIIOmeHUS
yepe3 CKOPOCTh CBeTa. YCpeJHEHHOe MHTerpaib-
HOe 3HaueHMe KMHETUYECKON SHepTruu OT MPOTU-
BOITOJIOXKHOCTM TOBOPUT O TOM, UTO Jobas ua-
CTULIA B OJHOV IPOTUBOIIOJIOXHOCTU CBSI3aHa C
B3aMMOJEeCTBMEM U BCEMU YaCTUILIAMU B APYTroi
MPOTUBOMOJIOXKHOCTU. VI 9TO TOXe He Hallla BbI-
IYMKa, Tak Kak Ha 5TOM IIOCTPOEeHa ujes nouyye-
Hust hopmysbl [lmaHKka s 3aMKHYTOM CUCTEMBI C
MCKJTIOUEHMEM BapyaHTa «yJIbTpadMoIeTOBON Ka-
TacTpodbi», C MUCIOJb30BaHMEM 3aKOHa BoJbII-
MaHa Buga e */(1—e ™) =1/(e* —1). Ilo cyty,
3TO 3aKOH CBSI3U MEXIy pacliafoM B OLHOI Ipo-
TUBOIIOJIOKHOCTU U CMHTE30M B IPYTO¥i TPOTUBO-
nososxkHocTH. OTcoa nMeem (GopMyJIbI AJ1sT KOH-
CTaHT MAarHUTHOWM M 3JIeKTPUUECKOI MMpOHUIae-
MOCTHU B BUJIE:

Ho = 1/(cw)] = 1/[c(c? = vyp)?1;
g =u/c=(1—vy?/cH)]: (70)

Ho€o = 1/C2;

B aToM c/lydae KOHCTAHTBI 37€KTPUUYECKON U
MarHMTHO IMTPOHUIIAEMOCTM He MUMEIOT aHaIOT U Y-
HbIM BUJ, a 3TO JAET UX MpeacTaB/ieHe KakK IIpo-
TUBOTIOJIOKHOCTEH, ¥ TTO3TOMY OHM OTIMYAIOTCS
Ha 3HaueHue c2. [IOHSITHO, YTO HaJMUMe KOHCTAHT
37IeKTPUYECKOV M MarHUTHOM MPOHUIIAEMOCTU B
OKpY>Kalollleii cpeie JOKHO ONpelesisiTh U COOT-
BETCTBYIOIIME ITapaMeTpPbl YaCTUIl B Mupo3gaHum,
TaK KaK B3aMMOJENCTBME YaCTUIL ITPOMUCXOAUT
MMEHHO Yepe3 TapaMeTpbl OKPY)Kalollleil cpefbl.
IMosToMy ¢ yUETOM Hallleii Teopuy Macca MpoToHa
BBIUMCIISIETCS] UCXOMST U3 BOJTHOBOTO COIMPOTUBIIE-
HUSI Cpelbl PacIpoCTpaHEeHUSI ¢ YYETOM MAKCU-
MyMa SHEePrum usiydeHus mno ¢opmyse Ilnanka c
yuétom KosdduiimenTa 4,965 [27, c. 27]. 3gech Mbl
VUUTBIBAEM, UTO B OT/IMUMe OT cucteMbl CU y Hac
otHomeHue (u,/g,)Y? = 120m/c, a He IPOCTO
uncio 1207w [26, ¢. 299]. B utore nomyyaem ypas-
HeHMe ISl OTHOIIEHMSI MacChl ITPOTOHA K Macce
3JIEKTPOHA:

m,/my = 4,965 X (uo/€o)/*my/my = 1871, (71)

HekoTopoe He6O0JIbIIIOe OTANYME OT MPAKTUKA
(1836,1) B uMCIOBOM 3HAUEHUM €CTh, U OHO CBSI-
3aHO C TeM, YTO HAlllM PAaCUEThbl BBIIIOJHEHBI JISI
6oJ1ee 06IIErO CJIyYasi C AeJeHMeM TOJIbKO Ha Mpo-
TOH U 3JIeKTpOoH. Kpome Toro, mpu AuHaMuKe 00-
MeHa 06s13aTe/IbHO JO/DKHA ObITh SHEPIUS C COOT-
BETCTBYIOIIEl Maccoit st usmyuenust. Takum o6-
pasom Hauia meopus no3eojsiem onpeodeaums u
pasHuyy macc mexcdy npomoHoMm U 3J1eKIMpoHOM
Ha ocHoee CTO u OTO 3Jiinwmerina. TToHSATHO,
YTO B CUJTy CMUMMETPUU MEXIY TPOTUBOIOI0XKHO-
CTSIMM M 3aMKHYTOCTM Mmupo3gaHus, HauaJbHbie
3HAUEHMS HAIPSDKEHHOCTENM 3JIeKTPUUECKUX U
MarHuTHbIX I10JIet Tak e, Kak ¥ HauajbHble 3Ha-
YeHMsI IJIVHBI M BPEMEHU 10 TeoMeTpuu MUHKOB-
CKOTO [3, . 226] DOJIKHBI OBITh CBSI3aHbI Uepe3 CKO-
pOCTb cBeTa, TO ecTb H=cE. COGCTBEHHO, TOHKO B
9TOM CJTy4ae MOXXHO OOBSICHUTb OTCYTCTBME Mar-
HUTHBIX 3apSIIOB B HAIllel ccTeMe HaOIIOIeHNS U
OT/INuYMe 3aKOHOB 11 cuiibl KynoHa u JlopeHnia.

B = poH = H/(cw)] = H/[e(c? = v,?)/2] = tocE = E/(c? = v?)!/%;

D = gE = uE/c = E(1 = v,,%/c?):

(72)

BD = [E/(c* = vyp) Y2 ]E(1 — vyp?/c?) = E2.
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VIHBIMM CJIOBaM¥, Mbl MMEEM MHBapUAHTHYIO
dbopmMy B Hallleil cucTeMe HaOGIIOAEHNST BHE 3aBU-
CUMOCTH OT ABVMSKEHMSI B IIPOTUBOIIOIOKHOCTH CO-
riacHo OTO JitHIITeliHA TPY NIPeACTaBAeHUN Ye-
pe3 OmHy OOIIyI0 MepeMeHHyI0 E, aHaJOTMYHO
MPOCTPAHCTBEHHO-BPEMEHHOMY  MCKPUBIIEHUIO
corsiacHo (15) B coorBetcTBuu ¢ CTO B Hatueit cu-
creMe  Habmopeuus. Ilpu  E=c  umeem
E?=c*=c/h=N,s=const. 910 (HaKTUUECKU COOJI0me-
HMe 3aKOHA COXpaHeHMS KOJINYeCTBa OOBHEKTOB
npu 1mpeobpasoBanusx. Kpome Toro, okpyskaro-
mas cpenga (BaKyyMm) He MOXKET ONMCBIBATHCS ue-
pe3 IBKINAOBY TeOMEeTPUI0, C OTCYTCTBMEM KOH-
CTaHT 3JIEKTPUYECKOIl ¥ MarHUTHOI TPOHMIIAe-
MocTH. To ecTb, 1106071 06'bEKT MUPO3TAHMSI SIBJIS-
€TCsI KOPITYCKYJISIPHO-BOJIHOBBIM 0OBEKTOM C OITH -
caHyeM, KakK uepes 3JIEKTPOMarHUTHbIE COCTABIISI -
I0IlIMe, TaK ¥ Yepe3 MPOCTPAHCTBO M BpeMs, U B

MIPOCTPAHCTBEHHO-BPEMEHHOI ¥ 3JIEKTPOMAarHuT-
HBI/t KOHTMHYYM C B3aMMHBIM ITepeX0Z0M COCTaB-
JISIIOLIMX OPYT B Apyra, UTO OIpeLesseTcs 3aMKHY-
TOCThI0O Muposgauusi. COGCTBEHHO 3TOT B3auMM-
HBIJ IIepexo[i U COCTABJISIET MHTEePeC HaIUX TasTb-
HeMIIMX UCCIeIOBaHMI C 1Ie/IbI0 BBISIBJIEHMS, Ka-
KMM 00Pa30M 37IeKTPOMarHMTHbIE COCTABIISIONME
MpY  B3aMMOJENCTBUU JAIOT KOPITYCKY/SIPHOE
IBVKEHMe YacTull, ¥ Hao60poT. [IOHSITHO, YTO6bI
MTOJTYYUTh B3aMMOCBSI3b KOPITYCKYJISIPHBIX ¥ BOJI-
HOBBIX CBOJCTB HaZi0 MUMETb IIpeICTaBIEHNE YPaB-
HEHUII SJIEKTPOAMHAMMKM aHAJOTUYHOE TIpes-
CTaBJIeHVIO YpaBHeHUI B cucteMe JIupaka. I Hazo
OTMETUTB, UYTO HEKOTOPOE Mofo6me 3Ky mosry-
UMM B KIIACCUYECKOi 37IeKTpoaHaMuKe. To ecTh
(u3MKM BHIBEJIM BOJHOBbIE PABEHCTBA B KOM-
TJIEKCHOM BUie Ha OCHOBE BEKTOPHBIX ITOTEeHIIMA -
JIOB U C B3SITUEM IIPOM3BOAHOI IO BpeMeHU B [28,

“M_CT ,

(73)

3TOM cayJyae MBI uMeem o6ImIMit c. 39-40]:
V2E + k*E = —M°;  V?H+ k?H = —M™;
—M° = —ipywj><" + 1/(igyw) grad div j><" — rot ;
—MM =

VpaBHeHus B (73) GakTUUeCKM OTPaKalOT 10-
JlyueHye BOJTHOBBIX TIPOLIECCOB Ha OCHOBE UCTOU-
HUKOB M3Jy4eHUsl, KOTOpbie (QopMUpYyIOTCS 3a
CYET M3MeHeHMs! (IpeoOpa3oBaHMsI) CTOPOHHUX
JJIEKTPMUYECKMX M MarHMTHBIX TOKOB. HOHHTHO,
YyTO MpeobpasoBaHye HEUTO HepeaabHOTO HEBO3-
MOSKHO ¥ OTCIOZIA YK€ TO/DKEH ObLI CJIeIoBaTh BbI-
BOJ, UTO €C/IM MaHHble TOKM He HabJIIomaloTcs B
Hallleil cucTeMe HaOII0geHusI, TO JOJ/DKHA ObITh
MTPOTMUBOIIOJIOKHAS MHAsl CUCTeMa HabJI0aeHus,
TJle 9TV CTOPOHHME TOKY JOJIKHBI MMETh peajbHoe
BOILIOIIEHNE Yepe3 ABIKeHMe peaabHbIX YaCTHII.
Vnayve uyna He n36exaTb. COGCTBEHHO TaKOi1 BbI-
Bog, yke ciegoBai u3 CTO u OTO diiHiuTeliHa, rae

—igowj™-" + 1/(ipow) grad div j*-" + rot j>-",

BpeMs He Habiomaemasi B IIPOCTPAHCTBE BeJu-
YJHa [IPeBpallaach B SKBUBAJIEHT JJIVIHbI B 3aBU-
CUMOCTH OT CKOPOCTH, ¥ Ha060poT. OHAKO Mpes-
CTaBJIeHHBIV1 BUJ, ypaBHeHUil B (73) He COOTBET-
CTBYeT I10JIHOCTBIO BUAY (37), KOTOPBII UCIIONb3Y-
eTCs AJ1s1 [I0JTy4YeH S KOPITYCKY/ISIPHOTO IBVKEeHMS
YacTMUIbI, ITO3TOMY AETAJIbHO 3TOT IePexof, Mbl
MmoKasanu B [24, ¢. 5-36]. 3mech Mbl OCTAHOBYMCS
JIMIIb HA ITOCIeIOBATEIbHOCTY JIOTUKY TIOJTyYeHU S
YKa3aHHOTIO [1epexo/ia C Y4ETOM CUMMeTPUM 3aK0-
HOB B IIPOTMBOIIOJNIOKHOCTAX. B cooTBeTcTBUM C
3TUM HaM¥ ObUIM VICIIOIb30BaHbI YCOBEPIIEHCTBO-
BaHHbIe ypaBHeHMs MakcBesia Buja:

rot H = 0D /0t + icdD,/0r;
rot E = —0B/0t —icdB,/0r;

div B = Pw.crs
B = pouH;
div D = Ps.crs
D = ¢gy¢E;
j3.CT = iCaDt/aT';
jM.CT = icaBt/ar;

OnHaKo BEKTOPHOE Mpe[CTaB/lIeHNe He IMOKa-
3bIBAET IOJIHYIO CXEMY Ipeo6pa3oBaHusI IO KOOP-
IuHataMm. [I09TOMY MpU POCHMCH IO OTHETbHBIM

(74)

KOOpIVHAaTaM [JIs1 YCOBepIIeHCTBOBAHHBIX YpaB-
HeHMI1 MaKkcBesia Mbl OTYYUM BUZ,:

dE,/dy — O, /0z = po(icdH,/dx — OH, /at),
9E,/9z — OE,/dx = p,(icdH,/dy — dH, /at),

OE, /dx — OE,/dy = uo(icdH,/dz — 9H,/dt),
dH,/dy — dH,/dz = 3D, /dt — icdD,/dx,

(75)

0H,/dz — dH,/dx = aD, /dt — icdD,/dy,
dH,/dx — OH,/dy = dD,/dt — icdD, /dz.
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Hcxonst u3 mpeo6pa3oBaHMii MPOTUBOIIOIOXK-
HOCTelt IpyT B Ipyra uepe3 KOMILIEKCHbIEe QYHK-
MM, CYIIECTBYET U KOMILJIEKCHO-COIPSIKEHHOM
dbopma samucu, B 3aBUCMMOCTM OT 3HaKa Yy

V2H — 1/c? 8%H/0t? = gyci grad(Jyer) + £00ju.cr/0t — 70t (s er);
VZE - 1/62 aZE/atZ = .uOCi grad(ja.cr) + #Oaja.CT/at + rOt(jM.CT)'

OpHako B (73) 1O MepBbIM ABYM YpPaBHEHMSIM
V2E + k2E = —M?; V2H + k?H = —M™ Mbl MMeeM
MCTOUYHUKM BO3OYKIEHUSI, UTO COOTBETCTBYET
npuHuuny ['toiireHca — @penens. [Ipnyém 3t uc-
TOYHMKM BO3OYKIeHMs M JO/KHBI MMeTh 0TOOpa-
SKeHMe B HATIPSKEHHOCTSIX JIEKTPUYECKMUX U Mar-
HUTHBIX T0JIel ¢ YIETOM TapamMeTpOB OKpykKalo-
mei cpelpl, TaK Kak MHadye OTCYTCTBYeT

E = —iwpugA + (1/iwey)graddiv(A) — rot(A™),
H = —iwggA™ + (1/iwug)graddiv(A™) + rot(A).

CoOTBeTCTBEHHO HEOOXOAMMO ITOKa3aTh, Ka-
KM 06pa3oM pemraeTcsl yKa3aHHasl HEOAHO3HAY-
HOCTb 110 Hatret Teopuu. C 3TOi 1e/IbIo HaM Heo6-
XOJMMO T0Ka3aTh, YeM SIBJISIIOTCSI BEKTOPHbBIE T10-
TeHLMaIbl U CTOPOHHME TOKM 10 OTHOLIEHUIO IPYT
K apyry. Co6CTBEHHO, U 3[1eCb MbI He SIBJISIEMCS

MHUMOI efvHUIEI (+i). B uTOTe cucTemMa ypaBHe-
Hui1 (74) pana npyu MOACTAaHOBKE OOHUX ypaBHe-
HUI B Apyrue, 4TO OTpakaeT B3auMMOJENCTBUe,
BOJIHOBBIE TIPOIIeCChl BUAA:

(76)

B3aMMOJeCTBMe C  BO3MOXHOCTBIO CMEHbI
HanpaB/ieHVs [OBJDKeHMs, YTO Ha IpaKTUKe He
Hab6monaercs. OQHAKO B KIACCUYECKOI 3JIeKTPO-
InHamuKe [28, c. 39-40] MCTOYHMKY BO3OYXKIE€HMS
Ha ocHOBe E m H BbIpaxkaloTcsl uepe3 BeKTOPHbIE
MOTeHLMaNbl, & He yepe3 CTOPOHHME 3/eKTpuye-
CKMe ¥ MarHUTHbIe TOKU B BUJE:

(77)

MepBOIPOXOILIaMy, K 3Ta CBSI3b OblIa MMOMyyeHa B
K/IaCCUYECKOil 3/IeKTpoiMHAMMKe B BUJle ypaBHe-
Hus Janambepa, HarIpuMep, HA OCHOBE JIEKTPU-
YeCcKOro CTOPOHHEr0 TOKa C HaJauuyeM BOJTHOBOTO
NpeACTaBaeHMs] BEKTOPHBIX ITOTEHIMAJIOB B By
[29, c. 119]:

—1/pgrotrot(A) =gy O(VP + 0A4/0t) /0t — jycrs

—rotrot(A) = pgoV(0P/0t) + gotg 02AM/0t? — Ugjscrs

—rotrot(A) — py £0°A/0t? = pyeaV(0D/0t) — fojscrs (78)
V2A—1/c? 024/0t% = grad(1/c? 0D/t + div A) — pgjscr;

VA - ]-/C2 62‘4/61:2 = —UoJacr = —Ce/(uc) = mo/(l - VHPZ/CZ)l/Z =m,.

JTO 03HAYaeT, YTO BOJIHOBOM 371€KTPOMAarHuT-
HbIJ IIpO1lecc, OTPakEéHHbIN Yepe3 BeKTOPHbII 0-
TEHIIMaJ B IPOTUBOIIOIOKHOI cucTeMe Habmoe-
HMSI OTIpelesisieTCs] IPOLeCCOM IPOCTPAHCTBEHHO-
BPEMEHHOI'0 MCKPUBJIEHUS Cpelibl PaclIpoCTpaHe-
HUS y3Ke B Hallleli cucTeMe HabIIoAeHNSI Ha OCHOBE
CTOPOHHETO 37IeKTPUIECKOTO TOKA. MO 2080pUn 0
mom, umo GopmuposaHue max Ha3vl8aemoz0 oHo-
8020 usnyueHus no opmyne IlnaHka cés3aHO
C NPOCMPAHCMEEHHO-8PEMEHHBIM UCKpUBTIEHUEM
oKkpyx#caroueli cpedsl HA  OCHOBe  KOHCMAHM
3/1eKMpu4eckoll U MAzHUMHoOLL npoHuyaemocmu, u
2mo npomuegopeuum KoHyenyuu Gu3ukos o 603HUK-
HOBEHUU U UCUe3HOBEHUU 8UPMYANbHBIX (POMOHO8 8
3/1eKMpOMazHUMHoOM éakyyme. CaMo ke MpOoCTpaH-
CTBEHHO-BpEMEHHOE WCKpPUBJIEHME B Hallei
cucTeMe HaOMIONEHUS CBSI3aHO C KOPHIYCKYJISP-
HBIM [IBVDKEHMEM YacTUI, B MPOTUBOIOIOXKHON
cucTeMe HabJI0IeHMs, M HAa000pOT. 3/Iech TaKKe
UCIIONb3yeTcsl  KanubpoBka JlopeHIla  Buaa
(1/c? a® /0t + divA) = 0. TIpu 3TOM MBI MMEeM
—E =V® + dA/dt. OTO 03HAUaAeT, UTO CMeHa CU-
CTeMbI HaOJIIOJIeHNsT, O YEM TOBOPUT CMeHa Iepe-
MeHHBIX IuddepeHIMpoBaHus, MNPUBOIUT K

TOMY, UTO KOMITEHCALIMSI B OJHO CHCTeMe HabITio-
JleHMsI 03HaYaeT CYMMY B IPYToOit cucTeme HabI0-
nenusi. To ecTh GU3MUKM yXKe OO HAC YTBePAMUIU
MpaBUJIO CMEHBI CYMMBbI Ha pPa3HOCTb B 3aBUCUMO-
CTY OT CUCTEMbI HAOMIOAEHNS OT ITPOTUBOIIOJIOXK-
Hocreli. [Tpu cBsa3u cA=®, aHaJIOTUYHO ITepBOHA-
YyaIbHO CBSI3Y 110 AJIMHE U BpeMeHH (r=ct, 1o ujee
MwuHKOBCKOrO [3, c. 226]) 1 nepexofe K eTUHOMY
OTOOPAKEHUIO IEPEeMEeHHbBIX B OJMHAKOBbIX BEJN-
ynHax wumeeMm 1/c¢? d®/dt + divA = dA/d(ct) +
divA=0 u VO +09(cA)/o(ct) =VD +VD = —E.
Takum 06pa3om, TO, UTO SIBJISIETCS PA3HOCTHIO OT
CUCTEeMbI HAOJTIOEeHNSI OT A, SIBJISIETCSI CYMMO¥ OT
cucteMbl HabmoneHns ot @, KOTopble Kak MPOTHU-
BOITOJIOXKHOCTY CBSI3aHBI Uepe3 CKOPOCTh CBETa.

Tenepp HaJO MOKa3aTh, YTO YPaBHEHUS JIs
BEKTODHBIX [IOTEHLIMAJOB WAEHTUYHBI YCOBep-
IIeHCTBOBAaHHBIM YypaBHeHUsIM MakcBesia, 4TO
XapaKTepu3yeT BEKTOPHbIE MOTEHLMaIbl KaK Be-
JIMUMHBI, OTpaskalolue 31eKTPOMarHuTHbIe CBOJA-
CTBa B IPOTMUBOIOIOKHOCTY. ITO MOXKHO CHIeJIaTh
C YIETOM PaBEHCTB JIEKTPUUECKUX Y MAaTHUTHBIX
ToJieil 0 ypaBHEHUsIM uepe3 BeKTOPHbIe MOTEeH-
LMaJIbl B BUZE:

B =rot A = pycE = pyc(—V®d — 0A/0t) = pyc(—0®/0r — dA/0t);
—rot A = poc(d®/dr + dA/dL). (79)
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OU3UKM TIpU UCTIONb30BaHMM CUCTEM MU3Mepe-
Hys CU mim CI'C He MOTIM MPUIATH K HAIMUMIO Ta-
Koro paBeHCTBa. COOTBETCTBEHHO W3MEHEHUS
BEKTOPHBIX IMOTEHIIMAIOB CBSI3aHbI C JBVKEHUEM
KOPITYCKYJIIPHBIX YaCTUI[ B IPOTUBOIIOIOXKHOIA
cucremMe HabmogeHnusl. IMeHHO 3TO U GbIIO MPU-
meHeHo @eitamanoM [30, c¢. 265], HO ¢ OUIMOKOI
OIMCaHMS BEKTOPHBIX MOTEHIIMAJIOB B TOM Ke CU-
cTeMe HabII0IeH s, UTO U 3JIEKTPOMATrHUTHBIE CO-
CTaBJISIIONIME C BBIBOJIOM HaJMuus IOJIeil OT 3Ha-
YeHMs, OBVSKYIIEroCcs M HEIOABVDKHOrO 3apsja,
YTO TaKXKe IIPMMEHSETCa M OJid 3JIEKTPOMarHuT-
HbIX COCTaBJISIIOIMX. DTO O3HAYaeT IBOVCTBEH-
HOCTh 00pa30BaHMSI SIIEKTPOMArHUTHBIX moeii. C
OIIHOJ CTOPOHBI, 3aBUCUMOCTb 3JIEKTPOMArHMUT-
HBIX COCTABJISIIONINX OT 3apsifa, 3a CYET 3HAUECHUIA
10 JIMHE M BpeMeHU, ImpsiMasl, a JJjisl BEKTOPHbIX
MOTEHIMAIOB 3JIEKTPOMAarHUTHBIE TIOJST 3aBUCST
OT TOTO 3Ke 3apsifia, HO C B3SITMEM ITPOM3BOAHBIX OT
IJIVHBI ¥ BpeMeHMU. B uTore mosyyaeTcs mapaokc,
IpY KOTOPOM 3JIEKTPUYECKOE T10JIe TIpU U3MeHe-
HuM dopMupyeT caMo cebsi, UTo 6bUIO TTOKA3aHO

HamMu B [9, c. 5-44]. Orcioma, CyTb pasHUIBI C
Hallleil Teopueil B TOM, UTO B HallleM CjIy4yae pe-
3yJbTaT 00pa30BaHMSI 3IEKTPOMArHUTHBIX CO-
CTaBJISIIONIMX B Halleli cucreMe HabmomeHus (a
3TO, TIO CYTU, UCTOYHUKYU BO3OYKIEHUS SJIEKTPO-
MAarHUTHBIX T0JIElT) CBSI3aH C OOMEHHBIM ITPOILIeC-
COM OT TIPOU3BOJIHBIX BEKTOPHBIX OTEHIIMATIOB B
MIPOTUBOIIOJIOKHOI CHUCTeMe HabIiomeHus. ITO
JOCTUTAETCSI 3a CUET 3aMKHYTOTO JBVDKEHMS Ya-
CTUL], B BUJIe pOTOpa (110 CYTH, 3TO TAPMOHUYECKUI
OCLIWJUISTOP), U MPSIMOJIMHENHOM [BVXKE€HUU 4a-
CTUL, (€C/IU CUUTATh TAHTEHIIMAJIBHYIO COCTABJISIIO-
IIyI0 CKOPOCTH), TOe 0OMeHHbIIt 3aMKHY T IPO-
11eCC CBSI3aH C Mpeobpa3oBaHMeEM AJIMHBI B TPOEK-
M0 Ha Bpems B cooTBeTCcTBUM ¢ CTO DitHIITElHA,
¥ Ha060poT. [Ipy 3TOM HaIll TOAX0, ITO3BOJIVII 10-
KasaTb CUMMETPUIO IIpe[CTaBJIeHUs 3JIeKTpoMar-
HUTHBIX IPOLECCOB B ITPOTUBOIIOJIOXHBIX CUCTE-
Max HaGIIOIeHNs, P KOTOPIX YCOBEPIIEHCTBO-
BaHHbIe ypaBHeHMs1 MakcBeyuia (75) MMeloT aHa-
JIOTUYHBIN BUJ, TIPeACTaBAeHUS Uepe3 BeKTOPHbIe
TOTEeHIUAbI:

0A, /0y — 0A, [0z = —uy(icdd./dx + 0D, /0t);
0A,/0z — 0A,/0x = —py(ic0D /0y + dD,, /0t); (80)
0A,/0x — 0A,/0x = —y(ic0D,/0z + 0D, /0t).

3mech i=(—1)2, koTOpas Takke BIepBbie GbliIa
BBeJleHa He HamMy B ypaBHeHUs MakcBesia U UC-
M0JIb30BaAJIaCh JJI51 KOMITJIEKCHBIX 3HaUeHMUIT 9J1eK-
TPUYECKOM ¥ MarHUTHOV IPOHUIIAEMOCTH, UTO
Mbl TTOKa3ajau B [24, c. 5-36].

HarmoMHMM, 4TO caM MPUHIMIT HAJIMUMUS PO-
TUBOITOJIOKHOJ CHCTEMbI HabGTI0AeHMs C Impeobpa-
30BaHMEM KOPHIYCKY/ISIPHBIX CBOVCTB B BOJTHOBbBIE
CBOJICTBA, ¥ HA06OPOT, 6BUT IPUAYMAaH He HAMU, a
cnemoBan u3 CTO n OTO diiHIUTEViHA, B CUITY TOTO,
yro JiiHITelH B OTO dakTuuecky BBEN IJIsT OTIN-
CaHMs MIPOCTPAHCTBEHHO-BPEMEHHOTO VICKPUBIIE-
HUSI, IJI1 OTpakeHMs 3HaUeHMii ckopocTeit, abco-
JIIOTHYIO CUCTEMY OTCUéTa, CBSI3aHHYIO C Halllei

Ax; = v At/(1 — v2/c)V?;
Aty = v Ax/c? /(1 — v2/c?) V2,

B utore ®deiinmaH mosyumis BbIpakeHue [31,

c. 269]:
B = (v/c?) XE, (82)
CpaBHuBas HIKHee ypaBHeHMe (81) ¢ ypaBHe-
HueM (82), Mbl BUAUM OTInuMe (82) OT HUXKHETO
ypaBHeHus (81) B TOM, 4TO B ypaBHeHMe (82) BXO-
IUT KOHCTAHTa MAarHUTHOM TIPOHUIIAEMOCTU L,

yepe3 CKOPOCTb cBeTa. [IOHATHO, YTO CKOPOCTb,
OoTpaxarolias MPOCTPaHCTBEHHO-BpPeMEHHOe UC-
kpuBneHue no OTO JitHIITeliHA, HE MOXeT Hpe[ -
CTaBJSITBCS Uepe3 3HAueHMs] MO0 KOOpAMHATam
ocell B TPEXMEPHOM IIpOCTpaHCTBe. i TaKo
CKOPOCTM C YYE€TOM abCOTIOTHOI CUCTEMBI OT-
cuéTa, CBSI3aHHOI C HaIlei CUCTeMol Habmome-
HUSI Uepe3 CKOPOCTh CBETa, 0TOOPasKeHE CBSI3aHO
¢ mpoekiueii Ha BpeMsi. COOTBeTCTBME HAIPSIKEH -
HOCTel 371eKTPOMarHUTHBIX M0JIeil AJ1s1 MoJUMHe-
Hust CTO u OTO ditHiuTeltHa GU3UKY MTOMBITAINUCH
CBs13aTh 1O Gopmyse, KOTopas aHaJoruyHa ¢op-
MYyJie CBSI3U IJIVHBI M BDeMEHU B BUZE:

(81)

KOTOpas XapaKTepusyeT COCTOSHME Cpefibl pac-
npocTpaHeHusi. COOTBETCTBEHHO eCTh PasHUIA U
Ha BeIMuMHy fo =1/ (cu) =1/ [c(cz - v,fp)l/z].
OTcrola MOXHO CfleiaTh cieylolye Ipeobpaso-
BaHMs GOpPMYJIbI (82):
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B = (v/c?) XE,

H=[v/(uyc®)] XE =veg XxE=v XD,

cE = [(vu/c)] X E,
2 = ’U(CZ _ van)l/Z’
ct/v? = -,
c?/v? =1 —v,,%/c?,
c? V% + vy% /e = 1

IMocnegHee ypaBHeHUe B (83) COOTBETCTBYET
3aMKHYTOJ CHCTeMe [IBYX NPOTUBOIOIOKHOCTEN
M0 YPaBHEHUIO OKPYKHOCTU C YUETOM OOPATHO-
MIPOIIOPLMOHAIBHOM CBSI3U. JTO COBMHALAET C pe-
3y7bTaToM B (30), KOTOPOE MOTYIEHO U3 HOPMYJIBI
Jlyu ne Bpoitns hf=mc?. 'HpIMM C7IOBaMU, MbI TIO-
JlyyaeM OAVH U TOT >Ke 3aKOH, YTO O3HayaeT CUM-
MEeTPUI0 B TIIPOTUBOIIOJOXHOCTSIX, U COOTBET-
CTBYeT MpeNCTaBJIEHUI0 3JeKTPOMarHUTHBIX CO-
CTaBJSIIONIMX B OOHONM cucTeMe HAabGIIomeHMs Kak
BEJIMUMH JJIMHBI (Macchl) ¥ BpeMeHM (0OpaTHO-
MPONOPIMOHATIbHA YACTOTE) B IPOTUBOIIOI0XKHOM
cucTeMe HabGMIOIeHNS.

(83)

IIpy 3TOM B yCcOBepIlIeHCTBOBAaHHBIX ypaBHe-
HUsIX MakcBejyia TPUCYTCTBYET M MarHUTHBIN
CTOPOHHMII TOK. DTO TaKKe ObIIO 3aMeveHO GU3U-
KaMu B [32, c. 36] u MazHUMHslll CMOPOHHULL MOK
anepeble 8eesu He Mbl. OTCIOma GbUI ONpeneéH
BEKTOPHBIN T[MOTeHLIMan [Jis HaMpSHKEHHOCTU
37IeKTPUYECKOro IO BUA:

EY = —1/¢gyrot(A™), (84)

OnHOBpPEMEHHO [IJIS1 HATIPSKEHHOCTU MAarHUT-
HOTO I10JIS1 TI0 aHAJIOTUM JOJIKeH ObITh BUJ:

HY = —grad®™ — 0A™/ot, (85)

Hanee, wucxonsi M3  ypaBHeHMsI BUIA
rot E = —0B /0t — j, cr, UMEEM:

—1/gy rotrot(A™) = py (VO™ + 9A™/0t) /0t — jycrs

—rotrot( A™) = gopuoV(0D/0t) + goug 02AM/0t? — £gjpycns

—rotrot(A™) — gy 024" /0t? = gy V(OD/0t) — £gjycrs (86)
VZAM —1/c? 9%2A"/0t? = grad(1/c? 0®"/dt + div A™) — &ojy.crs

VZA™ — 1/c? 02A"0t? = —ggjyer = (—u/c)ce = c(1 — vy,2 /c?)? = 1/m,,

B pesyjbTaTe Mbl MME€eM 3aBMCUMOCTDb MeXXOYy CTOPOHHUMMU (CbI/IKTI/IBHbIMI/I) SJIEKTpUYECKMMM U MAarHUT-

HBIMIM TOKaMM BUaa:

VA - ]-/C2 azA/at2 = —HoJser-= —ce/(uc) =my/(1 - vnpz/cz)l/z =m,;
VZA™ — 1/c? 02A"/0t? = —&jyer = (—u/c)ce = c(1 — vy,2/c?) % = 1/m,,

DTO 03HAYaeT, YTO MbI MMeeM OGpPaTHO-IIPO-
MOPLMOHAIBHYI0 3aBUCUMOCTb MEXAY CTOPOH-
HUMU JIEKTPUUYECKMMU U MarHUTHBIMMU TOKaMMU,
KOTOpPAasl COBIIaiaeT ¢ 0O6PaTHO-IIPOMOPIMOHAIb-
HOJ1 3aBUCUMMOCTDIO IJIsI 0OBEKTOB AJIMHBI U Bpe-
meuy 1o CTO DitHuITelHA C COOMI0IeHeM MHBa-
puaHTHOCTH. [0 CyTM Hena, UCXOns U3 3HAUYEHUIT
KOHCTAHT 3JIEKTPUUECKON U MarHUTHOM MpOHU1IA-
€MOCT! MBI [TOJIy4aeM, UTO B YPABHEHUSIX BOJIHBI
yepe3 BEKTOPHbIE MTOTEHIMAbl A 1 A™ oTo6paka-
I0TCS 3HAUEHUS 3JIeKTPUIECKO U MarHUTHON UH-
IYKIMY B COOTBETCTBYIOIIEN cucTemMe Habmome-
Hus1. [Ipy 3TOM CTOPOHHME 37IEeKTpUUECKUe U Mar-
HUTHBbIE TOKU OTPa’kaldT MHOe TIpefcTaBjeHMe,
yeM B CHCTeMe HabII0IeHus 110 ypaBHeHUsIM (73),
U OHM (aKTHUeCcKu OTOOGpaxkaroT 3HaueHuss M° u
M", 9yTO 0O3HAYaeT CMEHY CUCTeMbI HaGJIIOHeHMS.
OpHako OTMeTUM BuA, ypaBHeHM1 (87) HE MOXET
aThb paBeHCTBA B CMJIY TOTO, YTO CJIeBa OT 3HaKa
paBeHCTBA TMPUCYTCTBYEeT BOJHOBasT GQYHKIMS, a
CIpaBa OT 3HAaKa paBeHCTBA OHA OTCYTCTBYeT. ITO
HECOOTBETCTBUE OBLIO0 UCIIPABJIEHO

VA - (1/62) aZA/atZ = _.qua.CT = ”OCA = ‘m'OA/(1 - vnpz/cz)l/2 = maA = A/vtm;
VZA™ — (1/c? )02A"[0t? = —ggjyer = £0CA™ = A"(1 — vy, % /D)2 /mg = A" /m, = vy, A™.

(87)

[lIpeguHrepoM, KOTOPLI BBET B KBAHTOBOI MeXxa-
HMKe YMHOX€eHJe Ha BOJTHOBYIO GyHKIMIO ¥ B [16,
c. 30-31] s 06eux yacTeit paBeHCTBa:

V2W —1/c? 0?29 /0t? = my2Y, (88)

Co6CTBEHHO TaKoe M3MeHEeHUe MMeeT 0ObsC-
HeHlMe Ha OCHOBe Hallleli Teopuy, Iie B ypaBHe-
HUsIX MakcBessia CTOPOHHME TOKM MMEKT BUL,
MPOM3BOIHBIX OT BOJIHOBBIX GYHKIMIA B BUe (74),
a camo Hajauyue mpecTaBieHUs 00bEeKTOB yepes
BOJIHOBbIE (DYHKLIMM CBSI3aHO C HEOOXOIMMOCTbHIO
M3MeHeHUs] 060BEKTOB MPU YCJIIOBUM UX COXpaHe-
HUSI (OTCIO[Ia SKCIIOHEHIMAIbHBIN BUI QYHKLINIT)
Ha OCHOBE HaauMuus KOPIYCKYJISPHO-BOJHOBOTO
ayanusma.

B muTore ¢ yuéToM CMeHbI CUCTEMBI HabJOe-
HMSI HA IPOTUBOTIOJIOXKHYI0 CUCTEMY, KOTAa Macca
M CKOPOCTb B TNPOTUBOIIOJIOKHOCTSIX MEHSIOTCS
mectamu (910 akTHyecku BBEN bop ¢ yuéTom 06-
PaTHO-TIPOMIOPIIMOHAMBHOM CBSI3M U ClefyeT

1
TaKKe U3 HaLllell TeOPUM), IpH vy, = (¢? — vay) /2
MMeeM BUJ, YpaBHEHWUI:

(89)
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Takum o6paszom, ecau mist (GopMUPOBAHUS
MarHUTHOTO WJIM 3J€KTPUYECKOTO BOJHOBOIO
Tpoliecca B Hallleil cucTemMe HabIOgeHUs Tpebo-
BajlaCh IMHAMMKA M3MEHEHUS IeKTPUUYECKUX U
MarHUTHBIX CTOPOHHMX TOKOB (76), TO B IIPOTUBO-
MTOJIOKHOM cHUcTeMe HabJofeHus yke caM CTO-
POHHMUIT 3JIEKTPUUYECKUI MM MarHUTHBIN TOK C
yuétoM (89) BbICTyIIaeT MCTOUYHUKOM (popMUpOBa-
HMSI BOJIHOBBIX TPOIIECCOB B MPOTUBOIOIOXHO-
CTU. IHBIMM CJTIOBaMM, B OJTHOJI CCTeMe HabToe-
HMSI CTOPOHHME TOKYM B IMHAMMKe CBOETO U3MeHe-
Hus (ripeobpasoBanusl) (GOpMUPYIOT MCTOYHUK
BO30YsKIeHMs BOJIHOBBIX CBOVICTB, a B APYroit Cu-
cTeMe HaOJTIOAeHMS YyKe CaMy SIBJISIIOTCST ICTOUHU -
KaMM BO30OYKIEHMSI BOJIHOBBIX MpolieccoB. Of-
HaKo B (89) MbI UMeeM IpeacTaB/IeHN e BEKTOPHBIX
TOTEHIIMAJIOB Yepes3 [epBOHAYaIbHYIO CBSI3b IIPO-
TUBOIMOJIOKHOCTEN Yepe3 CKOPOCTh CBeTa BUIA:
CA=A", Ipy 3TOM BOJIHOBbIE IIPOLE€CCHI B IPOTUBO-
TIOJIOKHOCTU ONpeessiloTCS COCTOSSHMEM Cpenbl
pacripocTpaHeHus: 6e3 KOPITyCKY/ISIPHOTO JIBVIKe-
Hus1 4vactuy. Ilostomy, s ciiydyass peanbHOTO
OTOOPaKEHMSI ITUX BEKTOPHBbIX ITOTEHLIMATIOB B

MIPOCTPAHCTBE M BpPEMEHM B Hallleil CucTeme
HabII0geHNsT uepe3 KOPITYCKYJISIpHOEe OBVKEeHME
YaCTUI MbI JOJIKHBI UMETh UX peaibHOE Impeobpa-
3oBaHue B cooTBeTcTBUM ¢ CTO u OTO IitH-
IITeiiHa B 3aBMCYMMOCTY OT CKOPOCTH B HaIllei Cu-
creMe HabmomeHus1. IHOe IpeicTaBIeHUE TOIbKO
B BUJ€E JIEKTPOMAarHUTHBIX BOJIH MCKITIOUaeT 06-
MeH yepes U3jyueHue U MoTJolIeHye 1U3-3a acco-
LIMaTUBHOIO CJIOKEHMS M BbIuMTaHusi. Takoe Ipe-
obpasoBaHMe IO AHAJOTUKU C 3SJeKTPOMATHUT-
HBIMM COCTaBJISIIONMMMU B (83) ObUIO TaKKe BBe-
IeHO (pM3MKAMM Ha OCHOBE M3BECTHOI (hOPMYJIbI
CBSI3M BEeKTOPHbBIX MTOTEHIMAIOB U3 3JIeKTPOIMHA-
MUKM [33, c. 165]:
A= (vg/CZ)cb = (vg/cz)AM, (90)
3mecs ®=A™. CoOGCTBEHHO IIpeICTaBJIEHNE B
(90) cCOOTBETCTBYET OMMCAHUIO ABVWKEHUSI OObEK-
TOB B Hallleil cucTeMe HAOGII0JeHUS C BhIMTOJIHe-
HueM CTO 3JitHurTeriHa. OTCIOga IpU Mepexone B
CUCTEeMY HaOJII0IeHMS OT BEKTOPHOTO IIOTEHIMAa/Ia
A™ ymeeM 1151 BepxHero ypaBHeHus (89):

VZA — (1/c?) 02A/0t* = m,A = m,(v,y/c?)AY;
c(V?A—1/c* 9°A/0t*) = myv,A"/c; 91
V24" — (1/c? )02A%[0t? = m,v,A.

IIpu 3TOM [/151 BOJTHOBBIX CBOVICTB, IIPU CKOPO-
CTU ABVOKEHMS BOJHBI CO CKOPOCTBIO CBETAa, MBI
YYUTBIBaeM, 4YTO B COOTBETCTBYIOLIEN CUCTeMe
HabmomeHus: AY=cA. [TaHHBI/ TOIXOH COOTBET-
cTtByeT upnee Jiyu ne bpoiins, rae BOJHOBOM IIPo-
1IlecC B OJHOJ MPOTUBOMOJIOKHOCTY OJHO3HAYHO
CBSI3aH C MMITYJIbCOM ABVDKEHMS YaCTUIIBI B IPY-
rOii TMPOTUBOIIOJOXHOCTYM C YYETOM O6MeHa
MeXIy TMPOTUBOIOJIOXKHOCTSIMU CO CKOPOCTBIO
cBeTa. Mo omauyaemcs om KoHyenyuu ¢usuxos,
2de hopmuposaHue 31eKMpoMazHUMHO20 NOJsl C65-
3b18a10M C HEKUM IJleKMpPUUecKum 3apsioom, Komo-
pblli He umeem 3HepauU, MAK KAK He 8X00um 8 ypas-
HeHue dHepeuu AliHwmetiHa, umo 6vL10 yumeHo Ju-
pakom (q = e = +1). CnemoBaTenbHO, €C/IU B CITY-
yae OTOOpa)keHUS OT CUCTEMbI HAOTIOAEHUS OT
BEKTOPHOI'0 NoTeHuuana A™ Mbl MMenu 3aBUCU-
MOCTb (DOPMMPOBAHMS BOJHOBOTO IIpOliecca OT
KOHCTaHTbhl MarHUTHOM MPOHUIIAEMOCTH, BbIpa-
SKEHHOJ yepe3 HeloIBVIKHOE IIPOCTPAHCTBEHHO-
BpEMEHHOEe MCKPUBJIEHME B BUJE MacCbl m,, TO
MIpU OTOOPasKEHMUM Yepe3 BEKTOPHBIN IMOTEHIVA

VZA™ — 1/c? 024" /0t? = —&gjyer- = A (1 — 2 /D)2 /Mg = A" /M, = vy AY = My, 4;
(V2A—1/c? 0%A/0t?) = myv, A,

TakuM 06pasoM, Mbl BUAMUM, UTO BOJIHOBOI
Mpollecc B OJHONM cucTeMe HabmogeHus GopMu-
pyeTcs 3a CYET KOPITYCKY/ISPHOrO [IBVOKEHMS B

A, MBI UMeeM TIpe[iCTaBjJeHue OT CUCTEMBI, CBSI-
3aHHOJ C HAOJIIOIEHMEM OT BpeMeHM, B KOTOPOIA
Macca m, ye JBIUKETCS CO CKOPOCThIO v,. OTCrona
coxpaHeHle BUIa 00beKTOB IIPU IIEePEX0fie B IPOo-
TUBOIIOJIOKHOCTb, HallpMMep, TOIbKO C 3aMeHO
IJIMHBI Ha BpeMsl, ¥ Ha060pOT, MCKITIOUAJIO ObI BO3-
MOSKHOCTb B3aMMOJENCTBUSI U pasanuusi 06beK-
TOB 3a CYET M3MeHeHUs. [leliCTBUTENbHO TIpes-
CTaBJeHMe W3MeHeHUs] OKpyXKalollleil cpenbl B
MPOTUBOMOJIOKHOCTSIX ~ MYTEM  IIpeBpallleHust
IIUMHBI Ha BpeMs, M HA0OODPOT, MaéT OFTHOPOA-
HOCTb 6€e3 06bEeKTOB. A 3TO O3HAUYaeT OTCYTCTBME
B3amumogencTBus. [ HukHero ypasHeHUs B (89)
MBI 1OJIKHBI yUECThb, UTO Macca U CKOPOCThb B IIPO-
TUBOIIOJIOKHOCTSIX B COOTBETCTBUMU C (26) u (89)
MEHSIIOTCS MeCTaMM C YYEeTOM 0OpaTHO-IIPOIOp-
LIVOHAJIBHO CBSI3U (r=m=1/v) U B 9TOM CTy4yae Mbl
umeeM ypaBHeHue (90) B Buze:

A" = c?AJvy = myc?A, (92)

OTcroga noayyaem:

(93)

MIPOTMBOIIOJIOKHOW CUCTeMe HAOMIJeHus, U
Hao6opoT. ®akTUUeCKU Mbl MMEEM 3aKOH, I10 KO-
TOPOMY ABMKYIIMIACS JIEKTPOH B OJTHOV CUCTEME
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HaO6JTI0IeHYSI TIPeCTAB/ISIETCS IPOTOHOM B IPYTOiA
cucTeMe HaOMIOOEHMS, 32 CUET CMEHbI CKOPOCTU
Ha Maccy, ¥ JTaHHbIe IIPeICTaBIeHNS YaCTHUL OTTpe-
IIeJISTIOTCST Ha OCHOBE COCTABJISIONIMX JIEKTpOMar-
HUTHOJ BOJIHBI B COOTBETCTBYIOIIEH CUCTEME
HaGIIOIeHMs.

DTO Kak pas ¥ TOBOPUT O TOM, UTO npedcmasie-
Hue 00H020 U M020 e o06sekma 3asucum om cu-
cmeMpl HAOM0JeHUs U 3Mom 8v1800, Kcmamu, ciie-
dosasn no s02uKe U3 ypasHeHull, NOJIy4eHHbIX CaMuMu
¢usuxamu. Haiia 3acjiyra Juiib B TOM, YTO MbI
yunu, uyto B cooTBeTcTBUM ¢ CTO nm OTO IitH-
HITeMHA, C YYETOM CBSI3U MPOTUBOIIOJIOKHOCTEN
yepe3 CKOPOCTh CBETA, MTPOEKIVS Ha BpeMs Iepe-
XOJUT B IIPOEKIINIO IJIMHBI, ¥ HA060POT, a 3TO YKe
O3HauaeT OTO6pakeHye B peajbHOM BUE B IIPO-
CTpaHCTBe. MHbiMU cnosamu, mo, 4mo 8 00HOl cu-
cmeme HabawdeHus npedcmassisiemcs 8 sude Heno-
08UIHBIX 00BeKM08 ONIUMbL U 8peMeHU C 0mobpace-
HueM uepe3 dneKmpuueckue U MazHUmHsle CMOpPoH-
Hue moxu 6 sude NpocMpaHcmeeHHO-8PEMEHHO20
KOHMUHYYMA 4epe3 KOHCMAHMb!L 31eKmpuueckoli u
MazHUmMHOL NPoHUYaeMocmu, 8 NPOMUBONOJONCHOL
cucmeme HabaoeHus 8viznadum 8 Kauecmee 08uU-
HCYUUXCS 006eKmMo8 ONUHbL U 8peMeHU (Npomueono-
J10McHble 3apsodbl). TIOHATHO, YTO COXpaHeHue BUAa
00BEKTOB B 00€MX CUCTEMAX HAOIIOIEeHUS VCKITIO-
yaeT TmpeobpasoBaHme (pacmag WIM CUHTE3

00bEKTOB) C HAJIMUMEM CAMMUX MPOTUBOIIOTIOKHO-
cTeit. CobcmeenHo, Mol dokasanu, umo gopmu-
PO6aHUe 80JIHOBBIX INIEKMPOMAZHUMHBIX noJeil
C8A3AHO KAK C 08UxiceHUeM KOPNYCKYJIAPHO-80.1-
HO8bIX 005eKMo6, MaK u npu ux npedcmaejieHull
8 Kauecmee okpyxicarouleii cpedvl pacnpocmpaHe-
HUs 6 coomeemcmeuu ¢ 2unomesoii JIlyu Ode
Bpoiinsa. [Ipu 3TOM, KaK Mbl ITOKa3aau B [24, c. 5-
36], 4TO BOJHOBBIE CBOWMCTBA [JIs1 HAIPSDKEHHO-
CTeNM 37eKTPUUECKMUX M MATrHUTHBIX I0JIEN IOJTy-
YAIOTCS TaKKe U B pe3yabTaTe MOJICTAHOBKU YCO-
BEpIIEHCTBOBAHHBIX  ypaBHeHMii  MakcBesia
(371eKTPOHHBIE ¥ MIOOHHbIE HEMTPUHO U aHTUHEI -
TPUHO) APYr B Apyra, TO €CTh BCE OIpemesieTCs
COCTaBJISIIOIIMMM [IPU B3aUMOIEACTBUN.

Heob6xomuMocTh (GOPMUPOBAHNUST MCTOUHUKOB
BO36YKIEHMsI 3JIEKTPOMArHUTHBIX MTOJIel OT ABYX
MPOTUBOIIOJIIOKHOCTEN, (PM3UKaMU B KiIaccuye-
CKOJi 9JIEKTPOIMHAMMKE ObLJIa TAKXKE MpeIIoKeHa
B BUJIe 3aM1CH Yyepe3 BeKTOpHbIe MOTeHI[MAbI IT0
dbopmynam (77). iubiMu cioBamu, pusmku dax-
TUYEeCKM 3aMeHuIM U 6e3 Hac 3JIeKTpUUecKue u
MarHuTHbIE CTOPOHHME TOKU B (73) u (76) Ha BeK-
TOpHbIe TOTeHIManabl. OTiINYMe B TOM, UTO IO
Halleil Teopun 6e3 B3SITUS TIPOMU3BOIHO T10 Bpe-
MeHM VCTOUHMKU BO30YKIEHMUS IPeICTaBIIsSIOTCS
B BUJIE CYMM:

Hy =H+ H" = —cigrad A" — dA"/dt + 1/uyrot4;

Ey=E+E" = —cigrad A,—0A/dt—1/gyrot A;
UoHy = —cupi grad A — o 0AM/0t + rot A;

(94)

goEy = —ceggigrad Ap — gy 0A/0t — rot A™.

Aunanusupys ypaBHeHus (73), (89) u (94), mbl
BUIMM, UYTO BUJI, BOJTHOBBIX ypaBHeHUl (89) u (94),
B JIEBOI1 UaCTHU OT 3HaKa paBEHCTBA COBMAAaeT Mpu
3aMeHe CTOPOHHUX TOKOB Ha BEKTOPHbBIE MOTEH-
umansl. OTaMuMe MeXay CTOPOHHMMM TOKaMM U
BEKTOPHBIMU TTOTEHI[MAIaMM KacaeTcsl JIUIIb 3Ha-
KOB CJIOKEHMS ¥ BBIUMTAHMS, UTO MOKET 03HAYaTh
CMEHY CUCTEeMbI HAaOTIOeHNST Ha TTPOTUBOIIOJIOXK-
Hylo cucremy. OTcioma, B COOTBETCTBUM C

HEOOXOMMOCThI0O CMMMETPUU MEKAY IPOTUBO-
TMTOJIOSKHOCTSIMM IJISI COOJTIOAEHUST 3aKOHA COXpa-
HeHMSI KOIMYeCTBa, a TakKe YUUThIBAsl UOEeHTUY-
HOCTb (opMys HJI1 BEKTOPHBIX MOTEHLMAIOB U
371eKTPOMAarHUTHBIX COCTABJISIIOLINX, YTO MBI I0-
Kasanu B [24, c. 5-36], MOKHO ciesIaTh ¥ 06paTHYIO
MOICTAHOBKY 3JIEKTPOMAaTrHUTHBIX COCTABJISIOLINX
B BEKTOpHbIe IIOTEHI[MAJIbI. B pe3ynbraTe 1o aHa-
soruu ¢ (89) Mbl MOJTyYUM:

V2H — (1/c?0%)H/0t? = M™ = cuoH = E /g,
V2E — (1/c?0%)E/dt? = E/(cgy) = [Mmo/(1 — vnpz)]E =m,E, (95)
V2E — (1/c?0%)E/dt? = M? = cgyE = E/m, = —¢g,H.

[TonyyeHHble ypaBHEHUSI COOTBETCTBYIOT CO-
omopgeHnio npuHiumna loiireHca-dpeHens ¢

YUETOM BTOPMYHOTO M3IYUYEHUS, B ITOM CIIydae
npyu E = cp MbI UMeeM pellleHys BUaa:

H = exp( — i[(E)!/2t — (cio)!/2t — (p)/2r1), o6
E = exp{ — i[(E)!/2t — (c&0) 2L — ()'/r]), 00

HOHS[THO, YTO IIPpM OTCYTCTBUU BTOPUYHBIX UC-
TOYHMKOB M3JIyUY€HMs BO/JITHOBbIE YPaBHEHMA OKa-
3bIBAKOTCA ITOJHOCTBIO HE3aBMCUMMBIMM OT Cpebl
pacripoCTpaHeHMs, YTO He Haﬁ]’[IO,ZLHETCH Ha IIpak-
TuKe. IHbIMU CJIOBaMM, Mbl BUAMM ITOJIHOE COBIIA-
JeHNne BuAad 3aKOHOB [OJid 3JIEKTPOMArHMTHBIX

COCTABJISIIONIUX ¥ BEKTOPHBIX TIOTEHIIMAJIOB, HO C
O0TOOpakeHMeM 3TUX 3aKOHOB B MPOTMBOIIOIOXK-
HOCTSX. IIpM yC/I0BMM 3aKOHA COXpaHEHUS KOJIU-
YecTBa B OOBEKTAaX IPYU MOTJIOWEHUN U UIITyUe-
HIU, YTO CBS3aHO C PABEHCTBOM ITPOI[ECCOB B IIPO-
TUBOIIOJIOKHOCTSIX, BRIPDAsKEHHBIX Uepe3 BOTHOBO



AKTYyaJbHbIe UCCIeOBAHUS ¢ 2024. N252 (234)

[ dusmxka | 34

37IeKTPOMAarHUTHbBIN BUJ, U BOJHOBON BU[, yepes3
BEKTOpHbIE TIOTEHIMAaJIbl, Mbl MOXEM CHeJaTh 3a-
MeHYy UCTOUYHMKOB Bo30ykmeHus E u H Ha BeKTOp-
Hble TOTeHIMaJbl. TO eCTh paBHbBIN KOJINYECTBEH-
HbI/i O6GMEH MeXOy MPOTUBOIOIOKHOCTSIMMU

TO3BOJISIET TIPUBECTU YpPaBHEHUS B 3aBUCUMOCTU
OT OAHON TmepeMeHHOM. [l y4yéTa BOJIHOBBIX
CBOVCTB OT HAIPSIKEHHOCTU 3J1€KTPUYECKOTO
MoJsst ¢ yuétom npuHiumna [oiireHca — OpeHens
UMeeM:

—&yCEg = —goHy = —¢gpcigrad A, — gy0A/0t — 1/rotA™;
—goHy = —=1/(cup)igrad A, —ey0A/0t — 1/ rot A™;
—cuogoHg = —igrad A; — cugeg0A/0t — cuyrot AY;
—Hy/c = —igrad A;—1/c0A/0t — cuyrot AY;

—Hp = —cigrad A, — 0A/0t — c*uyrot AY;

—Hp = —cigrad A, — (1/c)dA"/dt — c*uyrot A™;
—cHy = —c?igrad A, —3A"/0t — c3uyrot AY;

97)

—cH, = —c?igrad A, —dA"/0t — (c/gy) rot A™;
A" = cA; A, = A%/ ( cgp); Hy = iA; i = (-1D)V3
—cHy = —i(c/gy) grad A™ — 0A™ /0t — (c/gy) rot AY;
—icA = —i(c/gy) grad A™ — 0A™ /0t — (c/gy) rot A™;
0A™ /0t — icA™ +i(c/gy) grad A™ + (c/gg) rot AM = 0;
Il y4€Ta BOJIHOBBIX CBOJMCTB OT HAaIIPSDKEHHOCTYM MAarHUTHOTO IOJIS C y4€TOM NpuHuuma [rojireHca —

dpeHess uMmeeM:

cloHy = —icug grad A — ugdA™/dt + rot4;

cuoHy = —(1/ceg)igrad A™ — pogdA™/dt + rot A;
c?ugeoHy = —igrad A — cequg0A™ /0t + cegrot A;
Hy = —igrad A/ —1/c0A™/dt + gy rot A;

cHy = —cigrad A, — 0A™/dt + ceyrot A™;

A = gAY = gyCh;

(98)

cHy = —icgg grad A™ — 0A™ /0t + cgyrot A™;
cHy = —icgg grad A™ — 0A™/0t + cgyrot A™;
icA™ = —iggc grad A™ — 0A™/0t + ceyrot AM;
dA™/0t + icA™ + ceyi grad A™ + ceggrot AM = 0.

30ecb Mbl YUMTHIBAE€M, UTO HAIPSIKEHHOCTU
9JIEKTPUYECKMX Y MAaTHUTHBIX I10JIei — 3TO IIPOTU-
BOITIOJIOKHOCTM K BEKTOPHBIM ITOTEHIIMa/IaM, UTO
orpefieisieTcss YMHOKeHMEM Ha MHUMYIO elu-
HUILY, ¥ TaKOJi Ilepexo/ BIiepBbie BBeJIM He MbI, a
OBIO CIOeJaHO B KBAHTOBOJ MeXaHMKe B BUJE
xs=ict wim id=A,4 [20, c. 317-318]. Kpome ToOro, B
CUJTy TIDOTUBOMENCTBUSI 3JIEKTPUUYECKOI COCTaB-
JISIIOLIE K MAarHMTHOM COCTaBJISIONIEN, MbI
IOJDKHBI ITPY TTepexojie K 001eit cuctemMe HabJT0-
IeHUs cJejlaTh 3aMeHy 3HAaKOB, TaK KakK 3aKOHBI
usMKy, CcBI3aHHBIE C  KOJMYECTBEHHBIMU

0A" /0t — icA™ + i(c/gg) grad A™ + (c/gg) Tot A" = 0;
dA™/0t + icA™ + ice, grad A + ceyrot AM = 0.

To ecThb TaK KaK OOGBEKTHI COXPAHSIOTCS, TO
BMECTO 37IeKTPUUYECKMX ¥ MAarHUTHBIX CTOPOHHUX
TOKOB MOYXHO BBECTM BEKTOpPHbIE MOTEHLIMAJbI,
UCXOS U3 UIEHTUYHOCTU 3aKOHOB B IPOTUBOIIO-
JIOXKHOCTSIX. 3[1eCh YUYUTBIBAETCSI, YTO €CAU [JIs
dbopmMmurpoBaHMSI MATHUTHOTO MJIU 3JIEKTPUUYECKOTO
BOJIHOBOTO TTIpoIlecca B Hallleil cuctemMe Haboze-
HUS TpeboBaIach AMHAMMKA U3MEHEHUS SJIEKTPU-
YeCKMX M MarHUTHBIX CTOPOHHUX TOKOB (76), TO B
MIPOTUBOITOJIOKHOI CUCTeMe HaOMIOmeHusT yKe
CcaM CTOPOHHMUIT 3JIEKTPUUYECKUI WA MarHUTHBIN
TOK C yuétoM (89) BbICTyMaeT UCTOUHMKOM (op-
MUPOBAHUS BOJIHOBBIX MPOLIECCOB B

M3MeHeHUSIMU, He MOTYT UMeTb IBY3HAUHbBI BU]T
IJIT OOHOI 061eit mepemeHHoii. CO6CTBEHHO, B
npeArocaeHeM ypaBHeHUM B (96) cMeHy 3Haka
rnepen 3HaueHMeM portopa (—ceyrotA™) ¢ MuHycCa
Ha III0OC MOXKHO pacCMaTpMBaTh KaK CMeHY Jeii-
CTBMS Ha IPOTUBOIEICTBIME, WJIM KaK CMeHY Iiepe-
MEeHHBIX I10 KOOpAMHATaM IJIMHbBI, TaK KaK MHOe B
MIPOTUBOIIOIOKHBIX CCTEMAaX HabG/II0JeHNsT O3Ha-
YyaeT OTCYTCTBME IIPeOoOpa30BaHUil C BIUSHUEM
MIPOTUBOIIOJIOKHOCTEN APYT Ha Apyra. Takum o06-
pa3oM, Mbl TOJyyaeM JIBa ypaBHEHUSI OTHOCH-
TeJIbHO OJHOJ IlepeMeHHOoI A™ B BUIe:

99)

IIPOTMBOIIOJIOKHOCTH. B CHUTy CMMMeTpUM 3aKO-
HOB MMpO3JaHyst B IPOTHUBOTIOIOKHOCTSIX /ISt CO-
GIIOfeHMsT 3aKOHA COXPAHEHUS] KOJMYeCTBA 3TO
MIPaBU/IO PACIIPOCTPAHSIETCS M HA BEKTOPHbIE I10-
TeHIMaJbl, & TAKKe JTEKTPOMArHMUTHbIE COCTaB-
JISTIoIe.

Takum 06pa3oM, Mbl BbIPA3W/IM YpaBHEHMs Ue-
pe3 BEeKTOPHbIe TOTEHIMaIbl, C YYETOM, UTO,
A = poA =my/(c® - 1711p2)1/2A oAM= gA" =
(1 — vyp?/c?)'/?A™. VIHBIMM CTIOBaMM, MbI YUUTbI-
BaeM, YTO BEKTOPHbII IOTEHIIMAT 110 KOOPAMHATE
IJTMHBI OT/IIMYAETCS OT BEKTOPHOTO MOTEHI[Maia
10 KOOpAMHATE BpPEMEHU Ha  BeJUYMHY,
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CBSI3aHHYIO C YCPeOHEHHOJ MHTerpajabHOl KMUHe-
TUUYECKOJ SHepruei B MpOTUBOIOJIOXKHOCTH, BbI-
pakeHHOVI Yyepe3 3HaUeHue CKOPOCTH V, IO ypaB-
HeHMio Bupa: v =u = (c? —,,?)"? B coorser-
ctBuu ¢ OTO ditHIITelHA. 34eCch aHa/Ior JJIsI Mar-
HUTHBIX cocTaBagwiux H, = p,H, 1 ananor misa
37IeKTpUYeCcKux coctasisiommx E, = ,E. Ecau uc-
XOJMUTb U3 U3BECTHBIX 3aKOHOB (PU3UKM, TO B ypaB-
HeHMsIX (98) 3HaueHne dA™/dt + (cey)rotA™ BoIpa-
KaeT 3aKOH dapapes, a ypaBHeHMe
icA™ = cgyi grad AY COOTBETCTBYeT IOIVIOLIEHUIO
WY U3JIyYeHUIO B OKpyKatouieii cpene. OLHAKO C
TOUKM 3peHMS Halllel TEOPUM U C LIeJIbI0 UCKIII0Ye-
HMSI TIapaJlOKCOB 3aMKHyTasl CuCTeMa pOTopa
orpegensieT 00beKT B BuJe KOHCTAHTHI B MIPOTHU-
BOIIOJIOKHOCTH icA™ = (cgy) rot AY, a ocTaBlIasCs
YacTb OIlpefienseT IMHAMUKY U3MEHEHUSI MeXIy
MIPOTUBOIIOIOKHOCTSAMM B IIPOCTPAHCTBE U Bpe-
MeHM B  Buge 0A™/0t +cepigrad AM B

coorBetcTBUM ¢ CTO u OTO IitHiureitHa. Jeii-
CTBUTENBHO, €C/IU NOMYCTUTh, YTO U3MEHEHMUS T10
BpPeMEHM He MPUBOJST K U3MEHEHMSIM 10 [JIMHE B
cootBeTcTBUM ¢ CTO n OTO JiiHiTEeliHA, TO TEM
CaMbIM MCKJIIOYAeTCSI CBSI3b IMPOTUBOIOIOXKHO-
cTelt ¥ MapaioKChl C Uyiecamy HeM30esKHBI.

B pesynbTaTe Mbl BUIUM, UYTO ypaBHeHUS (98) u
(99) umeroT CXOACTBO C BUIOM YpaBHEHUN U3 CU-
crembl [Iupaka (37), a 0OTCI0/1a eCTeCTBEHHO BO3HMU -
KaeT MbICIb, UTO C LeJbI0 MCKIIOUEHUS 4vyzec,
HeOo6XOIMMO TO0Ka3aTh 3aMeHY BOJHOBBIX (YHK-
LM, XapaKTepU3yIOLIMX BEPOSITHOCTh, HA peab-
Hble 3JIEKTPOMAarHuTHble GQYHKINUY, KOTOPbIE Of-
HO3HAYHO CBSI3aHbI C BEKTOPHBIMU IOTEHIMA-
mamu. C 3TOV 1e/bl0 BCIIOMHMM, YTO CUCTEMa
ypaBHeHMI [lupaka Ipy Macce IMOKOSI paBHOM
HYI10 My=0 B KBAHTOBOJ MEXaHMKE MEePeXOauT B
BOJIHOBbIE YPaBHEHMSI HEIMTPUHO U aHTUHEITPUHO
(puc. 2).

npasas MaTepus

Tpasoe =
3 v —_—
AHTUHEHTPHHO P.C
s
)

PN

Jlesoe
AHTHHEHTPHHO

~- IlpaBoe
V' heiitpuso
—~ JleBoe
v L
HeHTpHHO
S
P.C

JieBas MaTepus
Puc. 2. HelimpuHo u aHmMuHetimpuHo

[ToHsiTMe «mMaTepuu» He MMeEET B Halllell Teo-
pUM HUKAKOro (GU3MUECKoro 0O6OCHOBAaHMUS, TaK
Kak He MMeeT MaTeMaTUueCcKOoro OIMCAHUSI C
HaJlMuyeM KOJIMYEeCTBa, U OHO CBSI3aHO C OTCYT-
CTBMeM IIOHMMaHUS y‘IéHbIMI/I MNpoOUCXooaIInX B

HETPUHO U aHTUHEMTPUHO UCIOIb3YETCS ypaB-
HeHMe ¢ OBYXpsiiHbIMU MaTtpuuiamu [laynm (ypas-
HeHMe Beiiens), mnb6o ypaBHeHue [Iupaka, ¢ pac-
HierieHneM Ha JBa He3aBUCUMBbIX YpaBHEHUS [34,
c. 355]:

MHUpO3JaHUM  TpoueccoB. /[ns  omnucaHus

'hall’+ 'ha+ha‘{’+'h Y, =0

lal C(la @)4 0153—,

.0 .0 d .

Lh§‘l’2 + c(lha—h@) Y, — CLhE‘PA, =0; 100
'ha‘P+ 'ha+ha‘{’+'ha‘{’—0 o
la3 C“& E)z Cl&l_'

'ha‘P+ 'ha ha‘}’ 'ha‘P—O

thag Vet clihgr—hg) ¥ = chzo ¥, =0.

Tak Kak mMacca MOKOS AJjis HEMTPUHO M aHTU-
HEeMTPUHO paBHA HYJIIO, TO OTCIO/IA CJIeyeT BbIBO/
00 UX [IOBMKEHMM CO CKOPOCThIO CBeTa, 4YTO

COOTBETCTBYET HEOOXOIMMOCTY IIPEeACTABICHUS
dbyaRUMIT ¥ yepe3 37eKTpOMarHUTHbIE COCTABJISI-
I0IlMe, TaK KaK C TaKoil CKOPOCTbI0O HE MOTYT
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IBUTAThCSI OOBEKTHI C MHBIM IpeacTaBaeHnemM. O
cBsa3u QyHKUMI W ¢ BepOSTHOCTBIO TAKKe peun
ObITb He MOSKET ¥3-3a IIOCTOSTHCTBA CKOPOCTHU
cseta. [Ipy 9TOM, MbI BUIUM, UTO OTJINUUI MEKTY
IepBoOJi 1 BTOPOIL mapoii B cucteme (100) TonbKO B
o6o3HaueHUM QyHKIML. [Ipu 3TOM MBI HEe MOKEM
OCTaBUTD IpeKHME 0003HaAUEHNST GYHKIIUIA, OTpa-
SKaIOIIMX COCTaBHbBIE 0OBEKTHI, TAK KaK IIPU OTCYT-
CTBUM MACChl TIOKOSI TTPOMCXOAUT IpeobpasoBa-
HMe U3 KOPITYCKYJISIPHOTO BUAA B BOJHOBOW BUJ,.
JTO KOHEUHO MOoApa3yMeBaeT MHOEe B3aMMOEN-
CTBJM€ COCTaBHBIX OOBEKTOB, MHAUe Obl He ObLIO

.0
lhalpl -

ad

dy d0x

at dy dx

Cokparnienne byHRIMA 10 1BYX (W1 U W2, win
Vs u W,) 03HaUaeT OTCYTCTBME CBSI3Y Uepes Maccy
MIOKOSI, @ Hanuuue OByX QyHKUMIT B ypaBHEHUM Xa-

paKkTepu3yeT HEOOXOAMMOCTb HAIMUMS B 00bEKTE
a a a

_l'pl + lC—lpl + C_l'pz -

Jt dy 0x

Jat dy
VHBpIMU C/TIOBaMM, Mbl MMeeM IBa UAEHTUUHbIX
ypaBHEHMS, KOTOPbIe MOTYT TOJIBKO OTAMYATHCS

yepe3 ¢byHKIMKU. Bung ypaBHenuii (102) cooTBert-
CTBYET BUAY YCOBEPIIEHCTBOBAHHBIX YpaBHEHUI

ox

d d d
lh_lp3 - Ch_lp?, + Clh_lp4 - Clhalp‘} =0.

nsMeHeHuit. CO6CTBEHHO M3MEHEHMSI KacaroTcs
repexona OT KOPITYCKYJISIPHOTO IIpezCTaBIeHUs
(TIoTeHLa/IbHAS SHEprysi) B BOJIHOBOE IIpe/iCTaB-
JileHue (KMHeTHYecKast SHeprust), ¥ Hao60poT. ITO
TI0 Hallleii Teopuu B COOTBETCTBUM C ob1ieit dhop-
mysioM Mupospanus (1) uHTepripeTupyeTcs yepes
CMeHYy 3aKOHOMEPHOCTEN 3a CUET YMHOKEHMS Ha
MHUMYIO equHUIy. Ha ocCHOBaHMM HaIlIMX PaCCyK-
JleHMi ¢ yUETOM COKpallleHMs BUnoB byHKiuii ¥ B
OLHOM ypaBHeHUM 10 OBYX (W u Wy, mnu Wi u Wy),
Mbl MOXeM IMpeACTaBUTb BTOpOe U YeTBEPTOe
ypaBHeHue B cucteme (100) B Bue:

d d d
Ch_lpl + Clh_lpz - Clh_lpz = O,

0z (101)

MPOTUBOMONOKHOCTe . COKpaTUB HA MOCTOSTHHYIO
[Tnanka h, 1 yMHOXUB Ha (—i), UTO O3HAYAeT Iepe-
XOJl B TIPOTUBOIIOJIOXKHYIO CUCTEMY HaOJIOIeHNS,
MBI TIOJTyYUM :

d
c—%¥, =0,

oz (102)

PR 2
_lp3 +lC—lP3+ C_lp4_ C_lp4 =0.

0z
MakcBesna (75). CiemoBaTe/ibHO, €C/IM UCXOAUTD
13 YCOBEPIIEHCTBOBAHHbBIX ypaBHeHMI MakcBeria
(75), TO OIS TOSTYYEHUSI UAEHTUIYHOCTY MbI MOXKEM
BbIpasuTh GyHKIMM ¥ ciaeqyonmmM o6pasom:

lpl = SOE,CqJZ = H = CE,

W = pH =1/(ceo)E, ¥,

d .0
o &Ey +ico—¢goE +

_H -
ot dy ox ?
) 9 9
&HOHY + lC@HOHt + a

VHbIMM C7IOBaMM, MbI MoayyaemM (usndeckue
aHaJIoru peanmsanuii yHkumit ¥; u ¥,, a Takke
Ws u W4, BoIpa’KeHHBIX Uepes peajibHble 3JIeKTPO-
MarHMUTHBIE COCTaBJISIIONIME 110 (75) ¢ yUETOM KOH-
CTaHT 3JIEKTPUYECKOI M MarHUTHOM MpPOHMIIAe-
MOCTHU, TO €CThb COCTOSIHUSI Cpe/ibl. JTO O3HAuaerT,
UTO YCOBepIIeHCTBOBaHHbIe ypaBHeHMs] Makc-
BeJIIa OTPasKaloT peasibHble 0OGBEKTHI B BUJIE ITIEK-
TPOHHBIX M MIOOHHBIX HEWTPUHO U aHTUHEN-
TprHO. COGCTBEHHO, 3TO 00bsICHSIET 3¢ deKT aH-
HUTWISIOUYM 3JIEKTPOHA UM IIO3UTPOHA, KOTOpBIE
OMMCBIBAIOTCS CUCTEeMOIi ypaBHeHMUs [lpaka ¢ mo-
sydyeHreM (OTOHOB, TeM YTO B3aMMOJENCTBUE
YCOBEPIIIEHCTBOBAHHBIX ypaBHeHUIt MakcBesia
IAéT 3JIeKTPOMAarHUTHYIO0 BOJHY 110 (76). ITO Mpo-
MUCXOOUT HA OCHOBE B3aMMOJENCTBUS 3JIEKTPOH-
HBIX U MIOOHHBIX HENTPUHO (QHTUHENTPUHO).
Kpome Toro, Mpl uMeeM (U3NUIECKUIT CMBICT pas-
JINYUIL MeXAY 9JIEKTPOHHBIMY HETPUHO U MIOOH-
HBIMM HEMTPUHO 3a CUET KOHCTAHT 3JI€KTpUYe-
CKOJ1 ¥ MAaTHUTHOJ MTPOHUIIAEMOCTY 6€3 BhITYMBbI-
BaHUS JIeBO " MIpaBo MaTepun.

E, —

=c¥, = E,
d
5 =0, (103)
d
&Ex = 0

[Mpu 3TOM HanMuue aHTUHENTPUHO BbITEKAaeT U3
KOMIUIEKCHO COIMNPSDKEHHOTO IIpefCTaBlIeHus II0
ypaBHeHMsIM (75). [1o cyTH, MOKHO CUMTATD, UTO B
HEMTPUHO 3a CYET HATUMIMSI MHUMOM e JUMHUILIBI 3a-
JIOKEHO HaIllpaBJjieHye Mpeobpa3oBaHUsS KOMIIO-
HEHTbl HAMPSKEHHOCTU TIONSI OT KOOPAMHATHI
IJIMHBI B KOOPAMHATY BpeMeHM. OTpuiaTe/IbHbIN
3HaK MHMMOJI eIMHUILIbI B ypaBHEHUM XapaKTepu-
3yeT aHTMHENTPUHO U CBSI3aH C 0OpaTHBIM ITPe0s-
pa3oBaHMeM KOOPAMHATHI BpeMeHU B KOOPAMHATY
IJIMHBL. OTCYTCTBME MHMMOJ €IMHUIIBI He TT03BO-
JisieT TIOMYYUTh Pa3HUILY B JeJieHUM Ha HeMTPUHO
M @aHTUMHENTPUHO B CWJIY TOTO, UTO CMeHa Harpas-
JIeHUsT HaOJI0AeHNUs] OTHOCUTEbHO IBVSKYIIEics
YaCcTULIbI MEHSeT U TIpeCcTaBieHre O MPaBOBUH-
TOBOM WJIM JIEBOBMHTOBOM BpalileHUM.

Ecnu pacniucats cuctemy ypaBHeHuit (98) oT-
HOCUTEJIbHO TIPMpPaBHUBAHUS K HYJIIO, U C YUETOM
me=1/c, a Takke, UTO cgy = cujc= (c?—
Unp )2, cptg = ¢/ (cu) = 1/(c? = vyyHM?, 10 MBI
TOTy4YUM
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dA™ /0t — icA™ + i(c/gy) grad A™ + (c/gy) rot A™ = 0;
0A" /0t — icA™ + i(c®/u) grad A" + (c*/u) rot A = 0;

AA™ /Ot — imyc?AM + i(c?/u) grad A™ + i(c?/u) rot A™ = 0;
0AY /0t + icA™ + cgyi grad A™ + cegyrot AM = 0;

(104)

dA™ /0t + icA™ + iugrad A" +urot A™ = 0;
0A™ /0t + imyc?A™ + iu grad A™ + urot A = 0.

C y‘léTOM YMHOXE€HMSA Hda MHUMYIO € IMMTHUITY 6y,U,EM MMEThb:

i0AM /0t + moc?A™ — (c?/u) grad A" + (ic?/u) rot A™ = 0;
i0A" /0t — moc?AM —u grad A"+ iurot A = 0.

B cooTBeTcTBUM ¢ cuctemon dupaka (37), Mbl
IOJDKHBI TPeACTaBUTh YpaBHeHMs (105) B UyaCTHBIX

i0A" /0t — myc?A™ + iudA"/dx — udA™/dy — iudA"/dz = 0;
{0A™ /0t + myc?A™ + (ic?/u)dA™/dx — (c? /u)dA™/dy — (ic? /u)dA™/dz = 0.

IToHSITHO, YTO BOJIHOBAsI QYHKIMS A B KaXKIOM
CIy4ae COOTBETCTBYIOIIMX ITPOMU3BOLHBIX 10 KOOP-
JVHATaM JIJIMHBI ¥ BpeMeHU JO/HKHA COOTBETCTBO-
BaTb BOJTHOBBIM (PyHKIIMSIM W 110 YCIOBMIO 3aKOHA
COXpaHeHMs KOJIMYEeCTBA IPU MPeoOpa30BaHMSIX.
HeicTBUTENBHO BUAHO, YTO TIEPBOE YypaBHEHME B
(106) cooTBeTCTBYET BOJIHOBOM byHKIMK W3, € CO-
OTBETCTBYIOIIMMI MPOU3BOLHBIMU TI0 YACTSIM BO
BTOPOM, TpPeTbeM, U YeTBEPTOM YpaBHEHUSX CU-
crembl [Iypaka (37). Pasuuiia Mexxay QyHKLIMSIMU
TOJIBKO B TOM, UTO BMECTO 3HaY€HUSI B CKOPOCTh
cBera (C), IPUCYTCTBYeT BeanumHa (u). U sTo pas-
HUIIA CBSI3aHA C T€M, UTO B CUCTeMe ypaBHEHUI
Iupaka Ha OCHOBe BOJTHOBBIX YHKIIMIA, XapaKTe-
PU3VIOIINX BEPOSITHOCTD, HE YUUTHIBAETCS COCTO-
SIHME OKpY>KaIoIlei Cpefpbl, B OTIMUME OT JIEKTPO-
MarHuMTHbIX GyHKIM. Kpome Toro, mpu yuére
BiusiHUsT byHKuKu W B cucteme ypaBHeHuit -
paxa, Mbl JOJKHBI PACCMaTPUBATD YCIIOBUE CMEHDI

¥, = {Axertyerzl'Atl}' ¥, = {AXZ'AtyZ'AZZ'AtZ}'
Y3 = {AxS'AtyS'AZS'AtS}r ¥, = {Ax4-'Aty4'Az4-'At4}'

(105)

MPOM3BOJHBIX B 3aBUCUMMOCTM apryMeHTa (PyHK-
LM TI0 COOTBETCTBYIOIINMM ITIepeMEeHHbBIM B BUIE:

(106)

CUCTEMBI HAOJIOAEHMS Ha TTPOTUBOIIOIOKHYIO CH-
CTeMy, IIpu KOTOPOM CyMMa CMEHsSIeTCsl Ha pas-
HOCTb, ¥ HA000pOT. IHBIMM CJIOBAMU, B CBOEII CH-
cTeMe ypaBHeHMIi [IMpak MCIONb30BaJ B3auMMO-
IeiCTBUE TPOTUBOMOIOXHOCTEN C YUYETOM pac-
CMOTPEHMSI OT COOTBETCTBYIOIIUX CUCTEM HabJII0-
JIeHus TIpU Tiepexo/ie OT BOTHOBBIX CBOCTB K KOp-
MyCKYJISIDHBIM CBOJICTBAM C YUYETOM ABVDKEHUS U
CcMeHe 3HaKOB. TakuM 06pa3om, Mbl IIpY IIEPEXOie
oT ¥ GYHKIMIA K peaJbHbIM 3JIEKTPOMArHUTHbBIM
(OYHKIMSIM Yepe3 BEKTOPHbIE OTEHIVAJbI OyIeM
MUCTIO/Ib30BaTh T€ Ke YCJIOBUS B3aUMOJIENCTBUSI,
yTto npuMeHun Jdupak. MHbIMU cioBamu, upaxk
TOXe He 060IIéncs 6e3 mpeAcTaBieHss 00beKTOB
B 3aBMCUMOCTHU OT CUCTeMbI HabsoaeHus. CooT-
BETCTBEHHO 3aMeHY BOJIHOBBIX (GyHKIMII ¥ Ha
BEKTOPHbIE TOTEHLMAIbl MOXHO MPEeICTaBUTh B
BUTE:

(107)

ITpu sToM BoHOBbIe yHKIMM ¥ JIyu me Bpoiiist Ipy COOTBETCTBUM YPaBHEHUIO SHEPTUM DIHIITEHA

MMEIOT BUL,:

Y(t,r) = exp[ — i[(Et — Pr)] = exp[ — i(Et — P.x — P,y — P,2)], (108)

Hanee Mmbl MOXXeM paciincaTb ypaBHEHMS Ha OC-
HOB€ BEeKTOPHbIX IIOTE€HIMA/IOB aHaJIOTUYHO

cucteMme ypaBHeHmii [lupaka (37) ¢ yuetom (107) B
BUZE:

i0A)," /0t — moc®Ay™ + iudA,," /0x + udA.y," /0y + iudA,3" [0z = 0;

i0A,," /0t — moc® A" + iudA,3" /0x — udA3" /0y — udA,," [0z = 0;

i0A)3" /0t + moc®As™ + (ic? /u)0A,," /0x + (c? /u)0A," /0y + (ic? /u)0A,,"/0z = 0
i0A,," /0t + moc® A" + (ic? /u)0Ay, " /0x — (c? /u)0Ayy, " /0y — (ic? /u)dA,," [0z = 0;.

(109)

3mecb Mbl YYMTBIBA€EM, UYTO B3aMMOEICTBUE
KOMITOHEHT BEKTOPHBIX ITOTEHIIMAJIOB IIPU ITPeos-
pa3oBaHMM U Ilepexojle OT BOJHOBBIX CBOMCTB K

VHOe O3HAa4a/I0 OTCYTCTBME CaMOrO B3auMOJeli-
cTBU. [lociie B3ATHS IIPOU3BOLHBIX 10 BOJTHOBBIM
dbyakuysM aHanornuHbiM (108) mosryumm By,

KOPITYCKYJ/IIPHBIM CBOJCTBAM MEHSIETCSI, TaK Kak
EA;™ —moc®A™ — uP A" + iuP A" — uP,A3™ = 0;
EA,"™ — myc?A," — uP A" — iuP As™ + uP,A," = 0;
EA;™ + moc?A3™ — (c?/w)PA™ + i(c? /w)PyA™ — (c? /w)P,A™ = 0;
EA,™ + myc?A," — (¢?/u)PAy™ — i(c? /u)PyA™ + (c?/uw)P,A™ = 0.

(110
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C yuéToM BbIpakeHUsI OLHMX QYHKIMI Yepe3 Ipyryue AJsl CBOOOAHONM YacTUIbl 6e3 BHELIHEro 3J1eKTPOo-

MAarHmMTHOTIO II0JIA IToJIydyaeM:

AlM = (quA4M - iuPyA4M + uPZA3M)/(E - mOCZ);

A" = (UPA3™ + iuP, A" — uP,A,™) /(E — myc?);
A" = [(c®Ju)P A — (ic? /w)PyAy™ + (c? /w)P,A "]/ (E 4+ myc?);

(111)

A = [(®/WPA™ + (ic?/u)P, A — (c? /u)P,A,M]/(E + moc?).
I[anee InoacTraBJisieM OOHU CIJYHKLU/II/I BMECTO OPYIMX U COKpallaeM HO,HOﬁHbIe YJIEHBbI:
AlM = C2 [Px(PxAlM + iPyAlM - PZAZM) - iPy(PxAlM + iPyAlM - PZAZM) +
+P,(PA" — iPyAzM + P,AMI/I(E - mocz)(E + mocz)];
A" = A[P2AM + iP. P A" — PP A, — iP,P A + PPAM + iP,PAM + (112)
+P,P.A," — iP,P, A" + B2 A, "]/ [(E — moc?)(E + moc?)];
(EZ - m02C4)A1M = Cz [szAlM + PyZAlM + PZZAIM].

C y4éToM COKpallleHUs] Ha OOIIyI0 BOJHOBYIO
dbyHkIMio A", MMeeM SHEPrMI0 B KBaapare st
YacTUL, C YYETOM KMHETUYECKON SHEPTUU OT IPO-
TUBOTIOJIOKHOCTH. [IJIsT OTpaskeHUs ABMKeHs 6e3
HaIMYMS BHEITHUX CUJI, KaK TTOJIOKUTEIbHBIX (T10-
3UTPOH), TaK M OTPULLATENbHBIX (3JIeKTPOH) 4a-
CTUIL, UMeeM HOPMYITY SHEpPIUU DITHIITeTHA:

E = £[mo?c* + ¢*(P.* + B, + B,*)]M?, (113)

TakuM 06pa3oM, Mbl MOJYUMIM ITEPEXO] OT
BOJIHOBBIX CBOMCTB K KOPOYCKYJISIPHBIM CBOJi-
CTBaM Ha OCHOBE BEKTOPHOrO MoTeHIuana A™. B
utore ypaBHeHue (113) COOTBETCTBYET TaK Ha3bI-
BaeMbIM 3apSDKEHHBIM 37IeMEeHTAapHbIM YaCTUIAM,
KOTOpbIE OTPAsKAIOT peasbHO ABMKEHME 00BEKTOB
IJIVHBI VI BpeMEeHM, YTO MbI IToKa3anu B [9, ¢. 5-
44; 15, ¢. 32-56]. 3mechb ecTb hopMupoBaHMe HA OC-
HOBE ABIKEHUS] TaKUX OOBEKTOB CO CKOPOCTHIO V
3aMKHYTOTO BOJIHOBOTO TIpoliecca, € TMOTJolie-
HMeM U usnyueHuem 1o dopmyiie Jiyu ne Bpoiins,
YyTO cooTBeTCcTBYeT opmynam (91) u (93). NHoii
CI10c006 TTOYYEHNST KOPIYCKYJISIPHBIX CBOVICTB I10-
MMMO JIBMKEHUST 06'beKTOB CaMOi1 Cpefbl pacIpo-
CTpaHeHMs a1 Obl He3aBUCHMMOCTD ITPOCTPAHCTBA
M BpeMeHU OT TaKUX O0OBEKTOB, KaK 3TO IOTyUN-
JIOCh C Macco¥i ITOKOSI U 3apsmaMu y GU3MKOB, Ha
OCHOBe BBIODAHHOI ¥ NPUAYMAHHON UMM CU-
cteMbl M3mepenus:t CU unu CI'C.

Kak mbl oTMeuanu Bbillle, MuUpo3gaHue OCHO-
BaHO HA 3aMKHYTO} CUCTeMe U B 3TOM Cayuyae C
YIETOM HEOOXOIMMOCTY B3aMMOIEN CTBUS ITPOTH-
BOTIOJIO’KHOCTE} Mbl MMeeM IOouMHeHMe TIpoliec-
COB ypaBHEHUIO TapMOHUYECKOTO OCUMIISITOpA
(23), c op6UTANBHBIM ABVKEHMEM 3JIeMEeHTaPHOI]
YacTULbIl (371€KTPOH), XapaKTepuUsywlleil OIHY
MIPOTUBOTIOJI0KHOCTb, OTHOCUTEIbHO ITPOTUBOTIO-
JIOSKHOJ YacTUIIBI ¢ 60JIbIIIel Maccoi oKos (TIpo-
TOH). COOTBETCTBEHHO B 3TOM CJIyyae HaC MHTepe-
cyet Borpoc: «Kakum 06pa3omM MOXKHO BbIUMCIIUTD
OTHOILIIEHME paauyca OpOUTHI 3JIEKTPOHA K CAMOMY
TaK Ha3blBaeMOMY paauyCy 3JIeKTPOHA?» OTO
HeOOXOIMMO cIesaTh IMOTOMY, UTO BBIUMCIEHME

OOpPOBCKUX OPOUT 63 MCIIOIb30BAHUSI CUCTEMBI
usmepenuss CU miu CI'C TOJIbKO C MpUMeHeHueM
KOJINYeCTBEHHBIX OILIeHOK IO Halleii Teopuu Mu-
po3maHus OaéT mapagokc. Tak BbIUMCIEHME Tep-
BOJi 60OPOBCKOJ OpPOUTHI HA OCHOBAaHUY (POPMYJIBI,
npuMeHEHHOY Bopom (25), maéT 110 Hallleit Teopun
C yuéTom m, = 1/c u Teopun [Iupaka q = e = +1
3HaYeHue: 10 = h?/(myq?) = h%*c/(4m?) = h/
(4m%) < h. UubIMK CJIOBaMM, TIPUXOIUM K TOMY,
YTO mepBast 60pOBCKasi OPOUTA MEHbIIEe TTOCTOSTH-
Hoi1 [InaHka.

IMosTomy 6ymemM onpenensiTh 3SHaUeHue 6HOPOB-
CKMX OpOUT MCXO[ISI 3 PaBEHCTBA 3JI€KTPUYUECKO
M MaTrHUTHOM CUJIbI, KaK Mbl 3TO CHeJalu B
[35, c. 10-37]. C aT0i! LIenbio HEOOXOAVMO BCIIOM-
HUTb (GOPMYJTy OTHOIIEHMSI MAarHUTHOM CUJIBI K
37IeKTPUYECKOI Cujie IPU B3aMMOJENCTBUM OOU-
HaKOBBIX TOUEUHBIX 3apsiioB () B BuUle
[8,c. 118-119]:

E,/F, = v?/c?, (114)

Takoe oTHOIIEeHMe JJis1 Bpalllalollerocsl 3jieK-
TPOHa BOKPYT IMPOTOHA CBSI3aHO C TEM, UTO MBI
“MeeM CMMMETPUIO B TPOTUBOMOJIOKHOCTSIX, KO-
TOpast 00yC/IOBJIeHa 3aKOHOM COXpPaHeHUST KOJIU-
YyeCTBa B MPOTUBOIOIOXHOCTSX. [Ipy 3TOM ITpOTH-
BOIIOJIOKHbIE YAaCTULIbl B ITPOTMBOIOIOXKHOCTSIX
MMEIT OLMHAaKOBYI CKOPOCTb IO OTHOIIEHUIO K
abCOoTIOTHOIE CCTeMe OTCUETA, Y eCJTU B OJTHO¥ CH-
cTeMe HaOMIOOEHMSI Mbl MMEEM 3JIEKTPOH, TO B
MIPOTUBOIIOJIOKHON CUCTEMe HabII0IeHusT OH Oy-
IeT MHTepIpeTUpPOBAThCS KaK aHTUIIPOTOH, U
Hao60poT. VIHOe UCKITI0YaeT Hauyue MPOTUBOIIO-
JIO)KHOCTE M CMMMEeTPHIO C yUETOM 3aKOHA COXpa-
HeHMS KoJndecTBa B Muposmanuu. I1o (114) otHo-
IIeHKe MaTrHUTHOJM CWIbl OIpefe/iseTcs 3Haye-
HMEM CKOPOCTH, a B IPOTUBOIIOI0KHOCTU 3TO 3Ha-
yeHMe [JIMHBI, XapaKTepusywlleil IpoCcTpaH-
CTBEHHOE MCKpUBJIEHME, UTO OIlpejieiseT 3Haye-
HMe 3eKTPUYEeCcKOi CUJIbI U TpOou3BeJeHre ITUX
BeJIMYMH MHBApMaHTHO B JII00071 cucTeMe KOOpAu-
HaT. B ycinoBusax cratuku 3TO 3HaueHue B (114)
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JIOJIKHO OTIpefiesisSiTh OTHOIIeHMe PaJuyCcoB 3JIeK-
TPOHAa ¥ ITepBOJi 60POBCKOI OPOUTHI B IPOTUBOIIO-
JIO)KHOM cucrteMe HabmomeHuss. C 3TONM LeJIbIO
HeOOXOIMMO MMETb IpeoOpa3oBaHye 3HAUEHUS
CKOpOCTH B IapaMeTp JJIMHbBI CpeJibl pacrpocTpa-
HEeHMS1, aHAJIOTMYHO TOMY, Kak roctymnwmi bop. [Tpu
3TOM COOTBETCTBEHHO MCIIONb3YIOTCS 3HAUYEHUS

KOHCTaHT 3JIEKTPUUECKOI ¥ MaTrHUTHO TPOHNUIIA-
€MOCTM C YYETOM OOPaATHO-MPONOPLIVOHATBHOM
CBSI3Y JJIMHBI ¥ CKOPOCTHU (TocaeaHss opMyia B
(26)). Orcoma dopmyry (114) ¢ yuyérom
v? = (c® — v2,) Mbl IOJDKHBI IIPEICTABUTD B BUJE:

E/F =v?/c? = 1/[(c? = vyp?)/c?] = c*Jue? = 1/e0” = poc? /&g = (120m)?, (115)

3mecb Mbl YYUTbIBaeM, 4YTO B OTIUUUE
or cucrempl CU y Hac  OTHOILUIEeHMe
Uo/Eo = (120h)? = (120m/c)?>. ITO CBSA3AHO C
TeM, 4TO B cucTeme CU He yunuTbIBaeTCS pasandme
KOHCTAHT 3JIEKTPUUECKON M MarHUTHOM MpOHU1IA-
€MOCTY Ha CKOPOCTb CBeTa KakK MPOTUBOIIOIOKHO-
CTeil 10 aHAJIOTUMM C JJIMHOW U BpeMeHeM. DTO
O3HauaeT IMapajoKc, Tak Kak OT/IN4Me TOJbKO KO-
JIMYEeCTBEHHOE. YKA3aHHOe 90 Oomudue, C8s13aH-
Hoe ¢ cucmemamu usmepeHusl He N0360Ji1s1em xapax-
mepu3oeames NPOCMpPAaHCMEEHHO-8PEMEHHOE  UC-
Kkpuenerue cpedsi no CTO u OTO DiiHwmetiHa.
Kpome Toro, B ;7aHHOM cJTy4yae JijiMHa C y4ETOM I10-
CleHero ypaBHeHus B (26) pacCcMaTpuUBaeTCs Kak
BeJINYMHA, COOTBETCTBYIOILAS IJIMHE OKPY>KHOCTH,
M0 KOTOPO¥ OCYIIeCTB/ISIeTCSI B3aMMOJENCTBIE.
IMoaToMy, UTOOBI TIEPENTH K OTHOUIEHUIO pamny-
COB Mbl JO/DKHBI y4ecTb pasiauume h’> ot A? Ha
(2m)2, uto 6bUTO yuTeHO M Bopom. Ilpu s3TOM
YCTOIUYMBOE COCTOSIHME MPOTOHA AOCTUTAEeTCs 3a
CYET MaKCMMyMa IO CIIeKTPY U3Ty4eHUs], KOTOpoe
OT/INYAEeTCS] OT CpeJHero 3HayeHMUs] B COOTBET-
ctBun ¢ dopmynoit Ilnanka Ha KoabduimeHT
4,965. OTcioga OTHOIIIEHMEe pajguyca TepBoii 60-
POBCKO¥ OPOUTHI 's, K PaIUyCy 3JIEKTPOHA I, 6yIeT
OTpenesaThCs B BUE:

Too /Ty = 4,965 - (120m)2/(2m)? = 17874, (116)

B Kkimaccuke KBaHTOBOM MEXaHMKM TaKxke IPo-
BeJIeHbI pacU€Thl OTHOIIEHMS pajiuyca epBoii 60-
POBCKO OpOUTHI K PagMUyCy 3JIEKTPOHA C YUETOM
eIMHUIL u3MmepeHus. [Ipyu 3TOM paguyc 3JIeKTpoHa
paBeH BeJnuue:

Tye = q%/(myc?) = 2,8 - 10710, 117)

Pamuyc nmepBoit 60pOBCKOI OPOUTHI paBEH:

7o = h%/(myq?) = 0,529 A = 5,29 -10"'1m, (118)

B sTOM Cityyae nmeem:

19/ = 18892, (119)

Kpome ToOro, ecim choenatb IIE€pecyeéT IIpu
MCIIOJIb30BAHMM TTOCTOSIHHOM TOHKOWM CTPYKTYPBI,
TO TOAyuuM 15 = h?/(myq?) = h / (mgca) u
r, = q*h/(mohc?) = ha / (myc). UX oTHOIIEHUe
IAET 3HAUeHMe T, /1, = 1/a? = 18769.

WHBIMM C/IOBaMM, B KJIaCCUUECKOV KBAHTOBOM
MexXaHMKe T0JIyJyaeTcsl MpaKTMuecku aHaaoTUu-
HbII1 pe3ynbTaT. OLHAKO 3TOT pe3y/abTaT MOTyUYeH
6e3 yuéTa mapaMeTpOB Cpellbl paclpoOCTpaHeHNs,

TaKMUX Kak KOHCTAHThI 37IeKTPUUYECKOI U MarHut-
HOJI MPOHUIIAEMOCTH, UTO TOBOPUT 06 OTCYTCTBUK
M3MeHeHMs CaMO¥t CpeJibl 1 ero MpuMeHeHUs Kak
TepeHOoCYMKa B3aMMOAEeCTBHS.

[Tpu 3TOM 3HaueHue 3apsapa
q=e=1,602176487-10""° Ki1 mpoTMBOPEUYNT ypaB-
HEHMIO SHepruy JDVHLITeliHa, Ie 0 3apsj, HeT
3Heprum u q = e = +1. CirefoBaTeNbHO, 8blUUCIE-
Hue nepsoti 60po8cKoli opOumMsl Ha 0OCHOBE CUCMeMbl
usmeperuss CH dano xopowue pe3ynvmamol 8 pe-
3ynemame nodeoHKU 3a cuém evlOopa coomeem-
cmeyrouwux edunuy usmeperus. B cucmeme CI'C KoH-
CMaHmol 371eKMpu4eckoli u MazHUmHol npoHuyae-
Mocmu 8000ule pasHsl eOuUHUYe.

WHbIMM cyioBaMM, Cpefa pacnpoCTpaHeHUS B
CUCTeMe eNUMHUI] U3MepeHUs], YTBepKAEHHBIMMU
dbusuramMy, — 3TO HeKasl «OJHOPOIHASI» CyOCTaH-
st He nnoguuHstiomasics CTO u OTO DiHiITeHA.
Kpome Toro, BBei€HHbIE MCKYCCTBEHHO CUCTEMBI
usmepenust CU u CI'C npuBenu B uTore K 060CHO-
BaHUIO YEPHBIX IIBIp "3-3a pajgnyca
[IIBapImmIbaa, KBAPKOB U [VIIOOHOB M3-3a APO0-
HOCTM 3JIEKTPUUECKUX 3apsiloB, KOTOPbIe BbIpa-
SKaloT 3HEPTUIO B3aUMOAECTBHUS.

Takum 06pa3oM, MbI TTOTyUMUITU HE TOITBKO TEO-
peTuyecKkoe MOATBePXKIeHMEe CBSI3U KOPITYCKYJIsp-
HBIX ¥ BOJIHOBBIX CBOWCTB C YYETOM CUMMETPUU
3aKOHOB GM3MKM B TIPOTUBOIIOIOKHOCTSX, HO
CMOTIJIM C TIOMOII[bIO Hallleit Teopuu OOBICHUTD U
BBIUMCIUTD MPAKTUYECKNE Pe3yabTaThl. ITO Kaca-
eTCsl aHOMaJbHbIX MAaTrHUTHBIX MOMEHTOB IIpPO-
TOHA M 3JIeKTPOHA, PasHUIIBI MacCc MPOTOHA U
3/IeKTPOHA U OTHOIIEeHUs TepBoii 6OPOBCKOIt Op-
O6UTBI K paiuycy 37eKTpoHa 6e3 mapamokcos. OT-
MeTHUM, UTO HM OfHA Teopus Jaske 6JMU3KO He TI0-
Jolyia K pellleH!I0 MapajokcoB, U GU3UKM, TO-
3TOMY MCIIOSb30BaJIM MOATOHKY T0J, pe3yabTaT C
371eMeHTaMMu uyJec.
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TEXHUYECKHUE HAVKH

Ann-3apacda Axmen Moxammen Axme[,
MarucTpaHT, Y UMCKMi1 TOCyaapCTBeHHbIV HeDTSIHOM TeXHUUECKUIT YHUBEPCUTET,
Poccus, r. Yoa

Anb-Amoau Aogynmamkua Cana MoxceH
acrmpasT, Y GUMMCKMIi rocyIapCTBEHHbIN HeTSHOM TeXHMYeCcKuit yuuBepcureT, Poccus, r. Yda

OLIEHKA OTMBIBAIOIIMIX CITOCOBHOCTEM BY®EPHBIX JKUIKOCTE
JJIS ITOBBIIIEHUSA KAYECTBA HEMEHTUPOBAHUSA
U KPEIIJIEHUE CKBAJKVH

AHHOmMauus. 3akpensieHue 006CaoHvlx mpyo KOJIOHH 1811eMmcsl 00HUM U3 KJIIOUEBbIX U MeXHOJI02UUeCKU CI0XC-
HbIX 3IManoe npu cmpoumenscmee HepmsaHvIX U 2a308bIX CKBAXCUH. B mupe 6onee 25% Hegpmeza3o8ubix ckeaxcuH
umeiom npoodaemMpl ¢ MEXCNJIACMOBbIMU NEPemMOKAMU PA3IUUHOL UHMEHCUBHOCMU, YMO NPUBOOUM K 3HAUUMEb-
HbIM IKOHOMUUECKUM Nomepsm. 3aKanéHHblie nepemoku uauje 8cezo 803HUKAIOM 8 MeCMax KOHMaxkma yemMeHm-
HO020 KAMHSL C 20pHOU nOpodoii. ImMo C8S3aHO C meM, UMmo 8 HEKOMOPbIX CYUAsX NOJIHOCMbI0 YOaIUmMy 2IUHUCMYI0
KOPKY C N0BEPXHOCMU CMBOJIA CKBAXUHDI He yoaémcsl, umo npueodum K HedocmamouHoti adze3uu mexcdy HumMu. B
amoli cea3u npumensiomcs 6ygepHoie xcuoxkocmu (b)K), komopsie cnocob6cmeyrom yayuleHuo adze3uu yemeHm-
H020 KaMHs K nopode.

BypepHas xuokocms npedcmasnsem cob60li NpoMeIymouHsili pacmeop mexcdy 6ypossiM U mamnoHAaICHbIM
pacmeopamu, KOmopwlii yyuuiaem Kauecmeo yeMeHmupo8aHus CK8AXCUH U ynpoujaem npoyecc yemeHmuposa-
Husi. B omcymcmeue 6ygepHbix ¥udkocmeil, u3-3a koazyasyuu 6ypo8ozo pacmeopa 6 30He e20 CMeweHuUsl C mam-
NOHAXCHBIM, Habt00aemcs yseauuerue dasneHus 8 1,4—1,8 paza, npu 3mom KoagguyueHm evlimecHeHus 6yposozo
pacmeopa cocmasasiem auuib 0,4-0,6.

IToamomy 6ygepHas xuokocms npokauusaemcs neped nepeoti nopyueii yemeHmHozo pacmeopa. IIlpomoieou-
Hble HUOKOCmU Ucnons3yrmcs s pasdasaeHust 6yposozo pacmeopa u ducnepeupogaHus ezo uacmuy. B pabome
npedcmasneHsl pe3yibmamaol 1a60pamopHsLx UCCIed08aHUll, HaNPasieHHbIX HA OYeHKY ommpleaiowjeti Cnoco6Ho-
cmu 6ygepHbix ¥uokocmeii 0ns yoaneHus GuabmpayuoHHOL 2IUHUCMOLl KOPKU, 861600a ULIAMA U NOJIHO20 OYU-
WeHUst NPOMBIBOUHBIX pACMB0P08 U3 3ampyOH020 npocmpaxcmea. Llens daHH020 UCcnedo8aHus — CpasHuUmMs 3¢-
hexmueHocmy pasnuuHsix 6ypepHoix xcudkocmeti u onpedesums Hauboee IGpexmusHsie C MOUKU 3peHUS. meX-
HO/l02UU U IKOHOMUKU.

Hccnedosanus npo8oounucs ¢ uchonb308aHuem memoouku oyeHku aggpexmusrHocmu 6ygepHoix »udkocmeii Ha
IKcnepumeHmanvHoii ycmavoske (BCH-3), 8 ycio8usx, umMumupyrouux cK8axcuHHsie ycaosus. beiia paspabo-
maua cnoeHas u MpexcaoiiHas cemxka, U IKChepUMeHMAIbHO YCMAHOB8NEHO, YUMo MpEXCnolinas cemka ¢gpex-
mueHo cnocobcmeayem 006pa3o08aHuio KOpKU. BaxHo, umobsl 3a30pbl Mex0y CMAaKAHOM U CemKoli He hpesblulanu 5
MM, umobbl U30excams OMMblBAHUS KOPKU 3 CUEM NOMOKA pacmeopd, d He U3-3a HU3Koli aggpekmusHocmu 6y-
(pepHbix Hcudkocmeil. Pe3yismamest 3KCnepUMeHIMos ¢ paiuuHsIMu munamu 6ygepHoix xuokocmeii noomsepounu
npasuibHOCMb NPEOTOHEHHOL MEMOOUKU.

OOHUM U3 OCHOBHBIX NpeuMyujecme Haweti MemoouKu S8J51emcst CHUXCeHUe N02PeuiHoCmuU 8 U3MepeHUsX 8eca
KOpKuU, 06pasosasuielics Ha cemke. Pe3ynsmamst nokasaiu, Ymo pasjiuutsle 6yQepHoie HUOKOCMU UMeI0m C801H0
A pexmusHocms, Mo NO380J1UN0 8bl0eNUMb HauboJlee dPdhekmusHsle 0711 pA3IUUHBIX MUNO8 OYPOBbIX PACMB0-
pos.

Kniouegsle cnoea: cK8a}cuHa, mamnoHaxHolli pacmeop, 6ygepHsili pacmeop, eIUHUCAs KOpKda, 3ampyOHoe
npocmparcmaa, 6yposoti pacmeop, UeMeHm, Ommbl8aiods ChoCOOHOCMb.
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ydepHbIe KUIKOCTY MOXHO KIacCUUIMUPO-

BaTh II0 COCTaBYy Ha ofgHOQasHble, NBYXQas-
Hble U TpexdasHbie. [IByxdasHbie U TpexdasHbie
6ydepHbIe KXUIKOCTY BKIIOUAIOT B C€0SI KUIKOCTh
BMeCTe C TBepIbIMM, HEPACTBOPUMBIMMU H06AB-
Kamu (006BIYHO abpa3uBamMm), TAKMMU Kak BOJa C
MYIIII0JIAHOM, KBapIleBbIM IT€CKOM WM LIEMEH-
TOM, a Takke HedTb C MECKOM WM GAPUTOM.

JKCIepuMMeHTabHble HaHHbIE ITOKA3bIBAIOT,
yTO abpasMBHbIE MaTEPMajbl MOBBIMIAIOT MOI0-
IIe CBO¥cTBa 6y(depHBIX KUIKOCTEN, TAK KAK OHU
MOIYT MeXaHMYeCKM paspyliaTb INIMHUCTYIO
KOPKY IIpU ABVKEHUU KUAKOCTU. VccienoBaHus
BO3melicTBUS abpa3MBHBIX MaTepyualoB Ha MOIO-
IIye CBO¥CTBa 6yGepHBIX KUAKOCTEN YCTAHOBUIIN,

YyTO MX No0OaBiieHMe M3MeHSIeT OMHAMMKY CMbIBA
[JIMHUCTOM KOPKMU.

Inst oueHkU 3(PbeKTUBHOCTHU Pa3JIUUHBIX OY-
(bepHBIX KUAKOCTE! ObUIV TTPOBEIEHbI CIIelNalb-
Hble UCCIef0BaHMSI.

O6bekTamMmu MCCIeIOBaHUI SIBUJINUCh CIIeAYIo-
e BUbl 6yhepHbIX SKUIKOCTEN :

e  IIpecHas BOIA;

. npecHas Boaa + [1AB;

e  TIpeCHas BOAa + peareHThbl A3umyr 1,2,3;

e  TIIpecHas Boja + peareHThl AsumyTt 1,2,3
+I1AB.

Ins1 vcciefoBaHM UCTIOIb30BaHbI CJIeIyIOII e
BUJIbI GYPOBBIX PACTBOPOB, COCTAB U CBOICTBA KO-
TOPBIX NIPUBEIeHbI B Tabmuie 1.

Ta6numa 1
CocTaB U CBOiCTBa GYPOBBIX PaCTBOPOB
CBoiicTBa pacTBOpa
Tum 6ypoBOro pacTBopa [I10THOCTB, B. ¢ vV, P Ia ®IL30mi | 10sec, | 10min,
Kr/m> ’ IMa.c ’ n/0,1MIla ITa I1a
BenTtanut +0.3% KMI] 1100 70 20 5 4 12
BuononumepHsIii cocTas (Boma
+ Na2C030.2% + NaOH 0.1% 1110 47 19 34 5 14
+ Bbaput 20% + Kpaxman 2% +
KcanroBas cmona 0,3%)
Buononumepsiit (Boma +
Na2Co03 0.2% + NaOH 0.1% + 1190 4 18 4 4 16
®epment Hatpust 50% + dxiic
2% + KcanTosas cmoua 0,3%)

UccnegoBanus mpoBoamanch Ha BuckosmumeTtpe (BCH-30 U TpéxcnoiiHasi ceTka).
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BCH-3

Puc. 1. O6wuii 8ud sxcnepumermansHoti ycmanoseku BCH-3: 1 - mpéxcnoiinas cemka;
2 - cmakaM ¢ uchslmyemoti #udkocmoio; 3-HapyxcHolli 8paujaroujuiicss YuruHop; 4 - usmepumessbHslii yunuHop
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UccnenoBanuss OpOBOAWINCH MO METOAMUKE
«OueHkn 3¢@dekTMBHOCTY OypepHBIX KUIKO-
creii». [Ipolienypa npoBefeHMs SKCIIEPUMEHTOB:

1. IIpuroroBuTth 6ydepHyio kuakocTb (B3K) u
6ypoBoii pactBop (BP).

2. 3amepuTtb nmapameTtpsi bP.

3. IlogroroBuTb NpMGOP IJISI UCCIIETOBAHMIA.

4. CeTKy OoTImycTuTh B BP o obpasoBaHus
KOpKM Ha He’i.

5. Bs3BecuTbh ceTky Ha Becax (W1).

6. CeTKy morpysuthb B cTakaH ¢ BP 1o Bepx-
Heli rpaHulibl ceTKM Ha 10 MuH.

7. Tlowucteuyenwnto 10 MMH BBITAIIUTD CETKY U3
CTaKaHa M 2 MUH JaTh cTeub BP.

8. BsBecuts ceTky Ha Becax (W2).

9. Onyctutb cetky ¢ BP B ctakaH ¢ BX, u
OCTaBUTb 3a30p MeXAYy CTakaHOM, CeTKOi U
Hapy>KHBIM BpaIAOIMMCS HWIMHAPOM [0 BepX-
Hell rpaHUIIbI CeTKNA.

10. Bximiouuth MoTOp Ha 200 06/MMUH U HpPO-
KPYTUTH 5 MUH.

11. Tlo ucTeuyeHMIO 5 MUH M3BJIeUYb CETKY U3
crakaHa ¢ B>K u 2 muH gathb creub BXK.

12. BsBecutb ceTKy Ha Becax (W3(5)).

13. [laymee MOBTOPUTH MPOLEAYPHI C 1. 7 1O II.
10, cusitbie mokasanust W3(10), W3(15)), W3(20)),
W?3(30)) BHECTM B TaGIMILY TPOTOKOJIA.

14. TIpoueHT CcMbIBa KOPKM pacCUUTaTh II0
dbopmyie:

% = (W2 — W3(n+5))*100 / (W KopKmu)

I'me W1 — Bec ceTkn; W2 — Bec ceTKM HacChlllleHa
6ypoBOTo pacTBOpa (KOpKa);

W kopku — Bec Kopku = W2 — W1;

W3(n+5) — Bec ceTku ¢ KOPKM IOCjIe ee OTMbI-
BaHMUSI.

% = (W2 — W3(n+5))*100 / (Wkopxkmn)

U3noxkeHbl aHanM3bl DPE3YJIbTATOB SKCIIEpU-
MEHTaJIbHbIX MUCCaea0BaHui 3(pPeKTUBHOCTU OT-
MbIBAIOIIEiI  CIIOCOGHOCTM M IIOCTaBjIeHa

CpaBHUTeJIbHAS OLleHKa IO JeiCTBUIO C pa3sHbIMU
OYypOBBIMM PaCTBOPAMM.

O6bekTamMy MCCIeIOBaHUI SIBUIUCh CIeIyIo-
e BUabI 6y(hepHbIX SKUIKOCTEI:

e  [IpecHas BOAA;

e Boga c [TAB B konnuectBe 2% (OI1-10 nan
Cynbdonan);

e cyxue 6ydepHbIe MOPOIIKK A3SUMYT 1; 2; 3;

e  cyxue GydepHble MOPOMKY AsumyT 1; 2;
3+ITAB 2% (Cynbdonan);

e  cyxue 6ydepnsbie mopokyu Nerspacer 100
(oiin duepmsku) 0,5%;

e  Bydepusie sxuakoctu Nerspacer 200 (oin
duepmxkn) 0,5-3%.

Bce cyxue moponiku rpeBapuTeIbHO PacTBO-
pSUIUCH B IIPECHOM BOJIE.

Jl1st viccnemOBaHMIA UCIIONBb30BaHbl pa3/INyHbIe
OypoBble pacTBOPhI HA OCHOBE GEHTOHMUTA U JBA
OMOTIOIMMEPHBIX PacTBOpA.

Tak ke MpuU UCCIeAOBAHUM [JI TIOBBIIIEHMI
npoBepKu 3¢ HEeKTUBHOCTM OTMBIBAIOIIMX CITIOCO6-
HOCTell MCIOoab3yeMbIx OydhepHbIX >KMUIKOCTE
OBLIM MCITONb30BaHbl 3 Buaa OydepHbIX PacTBO-
POB, UCIIOJb3yeMbIX B peajibHbIX YCJIOBUSIX TPO-
1iecca 6ypenust. MeToaMKa MCITbITAHWI TTO3BOJMIIA
B IMHAMUYECKUX YCJIOBUSX CIeIUTh 3a COCTOSI-
HMEM TJIMHUCTOM KOpKU, chOpMMUPOBAHHOI Ha T10-
pUCTOI TOBepXHOCTHU. IIporecc GopMupoBaHMS
[JIMHUCTOM KOPKY OCYIIeCTBIISIIN TOJI oTIpefeseH-
HOM JiaBjieHyeM B TeueHue 10 MuH, 3aTeM IOMe-
manu B 6ypepHYI0 KUOKOCTb U MPUBOIWIM BO
BpalleHMusl.

[TpoBemeHMs MCCIIeIOBaHMS PabOTHI POBOAY-
JIVIChb B 3 CTagUN:

e  cTanus nepsas BKIIOYasa B cebst Hapalm-
BaHMe INIMHUCTO KOPKMU;

e cTamusli BTOpas paspylleHue TIMHUCTOM
KOPKH;

e  TIOCTeOHSSI TPeTbsl CTagusl B3BelIMBaHUE
OTMBITOM IVIMHUCTOM KOPKMU.

DPOEKTUBHOCTE OTMBIBAIOIINX CIIACOBHOCTEN BY ®PEPHBIX PACTBOPOB
buononomepnuntii pacmeop 1
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Puc. 2. Ommpiearouias cnocobHocms 6ypepHsix pacmeopos NoJUMepHoz0 6yposozo pacmeopa N° 1
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SOOEKTUBHOCTh OTMBIBAIOLIUX CITACOBHOCTEN BY®EPHBIX PACTBOPOB
Inunucmutit pacmeop
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Puc. 3. Ommuigarouas cnocobHocms 6ygepHsix pacmeopos 6yposozo pacmeopa Ha 0cHose GeHmoHuma

HaMm >ke He BaskeH KOHEUYHBIV pe3y/ibTaT, a HaM
BaXeH MOMEHT, KOTOPBI/ BblJeJeH KPacHBbIM, y
Hac BJ)K Bcero imib Ha 3-5 Ky6a MeTpOB pacTBOpA.
OHa mOpoxomuT 332 BpeMsI B  3aTpyOHOM
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MIPOCTPAHCTBE B TeueHue 3—5 MUHYT, a BOT Ha pU-
CYHKe 4 IIpOLIeHT OTMbIBaHuUs I ogHoi BK  3a
10 munyT cocrasnsiet 70%, a pyroi Moay4nsaoch
30%,

90
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Puc. 4. IIpoyenm ommsiearouieti cnocobHocmu 6ygepHsix pacmeopos

Orcioga BUAHO Kakast U3 HuX yryuiire. HecMoTpst
HA TO UTO Y HUKOTOPBIX 6YPePHBIX JKUIKOCTE KO-
HEYHas OTMbIBAIOIAsl CITOCOGHOCTh IOCTPOYEHO
BbICOKAs cocrasiisieT rae-To (70-90%), To KpaTKo-
CPOYHO, TO €CTh 38 5-MUHYTHbI/ MHTEPBAJ OTMBbI-
BaloIllast CIIOCOGHOCTD He MepeBeliaeT 45%.

ITpoBeleHHbIE SKCIIEPUMMEHTHI IMOKA3aIM, UTO
OydepHbIe KUIKOCTI UMEIOT PasIUIHYI0 OTMbIBA-
IOIYI0 CITOCOOGHOCTS. [IpesaraeMblii METO, TI03-
BOJISIET OJJHO3HAYHO OLIEHUTb MOIOIIYIO CII0CO6-
HOCTb OY(epHbIX KUIKOCTEI U CPaBHUTH UX -
dexTrBHOCTH. KpOoMe TOTO, IIpeayiaraeMblii METOS,
MOKET ObITh MCIIO/NIb30BaH [JISI MCCAeOOBAHMS

BO31elicTBUS 6yPepHOiT KUAKOCTY HA TIMHUCTYIO
KOPKY B 3aBUCHMOCTY OT PEXMUMA TeueHus u Gpu-
3UKO-XMMMUECKUX CBOMCTB OYPOBBIX PACTBOPOB U
6ydepHBIX KUAKOCTEN.

ITo pesynbTaTaM MCCIeIOBaHMS MOXKHO OIpe-
IeMUTb HAaMIyuInyio 6ydepHYIO XUAKOCTD 3a Iep-
Bole 10 MMH MCC/IeqoBaHMs. ITO BpeMs, KOTOpoe
OydepHas KUIKOCTb IIPU LIEMEHTUPOBAHUM KOH-
TaKTUPYeT CO CTEHKOJ CKBaXMHbBI. Pe3yabTaThl
MpuBeIeHbl B Tabuie 2, B KOTOPOil IpUBEIEeHbI
OydepHbIe cucTeMbl, ITOKasapime 3a 10 MUH OT-
MbIBAIOIIYIO CITOCOOHOCTH Gostee 60%.
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Tabuiia 2
PammoHanbHast 06;1aCTh IPpUMMeHeHMsT 6y epHBIX KUTKOCTE
Bydepnsie pac- Crernenb yganenust 3a 10 MuH, % 6y¢depHbIM pacTBOPOM
TBOPbI
P Asumyr 1 AsumyT 2 Asumyt 3(2,5%) | Nerspacer 100 Nerspacer 200
(2,5%) (2,5%) (0,5%) (0,5-3 %)

BeHTOHUT J vﬁ" vﬁ"

73% 80% 75%

IMommepHbIit N2 1 'h" v#" 'h" vf vﬁ"

78% 95% 85% 95% 90%
IMomumepHbIit N2 2 'h/ 'b"f v;l" v.i"
89% 96% 92% 96%

V3 Hee BUOHO, UTO 3¢ HEKTUBHOCTb OyhepHbIX
SKUAKOCTEN 3aBUCUT OT TUIIOB NIPUMEHSIEMBIX OY-
POBBIX PacTBOPOB. IIpM 3TOM BUAHO, YTO MHOTYE
TpaguIMOHHbIE Oy(depHbIe KUIKOCTUM HE MOTYT
MIPMHECTY HUKAKOJ MOJIb3bI TP KPEeIUIeHUY CKBa-
SKUH.

OCHOBHbI€E BBIBOJIbI ¥ PEKOMEHAAIINN :

1. BbIMO/NIHEHHBIVI aHaIU3 IIPOMbBICIIOBOTO
MaTepuaa IoKasajl, YTO OUeHb BbICOKMIT ITPOLIEHT
(Bpime 50 %) HeKaueCcTBEHHOTO KpeIvieHuUs
HedTerasoBbIX CKBaXXMH CBSI3aH C MPUMEHEHUEM
6ydepHbBIX KUIKOCTE, He 06eCITeunBaIINX pas-
IleJleHVe TaMIIOHaXHOrO ¥ OYypoBOro pacTBopa,
MOJIHOE BBITECHEHME U3 3aTPyGHOTO IPOCTpaH-
CTBA IMMPOMBIBOYHOI SKUAKOCTH, YIAJEHUS TPYIHO-
BBITECHSIEMBIX SI3bIKOB TBEPAOII (has3bl.

2. [ljig TOBBINIEHMS KadecTBa KperuleHus
CKBaXMH ObLIM paszpaboTaHbl 6ydepHble KUIKO-
CTH, o6/Iamamne OFHOBPEMEHHO KOJbMATHUPYIO-
MMM U CTPYTYPHO-PEOJIOTUYECKUMU  CBOII-
cTBaMM, obeclieuMBaloIiye pasmesieHuss TaMIIO-
HaKHOTO ¥ 6YPOBOI0 pacTBOPOB, OUMCTKY CTBOJIA
OT TIPOMBIBOYHOI SKMUIAKOCTM M CJIOEB TBEPHOii
(dasbl ¥ TOBBIIIEHMSI KAayeCTBA CIEIUIEHUS Iie-
MEHTHOTO KaMHSI CO CTEHKaMM CKBaskKMH.

3. IIpoBenmeHHble C IOMOIIbIO IIpejJjarae-
MOTO MeTOJa CpaBHUTE/bHbIE MCIIBITAHUS PAOA
M3BECTHBIX OYQEePHBIX KUAKOCTEI TTOKA3aay, UYTO
XOpOUIMMY OTMBIBAIOIMMM CBOVICTBaMM 06JIa-
IAT pacTBOpb: A3uMyT 1, AsumyT 2, Asumyr 3,
Nerspace 100, Nerspace 200, Boga c ITAB koTopsie
CYIIECTBEHHO MPEBOCXOISIT MHOTME TPaayIMOH-
Hble OydepHble XKUIKOCTY Ha OCHOBE BOAbI, IIpn
sToM 6ydepHsbie mopomku AsumyT 2 u Nerspace
100 moxasanu 3¢deKTMBHOCTh CMbIBA BbIIIE, YEM

IpyT¥e, UTO XOPOIIO BITMCHIBAETCS B MPOM3BOJ-
CTBO MMIIOPTO3aMelalomX MaTepuasaoB s
HedTerazoBoii MPOMbIILIeHHOCTHU. OHM MTOKa3aIn
XOpolIye pe3ylabTaThl OTMbBIBAIOIIEN CIIOCOOHO-
CTH, TIpUYEM B pa3baBjeHHOM BUIeE, TIOITOMY SI
CUNTAIO, YTO U3 BCEX MATepUaJIOB, KOTOPbIE €CTh
OHU HanboJIee MepCreKTUBHO.
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ASSESSMENT OF THE WASHING ABILITIES OF BUFFER FLUIDS
TO IMPROVE THE QUALITY OF CEMENTING AND FIXING WELLS

Abstract. Fixing the casing pipes of the columns is one of the key and technologically difficult stages in the
construction of oil and gas wells. Globally, more than 25% of oil and gas wells have problems with inter-reservoir
overflows of varying intensity, which leads to significant economic losses. Hardened overflows most often occur in
places of contact of cement stone with rock. This is due to the fact that in some cases it is not possible to completely
remove the clay crust from the surface of the borehole, which leads to insufficient adhesion between them. In this
regard, buffer fluids are used, which help to improve the adhesion of cement stone to the rock.

Buffer liquid is an intermediate solution between drilling and grouting solutions, which improves the quality of
well cementing and simplifies the cementing process. In the absence of buffer fluids, due to the coagulation of drill-
ing mud in the zone of its mixing with grouting, there is an increase in pressure by 1.4-1.8 times, while the displace-
ment coefficient of drilling mud is only 0.4-0.6.

Therefore, the buffer liquid is pumped before the first batch of cement mortar. Industrial fluids are used to dilute
drilling mud and disperse its particles. The paper presents the results of laboratory studies aimed at assessing the
washing ability of buffer liquids to remove filtration clay crust, remove sludge and completely purify washing solu-
tions from the annulus. The purpose of this study is to compare the effectiveness of different buffer fluids and de-
termine the most effective ones from the point of view of technology and economics.

The research was carried out using a technique for evaluating the effectiveness of buffer fluids at an experimental
installation (VSN-3), in conditions simulating downhole conditions. A layered and three-layer mesh was developed,
and it was experimentally established that a three-layer mesh effectively promotes the formation of a crust. It is
important that the gaps between the glass and the grid do not exceed 5 mm in order to avoid washing the crust due
to the flow of solution, and not because of the low efficiency of buffer liquids. The results of experiments with various
types of buffer fluids confirmed the correctness of the proposed methodology.

One of the main advantages of our technique is to reduce the error in measuring the weight of the crust formed
on the grid. The results showed that various buffer liquids have their own effectiveness, which made it possible to
identify the most effective ones for various types of drilling fluids.

Keywords: borehole, grouting solution, buffer solution, clay crust, drilling spaces, drilling mud, cement, wash-
ing capacity.
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KVIIIIOB I'eopruii AnekceeBuda
CTYIEeHT, YJIbSTHOBCKUIA TOCYIapCTBEHHBIV TEXHUYECKUI YHUBepcuTeT, Poccus, T. YIbSIHOBCK

JJIEKTPOIIEYU U UX ITPEMMVYIIECTBO

AHHomauun. B cmameoe 2080pumcsi 0 npuHyunax aﬂekmponeueﬁ, Uux cocmasiaouwux u ux npeumyuiecmaedax.

Kntouessie cnoea: Hazpesameﬂbelﬁ JJ1IeMEHM, KOHB8EKUUs, KOHMpOoJlIiep memnepamypel.

BHGKTpM'{eCKI/Ie neuym CJIy>XXaT He3aMeHMMbIM
obopymoBaHMeM [T TepMMUUYecKoii obpa-
60TKM MartepuanoB. O6opymoBaHue paboTaeT B
MPOMBINUIEHHbIX cdepax, HAYIHO-UCCIeN0Ba-
TeIbCKUX MHCTUTYTAX U Tab6opaToOpusIX. DIEKTPU-
yecKue Ieyy Ha3bIBAIOT TAKKe IIeYaMM COITPOTUB-
JIEHUSI, B HUX TIPOU3BOAUTCS CYIIKa, OOKUT,
Harpes, IUIaBjIeHe, 3aKaJIKa MY MHbIe OTIepallim,
Tpeb6yIolMecs: B IPOU3BOJCTBEHHBIX LIEJIX WU
IIIST HAYYHO-MCC/IeIOBATEIbCKOM paboOTHI.

IMpuHIMI paGoThI JIEKTPUIECKOI ITeUM OC-
HOBaH Ha Mpeo6pa30BaHUM IJIEKTPUUECKOIT SHEP-
TUM B TEIUIOBYIO, B Pe3yJIbTaTe Yero OCyLieCTBIIs-
IOTCSI HAarpeB, IUIaBJIEHNE MM Heobxomymbie (u-
3MKO-XMMMUYECKMe TIpeBpalleHus] MaTepyuasaoB
(BoccTaHOBNeHMe, pabMHMPOBaHME, IIeperias,
3aKajika, CyliKa U Jp.).

B 3aBMCcUMOCTY OT T€XHOJIOTMM Harpesa Bbije-
JISTIOT CJIeTYIONIMe TUTIBI 3JIeKTpOoIIeyeii:

o KocBeHHbIe. B HMX TOK NPOXOAUT IO ITPO-
BOIHMKAM, ey paboTaloT 110 MPUHIIUITY KOHBEK-
1MUY, KOI/Ia SHeprusi BO3HMKAET MOJ JNeiCTBUEM
ITOTOKOB BEIIEeCTB.

o IIpsamoro perictBus. HarpeB mnpoucxo-
AT 32 CUET BBIPaOOTKM IHEPTUM TeIlIa Herlocpes -
CTBEHHO B TeJIaX, Yepe3 KOTOpbIe UAET eKTpuue-
CKUI1 TOK

OCHOBHbIE KOMIIOHEHTHI 3JIeKTpoOmeYn
BKJIIOYAIOT:

1. HarpeBatenbHble 3eMeHTbl: OCHOBHOM
KOMITOHEHT 3JIEKTPOITeur, KOTOPbIii ITpeodpasyer
3MeKTPUYECKYIO0 S9HEPTHUIO B TEILIO. B 3aBMCHMMOCTH
OT TUIIA JIEKTPOIIeYN HarpeBaTe/bHbIE 3JIEMEHTHI
MOTYT OBITh M3TOTOBJIEHBI U3 PA3JIMUHbIX MaTePU-
aJIoB, TaKUX KaK HUXPOM, KepaMuKa uin rpadur.

2. Tennousonsuyus: Heodxogyuma i MUHM-
MU3AlMU MOTEPh TeIia U obecreueHus s¢pdex-
TUBHOTO MCIIOJIb30BaHMSI 3Hepruu. Teruionsossi-
[IMOHHbIE MaTepuaibl MOTYT BKJIIOUATh OTHEYTIOP-
Hble KUPIUUU, KEpaMUUECKYI0 BaTy U Apyrue Bbi-
COKOTEMITepaTypHbIe U30JISIIMOHHbIE MaTePUaJIbl.

3. Kontpomiep Ttemmepatypsi: Obecrieun-
BaeT TOYHBIN KOHTPOJb U PeTyIupoBaHue TemIie-
patypbl BHyTpu Tieunu. CoBpeMeHHbIe 3JIeKTpPO-
Meuyy OCHAIlleHbl MMKPOIIPOIIECCOPHBIMM KOH-
TpoJUlepaMM, KOTOpbIe IIO3BOJISIIOT 3a/1aBaTb U
MOANePKMBaTh HEOOXOOMMble TeMIlepaTypHbIe
PeKMUMBI.

4. Koprmyc: 3amuinaeT BHyTpeHHME KOMIIO-
HEHTHI TTeun U obecreunBaeT 6€30MacHOCTh IKC-
mayaTauuy. Kopmyc MoxkeT GbITh M3TOTOBJIEH U3
MeTaJljIa WJIY IPYTUX KapOIPOYHbIX MaTepUaioB.

Puc. 1. MygenvHas 3nekmponeus
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Puc. 2. XnebonexkapHas neus

[IpenmyinecTBa 3/1eKTponeuei

DJIEKTPOIIeU SIBJISIIOTCSI OJHUM U3 HamboJsee
3 HEeKTUBHBIX U YIOOHBIX CPEICTB JIsI TPOU3BO/I -
CTBA pas3JIMYHBIX MaTepUayoB U usmenuit. OHu
MMeIOT MHOXKEeCTBO IMPEUMYIIECTB, KOTOpbIe me-
JIAIOT UX IMpeJIIoYTUTE/IbHbIM BbI60pOM AJ1sT MHO-
TUX TIPeAIIPUITHUI U IPOU3BOACTBEHHbIX ITPOIeC-
COB.

Ipeskae Bcero, 3JeKTPOIEYM 0OeCcreuyyrBaioT
paBHOMEPHOE pacIpefiejieHe Teria [0 BCEeMY
00BbEMY paboueil Kamepbl, UTO IO3BOJISIET ITOJY-
YaTh KaYeCTBEHHbBIE ¥ OJHOPOAHbIE U3aenus. bia-
rojapsi 9JeKTPUUEeCKOMY HarpeBy SHEPTUs MWC-
MOJb3yeTcs MaKCUMa/IbHO 3 GeKTUBHO, YTO M03-
BOJIIET CIKOHOMMUTH PACXO/Ibl HAa TOTIMBO U 06ec-
MeUNTh 3HAUMTEIbHOE CHIDKEHMe SKCILTyaTally-
OHHBIX 3aTpar.

Kpome Toro, snekTporieun mo3BOISIOT OBICTPO
IOCTUTATh HY>KHO TeMIIePATYPhI U JIETKO PETryiu-
pOBaTh €€ B 3aBUCUMOCTM OT TPpeOyeMbIX XapaKTe-
PUCTMK MPOOYKIMM. DTO AelaeT UX UAealbHbIM
MHCTPYMEHTOM [IJIS1 Pa3IMUYHbBIX BUA0B 06pabOTKA
MaTepuaaoB, OT HarpeBa M BBIAEPKUBAHUSI IO
TIJIABJIEHNS U 3aKAJIKN.

DJIEKTPOIIeUr Takke 06JIaJJaloT BBICOKOM CTe-
MeHbI0 aBTOMATM3AllMM M KOHTPOJS IIpollecca
HarpeBa, 4TO IMOBbIIAEeT 3G(PEeKTUBHOCTh U 6e3-
OTMacHOCTh paboThl. Braromapss BO3MOXKHOCTU
MpOTPpaMMUPOBAHMSI  PEKMMOB  paboOThl U

MOHMTOPMHIA IIapaMeTpPOB IIPoLecca MOXKHO H0-
CTUYb ONITMMAJIbHBIX PE3Y/IbTATOB U M306€eKaTh I10-
Tepb 13-3a HeIIPaBWJIBHO TeMIIepaTypbl I Bpe-
MeHM 00paboTKH.

B 1iesioM, syeKkTpomeun MpeacTaBiIsSIOT coO0it
HagéxHoe U 3 deKkTuBHOE 060pyI0BaHNe, KOTO-
poe T03BOoJISIET 3HAUMTENbHO YIYUYIINTb KAaUueCTBO
M TIPOM3BOAUTETBHOCTD ITPOM3BOACTBEHHBIX TPO-
1ieccoB. biaromapss ux yHMBepPCaJIbHOCTU U TIPO-
CTOTE B MCIIOJIb30BAHMUM, OHM HAXOIST IIPUMEHEe-
HMe B Pa3IMYHBIX OTPAC/ISIX IPOMBIILJIEHHOCTY U
MOTYT OBITh HACTPOEHBI IO/, KOHKPETHBIE ITOTPe0-
HOCTHU U TpeOOBaHMS ITPOU3BOICTBA.
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ELECTRIC FURNACES AND THEIR ADVANTAGES

Abstract. The article talks about the principles of electric furnaces, their components and their advantages.

Keywords: heating element, convection, temperature controller.



\,
AKTYyaJbHbIE UCCIeOBAHUS ¢ 2024. N252 (234) fll‘ TexXHUYeCKYe HayKH | 51

POT'AJIb Urops OneroBuyu
cryneHT, CaHKT-IleTepOyprcKuit rocyapCcTBeHHbI apXUTEKTYPHO-CTPOUTEIbHBIN YHUBEPCUTET,
Poccus, r. CankT-ITeTepOypr

3ABUCHUMOCTD 3®OEKTUBHOCTH CUCTEMbI ITPOTUBOIBIMHOI
BEHTWJIALINA B KOPUJOPAX OT PACCTOAHUSA MEXIY
IBIMOITPUEMHBIM YCTPOVICTBOM U ITPUTOYHBIM OTBEPCTUEM

AHHOmMayus. B cmamee paccmompeHo 8ausiHue pacCmosiHusi Mexcdy OblMONpUeMHbIM U NPUMOUHbIM YCmpoti-
cmeamu Ha aggexmusHocmy pabomost npomueodsimHoli eeHmunayuu. C nomMouibio Mooeauposamust 8 npozpamme
Pyrosim uccnedosaHsl napamemps memnepamypul, euoumocmu u KoHyenmpauuu 2azose (CO, CO2, 02, HCI) s
Kopudope dauHoti 30 m.

Krniouesste cnoea: npomusodbiMHAS BeHMUNAYUSL, NOXaAPHAs 6e30nacHocmey, yoanienue dsima, Pyrosim, mode-
JIUpoBaHue, 8UOUMOCMb, KOHYEHMpayus 2a3oe, ONMUMU3AYUS CUCMEMbL, NACCUBHAA 3auiuma.

POTMBOABIMHAS BEHTWJISILIUST SIBJISIETCST Of- YCTPOJCTBOM 6YyIeT BAUSTh HA TeMIIepaTypy, By-
HMM U3 BaKHEHIINX CpeACTB ITaCCUBHOI I10- IVMMOCTb, ¥ Hajauume ras3os, Takux Kak CO, CO2,
>KapHOJ 3allUThI 3IaHUIA, HAlTPaBJIeHHBIM Ha yAa- 02, HCL.
JieHe AbIMa 13 ITIoMelleHMI TPy BO3TOpaHuu. DTO HcxoaHble JaHHBIE:
Crioco6CTBYeT 6e30MacHOl 3BaKyaluu JIIOAE U PaccmoTpum kopuaop 30 M, BbICOTOI 2,75 M;
NpeAOTBPalIeHNIO TOBPEXIEHUS KOHCTPYKIMIA. PellteTka mpOTHMBOOBIMHOM IIPUTOUYHON BEHTHU -
KitoueBbIMM KOMIIOHEHTaMM IPOTUBOABIMHOM sty 500x1000 m.
BEHTWISIIUU SIBJISIIOTCSI IBIMOIIPUEMHbBIE YCTPOIi- PelreTka NMpOTMBOABIMHONM BBITSKHOM BEHTMU-
CTBa M TPUTOYHBIE OTBEPCTUS, OIpenensiouue ssauyu 500x1000 m.
3 HeXTUBHOCTL paGOThI CUCTEMBI. CropocTb Ha pelieTke 7 M/C.
B maHHOJ} cTaTbe, C IOMOINbIO MPOrpaMMbl Paccrossnue mexny pemerkamu: 10 u 20 m.
Pyrosim, Mbl pacCMOTPUM, KaK pacCTOsIHME pacro- MogaenupoBaHue B IIporpaMme:

JIOKEHMS MEXOY ObIMOIIPMEMHBIM U IIPUTOYHBIM 1. PacueTHas 06/1aCTh

Puc. 1
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PacueTHas 06yacTh orpaHuueHa cerkamu FDS. Pasmep ceTok u pasMep sSueek CeTOK MpuBeIeHbl B Tab-

Jmuie:
Tabmnua 1
Homep Has3sBa- Pasmep Pasmep Pasmep Pasmep Pasmep Pasmep Kos-Bo
CeTKU 1307(3 CeTKU IO | CETKMU IO | CEeTKU O | STYeiiku STYeKu STYEIKU siUeeK B
CEeTKU X, M Y, m Z, M no X, M moyY, M noZ,mMm ceTke
1 CerkaOl | 30 12 3 0.25 0.25 0.25 69120
IMoHbIN pacueTHbINT 06beM cocTasisgeT 1080 [Ipumeuanue:

M3, 00lllee KOJIMUYECTBO SUeeK B MOJENN COCTaB-

nsieT 69120.

2. ITo>kapHas Harpyska 1o [6]
HasBauue: O61. romenieHue; IMHOIEyM+0y-

[TosiHAas TIOIIAAb [TOKAPHOM HArpy3Ku: 2,5 M2,
3. PesynbpTaThl pacueTra IIpM PacCTOSHUU
Mexnay pemerkamu 10 m.

mara.
Tabnuia 2
Touka cpaBHe- T 02 Bugn- HCl | CO2 CcoO Teruio- T6m, ¢ | 0.8*T6u,
HUS MOCTb, M BOJA IO~ C
TOK
Touka 01 2,16 2,16 2,58 >5 >5 >5 >5 2,16 1,73
Touka_02 >5 >5 4,84 >5 >5 >5 >5 4,84 3,87
4. Pe3yabTaThl pacuyeTa Mpy pacCTOSTHUU MeKIY pemeTkamu 20 m.
Tabnuua 3
Touka cpaB- T 02 Bugn- HCl | CO2 CO TertoBoit | Tom, | 0.8*T6i, ¢
HeHUS MOCTb, M MOTOK C
Touka 01 1,99 1,99 2,41 >5 >5 >5 >5 2,16 | 1,73
Touka_02 >5 >5 4,71 >5 >5 >5 >5 4,84 | 3,87

5. ITosss ODII ipm pacIooKeHUM peneTok Ha 10 M.
TemmnepaTypa B Kopugope.

=11
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- =11

B~ e
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m3 10ms = O X

Slice
temp

176.8
161.5
146.1

1307

_ N

84.5
6391

538

3845

Tine. 2007 —
Puc. 3. Bpems 200 ¢

3 10ms = O X

Slice
temp

1768
1615
1461

1307

_ N

69.1

me 2000 T
Puc. 4. Bpems 300 ¢

6. ITosa O®II pu pacroyiokeHuu penreTok Ha 20 M.
TemmepaTtypa B KOpuzope.
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3 20ms - [} X

Slice
temp

1737
1566
1436
1285 |
96.3
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Puc. 5. Bpems 100 c.

3 20ms B = .

Slice
temp
c

1737
158.6
1436
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98.3
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53.1
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Tme: 200« [ —
Puc. 6. Bpems 200 c.
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_ N
98.3

Slice
temp
(o3

1737

158.6

1436

1285

3887

rrme: o0, | —.
Puc. 7. Bpems 300 c

BoiBOg,

UccnemoBaHusi TTOKa3bIBalOT, YTO 3G deKTUB-
HOCTb IIPOTUBOABIMHOM BEHTWISIUM HATIPSIMYIO
3aBMCUT OT PACCTOSIHUSI MEXIY ObIMOIIPUEMHBIM
YCTPOMCTBOM U TIPUTOUYHBIM OTBepcTHeM. CIIMII-
KOM 60JIbIIIOE PaCCTOSTHME MOXKET IIPUBECTY K CHU-
SKEHUIO TIMM ¥ He3(PGeKTUBHOMY YAAJIeHUIO
IbIMa, & CIMIIKOM MajleHbKOe PacCTOSTHVE MOKET
BBI3BATh OOpATHOE TeUyeHMe IbIMa M KUCIOPO.-
HOT'O BO3yXa.
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DEPENDENCE OF THE EFFICIENCY
OF THE SMOKE VENTILATION SYSTEM IN THE CORRIDORS
ON THE DISTANCE BETWEEN THE SMOKE INTAKE DEVICE
AND THE INTAKE PORT

Abstract. The article examines the effect of the distance between the flue intake and intake devices on the effi-
ciency of smoke ventilation. Using Pyrosim simulation, the parameters of temperature, visibility, and concentration
of gases (CO, CO2, 02, HCI) in a 30 m long corridor were studied.

Keywords: smoke ventilation, fire safety, smoke removal, Pyrosim, modeling, visibility, gas concentration, sys-
tem optimization, passive protection.



AKTyaJbHbIe UCCIeOBAHUS ¢ 2024. N252 (234)

-
a& BoeHHoOe fieo | 57

BOEHHOE AEJO
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COBPEMEHHDBIE BECITWJIOTHBIE JIETATEJIBHBIE AITITAPATDI (BIIVIA):
OB30P TEXHOJIOTU I TPUMEHEHUA

AHHOmauus. Cmamos npedcmasJisiem co6oli 0030p cospemMeHHblX OeCNUIOMHbIX JlemamesHblX annapamos
(BIVIA). Paccmampusaromcs kawouegvle munwst BITVIA, ux mexHuueckue Xapakmepucmuku, d maxkxe 0CHO8Hble
chepsl npumeHeHUs 8 80eHHOI cepe. [Ipusodsmcs npumepsl ycnewHozo uchonwvzosarust BITVIA 8 peansHbix one-
payusx. 3asepuiaemcs cmamos 00CyxoeHUem nepcnekmue danvHeliezo passumus mextonozuti BITUIA, ekniouas
yIyuuleHue agmoHOMHOCMU, yeenuueHue danpHocmu Oelicmeus U noevluleHue MmouHOCMU HABU2AYUOHHBIX CU-

cmem.

Kntoueswie cnoea: becnuniomusie jemamesnvHsle annapamel (BIUIA), knaccugukayus BIIIA, npumeHeHue

BITIA, nepcnekmusst pa3sumus BITIA.

Mmp TeXHOJIOTUI CTPEMUTENBHO MEHSIeTCs, U
ONHOV U3 CaMbIX 3aMEeTHBIX TeHAEHIUI T0-
CIeIHUX OeCSITUIIETUI CTaa0 aKTUBHOE DPa3BUTHE
OecIIMIOTHBIX JeTaTeNbHbIX ammapaToB (BILIA),
WIN OPOHOB. DTU YCTPOMCTBA, M3HAUYAJIbHO CO-
30aHHble I/ y3KOCIelMaau3UMpoOBaHHBIX 3ajad,
Terepb HaxOASIT IMpPUMEHEeHMe TPaKTU4YeCKu BO
Bcex cdepax KM3HU — OT TPAKOAHCKUX YCIYT OO
CJIOKHBIX BOEHHBIX OIlepaiuii. B 3Toii cTaTbe MbI
MOAPOOGHO pacCMOTpUM pasinuHbie BUAbI BITIA,
MX TEeXHUUYECKME XapaKTEePUCTUKM, a TaKke 00Cy-
IVIM TIePCIEeKTUBBI JaIbHENIIero pa3BUTHUSI U UH-
Terpauuy 3TUX YCTPOMCTB B BOOPY>KEHHbIE CUJIbI.
Vicropust 6eCIIMIOTHBIX JIeTaTebHBIX arapa-
TOB HauMHaeTcsd ¢ KoHIa XIX Beka, Korja rnepsble
MPOTOTUIIBI ObLIM pa3paboTaHbl [AJiS BOEHHBIX
HYkA. OOHAKO HACTOSIIMII MMPOPBIB ITPOMU3OIIEN
TOJILKO B cepenyHe XX BeKa, KOraa MnossBUInCh pa-
IVOYIIpaBJisieMble CaMOJIEThI, CITOCOOHBIE BBITIOJ-
HSITh TIPOCThIe 3ajaHus 6e3 yyacTus nmnora. Of-
HUM U3 MePBbIX U3BECTHBIX TPUMEPOB UCITIONIb30-
BaHMs BITJTA B 60€BbIX IeICTBUSIX CTAJl aMepPUKaH-
ckuit mpoekt «®Paiip6u» B rombl BTopoit MupoBoii
BOJHBI. DTOT arapaT IIpeCTaBJIsI CO00i1 yIpaB-
JIsSIeMblit pakeToi camoJieT-cHapsn,

NpeJHa3HAUEeHHbIN [JIs1 TOpaskeHus1 Kopabieii
NPOTUBHMKA [2].

C Tex nop TexHonorus BIUIA mponina monaruit
nyTh 3Bomouyn. CeromHs BITJIA cranu HeOTbeM-
JIeMO#l 4acTbl0 MHOTMX OTpacjieif, HauuHasi OT
CeJIbCKOTO XO3SICTBA U 3aKaHUMBASI MeIUILIMHOIA.
OpHako HaMbOoJIbIINME YCITEXYU JOCTUTHYTHI UMEHHO
B BOEHHOM ceKTope, rae BIIJIA urpamoT BaskHYIO
POJIb B pa3BeiKe, HAOIIOIeHM, HAHECeHUY YIapOB
U JIOTUCTUKE.

Ha cerogHsImHM IeHb CyIeCTBYeT MHOXKECTBO
Kimaccu@uKauyii 6ecMIOTHBIX JIETATeIbHbBIX all-
1apaToB, OCHOBAaHHBIX HA pa3HbIX KPUTEPUSX.
Haubosee pacripocTpaHeHHOI SIBJIIETCS KIacCH-
dbukanms mo pasamepam 1 Macce anrapara.

Muwukpo-BITJIA: camble ManeHbKME YCTPOIICTBA,
BecoM MeHee 2 KT. OHM 0ObIYHO MCITONIb3YIOTCS IS
HAOMIOOeHNsI 3a HeOOJbIIMMMU OOBEeKTaMM U B
YCJIOBUSIX OTPaHMUEHHOTO ITPOCTPaHCTBA.

Manbie TakTMueckue BITJIA: Bec 3Tux ammapa-
TOB coctasisieT oT 2 1o 20 kr. OHM CIIOCOOHBI BbI-
TOJTHSATh MUCCUM CpelHell AaAbHOCTU U MTPOJO-
SKUTETbHOCTY TT0JIeTa.

Cpennne wu TspRenble BIIVIA: Macca 3Tux
YCTPOICTB MOXKET AOCTUTATh COT€H KMIOTPAMMOB,
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a MHOTma ¥ TOHH. Takue ammapaTbl 00JagaloT
OOJIBIION JAaTbHOCTBIO AEVCTBUS U BBICOKOJ IPO-
JO/DKUTENbHOCTBIO [10J1eTa, YTO AeaeT UX Ueanb-
HBIMU [IJISI BBITIOJTHEHUSI CJIOXKHBIX U IJIUTEIbHBIX
3aJaHUIA.

Kpome Toro, cymectByioT KiacCcubUKamuu 1o
TUITYy ABUTATENS (SMeKTPUUYeCKuit, 6€H3MHOBbIIA,
peaxkTUBHBIIT) U 10 Ha3HAYEHUIO (pa3BeabIBaTe b-
HbII, yOapHbIii, TDAHCTIOPTHBIN).

OcHOBHbIE TeXHUYECKME TTapaMeTphl, onpene-
nsonive 3ddexTuBHOCTL paboThl BIIA, BKiIO-
YalT:

1. JJanbHOCTB JeiCTBUS: OT HECKOAbKUX KU-
JIOMETPOB A0 ThICSIU KWIOMeTpoB. Hampumep,
amepukaHckne MQ-9 Reaper MOrytr mnposereThb
csbinie 1 800 kv 6e3 mo3arpaBKu.

2. IIpogomXkuTenbHOCTb MOJeTa: BpeMs, KO-
TOpOE arapar CII0CO0eH HaXOMUThCS B BO3IyXe
6e3 mocagku. HekoTopble Momenu MOTYT OCTa-
BaThCS B TOJIETE OECSTKY YaCOB MOAPSIA.

3.  CKOpOCTb: CKOPOCTbH IIOJIETa BapbUPYyeTCs
OT HEeCKOJbKMX KM/Y [0 CBEPX3BYKOBBIX CKOPO-
creit. Tak, Haripumep, poccurickmuii BITJIIA «OxoT-
HUK» CTI0CO6EH pa3BUBaTh CKOPOCThb 10 1 000 Km/u.

4. TlonesHast Harpy3ka: 3TO 060OpymOBaHME,
KOTOpoe ycTaHaBiauBaeTcs: Ha 6opt BIUIA. OnHo
MOXeT BKJIIOUaTh KaMepbl BLICOKOTO pa3pelieHus,
MHGpPaKpacHble JATUYMKN, CUCTEMbI CBSI3U, PaJaphbl
U Jaxe opyxue.

5. ABTOHOMHOCTb: coBpeMmeHHbIe BITJIA Bce
yaille OCHAIAIOTCS CUCTeMaMM MCKYCCTBEHHOTO
MHTEJIEKTA ¥ MAlIMHHOTO 0O0y4YeHMUsI, 4YTO IT03BO-
JISIeT UM JIeMiICTBOBATb CAaMOCTOSITEIbHO, MMHVMMU--
3Upys yuyacTue oreparopa.

BoopykeHHble CUIBI BCETrO0 Mupa aKTUBHO
BHEIIPSIIOT OeCHMIOTHBIE JieTaTe/IbHbIe ammapaThl
B CBOM apceHasbl. OCHOBHBIMU HaIlpaBIeHUSIMU
UX UCIIOIb30BaHMSI SIBJISIIOTCSI

1. PasBenka u Ha6mopmeuue: BITJIA 1mo3Bo-
JITIOT COOMpaTh JAaHHbIE O MECTHOCTM ¥ IPOTUB-
HUKE B peXKMMe PeabHOT0 BpeMeH!, 06ecreunBast
KOMAaHJOBAaHMIO aKTYaJbHYI0 MHOOpPMAaIUIO AJIs
TIPUHSITUS pelIeHUA.

2. lleneykasaHue: TOUHbIE KOOPAMHATHI Iie-
Jieli orpedesnsiioTcs ¢ momolibio BITJIA, 4yTo 3HauUn-
TeJIbHO MOBBINIAET TOUHOCTb apPTUJIEPUICKUX U
aBUALIMOHHBIX yapOB.

3. IIporuBOBO3AYyIIHASI 060POHA: HEKOTOPbIE
mopeny BITJIA crienanbHO pa3pabaThIBAIOTCS IJIsT
O06HapyKeHMS ¥ YHUUTOXKEHMST BO3TYITHBIX IIeJeit,
BBIMTOTHSST GYHKIIMM TTIepexXBaTYMKOB.

4. JlorucTtuka: gocraBKa rpy30B 1 60erpuria-
COB B TPYAHOLOCTYIIHbIE PaliOHbI CTAHOBUTCSI BO3-
MOSKHOJ 671arofapsi ucroab3oBanmio BITIA.

5. OJmekTpoHHas BOJHA: MOIaBIeHMe Paguo0-
CUTHAJIOB MPOTMBHMKA ¥ 3alIuTa COOCTBEHHBIX
KOMMYHMKAIIMII Takke BXOASAT B KpPYyT 3a/1a4, Bbi-
MONTHSIeMbIX becriyioTHUKamMM [1, ¢. 123-145].

OmHMM U3 SIpKUX TPUMEPOB YCIEUIHOTO MC-
nonb3oBanusi BIUVIA crana omepamusi «HoO4HOI
OXOTHMK», IIPOBeIeHHAas POCCUCKUMM BOVICKaMM
B Cupun. 3mech UCIONIb30BAINUCh OECIIUITOTHUKA
IJIST KOOpAMHAUMM AeiCTBUI Ha3eMHBIX CUI U
HaHeCeHMsI TOYHBIX yIapOB MO MO3UIUSIM Teppo-
puctoB. AmepukaHckue MQ-9 Reaper mmupoko
MIpUMEHSUTUCD B Adranucrane u Mpake [jis mpoBe-
JleHMs pa3BeAbIBaTe/IbHO-YIapHbBIX Ollepaluii.

Takke CTOUT YIOMSIHYTb M3PaUIbCKUIL OIBIT
ucnonb3oBanus BIIJIA. Hanpumep, BITVIA Heron
YCIIeLTHO MPUMEeHSJICS AJ1s1 TaTPyJIMpOBaHuUs Ipa-
HUII ¥ 60PBHOBI C TEPPOPUCTUUECKUMU YTPO3AMMU.

He crana uckaoueHreM U crieliajibHas BOEH-
Hasl omepaius, IpoBOAMMAas BOOPY>KeHHbIMU CU-
namu Poccuiickoit @enepanun. B xonie eé mpose-
nenus BITJIA IpuUMeHSI0TCS TOBCEMECTHO: OT pas-
BeIKY U HAOGIIOOeHNS 40 TOCTaBKM TPY30B HA IT0-
3uuun [3].

Bymyiee 6eCcrMIOTHBIX JIeTaTelbHBIX arapa-
TOB BBIIJISIAUT BeCchbMa MHOTIOO0OENaloNMM. DKC-
MepThl MIPOTHO3UPYIOT AaAbHENIIYI0O MHTErpalio
TEXHOJIOTUIT MCKYCCTBEHHOTO MHTENJIEKTa U Ma-
IIMHHOTO OOyYeHUsI, UTO IO3BOJIUT CO3[ABaTh
MOJTHOCTHIO ABTOHOMHbBIE CHMCTEMbBI, CITOCOOHbBIE
MIPMHYMATDb pellleHus] 6e3 BMeIlaTeTbCTBa Yeso-
Beka. Kpome TOro, oxknaaroTcs ymydiieHus B 06s1a-
CTM MaTepuajoBeleHMs U SHepPreTUKu, YTo Ipu-
BeZleT K YBeJIMYEHU 0 TPOAOKUTETbHOCTY TTOJIeTa
¥ TIOBBIIIIEHUIO HAJIESKHOCTY allrapaToB.

Ocob6oe BHUMaHME yaenseTcsl pa3paboTke Iu-
OpPUAHBIX Mojesieii, OObeIVHSIOMNUX TPENMYIIE-
CTBa BEpPTOJIETOB M CaMONeTOB. Takue ammaparTsl
CMOTYT B3JIeTaTh BePTUKAIbHO, KAK BEePTOJIEThI, HO
MIpY 3TOM 06/1aIaTh BBICOKOI CKOPOCTBIO U TasTb-
HOCTBIO TI0JIeTa, XapaKTepHO# MJjsl CaMOJeTOB
[4, c. 36-54].

CoBpeMeHHbIe 6eCITUIOTHBIE JIeTATeTbHbIE all-
rapaThl IIPeACTaBISIOT cO60Ji BaskHbIN JIEMEHT B
apceHase J1000ii coBpeMeHHOJi apmuu. VX crio-
COGHOCTD BBITIONHSITH pa3HOOOpasHbIe 3a7aun, OT
pasBenKM L0 HaHECeHUS yIapoB, felaeT UxX Hesa-
MEeHMMBIMIM MHCTPYMEHTaMMU B obecrieueHnu 6es-
omacHOCTM U 3((PEKTUBHOCTM BOEHHBIX OIepa-
uuii. C pa3BUTHEM TEXHOJIOTUII 3TU YCTPONCTBA
OyIyT CTAaHOBUTHCS BCe H6oiee YHUBEPCATbHBIMU U
Ha@XHbIMU, OTKPbIBASI HOBbIE€ TOPU3OHTHI AJIsI UX
MIpMMEHEHNS B Pa3INUHbBIX chepax ye0BevecKoii
JlesITeTbHOCTH.
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computing paradigms, and analyze their potential to further revolutionize the IT landscape in the years to come.
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1. Introduction

The miniaturization, increased processing
power, and enhanced energy efficiency achieved
through relentless innovation in electronics have
been the primary driving forces behind the devel-
opment of technologies ranging from personal
computers and the internet to smartphones and
artificial intelligence.

2. Main results and discussion

The remarkable evolution of information tech-
nologies has been propelled by significant progress
in several key areas of electronics research and de-
velopment. These advancements have not only en-
abled the creation of faster and more powerful
computing devices but have also driven the devel-
opment of new functionalities and applications
that were previously unimaginable. This section
will delve into some of the most crucial areas of
electronic development that have shaped the IT
landscape:

2.1. Miniaturization: The Shrinking World of
Electronics

Perhaps the most visible trend in electronics
has been the relentless drive towards miniaturiza-
tion, epitomized by Moore's Law [7]. This ongoing
process of shrinking the size of transistors and
other components on integrated circuits has had
profound implications for IT:

e Increased Component Density: Miniaturiza-
tion allows for packing an ever-increasing number
of transistors onto a single chip. For example, the

first Intel 4004 microprocessor in 1971 had 2,300
transistors, while modern processors can contain
billions of transistors.

e  Enhanced Performance: Smaller transistors
can switch faster, leading to increased processing
speeds and overall system performance. This is be-
cause electrons have shorter distances to travel
within smaller circuits.

e Reduced Power Consumption: Smaller com-
ponents generally consume less power, which is
crucial for mobile devices and energy-efficient
data centers. Lower power consumption also
translates to less heat generation, simplifying
thermal management in devices.

e  Portability: Miniaturization has been the
key enabler of portable electronic devices like lap-
tops, smartphones, and tablets, which have be-
come integral parts of modern life.

e New Applications: The development of mi-
croelectromechanical systems (MEMS), which in-
tegrate mechanical elements, sensors, and actua-
tors with electronics on a microscopic scale, has
opened up new possibilities in areas like medical
diagnostics, environmental monitoring, and auto-
motive safety [6].

2.2. Increased Processing Power: Fueling Com-
putational Capabilities

Alongside miniaturization, the continuous in-
crease in processing power has been a cornerstone
of IT advancement. This has been achieved
through several innovations:
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e  (Clock Speed Enhancements: For many
years, increasing the clock speed (the frequency at
which a processor executes instructions) was the
primary means of boosting performance. However,
physical limitations related to heat dissipation
have led to a plateauing of clock speeds in recent
years.

e Architectural Innovations: Processor archi-
tects have developed sophisticated techniques like
pipelining, superscalar execution, and out-of-or-
der execution to enable processors to execute mul-
tiple instructions concurrently, significantly im-
proving performance [4].

e Multi-core Processors: To overcome the
limitations of single-core clock speed scaling, the
industry shifted towards multi-core processors,
which integrate multiple processing cores onto a
single chip. This allows for parallel processing, sig-
nificantly boosting performance for multi-
threaded applications.

e  Specialized Processors: The rise of special-
ized processors, such as Graphics Processing Units
(GPUgs), initially designed for graphics rendering,
has revolutionized fields like artificial intelligence
and scientific computing. GPUs, with their mas-
sively parallel architectures, are particularly well-
suited for tasks involving large-scale matrix and
vector operations [8].

2.3. Memory and Storage: Accommodating the
Data Explosion

The exponential growth in data generation and
consumption has necessitated rapid advance-
ments in memory and storage technologies:

e Dynamic Random-Access Memory (DRAM):
DRAM is the primary type of volatile memory used
in computers and other devices. Advances in
DRAM technology have led to increased density,
faster speeds, and lower power consumption [5].

e  Flash Memory: Flash memory, a type of
non-volatile memory that retains data even when
power is lost, has revolutionized data storage. It is
used extensively in USB drives, solid-state drives
(SSDs), and memory cards for mobile devices and
cameras.

e  Solid-State Drives (SSDs): SSDs, which use
flash memory instead of spinning magnetic disks,
offer significantly faster read and write speeds, im-
proved durability, and lower power consumption
compared to traditional hard disk drives (HDDs).
Their increasing adoption is transforming the per-
formance of laptops, desktops, and servers [3].

e  Cloud Storage: While not a direct advance-
ment in electronics itself, the development of
cloud storage, which relies on massive data centers

filled with high-capacity storage devices, has been
enabled by advancements in electronics, particu-
larly in the areas of high-density storage, high-
speed networking, and energy-efficient server de-
sign.

2.4. Energy Efficiency: Powering Sustainability
and Mobility

Growing concerns about energy consumption
and the increasing demand for mobile devices have
made energy efficiency a critical area of focus in
electronics:

e  Low-Power Design Techniques: Engineers
have developed a variety of techniques to reduce
power consumption in electronic circuits, includ-
ing voltage scaling, clock gating, and power gating
[2].

e  Energy-Efficient Architectures: Processor
and system architectures are being designed with
energy efficiency as a primary consideration, lead-
ing to devices that can perform more computa-
tions per unit of energy consumed.

2.5. Communication Technologies: Enabling
Connectivity

The development of robust, high speed com-
munication technologies has been fundamental to
the interconnected world we live in.

High-Speed Networking: Advances in areas such
as Ethernet and optical communication have ena-
bled the transfer of vast quantities of data across
networks. Technologies like fiber optics provide
high bandwidth and low latency [1].

Wireless Communication: The evolution of wire-
less protocols such as Wi-Fi and cellular standards
(3G, 4G, 5G) has been critical in providing ubiqui-
tous connectivity for mobile devices and the Inter-
net of Things [9].

3. Conclusion

The journey of electronics enabling IT is far
from over; it is a dynamic and ongoing process that
will undoubtedly continue to shape the 21st cen-
tury and beyond, driving innovation and trans-
forming the way we live, work, and interact with
the world around us. Therefore, fostering a strong
ecosystem for electronics research, development,
and education is paramount to ensure that we can
fully realize the transformative potential of IT for
the benefit of humanity.
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loud technologies have become an integral

part of modern IT infrastructure. They are
used not only in private companies, but also in
government agencies for data storage and pro-
cessing. Due to the growing threat of data leakages
and international sanctions restricting access to
foreign technologies, Russian organizations are
beginning to look for ways to reduce dependence
on foreign software and to implement domestic
solutions [1, p. 256]. Protecting data in cloud stor-
age using domestic software is becoming an im-
portant element of security strategy. This is espe-
cially relevant in light of the Russian legal require-
ments, in particular the Federal Law No. 152-FZ
“On Personal Data”, where data processing and
protection regulations are established [2].

Current challenges and opportunities of
moving to domestic software

The use of foreign cloud storages poses signifi-
cant risks for Russian organizations. International
sanctions may result in blocked access to foreign
platforms or software jeopardizing data security
and system performance. In addition, foreign de-
velopers may not comply with Russian information
security standards posing an additional threat to
data privacy. These factors force Russian organiza-
tions to use domestic software.

Hence, Russian market offers several solutions
that can be used to protect data in cloud storages.
Proposal is the Alt Linux operating system which

was developed in Russia and supports a wide range
of data security tools. Another solution is the
MoyOffice application package which allows to
work with documents in cloud environments and
includes built-in encryption and data protection
mechanisms. It’s also worth noting such system as
ViPNet which provide secure data exchange and
secure storage in network infrastructures.

However, the introduction of domestic soft-
ware faces a number of difficulties. Firstly, Russian
analogs cannot yet fully compete with global lead-
ers in terms of functionality and scalability. Sec-
ondly, transition to domestic solutions requires
significant investments both at the implementa-
tion stage and in the process of personnel training.
Nevertheless, the key advantage of domestic soft-
ware is its compliance with Russian security stand-
ards. This fact is especially important for govern-
mental organizations and companies dealing with
confidential information.

Transition opportunities analysis

One of the main scenarios for transitioning to
domestic software is the complete replacement of
all foreign solutions with Russian ones. This strat-
egy ensures maximum data security as organiza-
tions completely eliminate dependence on foreign
vendors. However, this approach requires signifi-
cant costs and may be difficult to implement in
large companies operating systems where foreign
software is used.
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A more flexible option is a partial transition,
when critical data is protected by domestic soft-
ware, while less important systems continue to run
on foreign platforms [3, p. 232]. This approach al-
lows to reduce implementation costs and mini-
mize risks associated with possible blocking of for-
eign services. For example, solutions like ViPNet
can be used to protect particularly sensitive data,
while popular cloud platforms such as Microsoft
Azure can be used for less critical systems
[4, p. 120].

There is an opportunity to integrate domestic
data protection tools into foreign platforms for or-
ganizations that cannot opt out to international
cloud services. This approach allows organizations
toretain access to global cloud standards while en-
suring data protection using Russian solutions. For
example, use of domestic software for data encryp-
tion in cloud storage of international companies
will help avoid leakage and meet the requirements
of Russian regulators.

Advantages and disadvantages of domestic
software

Use of domestic software in cloud systems has
its advantages, but it also raises certain challenges.
On the one hand, it provides greater independence
from foreign technologies and minimizes risks as-
sociated with sanctions or restrictions on the use
of foreign platforms. In addition, domestic devel-
opments take into account the specifics of Russian
legislation and regulations in the field of infor-
mation protection. This fact makes them particu-
larly attractive for governmental organizations
and companies working with critical infrastruc-
ture.

On the other hand, Russian solutions are often
inferior to world analogues in terms of their

performance, scalability and functionality. Many
companies using cloud technologies face problems
of domestic software integration into existing sys-
tems and it requires additional costs and time.
There is also a risk that Russian solutions may not
receive sufficient support in the long run making it
difficult to use them in large-scale projects.

The transition to domestic software for data
protection in cloud storages is an important step
to ensure security and independence of Russian IT
infrastructure. Despite the existing limitations,
domestic developments offer enough solutions to
minimize risks associated with the use of foreign
technologies. However, transition process requires
careful preparation and analysis, especially in the
context of integration with existing systems and
user support. In the long term, the use of domestic
software will allow Russian organizations to
strengthen their information security and create
more independent and secure information envi-
ronment.
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CA®OHOB BnapuciaB AHaTOJbeBUY
maructpaHTt, CeBaCTONOMbCKUI TOCYAapCTBEHHBIN yHUBepcuTeT, Poccus, r. CeBacTomnob

HayuHulli pykosodumens — doyeHm Kagpedpsl UHOCMpaHHbix s1361k08 Cesacmononsckozo 20cyoap-
CMeeHH020 yHUsepcumema, kaHoudam nedazozuueckux Hayk bpacnasckas Enena AnekceesHa

VICCJIENOBAHUE ITYTEN NEPEXOJIA HA OTEYECTBEHHOE
ITPOTPAMMHOE OBECIIEYEHME ITPY1 OPTAHU3ALIY 3AIINTDHI JAHHBIX
B OBJIAYHBIX NTH®OPMAILIMOHHBIX XPAHWINIIIAX

AHHOmMauus. B cospemeHHbIX YC08USX YCUIUBAIOWUX MpeOosaHuli K UHpopmayuoHHoli 6ezonacHocmu 8 Poc-
cuu 8onpoc nepexoda Ha omeuecmeeHHoe NpozpammHoe obecneueHue CMaHosumcs ece 6ojee akmyaibHsIM. Mo
0COOEHHO 8AMCHO NPU 3alyuime OAHHbIX, XPAHUMBIX 8 001AUHBIX UHMOPMAUUOHHBIX XPAHUNULAX, 20€ PUCKU HECAHK-
UUOHUPOBAHH020 OCMYNA U ymeuek 0aHHbIX 803pacmarom. Hacmoswas cmames nocesaujeHa ucciedo8amuio 603-
MOxCHOCMell hepexoda HA omeuecmeeHHoe NpozpammHoe obecneuerue 0Jis 0becheueHus 3awjumsl OaHHbIX 8 00-
JIAUHbIX cucmemax. B pabome ananusupyomcs hpeumyujecmea u Hedocmamxu cyujecmeyouux poccutickux peue-
HuUll, paccmampusarmcs cyeHapuu nepexodd Ha cysepeHHble MEXHON02UU, A MaKxMce OYeHU8anmcs ux nepcnex-
muebt 0711 POCCUTICKO20 PbIHKA.

Knrouessle cnosa: omeuecmeennoe I10, 3aujuma 0aHHblX, 001auHble UHPOPMAYUOHHbIE XPAHUIUULA, KUbep-
Oe3onacHocms, Poccus.
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BAJIAXOHOBA Emm3aBeTa AHApeeBHA
CTyIeHTKa, Poccuiickuii rocymapcTBeHHbIN yHUBepeutet HedTr 1 raza (HUY) umenn Y. M. I'yokumHa,
Poccus, r. MockBa

KOPOTVYH Codns Onerosua
CTyIeHTKa, Poccuiickuii rocyapcTBeHHbIN yHUBepeuTet HedTr 1 raza (HUY) umenn Y. M. I'ybkmHa,
Poccus, r. MockBa

TECTUPOBAHUE BA30BOI'O ®YHKIIMOHAJIA
ISC-DHCP-SERVER 11 DNSMASQ

AHHOmauus. B dannoii cmamve paccmompum 6a3o8wiii pyHkyuoHan isc-dhcp-server u DNSMASQ 6 supmy-

anwHoli cpede VirtualBox npu nomowju 8upmyanvHoli MawiuHs! ¢ onepayuoHHol cucmemoti Alt.

Kntoueswie cnoea: isc-dhcp-server, DNSMASQ, VirtualBox, Alt.

BBepenune

B maHHOII cTaThe paccMOTpUM 6a30BbIN HYHK-
rmoHarn isc-dhep-server u DNSMASQ miist iuctpu-
OoyTuBa ANbT. BymeT NpoBemeH CpaBHUTEIbHbIN
aHaJM3 CBOJICTB M pa3/IMuMii JAaHHBIX CEPBUCOB.

OOBEeKT McciIenoBaHuss — 00JIaCTb oIepaly-
OHHBIX CHUCTEM, OCHOBAaHHBIX Ha smpe Linux, a
TaKKe IMpoIecc (QYHKIMOHMPOBAHUSI CEPBUCOB
isc-dhcp-server m1 DNSMASQ B BUPTYyaJabHOIA
cpene.

IIpeameT ucciegoBaHus — 6a30BbIi QYHKIM-
OHAJI U B3aUMOgeiicTBUe cIyk6 isc-dhcp-server u
DNSMASQ B onepanmuonHoit cucteme ALT, ycra-
HOBJIEHHO} B BUPTYasabHOIt MaluHe VirtualBox.

Ilens uccienoBaHMsI — aHaAU3 U ONMCAHUE
paboTsl 6a30Boro GyHkIMoHana isc-dhep-server n

DNSMASQ B YyCIOBUSX BUPTYQJIbHOM Cpenabl
apt-get install dhcp-server
Reading Package Lists... Done
uwilding Dependency Tree... Done

he following extra packages will be installed:

dhcp-common dhcp-libs libisc-export-dhcp

he following NEW packages will be installed:

VirtualBox c onepaionHoii cucremoit ALT, onpe-
OeeHye OCHOBHBIX CBOVICTB M Pasjinuuii MEXIy
HUMM.

YcTaHOBKa cCepBMCOB

isc-dhcp-server — 310 mporpammubiii DHCP-
cepBep, co3maHHbIl Internet Systems Consortium,
KOTOpBIii 3aHMMAeTCsT aBTOMaTMUUeCKMM paciipe-
nmenenveM IP-agpecoB 1 Ipyrux HeOOXOOMMBIX Ce-
TeBbIX [TApaMeTPOB CpeAy KIMEeHTCKUX YCTPOICTB
B JIOKaJbHOV ceTu. C ero MomoIibio MOXHO IT0-
CMOTpeTh MHGpOpPMaIMI© O IUTI3aX, DNS-
cepBepax M IPyTMUX IMapaMeTpax, HeoOXOIMMBbIX
IIJISI HACTPOVKM CeTeBOro CoeIHeHMSI.

Yrob6s!l HayaTh paboTy c isc-dhcp-server, cHa-
yajia Hy>kKHO YCTaHOBUTD MaKeT Ha TOT CepBep, KO-
TOpbIN BoIcTyIaeT B poau DHCP, ¢ moMo1ibi0 KO-
MaHabI (puc. 1):

dhcp—common dhcp-1libs dhcp-server libisc-export-dhcp
upgraded, 4 newly installed, 8 removed and 618 not upgraded.

eed to get 1624kB of archives.

fter unpacking 4950kB of additional disk space will be used.

Do you want to continue? [¥snl ¥

sftp.altlinux.org plB8/branchsx86_64/classic libisc-export-dhcp 9.11.3Z2-alt2:plB+28B47°

B.3.1@1631886436 [984kBl

2 http:ssftp.altlinux.org plB-/branch/x86_64-/classic dhcp-libs 1:4.4.3.P1-alt2:p18+333353.4088

B659318 [67.9kB1

t:3 http://ftp.altlinux.org plB/branch/noarchsclassic dhcp-comnmon 1:4.4.3.P1-alt2:p168+333353.4

788659318 [188kB1

http ftp.altlinux.org plB/branchs/x86_64/classic dhcp-server 1:4.4.3.P1-alt2:p18+333353.4

1788659318 [39ZkB1
Fetched 1624kB in 2s (667kB/s)
Comnmitting changes...

"reparing. ..
installing. ..

port-dhcp-9.11.32-alt2

: dhcp-libs-1:4.4.
3: dhcp-common-1:4.4.

: dhcp-server-1:4.4.3.P1-alt2
Done .

LURERRI SRR R R R R R R R RS R R R R R R

LR R iR iR iR AR R iR R R g R R R R R R R R R AR R R R R R R
LSRR RN R R R R R R RS R R R R R R R R
LR IRIR IR R R AR RS R R R R R AR R AR R R B R R R R R
LLER i R didididididididid bttt nhidddididididid 3

Puc. 1. Ycmanoeka naxkema isc-dhcp-server
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CrnemyionmMM IIaroM SIBJISIETCS  HACTpPOJiKa HeoOXOIMMO 3aJaTh HYKHbI MHTepdeiic, KOTo-
daitna /etc/dhcp/dhepd.conf, B KoTopom 3amaioTcs pbiit ipoctymmBaetr DHCP, mjist 3TOro oTKpbIBaeM

nmapaMeTpsl AuamasoHa IP-agpecoB. Takxke daiin /etc/default/isc-dhcp-server (puc. 2).

The following variables are recognized:
DHCPDARGS=enpBsB _

Default value if chroot mode disabled
CHROOT="-j » —-1f rvar/libsdhcpsdhcpd/statesdhcpd. leas

Puc. 2. Hacmpoiixa unmepgetica DHCP

IMocste 3TOTO HYKHO YO6eIUTHCS B KOPPEKTHOCTM paboThl, HacTpoeHHoro DHCP-cepBepa (puc. 3, 4, 5).
systemctl status dhcpd
dhcpd .service — DHCP [
Loaded: loaded (/1li ‘ ystemsdhcpd.service: enabled:; vendor preset: disabled)
Active: active (rumming) since Mon Z2024-12-16 B808:11:28 MSK: 38s ago
Docs: man:dhcpd(8)

man :dhcpd .conf (5)

Process: 696Z E

Main PID: 7881 ( ¢
Tasks: 1 (limit: 233¢

Memory: 4.4M
CPU: Z6Bns
CGroup: rsystem.slicersdhcpd.service
L 7881 ~ binsdhcpd -4 -f ——mo-pid enpBs8

Puc. 3. IIposepka pabomel cepgepa

cat setcs/dhcpsdhcpd.conf

dhcp.conf
efault-lease-tine 6HBH:
ax—lease—tine 7Z28H8:
submet 192.168.56.8 netmask 255.255.255.8 {
range 192.168.56.181 192.168.56.254:
pption routers 192.168.56.108;
T

Puc. 4. I[Ipocmomp ¢aiina koHpuzypayuu

lease 192.168.56.101 {
starts 1 2024/12/23 20:46:53;
ends 1 2024/12/23 2
tstp 1 2024712723 2
2

cltt 1 2024712723
binding state free;
hardware ethernet 08:
uid "\001%010M\000"'bE&S"

Puc. 5. I[Ipocmomp ¢aiina /var/lib/dhcp/dhcpd/state/dhcpd.leases

DNSMASQ - mpepnctaBisieT co60ii KOMIIAKT- Ins Hauaja paboThl cepBepa HYKHO YCTaHO-
HBIIi ¥ MHOTO(MYHKIIMOHAIbHBIN cepBep, obecre- BUTD IakeT dnsmasq C MOMOIIbI0 KOMaHIbI: apt-
yyBatomuii Takme ¢yHkuuu kak DHCP-cepsep, get install dnsmasq.

DNS-pesonsunr, a Takke TFTP-cepsep. Ero uacto CrnemyionuMM IIaroMm Heo6XOAVMO OTKPbITh
MCIIOJB3YIOT B HEOOJbIIMUX CETSIX, AOMAIIHUX daitn /etc/dnsmasq.conf u mo6aBUTH B HeEro
OKpyTrax, a Takke BO BCTpauMBaeMbIX CUCTEMAX U CTPOKMU (puC. 6):

MapIIpyTHU3aToOpax.
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interface=enpBs8
bind-interfaces
hcp-range=192.168.56.181, 192.168.56.254,
hcp-option=option:router,192.168.56.16808
hcp-option=option:dns-server,8.8.8.8,8.8.4.4

bogus—-priv
local=/testdonain. local/
=sexample.testdomain

cals192.168.56.100

'vetcsdnsmasq.conf" 705L, 28328B written
Puc. 6. Pedakmuposatue ¢atina

B mepBoit cTpoke «interface» yka3piBaemM TOT
uHTEpdeiic, yepe3 KOTOPBIII Mbl OyIeM OTIIpaB-
JISTh KnueHTy IP-agpeca. Bropast cTpouka mpuBsi-
3piBaeT dnsmasq K YyKasaHHOMY WHTepdeiicy.
«dhcp-range» ykaspiBaeT AyMana3oH BblIaBaeMbIX
[P-anmpecos, a Takke BpeMsl Boiaun. Ciienyroliye
IBe cTpoku «dhcp-option» ykasbeiBatoT IP 1tio3a u
DNS cepsepbl. «server» — coOoTBeTCTBYIoIMe DNS-
cepBepbl sl TlepeHaNpaBjieHMs  3ampocoB.

loaded (/1
active (ru

4582 E> artPost=r/usr/sbin/dnsmasq-helper poststart

4501 (dn

CGroup: m.slicesdnsmasq.service
581 rusr/sbinsdnsmasq bind-interfaces interface lo —-s vbox -r setcs/resolu.confly

Crpoka «domain-needed» 3armpelaeT IepeHa-
MpaBjieHKe KOPOTKUX MMeH, a «bogus-priv» 3a-
MpellaeT 4YacTHOE pa3pelieHne U3 4aCTHBIX IO -
ceteit. [locnegHue IBe CTPOUKM OIpedesisiiOT JI0-
KaJIbHbIN OMEH U Ha3HavalT emy IP-anpec.
Termepb  HYXHO Iepe3amyCTUTh  CEepPBUC

dnsmasq ¥ MOCMOTpeTb KOPPEKTHOCTh €ro yCTa-
HOBKM (puc. 7, 8):

; vendor preset: disabled)
'I(J['I
de=exited, status=8.,SUCC

Puc. 7. IIposepka pabomul cepsuca

nzlookup example.testdomain. local

12¢7.8.8.1
127 .8.8.1453

exanple .testdomain. local
192 .168.56.16808

Puc. 8. Bvisod umeru u IP nokansHoz2o0 domeHda

[TpoaHanM3MpyeM HACTPOIKY JaHHBIX CEPBUCOB C IOMOIIIbIO CPABHUTEIBHOM TaGaUIbI (Tab. 1):

Ta6muua 1

CpaBHeHMe HaCTPOMKU

isc-dhcp-server

DNSMASQ

®aiin KoHbuUrypanmn

/etc/dhcp/dhepd.conf

/etc/dnsmasq.conf

DHCP-nuana3oHbl
HaCTpOJKa)

subnet, range, pool (mononuurtenbhas | dhcp-range

DHCP-option
TOYHBIX YKa3aHUIi

[IInpoxuit Habop omuuii, Tpedyroue

MHOXeCTBO OILuii, HO Hojiee
OTpaHMUYEHHBIX

DNS-cepBep

He BXOguUT B 0CHOBHO¥ (yHKIIMOHAJ

BcTpoeHnHas mogmepikka

nonyyenne IP-ampeca: dhclient enp0s8. Ilocie
9TOTO MPOBEPUM, UTO KIMEHT mosyumi IP-ampec
M3 YKasaHHOIO [Mama3oHa. Kpome TOro, BakHO

Yro6bl IPOBEPUTH IPaBUIBHOCTh PabOThI
DHCP-cepBepa, HY>KHO TOJKIIOUYUTh KIMEHTCKOE
YCTPOMCTBO U HACTPOUTD €r0 Ha aBTOMAaTUYECKOe
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yoenutbesi, uto DHCP-cepBep KOpPpeKTHO Tiepe- paspelleHyst AOMEHHbIX UMeH. JIjis1 6bICTPOro 1o-
nmaét uHdopmanyio o DNS-cepBepax M 4TO KIIu- MCKa ip-aJpeca KaKoro-Jmbo JoMeHa MOXKHO Ipo-
€HTCKO€ YCTPOJMCTBO MOKET MUCITOAb30BaTh UX AJIS mcaTh KoMaHay host (puc. 9).

host wikipedia.org
.org has address 185.15.59.224
.org has IPub address ZaB2:ec8b:3J68:edla::1

.org mail is handled by 18 mx-in2B01.wikinedia.org.
.org mail iz handled by 18 mx-inlBB1.wikimedia.oryg.

Puc. 9. Bbi800 ip-adpeca 00MeHH020 UMeHU

Temnepb morpobyemM coBepIInUTh aTaky Ha dhcp- Heo6X0aMMO, UTOOBI IIPOBEPUTh PabOTy cepBepa,
cepBep ¢ TMOMOIIbIO yersinia, Mpu KOTOpPOi OT- BBISIBUTh €ro YSI3BMMOCTM U TIOBBICUTH HaJexK-
npapisitorcss  danbivBbie  3ampockl  DHCP- HocTb ceTu (puc. 10, 11).

Discover c npousBosibHbIMU MAC-anpecamu. 3To
[_r=) S

Yersinia 0.8.2 (0T cynepnonb3oBaTens)

I| File Protocols Actions Options Help
I

T TF - — ” Il =

o i = = L. B, & B¢
Launch attack Editinterfaces Loaddefault Listattacks Clear stats Capture Edit mode Exit
Protocols Packets CDP | DHCP | 802.1Q | 802.1X | DTP | HSRP | ISL | MPLS | STP | VTP | Yersinia log

SIP DIP MessageType Interface Count Lastseen

) _ 54

802.1Q | 802.1X DTP HSRP | ISL MPLS STP | VTP

cDP
Choose attack
Description DoS
sending RAW packet
@ lsending DISCOVER packet
creating DHCP rogue server
sending RELEASE packet

I X
Field Value Description
Dynamic Hos E
Source MAC [F: FF:FF Extra
—3 Cancel OK - =

SIP 0.0 = — — _l68 DPort 67
op o1 Hiype 01 HLEN 06 Hops 00 Xid 00009869 Secs 0000 Flags 8000

‘ CI 0.0.0.0 Y1 0.0.0.0 s1 0.0.0.0 GI 0.0.0.0

CH 02:48:33:66:02:51

00:00:10

Y Merio @E root@vbox: /root ] Yersinia n.a:z (oTc.. O] Choose interfaces ... [7 Choose protocolat... - [ en 58 ¢fy LETF‘ [ 4. 26 aex, 00:01
Puc. 10. Boibop amaku

_—

e

#| File Protocols Actions Options Help

Launch attack Edit interfaces Load default Listattacks Clear stats Capture Edit mode Exit
Protocols Packets CDP | DHCP | 802.1Q 802.1X | DTP | HSRP | ISL | MPLS | STP | VIP | Yersinia log
yic| o SIP DIP MessageType Interface Count Lastseen
0 0.0.0.0 255.255.255.255: 01 DISCOVER : enp0s8 -1 26 ek 00:02:44
0 0.0.0.0 255.255.255.255° 01 DISCOVER ‘enp0s3 1 26 aex 00:02:44
0 0.0.0.0 255.255.255.255° 01 DISCOVER "enp0s8 1 26 aek 00:02:44
e o 0.00.0 255.255.255.255° 01 DISCOVER :enp0s3 1 26 gex 00:02:44
0 0.00.0 255.255.255.255 01 DISCOVER :enp0s3 1 26 gex 00:02:44
1 0 0.0.0.0 255.255.255.255: 01 DISCOVER :enp0s3 -1 26 ek 00:02:44
0 0.0.0.0 255.255.255.255° 01 DISCOVER ‘enp0s8 1 26 aex 00:02:44
0 0.0.0.0 255.255.255.255° 01 DISCOVER ‘enp0s3 ‘1 26 aek 00:02:44
S z 0.0.0.0 255.255.255.255 01 DISCOVER "enp0s8 1 26 aex 00:02:44

Field Value Description e IR

Dynamic Host Configuration Protocol 5
Source MAC 02:48:33:66:02:51 Destination MAC FE:FE:FE:FF:EE:FE Extra

SIP 0.0.0.0 DIP 255.255.255.255 SPort 68 DPort 67
Op 01 Hiype 01 HLEN 06 Hops 00 Xid 00009869 Secs 0000 Flags 8000
Cl 0.0.0.0 Y1 0.0.0.0 Sl 0.0.0.0 GI 0.0.0.0

CH 02:48:33:66:02:51

00:00:10

Puc. 11. Omcnexcusarue nodoebHbIX NAKEMO08
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IMTocsne sToro mpoBepum coctostHue ceppuca (htop) (puc. 12, 13):

9z, 137
8.86 B.82
B81:11:38

8.1 B8:15.64
; 8.7 0.1 a:
308 8.7

susr~bin-UBoxClient draganddro

4.2 : B¢ 5 _mate—menu

Puc. 12. ITokaszamens 3azpyxeHHocmu 0o amaxu

4665 root

Puc. 13. IToxazamens 3azpyxeHHoCMuU nocie amaxku

MosKHO MOIpo6oBaTh elle OAMH BUI aTaKu -
cosgane DHCP Rogue cepBepa, KOTODbIi

pacmpocTpaHsieT ¢paabcuPUIMPOBAHHbIE CETEBbIE
HacTpoiiku (puc. 14).

-|:ﬂﬂ[)F{“E€h_“ -ElEFﬁirathet g;alg~
creating DHCP rogue server

Server ID [192.168.56.1 '

Start IP |192.168.56.3 '

EndIP |192.168.56.9 '

Lease Time (s5ecs) | 72000 '

Renew Time (secs) I}‘?_IIIIZIIZI '

Subnet Mask |255.255.255.0 |

Router [192.168.56.1 |

DNS Server | 192.168.56.1 '

Domain |domain.urg| ‘
iCanceIi | OK |

= TTITITITT 1 FIATS THEITIIT T

Puc. 14. Co3daHue ¢panvuiusozo dhcp-cepsepa

IIpu 3TOM KIMEHT 6yaeT MoJydyaTh aBTOMAaTH-
yecku ip-agpeca ¢ ¢anpmmporo dhcp-cepsepa.

YToO6BI JTydllle IOHSITh B UEM pasiuure MeKIy
isc-dhcp-server ¥ DNSMASQ oTo6pa3sum ux cBOJi-
cTBa B Tabsuiie (Tabi. 2):

Tabmuua 2
CpaBHUTeIbHAS TA0IUIIA

DOYHKUIMOHAI

isc-dhcp-server

DNSMASQ

OCHOBHOe Ha3HaueHue

DHCP-cepgBep

DHCP, DNS, TFTP-cepBepsl

DHCP-cepBep

[TonHOQYHKIMOHATbHBIH! DHCP-

cepsep

Basogsbiit DHCP-cepBep

JuHammnueckasl Bblgaua
[P-agpecoB

[Mopmepskka pa3IMyYHbBIX IMalla30HOB
[P-agpecoB

[Mopmepkka AMHAMMUYECKON BbIAAUN
[P-agpecoB

Cratuueckue IP-agpeca

ITpuBsa3ka MAC-

aapecoB

IP-agpecoB K

ITpuBsa3ka MAC-

aapecoB

IP-agpecoB K
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OYHKIMOHAT isc-dhcp-server DNSMASQ
[MTapameTpsr DHCP IMogmepskka  Bcex  cTaHAapTHbBIX | [Tommepskka GOJMbIIMHCTBA CTAHOAPT-
DHCP-onunit Hbix DHCP-onuuii
DHCPv6 IMonHas nopgepskka DHCPv6 Henonuas nognmepskka DHCPv6
Lease-time KonTtponp BpeMmeHm apeHnbl, Bo3- | HacTpoiika Bpemenu 1o gedonty 6e3

MO>XHOCTbD OTJ/IOJKUTDb BbIAauy

BO3MOJXHOCTU M3MEHEHUS

JlokanbHOe paspeuieHue | He MCITIOJIb3YETCS B Ka4eCTBE JIOKAJIb- I/ICHOHBBYGTCH OJisd JIOKaJIbHOTO pas-

UMeH Horo DNS-cepBepa peleHus UMEH

IMopgmepxkka DNS Hert Bctpoennsbiit DNS-cepBep
C/IO>)KHOCTD HaCTpOMKM | YC/IOXKHEHHas [TpocTas

HasHnaueHue KpynHbie ceTu, mpeanpusitTusi, mpo- | JloMaliHMe Wiau Majible CeTU, Mapiil-

Baiigepsl pyTM3aTOpbl, BCTpauBaemble CU-
CTeMBbI
MacimtabupyeMocCTb Bricokas OrpaHnuyeHHas
3akmoueHue 3. JlozoBoit A.H. YcTaHOBKa OomnepaiMoOHHbIX

B maHHOII cTaThe MbI pa3obpanu paboTy TaKUX
cepBucoB Kak isc-dhcp-server 1 DNSMASQ, ux
YCTaHOBKY M HACTPOJKY, a TaKKe MX OCHOBHbIE
CBOJCTBA M pa3aInNyumst APYT C APYTOM.

Taxum o6pasom, BbIGOp Meskay isc-dhcp-server
1 DNSMASQ 3aBucut, B IepByro ouepeb, OT BUAA
ceTu, re 3TO OYHeT MCIONb30BaThCs. Eciu aTo
KpyImHast MHPPaCTPYKTypa ¥ BaskKHbI PacIIMpeH-
Hble BO3MOKHOCTM YIIPABJIEHUS CEThIO, TO MPUO-
puUTeTHBIM BapuaHToM OymeT - isc-dhcp-server.
OnHako, eciau TpebyeTcs TOAbKO 3(PGheKTUBHOCTD
M TIPOCTOTa pabOThI, HY>KHAS [JISI CPEIHUX CeTe-
BBIX OKPY)K€HUII, TO COOTBETCTBEHHO IOAOIIET
DNSMASQ.
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MNBANIEHITEB Axnzapeii CepreeBuu
OCHOBAaTeJIb, IIporpammuct, D-Games, Poccus, r. KpacHomap

CPABHUTEJIbHBIV AHAJIVI3 OCHOBHBIX AJITOPUTMOB ITOMCKA ITYTU
B UITPAX

AHHomauus. ITouck nymu siesisiemcst 00HOlU U3 Kouesslx 3adau 8 061acmu paspabomku uzp, 0C06eHHO 8 mex
HAHpax, 20e U2pOKU UNU UCKYCCMBEHMbIU UHMeENNEKM QONHCHbI HAX00UMb ONMUMAJIbHbIE MAPWPYMbl 01 nepe-
MeujeHust No Ueposomy mupy. B daHHoli cmampe paccmampusarmcs 0CHO8Hble A120pUMMsl NOUCKA Nymu, UX Npu-
MeHeHUe 8 Uzpax, u 0Co6eHHOCMU, ¢ KOMOPbIMU CMAKUBAKIMCS pa3pabomuuku npu uHmezpayuu 3mux petueHul
8 uzposvie mexanuku. Onucadue maxux anzopummos, kak A*, Anzopumm Ietikcmpol, BonH080lI anzopumm, a
mMakie AHAAU3 UX NPOU3BOOUMENBHOCINU U NPAKMUUECKAS NPUMEHUMOCMYb 0N CO30aHUS UHMENNEKMYaNbHbIX
nepcoHaceli U OUHAMUUHBIX U2POBbIX MUPOB, N0380JIUM 2TYOXHCE NOHAMb, KAK COBPEMEHHbLE U2Pbl UCNOJIb3YH0M IMU

mexHo02UlU O yAYUUIeHUS! U2ZP08020 hpoyeccd.

Knroueenle cnosa: npozpammuposatue, Kod, paspabomka, pazpabomka uzp.

BBegenune

[Touick myTu B Urpax — 3TO MPOLLECC HaXOXIe-
HMSI OIITMMAIbHOTO MapuIpyTa /ijis lepeMenieHus
06BEKTa OT OJTHO¥ TOYKM K APYTOi, C YIETOM pas-
JIMYHBIX TPEIITCTBUN, YCJIOBUI OKpyXKawolei
cpenbl M 3aJaHHBIX Lieseil. 3agaya MoucKa MyTu
SIBJISIETCST BYKHBIM 2JIEME@HTOM B peanu3aliuiu me-
XaHUK, CBSI3aHHBIX C TepeMellleHMeM IO MMUDY,
OyIb TO MCC/IeOBAHNE OTKPBITOTO IIPOCTPAHCTBA,
MIPOXOXJeHNe YpOBHel MM B3aMMOAEICTBUE C
IpyTUMM 0OBbEeKTaMM U mepcoHaxkaMmu. Paspabort-
YMKY MCITOJIb3YIOT Pa3sHOOOpasHble aaroPUTMBbI
MTOMCKA ITyTH IJISI CO3IaHmsI 6osiee peaanucTUIHOTO
Y IMHAMMUYHOIO OITbITa, a Takke IS 3PpeKTUB-
HOTO MCIIOJb30BaHUS PECYypCOB CUCTEMbI. B aTOM
KOHTEKCTe Ba)XXHO TMOHUMATh, KaKue aJropuUTMbI
MoMCKa NyTu Hamubojee 3¢hPeKTUBHBI, B 3aBUCK-
MOCTY OT pa3mepa 1 CJI0KHOCTU UTPOBOTO MUpa, a
TaKKe OT TPeOOBaHMIT KO BpeMeH! OTK/IMKA U TOU-
HOCTU pelieHui.

OCHOBHBIE AJITOPUTMBbI IIOMCKA ITYTU

1. Anroputm A*

DTO OVIH U3 CaMbIX MOIMYJISIPHBIX U 3P HEeKTUB-
HBIX aJTOPUTMOB IS TIOMCKa MyTU. A* UCIIONb-
3yeT 3BpPUCTUUECKYI0 QYHKIIUIO JJIS1 OLIeHKU CTOM -
MOCTM ITyTY OT HaYa/IbHOJ TOYKM JI0 11eJin, KOMOM-
HUPYS pacCTOsSIHME OT TeKylleil TOUKY 4,0 Hadyaslb-
HOJ (g) M IpenmnosaraeMoe pacCTosIHME N0 e
(h). AnropuTm rapaHTUpyeT HaxOXIeHMe OITH-
MajJbHOTO ITyTH, €C/IM 3BPUCTUKA SIBJISIETCS AOITY-
CTUMOJA (He TIepeolleHUBaeT pacCTOSIHME A0 LeJN).

IIpeumyiecrsa:

O6ecmeunBaeT ONTUMATbHBIN ¥ OTHOCUTEIBHO
OBICTpBIN TTyTh. IIIMPOKO MCITONB3YyETCS B UIpax
IIIST TIOVICKA TTyTeli B OOMBIINX U CJIOKHBIX MUPAX.

HepocraTku:

MoskeT ObITh PECYypCOEMKMM TIpU OGOJBIINX
pa3Mepax KapThl WJIM CJIOKHBIX 3a7auax.

Anroputm A* OpMeHTMpPYeTCsSl Ha ABa Mapa-
meTpa:

e g(n) - dakTMueckass CTOMMOCTb MyTU OT
HavyaabHOM TOYKM A0 TEKYIIel KIeTKN/y3ma n.

e h(n) - ’BpucTMueckas oleHKa OCTaBIIIe-
rocs MyTU OT TeKylleit KIeTKU A0 1ieieBoit.

TakuM 006pa3oM, KaXKIbIil y3eJ MMeeT CyMMap-
HYI0 OlLeHKy f(n), KoTopas BbIUMCISETCS Kak:
f(n)=g(n)+h(n).

AnroputM paboTaeT cilegyoOUIMM 00pa3oM
(puc. 1):

1. HaumHaeM Cc HaYa/JIbHOJM TOYKM ¥ H00OaB-
JisieM €€ B OTKPBITBIN CIIMCOK.

2. N3BnekaeMm y3esn C HaMMEHbIIEN OLEHKOM
f(n) u3 oTkpsITOrO CIIVICKA.

3. Ecam 3TOT y3eq SIBASeTCs 1eJIeBbIM, IIyTh
HaligeH.

4. JInsg KaXOgoro COCegHEro ysJa: eciau cocep,
He ObLI ITOCELIEH MM HalimeH 6o0jiee KOPOTKUIA
ITyTh, 0OOHOBJISIEM €TI0 CTOMMOCTbD g(N), a TaKKe 1e-
pecuntbiBaeM f(n); moGaBisieM cocemHMT y3en B
OTKPBITHIN CITUCOK, €CJTM OH eIl He 6bUT TaM.

5. TloBropsteM Ipollecc, MOKa He HaigéM
MyTh WJIX He UCCelyeM BCe BO3MOSKHbIE Y3JIbl.



AKTYyaJbHbIE UCCIeOBAHUS ¢ 2024. N252 (234)

WHPOpMaLMOHHbIE TEXHOIOTUH | 74

Tl6|5l6178
6545067
51413145686
413021314} 5
J1211121314
.| OEEE
J1211121314
4303121304} 5
514131456
6 5|4, 5167

9
8
7
6
5
4
5
6
;

10011 .19 20/ 21| 22

10 ) 18|19 20| 21

819 101112 1311415

Puc. 1. Busyanusayus pabomes! anzopumma A*

2. Aaroputm JleiikcTpbI

Anroputm [leiiKCTphl HAXOOUT KpaTyaiiImii
MyTh OT OJTHOV TOUKMU 10 BCEX OCTAJIbHBIX TOUEK B
rpade 6e3 MCIIoNIb30BaHMs IBPUCTUKK. OH Bceraa
BbIOVpaeT HaMEHbIIIYI0 CTOMMOCTD ITyTH Ha KaXK-
JIOM IlIare ¥ pacIiiupseT uccaenyeMyio 06/1acTb.

IIpeumyinecrsa:

O6ecmeunBaeT ONTUMAJIbHBII MTYTh, €C/IY rpad
He COJepPXUT OTPUIIATEJIbHBIX BeCOB. XOPOIIO
MOAXOAUT [IJIsl TIOMCKA KpaTyaiilliero myTu B rpa-
(dax 6e3 3apaHee U3BECTHOIA LIeJIN.

HepocraTku:

MeHee addexTrBeH, yeM A*, ecin TpebyeTtcs
HaMTU ITyTh TOJILKO 0 OJHOI Lien, TakK KakK ajaro-
PUTM BBIYUCIISIET ITyTU 4O BCEX TOYEK.

AnroputM paboTaeT CilegyIOUIMM 00pa3oM
(puc. 2):

1. Uuunmyanusanmus:

e  AJTOPUTM HAUYMHAETCS C BbIOOpA CTApTO-
BOJi BepIIMHBI, KOTOPOJ MpuCBauBaeTCs CTOU-
MOCTb ITyTH, paBHAS HYJIO.

e  JIns BcexX Apyrux BeplinH rpada ycraHas-
JIMBAeTCSI GECKOHEUHOCTh B KaUeCTBE CTOMMOCTMU
ITyTH, TaK KaK OHY eIlé He 6bUIM JOCTUTHYTHI.

e CocTaBnsgeTcs CIMCOK UJIN OYepenb C Ipu-
OPUTETOM [ XpaHeHUSI BepIIMH, KOTOpbIe
HY’KHO 06paboTaTh. B Hauaje TOJIBKO CTApTOBAas
BepIIMHA HAXOAUTCS B CIUCKE.

2. BbI60p BEPIIMHBI C MMHUMAJIBHOM CTOVMO-
CTBIO:

e Ha Kaxpgom Imiare ajaropuTM BbIOMpaeT
BEpIUIMHY C HAaMMeHbIIIeil CTOMMOCTBIO ITyTH CPen
ené He 06pabOTaHHbIX BEPILIMH.

e ]Iy 9TOV BEPIIMHBI AJITOPUTM MPOBEPSIET
BCe e€ coceHMe BEPIIMHBI U MBITAETCSI OOHOBUTD
UX CTOMMOCTM ITyTEM IPOXOXKIEHMS Yepe3 TeKy-
IIyI0 BepmMHy. EcM IyTh depes TEKYIIYI0 Bep-
IIMHY OKa3bIBaeTcs 6ojiee KOPOTKMUM, YeM YKe
HaligeHHBIN 151 CoceqHel BepIIMHbI, TO OOHOBIIS -
€TCSI CTOMMOCTb 3TO BEPIIMHBI.

3. O6paboTKa BCeX BEpIIVH:

e Korma Bce cocemHue BepiIMHBI 06pa6o-
TaHbl, TeKyIas BepilMHa IMomMevyaeTcsl Kak obpa-
6oTraHHas1, 1 OHa OoJiblile He OY[eT Y4acTBOBATD B
IajbHeNIleM Ipolecce.

e  AJTOpMUTM TMPOJO/KAeT BHIOMpATh Bep-
IIMHBI C MUHMMAJIbHOM CTOMMOCTBIO I OOHOBJISITh
cocejieif, TIOKa BCe BepIIMHBI rpada He OyAyT 06-
paboTaHbl WK TI0Ka He OyIeT HalileH MyTh K 11e-
JIeBOJi BeplIuHe.

4. 3aBepuieHue:

e  Kak ToJIbKO BCe BepIIMHBI ObLIM 06pabo-
TaHbI WM KOTJA HaliZleH MyTh K 1[eJIeBOi BepIInHe
(ecnyt Mbl UIEM KpaT4yailinii IyTh TOJIBKO K OJ-
HOIl BeplIMHE), AJITOPUTM 3aBeplliaeT BBIIOJHE-
HUe.
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3
[1,2,5,9] = (2+147) = 10
[1,2,3,8,9] = (2+1+1+1+1) =6
[1,3,8,9] = (5+1+1) =7
[1,4,7,6,8,9] = (2+2+2+3+1) = 10

Puc. 2. Buzyanusayus pabome! anzopumma Jetikcmpeol

3. BotHOBOI aJiIropuTM

BOMHOBOII aJrOpUTM WUCIIOJB3YETCS AJS TO0-
MCKA KpaTYaiIiero myTu ¢ paBHBIMM 3aTpaTaMu Ha
repexof, MeXAy KIeTKaMu. AJITOPUTM HauMHa-
€TCSI C MCXOOHOW TOUKM W «PACIPOCTPAHSIET
BOJIHY» Ha COCeIHME KJIETKU, TIOCTEIeHHO 3aI10JI-
HSISI BCE BO3MOSKHBIE KJIeTKM. IIpoiiecc mpomossKa-
eTCsl, TIOKa He OYAeT HOCTUTHYTA IeieBasi TOUKa,
1oCJIe Yero IyTh BOCCTaHABIMBAETCS, CJEOysS OT
1[eM K Havaury.

IIpenmyinecrBa:

e [IpocToTa peanusanun.

e TapaHTMpyeT HaxOXAeHME KpaTuaiiiiero
ITyTV B PABHOMEPHBIX MTPOCTPAHCTBAX.

e  OddexTuBen nyg HeO6OIBIINX KApPT U pe-
TYJIIPHBIX ITPOCTPAHCTB.

HepocraTku:

e HesdderktuBen Ha rpadax ¢ mepemeH-
HBIMM 3aTpaTaMy WIK CJIOKHBIMY CTPYKTYPAMMA.

e TpebyeT 3HAuUMUTENbHBIX pECYPCOB Ha
60/IBIINX KapTaX.

e  He mucnomb3yeT 3BpUCTUKM IJIT YCKOPEHUS
MOMCKA, UTO CHIKAeT ero MpOu3BOAUTEIbHOCTD
Ha 60JIbIIMX KapTax.

AnroputM paboTaeT CaegyoIUM 00pa3om
(puc. 3):

1. Uaunmanusanus:

e  HauuHaeMm ¢ UCXOIHOV KI€TKU WIU TOUYKU
CTapTa U CTaBUM €€ B ouepelb.

e TlomeuaeM eé€ Kak MOCEIIEHHYIO U TIPUCBA-
MBaeM CTOMMOCTb IYTU AJIs1 9TOM KIeTKM, PaBHOM
HYTIO.

e Bce ocTasbHble KIETKM WM3HAUYAIBHO
VMMEIOT HEeOrpaHMUYeHHO OOJbIIYI0 CTOMMOCTh
(MU TIOMeUeHbI KaK HeToCelllEHHbIE).

2. PacripocTpaHeHne BOJIHBI:

e  li3BnekaeM KJIETKy C HaMMeHbIlleli CTOU-
MOCTbIO U3 Ouepemu.

e Jlns 3TOM KJIETKU UCCIelyeM e€ cocepeii
(BBEpX, BHU3, BJIEBO, BIIPAaBO WJIM TI0 AMaroHaIu, B
3aBUCUMOCTH OT YCJIOBUI 3a[1aUN).

e Kaxmomy coceny TIpucBaMBaeM CTOU-
MOCTb, PaBHYIO CTOMMOCTM TeKyIllel KIeTKu + 1
(ec/u mraru OAMHAKOBBIE 10 CTOUMMOCTH).

e JloGaBisieM HeIOCEIEHHbIE COCemTHUe
KJIETK! B o4epellb U MoMevyaeM UX KaK MOCEeHEH-
HbIE.

3. IIpopo/i>keHMe TIOMUCKA:

e [loBTOpSiem mpoliecc, MoKa He JOCTUTHEM
LIeJIeBOJ KJIeTKU UM He UCC/IefyeM BCe BO3MOXK-
HbIE KJIeTKM.

e Korgma menp 6ymeT MOCTUTHYTA, BOCCTa-
HaBJIMBAeM IIyTh, JBUTASICh OT 1[eJIM K HAYaJbHOM
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TOYKE, MUCIOIb3YsT MHOOPMAIMIO O MPeIbIAYIIIX
KJIeTKax (KOTOpbIe BeAYT K LieJIeBOii).
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4. 3aBepluieHue:

e  AJTOpMUTM 3aBepHIMTCS, KOrjga IieneBas
KJIeTKa 6yIeT mocenieHa Win ecy BCe BO3MOKHbBIE
KJIETKY OyIyT MCCaeq0BaHbl, U He HalifeHa 11eb (B
cJydae OTCyTCTBUS ITyTH).

Puc. 3. Buzyanusayus pabome! 8071H08020 AJ120pumma

CpaBHeHMe IIPOU3BOSUTEIbHOCTU B UTPaX

I cpaBHEHMSI pacCMOTPMUM KHOUueBble ac-
MeKTbl MTPOU3BOAUTEIbHOCTU 3TUX aaTOPUTMOB,
TaKue Kak BpeMs BbITIOJTHEeHMSI, TaMSITh, TApaHTUA
ONTUMAJIbHOCTU IYTU U MOAXOAsSIIMe ClieHapun
UCII0JIb30BaHMS (PUC. 4).

1. Anroputm A*

Bpems BbITOTHEHUS

e  Bpems paboThl anroputmMa A* 3aBUCUT OT
BBIOPAHHOI 3BPUCTUKMU M CTPYKTYpPbl KapThbl. B
XyOIieM cjiydae ero cioxkHoctb — O(b*d), roe b —
3TO MaKCMMaabHOE KOJMUECTBO [IOTOMKOB B y3JI€,
a d — riry6uHa gepeBa rmoucka. Ecim sBpucTuka sB-
JISTIeTCS «IOCTATOYHO XOpoliei», A* MOXeT 6bITh
3HAUMTEbHO OBICTpEEe, YeM IpPYrue aJrOPUTMBI,
TaK KaKk COKpalllaeT KOINYeCTBO TPOBePSIeMbIX y3-
JIOB. DBPUCTUKU, TaKMe KaK eBKIMI0BO WIM MaH-
X3TTEHCKOEe PacCTOSTHME, YCKOPSIIOT BBITIOJHEHME
aJTopuUTMa.

ITaMmoaTb:

e A" ucmonb3yeT NaMsThb [Ji1 XpaHeHUS
BCEX OTKPBITBIX M 3aKPBITHIX Y3JIOB. DTO MOXKET
ObITb 3HAUUTEIHHBIM B CJTyuae OOJIbIINX KapT, UTO
IeJlaeT aJrOPUTM [TOBOJIBHO TPeGOBaTeNbHBIM K
MaMsITH.

e B xymmwem ciy4yae (eciu 3BPUCTUKA He
aéT XOpOIero MpubIVKeHUsT) aITOPUTM MOKET
MoTpe6oBaTh XpaHEHMsI MHOXECTBA Y3JI0B.

OnTMManbHOCTD:

e  A¥ rapaHTupyeT HaxOxXJeHMe ONMTUMAab-
HOTO  OYTH, €ClIM  9BPUCTUKA  SIBJISIETCS

JOMYCTUMOM (TO eCTb He Mepeol,eHNBaeT paccTo-
SIHUE [0 LeNn).

IMoaxomuT masi:

e Urpel C OTKPBITBIM MMUPOM (HaIrpumep,
RPG, mryTepsl ¢ OTKPBITBIM MMPOM) M CTpaTerumu,
rae TpebyeTcsl IMHAMMUYHBIN TTOUCK ITyTH.

e  CnoXHble UTPOBblE MUPBI C Tepemelle-
HueM B 2D mnu 3D, rae BaKHO MMETh ONTUMAa/lb-
HBIN ITyTh TIPY GOJIBIIOM KOJUYECTBE BO3MOKHBIX
MyTe.

2. AnroputMm JleiikCcTpbI

BpeMs BbINNOJIHEHUS

e  Bpems paboTbl anroputma JIeiikCTpbl 3a-
BUICUT OT CTPYKTYPBI JaHHBIX, MCII0/Ib3YEeMBbIX JIJISI
xpaHenus rpada. Ecm ucronb3yeTcss ouepenb
npuoputetToM (min-heap), CI0KHOCTb COCTAaBUT
O((E + V) log V), rae E — konmmuecTBO pébep, a V —
KOJIMUECTBO BepIilnH. B ciryuae rpadoB ¢ 60/IbIIIM
KOJIMYECTBOM PEOGEp M BEPIIMH, aJITOPUTM MOKET
OBITh TOCTATOYHO MEAJIEHHBIM, TaK KaK OH MUCCIe-
IyeT BCe BO3MOXKHbBIE ITyTU OT UCTOUHUKA.

IlamsaTsb:

e [leiikcTpa TpebyeT XpaHeHUs MHGOpMa-
LMY O CTOMMOCTMU ITYTU JIJ151 KasK 0V BePIIMHBI, UTO
TpebyeT 3HAUMTEbHBIX BhIUMCIUTEIBHBIX PECyp-
COB, 0COOEHHO Ha O0JBIINX KapTax.

OnTMMaJIbHOCTD:

e  JleliKCcTpa BCerga HaXOOUT ONTUMAJIbHbIN
MyTb, TaK KaK OH TapaHTUPYyeT, YTO My Th, HalieH-
HbIN TTepBbIM, OymeT KpaTuaiimum. OgHaKo, B OT-
nuune oT A*, anroputm JJeiKcTpbl He yUUThIBaeT
1IeJib, UTO JieJlaeT ero MeHee 3(pGeKTUBHBIM IIpu
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IIOMCKe IIyTU OT OLHOI TOYKU [0 KOHKPETHOM
(178

IMopxoauT mnsi:

e (CrpaTreruu, rae HY)KHO HalTu KpaTdaii-
1IMe IMyTY OT OJHOV TOYKU IO BCeX OCTaIbHbBIX. Pe-
AIMCTUYHBIE CUMYJISIIUM UJIK aHAJTU3 GOJIBIINX Ce-
Teil, rme HeoOXOOMMO BBIUMCIUTH KpaTdaiiliue
IyTU OJI1 MHOKECTBa TOUYeK (Harpumep, HaBUra-
LM 10 TOPOZam).

3. BosIHOBOVJ1 ajropuTm

Bpems BbITO/THEHUS

e Bpems pabGoTbl BOJHOBOTO AJITOPUTMA
MPONOPLMOHAIBHO UMCIY KJIETOK Ha Kapre, T. e.
O(n *m), rme n 1 m — pa3Mepbl KapThl (M rpada).
JTO O3HAYaeT, UTO AJITOPUTM paboTaeT 3a JIMHET -
HOe BpeMsi OTHOCUTEIBHO OOIIero Yymcia KIeToK.
AJITOPUTM JTOCTATOUYHO OBICTPBIN IJISI KAPT MaJIbIX
U CpeIHUX Pa3MepoB, HO MOXET CTaTb MeJJeH-
HBIM JIJI1 KapT 60JIBIIIOTO pasMepa.

IlamsATs:

e  Bo/HOBOIT aNropuTM KUCIOAL3YET MaMATh
I XpaHeHUs] MHGOpMAIMM O TOM, Ha KaKOM
«JTare» HaXOOUTCS Kakmas kierka. IlaMsTh mc-
TTOJIb3YETCS ITPOIIOPLIMOHATIBHO YMCITY KIETOK, UTO
IenaeT ajJrOPUTM MeHee TpebOoBaTe/lbHBIM, UeM
A* vnu [leiikcTpa.

e JlamMaTh Takke 3aBUCUT OT pasMepa
KapThl, HO, B LIEJIOM, &JITOPUTM 3KOHOMMUYEH IIO
CpaBHEHMIO C APYTUMU METOIaMMU.

OnTMMaJbHOCTD:

e  BoysHOBOIJI aJITOPUTM HaXOAUT ONTUMANb-
HBIJ1 ITyTh, ec/u Bce péGpa rpada MMeIoT OJMHAKO-
BYIO CTOMMOCTb.

IMopxomuT masi:

e JIaGMPUHTHI, TOJIOBOJIOMKM WK TIJIATHOP-
Mepbl, TIe KapTa uMeeT PeryiasipHylo CTPYKTYpY U
OIMHAKOBbIE 3aTPaThl HAa IlepeMeleHNe.

e  Urpbl c HeGOJBIIMMM MU CTATUUYHBIMU
KapTaMMu, T1le IyTY He MeHSIIOTCST 4acTo.

Anroputm Bpema BEbinonHeHuA MNamaTe ONTHMaNEHOCTE NYTH lMNoaxoguT AnA
O{brd) (e e TpebyeT MHoro . OTEPLITBIE MUpBI,
( ) (8 xyn peby OnTMmansHbIi NyTe, *p pel,
. cryyae) UnK BeICTpee, | NaMATH (XpaHeHWe OWHAMHYHEIE KapTel,
A eCnM IBPUCTUEA
£CMU XOpoLUas OTKPBITHIX W KODDeKTHE Mrpbl ¢ BoNBLIMM YKMCNoM
IBPUCTHKA 3AKPLITEX Yanoe PP obbekToB
CpegHee
O((E+V) log V) npu Pea
MCNONL30EAHNE CTpaTerdu, HaEMrauma
. WCNONLZ0BAHMK .
De#kcTpa ouepenn ¢ NamMATH, FABUCHT OnTMmaneHeli Ny Te no CETAM, 3a484M C
p 0T CTPYKTYp:I MHO¥ECTEOM Uene
NpHOPUTETOM
rpadpa
NabupuHTEI,
O(n*m) JKOHOMMWT NAMATE, P '
. . TONOEOMNOMEM,
BonHoBOW anroputm NponopUMoHaNEHo 3ABUCMT OT OnTMmaneHeli Ny Te nnaThopMept
KOMWYECTEY KNETOK pa3Mepa KapTel pMepe,
CTATWUHEIE KAPTHI

Puc. 4. CpasHeHue anzopummos noucka nymu

3aKkioueHmne

B BbIGOpE ajropuTMa MOMCKA ITyTU IJISI UTP
BaKHBIM (DaKTOPOM SIBJISIETCST OaTaHC MEKIY ITPo-
U3BOOUTENbHOCTBIO, ONTUMAIBHOCTBIO TYTU U
TpebGOBaHMUSIMM K BBIYMCIUTENbHBIM pecypcaM. Ha
OCHOBE ITPOBEIEHHOTO CpaBHEHMS MOXHO Bblie-
JINTh HECKOJbKO KJIIOUEBbIX BbIBOAOB, KOTOpPbIe
ITIOMOTYT BbIOpaTh Hambosiee MOIXOASIINIT aNro-
PUTM B 3aBUCUMOCTY OT OCOG@HHOCTEN UI'PhI.

AnroputM A* SBIsIeTCS Hauboiee YHUBEPCalb-
HBIM U 3¢ OEKTUBHBIM JIJIT AMHAMUYHBIX ¥ OTKPbI-
TBIX MMUPOB, TAe TpebGyeTcs OBICTPOE M TOUHOE

HaXOXIeHMe KpaTdaifllero myTu, 0OCOOeHHO Ipu
HaJIMYUU CJIOKHBIX MPEISITCTBUII U pa3HOO6pas-
HBIX 3aTpaT Ha nepeaBiskeHne. OH UaeaTbHO MO/ -
XOJIUT OJIST UTP C GOJBIIMM KOJMUYECTBOM OOBeK-
TOB, TaKMX KaK poJieBble UTPbI WJIX HIyTEPhI C OT-
KPBITBIM MMPOM, HO €ro IpOM3BOAUTEIbHOCTD
MOKET CHMUKATbCSI HA OUYeHb OOJIBIINX KapTax MU3-
3a BbICOKOT'O ITOTPe6IeHMS TTaMSITH.

Anroputm [1eiKCTPhI UAEaTbHO IMTOAXOOUT AJIS
3a7a4, rae HeoOXOAMMO HaMT KpaTJdaiilie myTu
OT OJHO TOUKM KO BCeM OCTa/IbHBIM, UTO JiejiaeT
€ro OTJAMYHBIM BBIGOPOM [JjIsT CTpaTeruit u
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CeTeBbIX MPUJIOKEHUII, TAe aHaTIU3UPYIOTCS BCe
BO3MOSKHbIE€ MapuIpyThl Wiu myTu. OfHaKo, U3-3a
OTCYTCTBUSI 3BPUCTUKMU, AJITOPUTM MOXKET OBIThH
mepneHHee 1 MeHee 3¢ eKTUBHBIM, yeM A*, oco-
OEeHHO IpY ITOMCKE ITYTU TOJIbKO 0 OJTHOI 1EJN.

BomHOBOI anropuTM — 3TO MPOCTOI U OBICT-
PbIit METO/, 0COOEHHO MOAXOASIIINIA IJIs1 HeGOJIb-
IIMX KapT C OAMHAKOBBIMM 3aTpaTamMy Ha Iiepe-
IBIDKEeHME, Kak B CJTyyae C TOJIOBOJIOMKaMM, J1a0bu-
puHTaMu uiu mat@opmepamu. OH 3HAUUTENBHO
SKOHOMMT PECYpChl ¥ TpebyeT MMHUMATbHOTO MUC-
MOJIb30BaHMS MTaMSITH, HO OrpaHUYeH B IIpUMeHe-
HUM N He IIoaXOoAUT OJisl CJIOXHBIX AVMHAMUYHBIX
KapT C TlepeMeHHbIMU 3aTpaTaMu.

Takum 006pa3oM, IJjisT OTKPBITHIX MUPOB U OU-
HAMMYHBIX UTP C BBICOKMMM TpPeOOBAHMUSIMM K
MPOU3BOJUTENbHOCTU U ONTUMAIbHOCTH, JyYlile
BCEro MCII0JIb30BaTh A*, My aHa/IM30B GOJIbLINX
rpadoB win cereit — [eiKCTPy, a OJIS MPOCTBIX
KapT C OAMHAKOBBIMM 3aTpaTaMy — Bo/JIHOBOI a-
TOpUTM. BbIOOp KOHKPETHOrO ajJropuTMa BCerma
3aBUCUT OT crieuudUKM 3a7auu M 0COOEHHOCTEI

MUI'POBOTIO IIpo1ecca, M 3HaHMe X CUJIbHBIX U CJIa-
ObIX CTOPOH IIOMOJKET CO030aTb ONTUMAaJbHbBIN
OIIBIT OJI UTPOKOB.
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COMPARATIVE ANALYSIS OF THE MAIN PATHFINDING ALGORITHMS
IN GAMES

Abstract. Pathfinding is one of the key challenges in game development, especially in those genres where players
or artificial intelligence must find optimal routes to navigate the game world. This paper discusses the main path-
finding algorithms, their application in games and the peculiarities faced by developers when integrating these
solutions into game mechanics. The description of such algorithms as A*, Dijkstra's Algorithm, Wave Algorithm,
as well as the analysis of their performance and practical applicability for creating intelligent characters and dy-
namic game worlds, will provide a deeper understanding of how modern games use these technologies to improve

gameplay.
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MAHI'YTOB Kupunn PenagoBuu
MCIIOJIHUTETbHBIN IVPEKTOp AelapTaMeHTa ypasiaeHust nanHbiMmu (SberData),
ITAO «C6epb6ank», Poccus, r. MockBa

PA3PABOTKA 1 BEPUOUKALIVS METOJ0B ITPUBATHOCTU
N AHOHVMM3ALIN JAHHBIX ITPY OBYYEHVUA U SKCIVIVATALIUN
TEHEPATUBHBIX MOJIEJIEN B KOPTIOPATUBHBIX IT-TTIPOJIVKTAX

AHHOMauus. B pamMkax cmamsu paccmampusarmcs akmyaibHole 861308bl 3aujumst UHGOpMayuu npu uHme-
2payuu 2eHepamuBHbvIX aniz0pummos, 8 HaCMHOCMU KPYNHbIX S3bIK0BbIX MOOeell, 8 KOpnopamugHsle NPozpamm-
Hole pewieHus. Llenvio uccnedosanus ssicmynaem 0600uieHue u 0emaivHolli pazoop memodonozuueckux nPuémos
npoekmuposaHus u gepudurayuu npoyedyp 06e3nuuueaHusl, NpUMeHsIeMblx npu CUHmMe3e MmpeHuposoUHbsIX Habo-
P08 OamHbix 07151 00yueHust Moodeneli. B memodosioeuueckyio 0CHO8Y 3a10)3eH CPABHUMENbHbBLI AHANU3 COBPEMEHHDBIX
nooxo0do8 K eeHepauyuu UCKYCCMBEHHbIX OAHHBIX, MAKUX KAK 2eHepamueHO-coCms3amesibHble apXumexmypol ¢
obecneueruem Juppeperyuansroti npusamuocmu (DP-GAN), a makie OUeHOUHbIX MeMOOUK UX HAOEHCHOCMU:
amak Ha 8v1800 NPUHAOTIEXCHOCMU U KpUMePUANIbHO20 U3MepeHUs cmamucmuyeckoii noieaHocmu. Ha ocHosanuu
npoeedénHo20 ananu3a npedsoxeH (peiimeopk sepupukayuu, yuumolearowuli 00H0BPeMEHHO MEMPUKU Kade-
cmea cuHmemuueckux o6pasyos, yposeHs NpU8aAMHOCMU U COXPAHHOCMb CMPYKMYPHBIX 83AUMOOMHOWEHUL
BHYMPU PeNAYUOHHBIX OAHHBIX. [JaHHbLI UHCMPYMEHM no360Jsilem He moJbKo Modeuposams pacnpedeneHusl,
adekeamHo ompaxcaroujue CloxHble peaiuu UCXOOHbIX OAHHbIX, HO U MAPKUPOBAMb C2eHepUPO8AHHble 3anucu 8
mMecmoewlx CUeHAapusax, MUHUMU3UPYS 8ePOSITMHOCMb JTOHHONONOMCUMENbHbIX CPABAMbI8AHUL CUCTNEM KOHMPOJIAL.
Hmoeu uccnedosarus 0eMOHCMpUpym, 4mo npeonoxceHHslli KOMNIeKCHblli n00xod obecheuusaem onmMuUMaib-
HbLTl KOMNPOMUCC Mexcdy MOUHOCMbI0 80CNPOU3BE0EHUSI CTAMUCMUUECKUX XApaKkmepucmux U cmpozumu 2apam-
musmu KoHgudernyuansHocmu. CeedeHus, 0mpaj;eHHble 8 pamMKax cmamou, 6y0ym uHmepecHsl CeYUaIucmam 8
obnacmu uHpopmayuorHoti 6ezonacHocmu, Data Science u pykosooumenam IT-cmpykmyp npu eHedpeHUU pelle-
Hull Ha 6ase UCKYCCMBEeHH020 UHmMeJLIeKma.

Knrouegsle cnoea: zeHepamusgtsie Modesu, CuHmemuueckue daHHsle, NPUBAMHOCMb OAHHBIX, AHOHUMU3AYUS,
JdudepeHyuanbHas npusamuHocms, 6obuiue A3biko8sie modenu (LLM), ymeuxka dauHbLx, sepuuxauus 0aHHbIX,
Kopnopamuersie IT-npodyKmol, MAwuHHoe obyueHue.

BBenenue
VHTeHCHMBHAsT MHTerpauusi TreHepaTUBHbBIX

Joctuyb 1,3 TpuMoHa fosuiapos [1], uTo cBume-
TeJIbCTBYET He TOJbKO O MaciuTabax BHeIpPEHMUs,

s3bIKOBBIX Mogeneii (Large Language Models,
LLM) B kopniopaTtuBHble IT-pelieHus1 pacumupser
MOTeHLMa7a aBTOMaTU3aluMy WU ONTUMMU3ALUU
BHYTpeHHMX OU3Hec-TIpolleccoB. BmecTe ¢ Tem,
Kak 3Tarbl 06yUeHMsI, TaK ¥ SKCILTyaTalys TaKuX
CUCTEM OKa3bIBAIOTCS HEPa3pblBHO CBS3aHbI C
pPUCKaMM KOMITpOMETAIMM M yTeuku uHbopMa-
uuu. [IpMMeHeHMe B KaueCTBe TPEHMPOBOYHBIX U
BaJIMIALMOHHBIX [AHHBIX peagbHBIX ITOIb30Ba-
TEJNbCKUX WIM KIMEeHTCKUX CBENEeHMiI1 co3gaer
MPSMYIO YTPO3y HECOOTIONEeHUS PETyISITOPHBIX
TpebOBaHUIi, YTO TIOMUMO CEPbE3HBIX (HUHAHCO-
BbIX CAHKIMII BENET K TOJAPBIBY pemyTaluu u
yTpaTe JOBepusi CO CTOPOHBI KIIIOYEBBIX CTEMKXOJI-
IepoB. ITo olieHKaM 3KcepToB, K 2032 rony 06bém
MMPOBOTO pbIHKA TreHepaTuBHOro WU moxkeTt

HO U O TNapaUleJIbHOM pPOCTEe CBSI3aHHBIX Yrpos3.
CpenHSisi CTOMMOCTb OJHOTO MHLMIEHTa YTeUKU
IAaHHBIX OJIS1 OpraHu3alymu Mo cOCTOSIHMIO Ha 2023
roJi, yke IpeBbicuia 4 MJIH OJ/IJIapoB [2], 4TOo ne-
JIaeT CTpaTernyeckoe MHBECTMPOBAHME B IIPEBEH-
TUBHbIE Mepbl 3alIUThl MTAHHBIX DKOHOMMUYECKU
OIpaBIaHHBIM IIarOM.

B kKauecTBe OJHOI 13 KIIOUEBBIX TEXHOJIOIUI
PUCK-MEHE)KMEeHTa CerogHs pacCMaTpUBaeTCs
reHepauus CUHTETUMYECKMX [JAHHBIX, MCKYC-
CTBEHHO CO3JIaHHbIX Ha60POB, COXPAHSIOIIVX CTa-
TUCTUUECKME U KOPpeISIIIMOHHbIE XapaKTepu-
CTUKM OPUIMHAIBHBIX BBIGOPOK 6€3 pPacKPBITHS
peanbHOI MHpopManyuu. biaromapss 3ToMy Mmoj-
XOZy BO3MO>XHO ITOJIHOE BOCIIPOU3BELeHNue yCII0-
BUii 0Oy4YeHMUS M TeCTUPOBAHUS MOJeNeil Ipu
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MUHMMM3aLUUM TPSIMOTO JOCTyIa K IepCcoHasIb-
HBbIM WM KOHGUIEHIIMATbHBIM TaHHBIM. BMecTe ¢
TeM CYIIeCTBYOIIME aJITOPUTMIYECKIIE METOIUKA
MOPOXKIEHUS CMHTEeTUYECKUX IAHHBIX CTaJIKMBa-
IOTCSL C psIIoM IpoGieM: OT obGecrieueHus] Kop-
PeKTHOCTM BOCIPOU3BOOMMBIX 3aBUCUMOCTEIA
MeXIy TpM3HaKaMM 10 BepuduKauum KauecTBa
(uHaIbHBIX BBIOOPOK M MX COOTBETCTBUSI TPebO-
BaHMSIM 06€30ITaCHOCTY U PETYISTOPHOTO Ham30pa.
Pemienne 3TuX 3amay TpeGyeT pasBUTUS METOIOB
IuddepeHIaNbHON MPUBATHOCTY, YCOBEpPIIEH-
CTBOBAHMSI reHEPaTUBHBIX apXUTEKTYp U CO3[a-
HUSI CTaHIAPTU3UPOBAHHBIX IPOLELYP OLEHKU
JIOCTOBEPHOCTY CMHTETUYECKUX JaHHBIX.

Ilenpio mMcciaegoBaHMS BbICTyIIaeT 0600IIe-
HMe ¥ [OeTaJbHbI/i pa3sbop MeTOHOOTUUECKUX
MIPUEMOB ITPOEKTUPOBAHMUS U BepubMKaIUK ITPO-
Lemyp 06e3aMuUMBaHMsI, IPUMEHSIEMbIX TIPU CUH-
Te3e TPEeHMPOBOUHBIX HAGOPOB JAHHBIX AJIS 06Y-
YyeHUs Mojee.

HayyHast HOBM3Ha 3aK/II0YAeTCsI B ONMUCAHUM
KOMIIIEKCHOTO (peiiMBOpKa Bepu@UKAIUM CUH-
TeTUYECKUX TAaHHbBIX, 00beIVHSIONET0 TPU KITIO-
YeBbIX KOMIIOHEHTA.

T'umnoresa chopmynnupoBaHa ClIeTyIOUMM 06-
pasoM: [ocjaefoBaTebHasi MHOIOCTyIleHuYaTas
BepudUKaLMUS CUHTETUYECKUX JTAHHBIX, BKIIOUA-
I01asl CTaTUCTUYECKME TECThI HA CXOXKECThb, MOZe-
JIMpOBaHMe aTak Ha MPUBATHOCTD U aITOPUTMMYe-
CKMe TIPOBEPKU PeNSIIIMOHHBIX CBsI3€i, TO3BOJUT
IOOUThCS OaslaHCa MEXIY BBICOKOV TOUYHOCTHIO
BOCITPOM3BeNeHMS peaibHbIX JaHHbIX U MUHUMMU-
3alMel pUCKOB YTEUKH, ITPU 3TOM CHMKasl orepa-
LIMOHHbIE U3IEPKKM, CBSI3AHHBIE C OIIMOOYHBIM
UIEHTUGUIMPOBAHMEM MEPCOHATBHBIX TAHHBIX B
KOPIOPATUBHBIX ITPUTOKEHUSIX.

Marepuanbl U METOIBI

B mnocmegHme roapl B KOpIiopaTuBHbIX IT-
MPOAYKTax HAa6II0MaeTcs] CTPEMUTEIbHBIN POCT
BHeApeHUs TeHepaTMBHBIX MoOZejeit, 4To 06y-
CJIOBJIEHO KaK 9KOHOMMWYECKMMM, TaK U TeXHOJIO-
rmyeckuMy  ¢axkrtopamu. Tak, IO OleHKaM
Bloomberg, k 2032 r. 06bEM pbIHKA TeHEPaTUB-
Horo N pocturnser 1,3 tpaH pgost. CHIA [1], a B
otuéte McKinsey momuépkuBaeTcs, 4TO yXe B
Havase 2024 r. HAOMIOmAETCS PE3KUiIl BCILIECK
BHenpeHus Gen Al, mpuHOCSIIMIT TTepBbIe Oy TU-
Mble pe3ynbTarhl [14]. OLHAKO POCT MOMYISIPHO-
CTU TEXHOJIOTUI COMPOBOXKAAETCS YBeJINUYEHUEM
PUCKOB yTeueK: corjiacHo oruvery IBM, cpenuss
CTOMMOCTb OJTHOTO MHIMAEHTA YTEYKU ITaHHbBIX B
2023 r. CyleCTBEHHO BO3pOCja U TMpeBbICUIa
CyMMY B HECKOJIbKO MUJIJIMOHOB A0/1apoB [2]. [1a-
pannenbHo ¢ 3TuM B «MHOgycTpun 4.0» ycuiamsa-
I0TCSI TpeOOBAaHMUS K aHAAM3y U 06paboTKe 60JIb-
MIMX JTaHHBIX, YTO JOTIOJHUTENbHO CTUMYIUPYET
CO3MIaHMe CUHTETUYECKMX HAOOpOB MAHHBIX KakK

cpencTBa 6aJlaHCUMPOBKY MEXKIY KauecTBOM 06Y-
YeHUs U COONIOIEHMEM HOPMATMBOB KOH(MUAEH-
uyuanbHOoCTH (Duan L., Da Xu L. [4, c. 2287-2303]).

Eciu ke mepexoauThb K TEOpEeTUIECKOI COCTaB-
JsIolIeit UccaefoBaHMi, TO B LIeHTPe BHUMAaHUS
aBTOPOB, C OJHOI CTOPOHBI, pa3paboTKa U OLleHKa
METONIOB TeHepaluy CUHTETUUYECKUX [TaHHBIX,
MPUTOOHBIX  JIT  KOPIOPATUBHBIX  KeyCOB.
Aggarwal A., Mittal M., Battineni G. [3] npexcTas-
Js110T 0630p Teopuyt GAN U UX IpUMeHeHU, oI -
YEpKMBAs BOSMOKHOCTY aAATTallUy K TABIMIHBIM
JaHHbIM. Brophy E. et al. [13, c. 1-31] ananusu-
pytoT ucnonb3oBanue GAN 11 BpeMeHHbIX pSi-
OB, BBISIBJISII OCHOBHBbIE ApXUTEKTypHbIe IIaT-
TEepPHBI U TUIIMYHBIE TTPOOJIEMbI CXOOUMOCTU MO-
neneit. Zhang T. et al. [6] npogBuUraioT uneo mnpes-
BapUTEIbHOrO NpenobydyeHus TabINUI, IeMOH-
CTPUPYS, KaK CUHTETUYECKYEe 00pas3Ilbl YIyYIIaoT
MOC/IeAYIONTYIO TAaOIMYHYIO KIacCUPUKALIVIO U pe-
rpeccuio. Qian Z., Davis R., Van Der Schaar M.
[7, c. 3173-3188] bokycupyIOTCS Ha IPaKTUUYECKUX
benchmark-¢peiiMBopKax mjIsl CUHTETUYECKUX
TaGIMYHBIX JaHHBIX, 00ecreunBas pasHoobpasue
ClleHapueB IIpUMMeHeHMS ¥ YHUPUIMPOBAHHBIE
METPUKM cpaBHeHMs. [IJ1s1 MPOMBIIIJIEHHBIX 3aa4
Iantovics L. B., Enachescu C. [11] mpegyiaraior me-
TOAMKY OIIEHKM KauecTBa CUHTETUMKM Ha OCHOBE
CTATUCTUYECKUX M CEMaHTUUYECKUX KPUTEPUEB,
YTO MO3BOJISIET aIalITMPOBATD ITOAX0[T K KOPIIopa-
TUBHBIM IIpOLleCCaM aBTOMAaTU3UPOBAHHOTO KOH-
TpoJisi KauvecTBa. AHasormyHo, Mayer R,
Hittmeir M., Ekelhart A. [10, c. 195-207] noka3ssi-
BalOT, KaK CUHTETUYECKMe IaHHble MOXXHO MUC-
TT0JIb30BATD JJIs1 OOHAPYKeHUST aHOMaJINIi TIPU CO-
XpaHEeHUM CBOVCTB IPUBATHOCTM MEPBUYHBIX BbI-
OOpOK.

C opyrovi CTOpOHbI, KJIIDYEBbIM HaIlpaBJIeHUEM
SIBJIIETCS MHTEerpauysl TapaHTMii MTPUBATHOCTU
HEeIMoCPeCTBEHHO B MPOIEeIyPbl OOGYUEHNMS U KC-
ITyaTalyy reHepaTMBHBIX Mogeneit. Pan K. et al.
[5] mogpo6HO paccmarpuBaioT nuddepeHIaIb-
HYI0 IPUBATHOCTH B TJTYOOKOM OOYyUEeHUU, KITACCH-
GbuUIMpysT CYIIeCTBYIONIYE METOObl Ha MUKPO- U
MAaKpO-YPOBHSX U OIleHMBas nx 3 (PeKTUBHOCTD B
3alauaX KOMITBIOTEPHOTO 3peHus U 00paboTKu
tekcToB. Dockhorn T. et al. [12] aganrTupyioT aud-
(bepeHIIMATBbHYIO TIPUBATHOCTD K NUDGY3MOHHBIM
MoIessiM, IIpeAajiarasi ajJrOpPUTMbI T0OaBIEHMS
IIymMa Ha 3Tarnax o6paTHOTO IIpoliecca reHepaumumn
6e3 3HAUMTENbHOI Aerpajalyy KauyecTBa BbIOO-
pok. B cBoto ouepens, Guo C. et al. [8, ¢. 8056-8071]
(bopMyIUPYIOT KECTKME TPAHULIBI IJIT BO3MOYKHO-
CTM BOCCTAHOBJIEHUSI OOydYalONIMX HAHHBIX W3
YaCTHBIX TIyOOKMUX ceTel, BHEAPSIS OTpaHUUEHUST
Ha Jocc-OYHKUMM U CTPYKTYPY CETU, UTO IAET
dbopManbHble TapaHTUYM MIPUBATHOCTY HA YPOBHE
BEPOSITHOCTHBIX OLIEHOK.
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HakoHelr, ipaBoOBbIe U PeryJITOPHbIE aCTIeKThI
QHOHMMM3AlMM CUHTETUUYEeCKMX MHAaHHBIX pac-
cMaTpuBaioTcsI B pabore Boudewijn A,
Ferraris A. F. [9], KoTOpble aHAMU3UPYIOT CUHTETH-
yeckyue JaHHble KaK CTpaTeruio ne-uaeHTudnka-
LIMM C TOYKYM 3pEeHMs] eBPOIeiiCKOTO M MeXKIyHa-
POOHOTO 3aKOHOZATENIbCTBA, YKAa3bIBasl Ha HEOJ-
HO3HAYHOCTh TPAKTOBKM «AHOHMMHOCTI» Y PUCKA
obpaTHOI uaeHTUGUKALMM TIPU UCIIOTb30BaAHUM
MPOJIBUHYTHIX MO/JIe/ieli TeHepalumn.

TakuM 06pa3oM aHAJIU3 IUTEPATYPHI BHISBIISIET
MIPOTUBOpPEUNe MeXKAY TPeOOBAHMUSIMM K KaueCTBY
CUHTEeTUYEeCKMX JAHHBIX (BbICOKASI TOYHOCTH BOC-
MPOU3BeNeHUS CTATUCTUUECKUX U CEMaHTUUYECKUX
CBOJCTB OpUrMHa/NIA) M XKECTKUMU TapaHTUSIMU
MPUBATHOCTU (MUHUMM3ALUS PUCKA BOCCTAHOB-
JIEHUSI MHOUBUAYAJIbHbBIX 3a1yceit). BoJbIIMHCTBO
paboT dokycupyercst 1160 Ha YAyJIIeHUM Kave-
cTBa reHepauum [3; 6; 7, c. 3173-3188], mmb0 Ha
dbopManbHBIX  [IOKa3aTeIbCTBAaX IMPUBATHOCTU
[5; 8, c. 8056-8071; 12], Torma Kak KOMILJIEKCHbIe
MCCae0BaHMs, coueTaume oba moaxona u oie-
HUBAIOIIYEe UX B KOPIIOPATUBHBIX YCJIOBUSIX,
BCTpevaroTcs penko. Kpome Toro, HeloCTaTOYHO
OCBeIIeHbI CJIeIYIoNIe BOITPOCHI:

e yHTerpauuyu auddepeHInANIbHON IIpU-
BaTHOCTM B T'eHepalMi0 CJIOXKHBIX CTPYKTYpUPO-
BaHHBIX NAHHBIX (TpadoB, BpeMEHHBIX PSAOB) C
YYETOM cIien(PUKM KOPIIOPATUBHBIX IIPOIECCOB;

e  eOMHCTBA METPUK [IJiI OLEHKM KOMIIPO-
MHucca «IPUBATHOCTb — KauyeCTBO» B peaibHbIX
MPWIOKEHUSIX, UTO 3aTPyAHSIET CpaBHeHMe pas-
HbIX METO/0B;

e  JOJITOCPOYHBIX TIOC/IEICTBUII TIpUMeEHe-
HUA CMHTeTUYECKMX NAaHHBIX B ITPOOAYKTMBHBIX IT-
CUCTEeMax ¥ PUCKOB KyMYJISITUBHOT'O HAKOILJIEHMS
yTeuekK Py PeryaspHOM 0OHOBIEHUY MOAEEN;

e  (dopmanusaiu Tpe6boBaHMIT PEryIITOPOB
K CMHTeTUYECKMM OaHHBIM B PA3HbIX KHOPUCIAUK-
LIMSIX Y UX YUETE MTpU pa3paboTKe KOPIOPaTUBHBIX
peleHuit.

Takum 06pa3oM, JajabHeifIne MCCiaeI0BaHNs
IOJKHBI ObITh HaIpaBjeHbl Ha pPa3spabOTKy YHU-
buIMpPOBaHHBIX ITPOTOKOJIOB BEpUPUKALINM U Ba-
JUIAIMY MEeTOJOB IIPMBATHOCTM, a TaKke Ha
MPaKTUYeCKMe VCIBITAHUS TMOPUAHBIX ITOAXO/I0B
B YCJOBUSIX peasibHbIX IT-TIpOayKTOB.

PesyibTaThl M 00CYKIAEHMUS

PaspeliieHrie MMeIOMMXCs MTPOTMBOPEUNit BO3-
MO>KHO JIMILIb TIPU CO3AaHUU 11eJIOCTHOI MEeTO0-
JIOTUM, B paMKax KOTOPO¥i Mpollecchl TeHepauumn u
MIPOBePKY KOHPUAEHIIMATbHBIX JAHHBIX MHTETPU-
PYIOTCS U peaiM3yIOTCs MOocaefoBaTeIbHO B eAy-
HOM IMKjIe. B KauecTBe perieHus: Ipejjaraercs
apxuTeKkTypa (puc. 1), BKIOYAIoIas YeTbIpe B3au-
MOCBSI3aHHbBIX 9Talla: IpeiBapuUTeIbHbI aHAU3 U
MTOATOTOBKA BXOAHBIX JAHHBIX, COGCTBEHHO IMPHU-
BaTHas TeHepalysi, MHOTOTpaHHasi BepubuKanus
pes3yabTaTOB U MTO3TAallHOe, KOHTPOJIMUPYyEMOE pas-
BepThiBaHMe [4, c. 2287-2303; 10, c. 195-207].
®peiiMBOPK BBICTYIIAeT KOHIEITYa/IbHbIM CUHTE-
30M COBPEMEHHbBIX METOLOJIOTMYECKUX MOLX0I0B
u obecrieunBaeT HeIpepbIBHYI0 0OPaTHYIO CBSI3b
MeXIy BCEMMU CTaAUSIMMU XU3HEHHOTO LMK/ TIPU-

BAaTHBIX TaHHBbIX.

Stage 1: Private Generation

Select fields for
generation and
anonymization

Stage 2: Privace Generation

v

Relational data Choose DP-GAN/CTGAN| Synthetic
generative dataset
model
y Y A
Transformer-based Uttiity Privacy
(GReaT) verification| |verification

Stage 3: Multi-aspect Verification

Synthetic verification Success

! v

Decision

Utility Privacy Integrity
verification| |[verification| |verification

Monitoring a
and data labeling

Puc. 1. KomnaexcHslii ppeiimeopk paspabomxu u eepuukayuu cuHmemuueckux

(cocmasneHo aemopom Ha ocHoee aHanusa [11, 12])
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IlepBas ¢asa mpepnjaraemMoil MeTOHOJIOTMYEe-
CKOJ LIeTIOYKM HampaBjeHa Ha JeTaIbHOe TEeKOM-
MO3MPOBaHME M aHAIM3 KOPHOPaTUBHONM MHOOP-
Mauuu, o006JafaioNleii CA0XKHON pesOHHOI
CTpyKTypoii. llenb 3TOro 3srama - MOCTPOEHUE
nonHoit  ER-mmarpammber  (entity-relationship
diagram), BeisIBJIeHMe U bopMaIU3aIus epBUY-
HbIX (PK) n BHemHux (FK) kitoyeit, a Takke JOKY-
MEeHTHPOBaHMe KaCKaHbIX IPaBUJI OGHOBJIEHNS U
yaaneHus 3amnuceii. Takoil mogxo mo3BOSIET TO-
JIVIUTh UETKYIO KapTy 3aBUCUMOCTEN MeKIy CYIII-
HOCTSIMM, HEOOXOAMMYIO IJIsSI KOPPEKTHOW SMYIIsI-
LIMM MICXOMHOJ 0a3bl JaHHBIX B CHMHTETUUYECKOM
BUJIE.

Btopasi ¢asza — reHepauus OaHHbBIX, IIpeny-
CMaTpUBaeT BBIOOP TMOIXOMSIIEN apPXUTEKTYPBI
MOJIe/IY B 3aBUCUMOCTY OT IIJIOTHOCTY U TJTyOUHBI
B3aumMocBs3seii B B]I. [l cucTteM C pa3BUTOM pe-
JISILIMOHHOJ TOTIOJIOTHMEN IIpeAnoUYTeHe OTAAeTCs
TpaHcGOpMePHBIM MOIesIM, TakuM Kak GReaT

[6], cTOCOGHBIM TTOITAITHO T€HEPUPOBATb CTPOKH,
VUMUTBIBASI CJIOKHBIE MeKTabIMuHble 3aBUCUMO-
cTu. B cuieHapusix ¢ MeHee CBSI3aHHBIMM TabINY-
HbIMM Habopamu 3¢ddekTuBHbl GAN-pelleHys,
"HanpuMmep CTGAN min DP-GAN ¢ MexaHM3MamMu
nuddepeHnanbHoOl puBaTHOCTH [5], 4TO 06ec-
neunBaeT GopmasabHble TApaHTUM 3aIIUTHl KOH-
unenumanbHoit MHGOPMALIUA.

Tpetuit sTan — BepuPUKAIUI CUHTETUIECKUX
IIaHHBIX, SIBJIIETCS SIAPOM IpefiaraemMoro dhpeim-
BOpKa M pelllaeT 3ajauy MPOBepPKU COOTBETCTBUS
CTeHEepPUPOBAHHBIX BBIOOPOK PeATbHBIM aHATUTHU-
YeCKUM aJropuTMaM U KpUTepuUsIM KauyecTBa.
I[Tpouecc BepuduKaly OpraHM30BaH 10 TPEM He-
3aBMCMMbBIM HaIlpaBJIeHUSIM, KaKA0e 13 KOTOPBIX
dokycupyetrcss Ha creuudbUUeCKUX MeTpUKaX U
METOAMKAX OLIeHKM (TabJI.), UTO MO3BOJISIET MHO-
TOrPaHHO OLIEHUTb MIPUTOJHOCTh CUHTETUYECKOTO
Habopa IS ITOC/IeIyIONEro UCITOIb30BaHMS.

Tabauia

MeTpuKHM /11 MHOTOACIIeKTHOI BepuuUKaium CUHTeTUYeCKUX JaHHbIX
(cocTaB/IeHO aBTOPOM Ha OCHOBe aHaym3a [7, c. 3173-3188; 8, c. 8056-8071; 9, c. 17; 13, c. 1-31])

Rate)

eneBoe
MeTtpuka Onucanue 1
3HaYeHue
IMonesuocrs (Utility)

Propensity Mean Squared O1eHMBaeT, HACKOJIBKO XOPOIIO0 Ki1accuduKaTop Mo- CryvaiiHoe

Error (pMSE) SKET OTJIUYUTD CUMHTETUUECKME TaHHbIE OT PeabHbIX. yraJabIBaHMeE
Tect Konmoropoa-CmupHoBa | CpaBHMBAET paclpee/ieHus OTAe/JIbHbIX MPU3HAKOB B | MMHMMAabHOE
(KS Test) peagbHOM M CMHTETUYECKOM Habopax. pacxoxaeHue
Koppensuynonunas matpuiia CpaBHeHle MaTpull KOPpeISLnii MeXXay Npy3HaKaMu Munymarbioe
pPp p p p pp y up " | pacxoxmenme

IIpuBaTtHOCTB (Privacy)
Membership Inference Attack IMnomans mom ROC-KpMBOIt 1151 aTaKy BhIBedeHUS MuHuManabHOe
(MIA) AUC MIPUHALJIEKHOCTU. UeM HIKe, TeM JIyJllle. pacxoxaeHue
M3mepsieT 3aBUCUMOCTh MEXIY CMHTETUUECKUM Habo0-
JuvicTaHIIMOHHAST KOpPesus . MuHuMaIbHOE
. . POM JTaHHBIX U OMVMKANIIMMM K HEMY TOYKaMU U3 pe-
(Distance Correlation) pacxoxngeHue
aJIbHOTO Habopa.
LenoctHocTh (Integrity)
TIpOUeHT HapyLIeHH BHell- IToJIst CTPOK B TOYEPHUX TAOGIMNIIAX, CChUTAIONIMXCS Ha CryvaiiHoe
uux kmoueit (FK Violation p P ’ Y
HeCYIIeCTBYIOIIMEe 3alIUCU B POOUTETbCKUX. yragbiBaHue

CoxpaHeHMe YHMKATbHOCTU
kitoueii (PK Uniqueness Rate)

IloJsl yHUKAIbHBIX 3HAUEHMIT B CTO/IOIAX TEPBUYHBIX | MUHUMAIbHOE
KJIIOUeii.

pacxoxmeHue

KiioueBast TpyoHOCTB ITPY KaueCTBEHHOJ reHe-
paLyy CUHTeTUUYECKIX JaHHbIX 3aK/II0UaeTCs B ua-
CTBHIX OIIMOOYHBIX CpabaThIBAHMUSIX CUCTEM OOHa-
pY)KeHMsl IepcoHaNbHOM MHOpPMaLuM B TECTO-
BBIX Cpeax — 3TO IIPsIMOe C/IeCTBME HeOoOXOomu-
MOCTM COaTaHCUPOBATh (PYHKIMOHATBHYIO I[€H-
HOCTb BbIXOJHBIX JAHHBIX ¥ TPEOOBAHMS K KOH(M-
menuuaabHocT. OCHOBHAS Lieyib PpeiiMBOpKa —
BBICTPOUTh  TaKyl0  ONTUMAJIbHYIO  TOUKY

repeceyeHnst KPUBBIX «MH(MOpMAaIMOHHAs 10JIe3-
HOCTb <> 3all[iTa IIPUBATHOCTU», KOTOpPAsk OLHO-
BpeMeHHO 06ecIieulBaeT BhICOKOE KaueCTBO MO-
Ieneit ¥ OTBeYaeT KOPIIOPATMBHBIM ITOJIUTUKAM
6e30I1acHOCTH.

Ha 4deTBepTOil cTamuu — IOC/IEe MPOXOKIEHMS
BCeX Mmpolieayp BepubuKaium, MPOUCXOIUT BBOI
CHMHTETMYECKUX HabOPOB B 9KCILTyaTalio. B aToM
KOHTEKCTe KJIIOYEBYI0 POJIb UIpaeT IPUCBOEHMUE
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CrelnaabHOM MapKMPOBKM HA YPOBHE MeTanaH-
HbBIX: K&KAAs eIMHUIA JaHHbIX MOIyJaeT SIPJIbIK,
ONHO3HAUYHO YKa3bIBAIOIIMII HA €€ MCKYCCTBEHHOE
nmpoucxoxkaeHue. Takas cucTemMa TerMpOBaHMUS
MO3BOJISIET HACTPOUTb WMHCTPYMEHTHI 3aIUThI
(DLP, SIEM u muHbIe CpeACcTBa MOHUTOPMHIA) Ta-
KMM 00pa3oM, 4YTOOGbl OHM AaBTOMAaTUYECKU

UTHOPUPOBAIU COOBITHSI, CBSI3aHHbIE C OTMEUEeH-
HBIMM CUHTETUYECKMMMU peIiuKaMu. B pesyib-
TaTe JOCTUTaeTCsl YCTpaHeHMe JIOXKHBIX TTOJI0XKM-
TeJbHbIX TPEBOT 0e3 MPUOCTAaHOBKM IIPOIIECCOB
TecTUpOBaHuUsT U paspabotku [3; 10, c. 195-207,
11]. CxemaTuueckoe n3o6paxkeHne JaHHOTO MeXa-
HM3Ma Ipe/iCTaB/JIeHO Ha PUCYHKe 2.

Data flow to
test environment

Pll detected

Suppress
alert

No PIl detected

Check
meta-tag

Block/Alert

Puc. 2. Cxema 06pabomku 0aHHblx 8 mecmosoli cpede ¢ MapKupoexoLi
(cocmaeneHo agmopom Ha ocHoee aHanusa [3; 10, c. 195-207; 11])

Vi3noskeHHast MeTOIMKa 6a3MPyeTCs Ha reHepa-
MY CUHTETUYECKIX MacCHBOB JAaHHbIX, 00J1aat0-
MIYX BBICOKMM KAaueCTBOM U CTATMUCTUUECKOI MH-
BapMaHTHOCTBIO B OTHOIIEHUM peajbHbIX 00pas-
IIOB, MPU 3TOM IOJIHOCTbIO YCTPAHSIIOTCS OIepa-
IMOHHbBIE 6apbephl. B JaHHOM KOHTEKCTe BHMMA-
HMe aKLIEeHTUPYEeTCSl He Ha BOIIPOCe MOAJIMHHOCTH
MaHHBIX, a HA UX JOMYCTUMOCTU U COOTBETCTBUIO
HOPMATMBHBIM M TEXHUYECKUM TpPeGOBaHUSIM
Cpenpl, B KOTOPOil OHM MCIIONb3yIoTCA. IIpemo-
SKEHHbIN (QpeiiMBOpK 06benuHsIeT B cebe He
TOJIBKO aJITOPUTMMUUECKIE TTOAXOAbI K reHepalumn
Y BAIMOAIUY CUHTETUUYECKUX TaHHBIX, HO ¥ KOM-
TJIEKC OPTaHM3aIMOHHO-TEXHUYECKUX Mep: OT
MHOTOYPOBHEBOTO YIIpaB/JIeHUsI [OCTYIIOM [0
BCTPOEHHOTO ayJuTa M MOHUTOPMHIA, UYTO obec-
revynBaeT ux 6e30macHyio U 3QGheKTUBHYIO UHTe-
rpamuio B JKM3HEHHbIN LIMKI KOpHnopaTuBHbIX IT-
MpoayKToB. TakuM 06pa3oM, OpraHM3alMOHHO-
TeXHUYECKMIIT KOHCTPYKT BHOCUT 3HAUMMObIiA
BKJIaJI B pellieHNe Tpo6ieMbl cOaIaHCUPOBAHHOTO

coueTaHus] KOHOUAEHIMATBHOCTY, COOTBETCTBUS
HOPMAaTMBHBIM TPeOOBAaHMSIM M SKCIUTyaTalMOH-
HOJi 9 (HeKTUBHOCTH.

3akioueHue

[TpoBen€HHBIN aHAMM3 TO3BOJIN YIIOPSILOYNUTD
¥ OCMBICJIUTh CYIIECTBYIOIIE METOIOIOI UM 0bec-
revyeHus] KOHOUAEHIMATbHOCTY MTPY BHEJPEHUU
reHepaTUBHBIX MOJeJieli B KOPIIOPaTUBHOI cpefe.
B xome pa6oThI ObLIO BBISIBJIEHO, UTO, HECMOTPSI Ha
3aMeTHbI MpOTpecc B CO3MaHUM CUHTETUYECKUX
BBIGOPOK ¢ mpumeHeHueM GAN u TpaHncdopmep-
HBIX CeTei, a Takke B ajamnTalyuy MeXaHU3MOB
IuddepeHIMaTbHON MPUBATHOCTU, COXPAHSIIOTCS
CJIO’KHOCTM: TeHepauusi CeMaHTU4YeCKU CBSI3aH-
HBIX PESIIMOHHBIX CTPYKTYp, COTJIacOBaHME KPU-
TepueB MOJIe3HOCTU U TIPUBATHOCTU U IKCIUTyaTa-
LIMOHHbIEe 6apbephl IIPY pas3IMUeHU BhICOKOKaye-
CTBEHHOTO CHHTETUMYECKOTO ¥ PeasbHOro KOH-
TEeHTa.

It ycTpaHeHMsI O6HAPYKEHHBIX HeIOCTATKOB
MpeJIOKeH YeTbIPEXCTYMEeHYAThIi (QpeiiMBOPK,
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OXBAaTbIBAIOINIA TOJHBIN JXU3HEHHBI LUKI pa-
O0TbI C CMHTETUMYECKMMY JaHHBIMU: OT II€PBUY-
HOTO aH/IM3a peasbHbIX HAOOPOB IO MX KOHTPO-
JIUPYyeMOTro pa3BEPTHIBAHMS B TECTOBBIX U ITPEJIIK-
CTITyaTallMOHHBIX Cpe/iax.

Tem caMbIM JOCTUTAeTCSI OCHOBHas 11ejib MUC-
cinemoBaHus. ['unoresa o TOM, UTO MHOTOYPOBHE-
Basi BepuUKaIus SBISIETCS KIIOUEBBIM (DaKTO-
poM 6e30TmacHO MMILIEMEHTALMY TEeXHOJIOTUM,
nojyumiaa ToaTBepxiaeHue. [IpakTuueckas 3Ha-
YMMOCTb PabOTHI 3aK/II0YAETCS B TOM, UYTO OIMCAH-
HbIIi QPeiiMBOPK MOXKET ObITh MCITOAb30BaH IT-
JIerapTaMeHTaMM U CIy>k6aMy MHGOpMAaIMOHHOM
6e30MmacHOCTU [Ji1 (HGOPMMUPOBAHMUS BHYTPEHHUX
CTAaHIAPTOB M PErJIAMEHTOB, UTO CIIOCOGCTBYET
CHIDKEHUIO PUCKOB YTeUKM MHGOOpMaLUM U ITOBBI-
meHnIo 3¢ OeKTUBHOCTY MPOIECCOB Pa3paboTKM.
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DEVELOPMENT AND VERIFICATION OF PRIVACY
AND DATA ANONYMIZATION METHODS FOR TRAINING
AND OPERATING GENERATIVE MODELS IN CORPORATE IT PRODUCTS

Abstract. This article discusses current challenges in information security when integrating generative algo-
rithms, in particular large language models, into corporate software solutions. The aim of the study is to generalize
and provide a detailed analysis of methodological techniques for designing and verifying depersonalization proce-
dures used in synthesizing training data sets for training models. The methodological basis is a comparative anal-
ysis of modern approaches to generating artificial data, such as differential privacy-enabled generative adversarial
architectures (DP-GAN), as well as methods for assessing their reliability: membership inference attacks and cri-
terial measurement of statistical utility. Based on the analysis, a verification framework is proposed that simulta-
neously takes into account the quality metrics of synthetic samples, the level of privacy, and the safety of structural
relationships within relational data. This tool allows not only to model distributions that adequately reflect the
complex realities of the source data, but also to mark the generated records in test scenarios, minimizing the prob-
ability of false positives of control systems. The results of the study demonstrate that the proposed integrated ap-
proach provides an optimal compromise between the accuracy of reproduction of statistical characteristics and
strict guarantees of confidentiality. The information reflected in the article will be of interest to specialists in the
field of information security, Data Science and IT managers when implementing solutions based on artificial intel-
ligence.

Keywords: generative models, synthetic data, data privacy, anonymization, differential privacy, large language
models (LLM), data leakage, data verification, corporate IT products, machine learning.
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CEPTEEB Baagumup AHaTo/ibeBUY
MJIa[ I HAYYHBIV COTPYIHUK,
VHCTUTYT BBIYMCINTEIbHOM MaTeMaTUKM Y MaTeMaTuueckoi reousmku
Cubupckoro otaenenus Poccuiickoit Akamemun Hayk, Poccust, r. HoBocu6upcek

KEICBHI KJIACCOB HOBOI CUCTEMATUKU IIKAJI

AnHomauus. Ina Ho8oli cucmemMamuKu WKAn umeperuli, paspabomaxHoli asmopom cmamsi, npueedeHsl
nosiCHAUUe NpuMepsl peanrudayuu OaHHbIX PA3HBIX WKAA U OMHOWeEHUTl (071 UCXOOHBIX WKA HAUMEHOBAHUL U
nopaoKa) Ons ux 8apuUAHmMO8 <UMMAHEHMHble-HA3HAUEHHbIE», «CUMMEMPUUHble-ACUMMEMPUUHbIE» U «YHAPHbIE —

6uHapHvie — 1-K-apHoie — K-K-apHoie».

Kntoueewle cnoea: wikana usmepeHuti, WKaAavl HAUMEHO8AHULI 011 C8OLICM8 U OMHOWEHUTI, WKATbl NOPAOKA

onsa cgoticma u 0mHouleHull.

B craThe [1, c. 125-131] MHOIO pacCMOTpPEHBI Me-
TOLOMOTUYECKME U TeopeTUudecKue BOIMPOCHI
BBeIEHMSI U MCIIO/NIb30BaHMS ILIKalA U3MEPEHMIA;
MIpMBeIeHbI CYIeCTBYIOIME 1 000CHOBAHHO JAHbI
aBTOPCKMe omnpeaeeHns] BaXKHEMIIUM TepMUHAM,
CBSI3aHHBIM CO «IIKaJlaMU M3MepeHMit» (= «IlKa-
JlaMW»); BBEIEHbl MOHSITUSI «MMMAHEHTHBIX» U
«Ha3HAUeHHBIX» CBOJCTB; IaHa COBMeCTHas Tab-
JIMYHAsl XapaKTepUCTUKa 6 MCXOOHBIX (= OCHOB-
HBIX) IIKaJI — HAMMEHOBaHU, IOPSIIKA, MHTEpBa-
JIOB, Pa3sHOCTeli, OTHOILEeHM, abCOTIOTHOI; 3HAa-
HUS O IIKajaax paclpocTpaHeHbl (MTOMUMO
CBOJACTB) 1 HA OTHOLIEHMSI.

B maHHOI1 cTaTbe [ IBYX OCHOBHBIX (U3 1le-
CTU OXapaKTepU30BAHHBIX paHee IIKald) — HauMe-
HOBaHMI1 U NOPSIIKA — Jajiee MPUBeLEeHbI MOSICHS -
Ioll[ie TpUMepbl peanu3aluy AAHHBIX Pas3HBIX
IIKaJI M OTHOIEeHUI AJis1 UX BapMaHTOB «MMMa-
HeHTHble-Ha3HaueHHBIEY, «CUMMeTpUYHbBIe-
acCMMMETPUYHbIE» U «yHAPHbBIE — OMHapHbIE — 1-K-
apHbie — K-K-apHbie». OTU MpUMepbl OTHOCSITCS K
reoJIOTMYECKO) TeopuM UM NpaKTUKe, a Takke K
MIPOYMM O0IACTSIM 3HAHMIA U TTPAKTUKMA.

IlIkasa HaM¥MeHOBaHUI

Hereosormueckme ImpuMepbl CBOWCTB 0Jia
WIKAabl HAUMEHOBAHUIL.

[Tpumep 1. IMMaHeHTHOE CBOJCTBO (YHapHOeE):
Ha/JMuye WM 3HaK 3apsfa y JeMeHTapHOi va-
CTULIBI.

IMpumep 2. IMMaHEHTHOE CBOVCTBO (OMHAp-
Hoe): o0yialaTh BECOM IJIs1 JII0OOTO TpeaMeTa Ha
3emne (B CwWIy TPaBUTAIMOHHOTO TSATOTEHUS
MeXAy TIpeIMeTOM U 3eMJIETN).

[Ipumep 3. UmmaHeHTHOe cBoiicTBO (1-K-ap-
Hoe): ObITb 3BE3/I0Ji CBOMX ILJIAHET (HampuMep —
ComnHuem).

I[Ipumep 4. VmmaHeHTHOe cBOJicTBO (K-K-

apHoe): ObITh sIIpOM aToMa M3 K B3auMOCBsI3aH-
HBIX IIPOTOHOB U HEMTPOHOB.

IMpumep 5. HasHaueHHOE CBOMCTBO (YHApHOE):
UM 4YeyioBeKa, Ha3BaHMe TOMOHMMA, MapKa TO-
Bapa.

[lpumep 6. Ha3zHaueHHOe CBOVWCTBO (GMHAp-
HOEe): CYIIPY>KeCTBO = CBOICTBO Taphl JI0ei ObITh
MYKEM ¥ SKEHOJ (Uepe3 perucrpanuio 6paka miamn
MHaue).

ITpumep 7. HasnauenHoe cBoiictBo (1-K-ap-
HOe): ObITh HaYaTbHUKOM K MOmTUMHEHHBIX.

[Tpumep 8. HasnauenHoe cBoiictBo (K-K-ap-
HOE): OBITh HEKMM KOJUTEKTMBOM C HEKMM B3aMMO-
IIe/iCTBYEM €eT0 WIeHOB (hbupma, CeMbsl, KOMaHAa U
T. I1.).

Hereosiormueckue mpuMepbl OTHOLIEHW 0Jig
WIKansl HAUMEHOBAHULI.

Hereonornueckne npumepbl OTHOILIEHUI BbI-
paKalTCs IJIarojaMu OeiCTBUI M BIUSHUIA — pe-
QJIbHBIX WJIV TTOTEHIMATbHBIX.

[Ipumep 1. IMMaHeHTHOe YyHapHOe acuMMeT-
PUYHOE OTHOIIEHME: YeJIOBEK JIIOOUT CBOIO BHEIII-
HOCTb.

[Ipumep 2. IMMaHeHTHOe yHapHOE€ CUMMET-
pUUYHOe OTHOIIeHMe: YeJoBeK IT03BojsieT cebe
SKUTb.

[MpuMmep 3. UMMaHeHTHOe 6MHAapHOEe acCMMMeT-
pUYHOE OTHOLIEHME: MaThb SIBJISIETCSI POAUTENbHU -
el cbiHa (T. €. OHA ero poauia).

[Mpumep 4. UMMaHeHTHOe OMHApHOEe CYMMeT-
pUYHOE OTHOIIeHMe: MPY 3a4aTUM 3apOabIllia Sii-
LIeKJIeTKa U CIIepPMaTO30U[I, CIVBAIOTCS.

ITpumep 5. HasnaueHnHoe 1-K-apHoe acuMMeT-
pUYHOE OTHOIIeHMEe: YUUTeIb YIUT B Kiacce K me-
Tell.

IIpumep 6. HasHauenHoe K-K-apHoe cummeT-
puuyHOe oOTHouleHue: K mereii ogHOro Kjiacca B
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LIKOJIE SIBJISIIOTCS OLHOK/IACCHMKAMM.

Feonmormueckme IpuUMeEpPbl CBOVICTB 0/
WIKAnbl HAUMEHOBAHUIL.

[Mpumep 1. iMMaHeHTHOe CBOMCTBO (YHapHOe):
Hayinuye GOPIIOKOB Y 3eMJIeTPSICeHMS.

[Mpumep 2. iMMaHeHTHOe CBOVCTBO (6MHAp-
HOe): MapareHeTMYecKoe COHaXOXAeHMe TIoje3-
HOT'O MMHepaJia C MUHEPAIOM-CITYTHUKOM.

I[Ipumep 3. UmMmaHeHTHOe cBoiicTBO (1-K-ap-
Hoe): Hanuue K pex B MOAHOKUM BBICOKOTOPHO
TPSIIbI.

[Tpumep 4. UmmaneHnTHOe cBoiictBO (M-K-ap-
Hoe): Hamuye M 61O1leHO30B 13 BUAO0B GIIOPHI U
dayHbl B K OT/IO)KeHUSIX HEKOV Teosormyeckoi
STOXU.

[Tpumep 5. HazHaueHHOE CBOVICTBO (YHApHOE):
Ha3BaHMe ropbl, peKU, CBUTHI, ByJIKaHa, MECTOPOXK-
JEeHUS U T. 0.

IMpumep 6. HasHaueHHOe CBOVCTBO (OMHAp-
HOe): CBOJCTBO 2 MeCTOPOKIEeHMIT IPUHAIEXATh
OIHOMY 3KOHOMMYECKOMY paiioHy.

ITpumep 7. HasnauenHoe cBoiictBo (1-K-ap-
HOE): CBOVICTBO MECTOPOKAEHMSI ObITh ITOCTABIIM-
KOM PVIbI IJI HeCKONbKMX K eé moTpebuTeeii.

I[Ipumep 8. HaszHaueHHoe cBoiicTBO (P-K-ap-
Hoe): HaxoxaeHue @ BUA0B NaJIEOHTOIOTUYECKO
(daynbl B K cBUTaX Ha pasHbIX KOHTUMHEHTAX.

Teosmormyeckme MpUMeEpPbl OTHOIIEHUIT 0/
WIKanbl HAUMEHOBAHUIL.

leonornyeckue mpumepbl OTHOILIEHUI BbIpa-
SKAIOTCS I71arojlaMy JIeVICTBUI U BIUSIHUI — peab-
HbBIX WU MTOTEHIMATbHBbIX.

[Ipumep 1. UMMaHEHTHOEe YHApHOE acMMMeT-
pUYHOE OTHOLIEHME:

OITyCTOLIEHME ojara JiaBbl B [eCTBYIOLIEM
BYJIKaHe BbI3bIBAaeT €r0 3aTyXaHMUe.

[Mpumep 2. iMMaHeHTHOe yHapHOe CUMMET-
pUYHOEe OTHOLIeHMe: NMPU U3BEP)KEeHUM BYJIKaHa
pacniaB/ieHHasi IaBa y kepja COUeTaeTCs C ra3aMu
U IapOM.

[Mpumep 3. UMMaHeHTHOe 6MHApHOE aCUMMeT-
pUYHOE OTHOIIEHME: TIPU U3BEP)KEeHUM U3 BYJIKaHA
JlaBa CTaAaHOBUTCS TBEPOOM.

[Tpumep 4. UMMaHeHTHOe 6MHApHOE CMMMeT-
PUYHOE OTHOIIIeHME: 30HbI CYOMYKIINU U TTyOOKO-
BOJHbIE OKEaHCKMeE JKe00a GbIBAIOT COBMEIIEHBI.

[Mpumep 5. UmmanentHoe 1-K-apHoe acum-
MeTPUYHOEe OTHOIIEeHNe: TassHMe GOJBIIOro BbICO-
KOTOPHOTO JefHKKa rnopoxgaet K pexk.

I[Ipumep 6. UmmaHeHTHOe 1-K-apHoe cummeT-
pUYHOE OTHOIIEeHMEe: COHaXOXAeHMe B TUAPOTEP-
MaJIbHOM 30H€ 3€MHOM KOPBI OGHOr0O oyara TBEp-
IbIX, SKUIKUX U Ta3000pa3HbIX BEIEeCTB CO3LAET
MHOeCTBO MUHEPAJIOB.

[MIpumep 7. UmmaHeHTHOe K-K-apHoe acum-
MEeTPUYHOE OTHOIIeHME: BTOP)KeHMEe TPYIIbI JIaK-
KOJIUTOB, GATOIUTOB ¥ TPYOOK B3PbIBA M3 MaHTUM
B 3eMHYI0 KOPY B TEKTOHMYECKOV 30HE CO3[a€ET
MHOX€eCTBO MMUHEDAJIOB.

ITpumep 8. UmmaHeHTHOe K-K-apHoe cummeT-
pUYHOEe OTHOIEeHMe: COHAaxXOXAeHVe M B3auMO-
IeiiCcTBYE B TUAPOTEPMAIbHO 30HEe 3€ MHOM KODBI
MHOTMX O4aroB TBEPABIX, SKUIKMUX U ra3000pa3HbIX
BEIIECTB CO30AaET MHOXXECTBO MUHEDPAJIOB.

[Ipumep 9. Ha3zHaueHHOe YHapHOE acMMMeT-
pUYHOE OTHOIIEHNEe: MEeCTOPOXKIEHNE BBIBEILEHO
U3 SKCIUTyaTalMOHHBIX BCJIENCTBME WUCTOILEHMS
3aI1acoB MOJIe3HOr0 MCKOMaeMoro.

[Mpumep 10. HazHaueHHOe yHapHOe CUMMET-
PUYHOE OTHOIIEHME: 3aIlJIeCK Ha 6eper mpuo/msKa-
IOLIeNicsl BOJIHBI LIyHAaMM IIPU3HAaH OMHAacHBIM (C
yuéToMm penbeda IHA).

IMpumep 11. HasHaueHHOE GMHAPHOE aCUMMEeT-
pUUYHOEe OTHOLIeHMe: MeCTOpOXKIEeHMe CBSI3ain
HUTKOI HeTermpoBoa C MOTpeduTeaeM.

[Tpumep 12. HasHaueHHOEe GMHApPHOE CMMMET-
PUYHOE OTHOIIIEHME: IBE CTPaHbl 00BeAVHUIIN pe-
CYDPCBI IO 06YCTPOIICTBY OIHOTO MECTOPOKIEHMUS.

IIpumep 13. HasHaueHHoe 1-K-apHoe acum-
MeTPUYHOEe OTHOILIEeHMe: CMelleHMe TOMI, B 3eM-
HOJ KOpe CeMiCMOIOTH CBSI3aJIM C IIyTOM 3€MJIETPSI-
ceHuit B ouare (popiiokoB u apTepIIokoB).

ITIpumep 14. HazHaueHHoe 1-K-apHoe cuMMeT-
pPUYHOE OTHOIIIeHMe: SHeProobMeH MeKIy MeCTO-
pokneHueMm rasa u K anekrpoctaHIIMSIMMU.

[Tpumep 15. Hazunauennoe M-K-apHoe acum-
MEeTPUYHOE OTHOIIeHMEe: Te0JoTaMi BBISBIEHO,
yTo Ha hopmupoBaHme K oHOTUITHBIX OTIOKEHUI1
MOBAMSIIU M ceqMeHTalMOHHbIX MPOLIECCOB.

[Tpumep 16. HazHauennoe K-K-apHoe cummer-
pUUYHOe OoTHOlleHue: jsi K mecToposkneHuii of-
HOTO TOIe3HOTO MCKOTIaeMOTO YUEHBIMU BBISIBIEH
M TIPUIIMCAH OAVH MexaHu3M (popMuUpoBaHMS T10-
JIe3HBIX MMHEPAJIOB.

lIkana mopsizka

Hereonormueckmue TMpUMeEpPbl CBOVICTB 0/
WIKAJIbl NOPAOKA.

[Tpumep 1. UMMaHeHTHOe CBOJCTBO (YHapHOE):
OBITH IIEPBBIM B JIBIKHOV TOHKE, 060715 BCEX.

[lpumep 2. MMMaHeHTHOe CBOVWCTBO (6MHaAp-
HOe): ObITh CTPAHOI A BbIIIE B PEIITUHIE CTPaH Mo
BBII, o60i1as cTpany b, 3aHSBIIyIO 5-€ MecTo.

[Ipumep 3. ImmaHeHTHOe cBoiicTBO (1-K-ap-
Hoe): 6bITh Ha TocaenHeM K-M MecTe B psimy 9K3a-
MeHYeMbIX, TIOTYUMB XYAIINii 6t cpeny Beex K,
CHaBaBIIMX 5K3aMeH.

[MIpumep 4. UmmaHeHTHOe cBoiicTBO (K-K-ap-
Hoe): cornacue Bcex K yuaCTHMKOB KOHLepTa C UX
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MOPSIAKOBBIMY HOMepamu cpeayt K MecT B ouepenu
BBICTYITAIOLINX.

ITpumep 5. HazHaueHHOE CBOVCTBO (YHApPHOE):
HOMep Y/IUIIbI B €€ Ha3BaHuUM — Tumna 2-s1 l[BeTou-
Hasl; paHroBOe 3BaHMe (Y4E€HOTO, apTUCTa, BOEH-
HOTO ¥ JIp.) MJIM PAHTOBBIN paspsy (pabouero, Ciry-
>Kalero).

[pumep 6. Ha3HaueHHOe CBOVCTBO (OMHAp-
HOEe): TIPeAIIOUTUTENbHbI MHTYUTUBHBIN BbIOOD
CyIbEN MecCT (6-TO U 7-T0) B COPEBHOBAHUM MEXKIY
2 y4yaCTHMKaM¥, MOTYYMBIIMMMU paBHbIEe pe3yib-
TaThbl ¥ NOAEAUBIIMMM 6—7 MeCTO.

[Tpumep 7. HasnauenHoe cBoiictBo (1-K-ap-
HOe): ObITh HaUaJIbHMKOM K MOqUMHEHHBIX.

IIpumep 8. HasHaueHHoe cBolicTBO (K-K-ap-
Hoe): ObITh pe3yJbTaTOM COpeBHOBaHMit K yuact-
HUKOB, YTBEPXAEHHBIM PYKOBOACTBOM, I10 UTOraM
CyZelicTBa  paCCTaHOBKU CYyIbSIMU YIYACTHMUKOB Ha
K mecr.

Hereonormnueckue MMpuMepbl OTHOIIEHWIT 015
WKa1bl NOpAOKa.

[Tpumep 1. IMMaHeHTHOe yHapHOEe acUMMeT-
pUYHOE OTHOIIEHMe: MECTO, 3aHSITOe YIYaCTHUKOM
COPEBHOBAHMIA, yCTpauBaeT 3TOTO yUaCTHUKA.

[MIpumep 2. IMMaHeHTHOe yHapHOe CUMMET-
PMUYHOE OTHOIIEHME : yIaCTHUK COPEBHOBAHMIA 10-
BOJIEH MECTOM, KOTOPO€E OH 3aHSJI, a 3TO MeCTO CO-
IeMCTBYeT ero MOIMY/ISIPHOCTU.

IMpumep 3. UMMaHeHTHOe GMMHApHOE aCMMMeT-
PMUYHOE OTHOLIEHNE: yYaCTHMK COPEBHOBaHMIA 3a-
BUAYET NPYyroMy Y4YacTHMKY, 3aHSABIIEMY O6osee
BBICOKOE MECTO.

ITpumep 4. IMMaHeHTHOe GMHApHOE CUMMeT-
pUYHOEe OTHOILIEeHME: ABa YYaCTHMKA COPEBHOBA-
Huit, 3aHsBIMe Mecta X U (X+1) B3aMMHO 07100-
PSIIOT UX MecTa.

ITpumep 5. MimmaHeHTHOe 1-K-apHoe acum-
MEeTPUYHOe OTHOILIEeH)e: YYaCTHUK COPEBHOBA-
HMIA, 3aHSIBIIMII cpeay K ydacTHMKOB MoOc/iegHee
mecTo, 3aBuayetr npounm (K-1) yuacTtHukam, 3a-
HSIBIIMM 60Jiee BICOKME MecTa.

[Ipumep 6. UmmaHeHTHOe 1-K-apHOe cummeT-
PUYHOE OTHOILIEHME : HEKOTOPBIN 13 K y4aCTHMKOB
COpPEBHOBAHMI CUMTAET BCEX IMPOYUX, TOCTOMN-
HBIMU CBOUX PENTUHTOBBIX MeCT, a OHU — €ero, 10-
CTOHBIM €ro MecCTa.

[MIpumep 7. UmmaneHTHOe K-K-apHoe acum-
MEeTPUYHOE OTHOILIeHMe: KaxkAblii n3 K yuyacTHu-
KOB COPEBHOBAHMII cuuTaeT cebst 6oyee MOCTOM-
HbIM MOBBIIIEHHOTO PEMTUHTOBOTO MeCTa, YeM BCe
(K-1) mpoune.

[Tpumep 8. UmmanenTHoe K-K-apHoe cumMmer-
PMUYHOE OTHOILIeHMe : KK blii 13 K yuacTHUKOB co-
PEBHOBAHMII CYUUTAET BCEX ITPOUMX, KpOMe cebsl, He

IIOCTOIHBIMMU CBOUX PEATUHTOBBIX MECT.

[Mpumep 9. HazHaueHHOe yHapHOEe acUMMeET-
pUYHOE OTHOIIEHME: MECTO, 3aHSITOe YIYaCTHUKOM
COpEeBHOBAaHMUIA, yCTpaMBaeT 3TOrO yYaCTHUKA.

[Tpumep 10. HazHaueHHOe yHapHOe CUMMET-
pUYHOE OTHOLIeHME: YYaCTHUK COPeBHOBAHUI J0-
BOJIEH MeCTOM, KOTOPO€e OH 3aHSIJ, a 3TO MECTO CO-
IeMCTBYeT eT0 MOMY/ISIPHOCTU.

[Tpumep 11. HazHaueHHOe 6MHAapHOE aCUMMeT-
pUYHOE OTHOIIIeHME: YUaCTHUK COPeBHOBAHMI 3a-
BUIIyeT NIPYTOMY YYaCTHMKY, 3aHSIBIIEMY Ooiee
BBICOKOE MeCTO.

IMpumep 12. HasHaueHHOe 6MHApHOE CUMMeT-
pUYHOEe OTHOIIeHMEe: BA YYaCTHMKA COpPeBHOBA-
Huit, 3ansBme mecta K u (K+1), B3auMHO 0m06-
PSIIOT 3aHSITHE UMM UX MECT.

IMIpumep 13. HasHaueHHoe 1-K-apHoe acum-
MeTPUYHOe OTHOIlIeHNe: YYaCTHUK COpPeBHOBa-
HMI, 3aHABIINIT 6-€ MeCTO, cCuMTaeT 000CHOBAH-
HBIM CyZelickoe pacnpeneneHue Bcex K yyactHu-
KOB I10 X MeCTaM.

[Ipumep 14. HazHnaueHnHoe 1-K-apHoe cummeT-
pUYHOEe OTHOIIeHME: U YUYaCTHUK COPeBHOBAHUIA,
3aHSIBUINI 6-€ MEeCTO, CYIUTAET 060CHOBAHHBIM CY-
Jlerickoe pacnpeneneHue Bcex K yuacTHMKOB 10 nx
mecTaM, 1 Bce 13 (K-1) yuaCTHMKOB CUMTAIOT 060C-
HOBAHHBIM CYZEJCKOe pelieHue mo 6-my MecTy.

[Mpumep 15. HasuauenHoe M-K-apHoe acum-
MeTPUYHOe OTHOIIIeHMe: Bce U3 M cyneit CUMTamoT
000CHOBAHHBIM CYy[I€IiCKOe pellleHMe I0 pacrpe-
JleJIeHUI0 UMY MecT BceM K yyacTHMKaM cOpeBHO-
BaHUIA.

IIpumep 16. HasnauenHoe K-K-apHoe cumMmeT-
pUYHOe OTHOIIeHue: Bce U3 K ydyacTHUMKOB COpeB-
HOBaHUI CUMTAIOT 0OOCHOBAHHBIM CyZelicKoe pe-
ueHue 1o Bcem K mecram.

Feonmormueckme TIpuUMepPbl CBOVICTB 0
WIKA1bI NOPAOKA.

[Mpumep 1. iMMaHeHTHOE CBOMCTBO (YHapHOe):
ObITh BTOPOIL 110 aMIUINTYe B MCTOPUM HAbIIOe-
HUI Ha JAaHHOM Mo6epeskbe BOITHON IyHAMM.

IMpumep 2. IMMaHEHTHOe CBOVCTBO (OMHAp-
HOE€): MMeTh KpPUCTLTy MuHepana X TBEPIOCTb
OOJBIITYI0, YeM TBEPOOCTh KPUCTA/UIa MMUHeEpaia
K, Mcxofis U3 ombITa LaparnaHbsi KPUCTAIOM MU-
Hepasia X Ipyroro Kpucrajiia MyuHepasa XK.

I[Ipumep 3. ImmaHeHTHOe cBoiicTBO (1-K-ap-
HOe): TPUHALJEXHOCTb MaJeOHTONIOTUYECKUX
OCTAaHKOB JIpEBHEro OpraHu3Ma K MocjieoBaTeb-
HocTtu u3 K BUIOB OpraHn3MoB, TpUHA/JIEXAIINX
OHOMY 3BOJIIOLIMOHHOMY PSIAY B UCTOPUU 3€MJIN.

[MIpumep 4. UmmaHeHTHOe cBoJicTBO (K-K-ap-
HOE): coryiacye IOpsaKa abCOMIOTHBIX BO3PACTOB
ornoxxeHuit B K 10X reomormyeckoro paspesa
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(cHu3y — BBepx) ¢ K mecTamm 3TuX C10€B B 1OCIe-
JOBaTEeIbHOCTY HaIIaCTOBAHMIA.

IMpumep 5. HazHaueHHOE CBOJCTBO (YHApPHOE):

1. Kareropusi reosoruM4eckoro 3amaca Me-
cTopoxkneHus (o kareropuu A, B, C u 1p.) — B 3a-
BUCUMOCTU OT CTeleHU pPa3BeSaHHOCTU MeCTO-
pOXIEeHUS;

2. MecCTO HEKOJ TOMIIM 3€MHOI KOpPbI B Mac-
MITa6HOM PAHTOBOM TeOJIOTUUECKOM DPSIAY «IIPO-
BUHIIMSI — 6acCeiiH — MECTOPOKIEHNE — 3a/IEXKb».

[Mpumep 6. Ha3zHaueHHOe CBOVCTBO (OMHAp-
HO€): MPeANOYTUTEbHbIN JTOTUKO-UHTYUTUBHBIN
BBIOOP KOMMCCHETN IJIs1 2 MECTOPOXKIEHMIA TTOPSII -
KOBBIX MeCT (6-TO U 7-TO) BO BpeMeHHO o4epes -
HOCTU OCBOEHMSI 3TUX IBYX MMOXOKMX MeCTOPOXKIEe-
HUIA, TOAEeNMUBIINX 110 06beKTYBHBIM ITOKA3aTeNsIM
6-7 mecToO.

I[Ipumep 7. HasnaueHHoe cBoiictBO (1-K-ap-
Hoe): TTopsimoK K oO6HaskeHuit, 3aI/IaHMPOBaHHBbII
IJISI U3yYeHMsI Te0JIOTOM Ha MapIipyTe.

ITpumep 8. HasnauenHoe csoiictBo (K-K-ap-
HOe): BpeMeHHas ouepénHocTb (13 K MecT) ocBoe-
HUS K OBHOTUITHBIX MEeCTOPOKIEeHUI KaK pe3yib-
TaT, YTBePKAEHHBIN UIeHaMV KOMUCCUN.

Teomormuyeckme MpUMepbl OTHOIIEHUI 0/
WKa1sl NOpsoKa.

[Tpumep 1. UMMaHeHTHOe yHapHOEe acUMMeT-
pUYHOE OTHOIIEHNE: HEKOTOPOMY PAaHry TBEPZHO-
cTu obpaslia MUHepasa MOTYT COOTBETCTBOBATH
pasHble BEKTOpa 3HAueHM1 CBOJCTB MMHepasa
(ero CTPYKTYpBI, COCTaBa U IOBEPXHOCTH).

[Mpumep 2. iIMMaHeHTHOe yHapHOe CUMMeT-
pUYHOE OTHOIIEeHMe: HabMI0HAeTcsT B3auMHO-Of-
HO3HAYHas CBSI3b MEXKAY PAHTOM TBEPHOCTU 00-
pasna MMHepaja ¥ BEKTOPOM 3HaueHWUit ero
CBOJICTB (CTPYKTYPbI, COCTaBa U IIOBEPXHOCTH).

IMpumep 3. IMMaHeHTHOe OGMHAPHOE aCMMeT-
puMUYHOe OTHOINeHMue: obpasen; MuHepana M
TBEPKe 0Opasna MuHepaia H.

IMpumep 4. UIMMaHeHTHOe OMHApHOEe CHMMeT-
pUYHOE OTHOIIEeHMe: oOpa3el; MuHepana M paBeH
10 TBEpIOCTY 06pa3iry MuHepana H.

IMpumep 5. MimmaHeHTHOe 1-K-apHoe acum-
MeTpUYHOe OTHOIIeHue: obpasel] mMuHepasa M
TBEpPsKe 06pastoB apyrux (K-1) MyuHepasos.

IIpumep 6. UmmaHeHTHOe 1-K-apHoe cuMMeT-
pUYHOe OTHOIIeHMe: 06pasibl K MuHepanoB onu-
HaKOBBI 10 LIBETY U CIIaiHOCTU.

IMIpumep 8. MimmaHeHTHOe K-K-apHoe acum-
MeTPUYHOE OTHOIIEHMe: KaXaplil u3 K o6pasiioB
MMUHEPAJIOB He COBIaJaeT IO CBOMCTBAM (CTPYK-
TYpBbI, COCTaBa U MOBEPXHOCTHU) C IPYTUMMU MUHe-
pasaMu.

[Tpumep 9. HasHaueHHOe yHapHOe acUMMeET-
pUUYHOE OTHOIIEeHMe: ¢ paHroM M TBEpHocTy 00-
pasiia MuHepasa mo mkaje Mooca CBSI3aiu He-
CKOJIbKO BUJ 0B MMHEPAJIOB, BbIeJIeHHbIX I10 3HA-
YEeHUSIM UX CBOMCTB (CTPYKTYpPbI, COCTaBa U BHEIII-
Hero BuUia).

[Mpumep 10. Ha3HaueHHOE yHapHOe CUMMET-
pUUYHOe OTHOIIEeHNMe: ¢ paHroM M TBEpmocTy 00-
pasLia MMHepaJia 1o mkane Mooca B3auMHO-0HO-
3HAYHO CBSI3aJIM TOJAbKO OAMH BUJ, MMUHEPAJIOB,
BBIIEIMB MMHEpaAsa MO 3HAYeHUSIM ero CBOVICTB
(CTPYKTYpBI, COCTaBa U BHEIIIHETO BUA).

IMpumep 11. HasHaueHHOe 6MHApHOE aCMMMeT-
pUYHOEe OTHOIIeHMe: MUHepal ¢ paHroM M TBEp-
Ioctu mo 1mkane Mooca, o6pasel KOTOpOro napa-
rmaet obpasel; MuHepana H, cunraercst 6osiee TBED-
IbIM, yeM MuHepas H.

[Tpumep 12. HazHaueHHOE GMHApPHOE CMMMeET-
pUUYHOE OTHOIIEeHMe: 1Ba MUHepasa, 06pasilbl KO-
TOPBIX OAMHAKOBO HE OCTABJISIIOT I]apanyH APYT Ha
Ipyre, CUNTAIOTCS UMEKIIMMY OAVMHAKOBYIO TBEP-
IOCTb 1o 1Kaje Mooca.

IIpumep 13. HasHaueHHoe 1-K-apHoe acum-
MeTPUYHOE OTHOIIeHME : ONHOMY PaHTy TBEPIOCTHU
X (u3 guanasona X=1,2,...,10) MMHeposioru mocTa-
BUWIM B COOTBeTCTBME K BUIOB MUHEPaIoB, KOTO-
pble MMEIOT HEKMIT 3aJaHHbIV AMalia30H 3HaUYeHU
CBOWCTB (CTPYKTYpPBI, COCTaBa U BHEIIHEro BUAA
MUHEpaa).

[Tpumep 14. HaznauenHoe 1-K-apHoe cuMmMmer-
pUYHOE OTHOLIEHME: U YUYACTHUK COPeBHOBAHMIA,
3aHSBIINI 6-€ MECTO, CUUTAET 060CHOBAHHBIM CY-
Jerickoe pacripeneneHye Bcex K yuacTHMKOB MO UX
mectaMm, 1 Bce u3 (K-1) yyacTHMKOB cumTaloT o60c-
HOBAHHBIM CYyZelCKOe pelieHue o 6-Mmy MecTy.

ITpumep 15. Hasnauennoe K-K-apHoe acum-
MeTPUYHOe OTHOIleHKe: Bce u3 K cymeit cuutamoT
060CHOBAHHBIM CY[IE€/iCKOe pellleHye T0 paclpe-
JeJIEHUIO MU MECT BCEM y4aCTHMKAM COpPEeBHOBA-
HUIA.

[Tpumep 16. HazHaueHHoe K-K-apHoe cumMmer-
pUYHOe OTHOIIeHue: Bce U3 K yuyacTHUMKOB COpeB-
HOBaHUI CUNTAIOT 0OOCHOBAHHBIM CyZeliCcKoe pe-
ureHue 1o scem K mecram.
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CASES OF CLASSES OF NEW SCALES SYSTEM

Abstract. For the new systematics of measurement scales developed by the author of the article, explanatory
examples of the implementation of these different scales and relations (for the original scales of names and order)
for their variants "immanent-assigned', "symmetric-asymmetric' and "unary — binary - 1-K-ary — K-K-ary" are

given.

Keywords: a scale of measurements, scales of names for properties and relationships, scales of order for prop-
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®UHKEP Muxana KoOHCTaHTMHOBUY
3KCMepT MO BHEJPEHWI0, MOHUTOPUHTY U cOnpoBoxkAeHuto IT-cuctem B Data-mieHTpax,
Nspauns, r. Xon-xa-Illapon

OBECIEYEHUE 3®®EKTHUBHON PABOTBI
COBPEMEHHbBIX JATA-HEHTPOB ITOCPEACTBOM METO/ 0B
VIIPABJIEHUSI KAYECTBOM OBCJ/IYV>KUBAHUS

Annomauyus. Kauecmeo obcnyxcusarus (QoS) s6715emcsi HeOMmseMaAeMbIM IJIEMEHINMOM COBPEMEHHbIX cemeli,
obecneuusaruium 3 Gekmusroe ynpasaeHue cemessiMu pecypcamu U npuopumudayuro mpaguka ona yooese-
meopeHuss mpe6osaHuli KpUMuuecku 8ax}cHulx NpuoXeHuli. B cmamoe aHanusupyromcst 0CHO8Hble MeXAHU3MbL
QoS, exnrwuasn IntServ, DiffServ u IEEE 802.1Q, a makxce paccmampuearnmcs npeumyuiecmea u Hedocmamku
Kaxcdozo noodxoda. Ocoboe eHumaHue ydensiemcs npobnemam eHedpeHuss Qo0S, MaKum Kaxk CJAOXCHOCMb
Hacmpotiku, MexconepadenbHocms 060pyd08aHus U éUsHUe HA NPOU3B0OUMeENbHOCMb cemu. Paccmampuearomcs
nepcnekmuesl UCNoJ1b308aHUS nepedosblx MexHOI02Ull, 8KIUASL MAWUHHOe 00yueHUe, UCKYCCMBEHHbIL UHmMe-
Jlekm, npozpammHo-onpedensemovie cemu (SDN) u supmyanusayuro cemeswix ¢ynxyuii (NFV), dna nosviuieHus
2ubkocmu u agppekmusrocmu peanudayuu QoS. IpusedeHHble IKCNEPUMEHMATIbHbIE Pe3Yabmamsl 0eMOHCMPU-
pyrom enusiHue QoS Ha Ktouessle Mempuku npou3sooumenpbHOCMu cemu, maxue Kaxk 3adepicka, dxcummep u npo-
NYCKHAS1 CNOCOOHOCMb, 8 YCI08USX PA3NUUHDBIX HA2pY30K. CoenaH 8v1800 0 mom, umo oanvHeliuiee passumue QoS
uzpaem KJouesyr posib 8 noddepiaHuu HadexcHocmu cemeti 8 YCN08usiX pacmyuwjux mpe6osauii yugposoti uH-

ppacmpykmypuol.

Kntoueawie cnoea: xauecmao oocayxcusanus, QoS, IntServ, DiffServ, IEEE 802.1Q, npozpammHo-onpedense-
Mble cemu, supmyanusayus cemessix QGyHkyuti, 3adepxcka, oxummep, NPONYCKHAsA CNOCOOHOCMb, cemesble mex-

HoOJl02uU, ynpasJjieHue mpad)UKOM, UCKYCCmGCHHbla UHmeJsjiekm.

B COBPEMEHHBIX YCJIOBUSIX CTPEMUTEIHHOTO
pasBuTusl UMEGPOBBIX TEXHOJOTUII M poCTa
00beMOB ceTeBOro TpaduKa obecrieueHyme CTa-
6mIbHOIM, 9¢dEKTUBHON 1 KaueCTBEHHOM PabOoThI
ceTeil CTAHOBUTCSI IIPUOPUTETHOM  3agaveii.
VCIoKHEHME CEeTeBbIX apXUTEKTYp, BHeApeHue
0671auHbIX BbIUMcIeHMii, IHTepHeTta Bemeii (IoT)
u ceTeit maroro mokoseHus (5G) tpeGyet 6osee
HaJeKHbIX M TMOKUX pelleHuii OJjis yIpaBieHus
CeTeBbIMM pecypcamu. B 9Toit cBsI3M KauecTBO 06-
cayskuBaHus (QoS) BpICTyIIaeT BaXKHEMIIIMM KOM-
TIOHEHTOM CeTeBOii MHQPPACTPYKTYPbI, CIIOCO6-
CTBYIOILIVM IIPUOPUTHU3ALINY TPadUKa, ONITUMM3A-
UMM pecypcoB U obecrieyeHuio 6Gecriepe6GoOitHOI
PaboThl KPUTUUECKM BASKHBIX TTPUIIOKEHUIA.

B yatoBusix umndpoBoii TpaHchopManumn LeH-
Tpbl 06pabOTKYM JaHHBIX UTPAIOT KITIOUEBYIO POJIb B
XpaHeHuu, 06paboTKe U YIIpaBIeHUM OTPOMHBIMMU
obbemamu MHGpopMaiu. Takue IEHTPhI TMpem-
CTaBJISIIOT COOOJ CITenaIn3MpOBaHHbIE 0OBEKTHI,
rIe pPa3sMeNIaloTCs MHOTOYMC/IEHHbIE CEPBepHI,
CUCTEMBI XpaHEHMSI NAHHBIX U CceTeBoe 060pymo-
BaHMe. JTO M03BoJsgeT 3(PGheKTMBHO 06pabaThI-
BaTb, XPaHUTh U PACIpPEIeNITh JaHHbIE B 6OJIb-
mmx macirabax [1, c. 732-794; 2, c. 468-473]. Otn

MHPPACTPYKTYPHbIE KOMILIEKCHI OKa3bIBAIOT KPU-
TUYeCKoe BIMSHNE Ha IMPOKUIL CIIEKTP CEPBICOB,
BK/IIOUass 00JlauHble BBIYMCIAEHUS, aHAIUTUKY
OOJBIINX JAHHBIX ¥ KOPIIOPATUBHbBIE IMPUIOKE-
HMUSI, KOTOpbIE CETOIHSI COCTAaBJISIOT OCHOBY OM3-
Hec-TpoIeccoB U UMGPOBLIX yCayT [3, c. 7-18; 4;
5,c.293-314].

CoBpeMeHHbIe CeTU 1IeHTPOB 06paboTKM maH-
HBIX TIPEICTaB/ISIIOT CO00J BBICOKOMHTErpUPOBaH-
HbI€ U CJIOKHBIE CHCTEMBbI, CO3IaHHbIe IJIS IIepe-
Iauy 6ONbIINX 00BEMOB JAHHBIX C BBICOKOI CKO-
poctbio u 3dderTuBHOCTBIO [6; 7, c. 189-200;
8, c. 92-99; 9, c. 63-74]. Oun obecreunBaIOT CTa-
OMIbHOE B3aMMOMENCTBME MEXIY pPas3INMUHbIMU
YCTPOVICTBAMMU M CUCTEMAMM, IO EePKMUBAsT HEOO-
XOAMMBIiA TIOTOK AAHHBIX AJI1 MHOXeCTBa MPUJIo-
skeHMit U yeayr. HapyiieHue paboTsl Takux ceTeit
MOKeT IIPUBECTU K 3HAUUTETbHbIM COOSIM, UTO OT-
puilaTeIbHO CKa3bIBAETCS HA HEMPEepPbIBHOCTU U
nmpousBoauTenbHOCTH 6u3Heca [10, c. 63-74;
11, c. 39-50].

IMopmepskaHue CTaOMIBHOCTY B TaKMUX CUCTe-
Max MpejarnoyjiaraeT IMpMMeHeHMe CTpaTeruii,
HaIpaBJIEHHbIX Ha obecrieueHne HageskHoi 1 6ec-
1epe6oiiHOI paboThI CETU U ee KOMIIOHEeHTOB. 11
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3TOrO MPUMEHSIOTCS TaKue MEeTOJbI, KaK MU30bI-
TOYHOCTb, OAJTAHCUPOBKA HATPY3KM ¥ MEXaHM3MBbI
OoTKazoycronumsBocTu (12, c. 1912-1926; 13, c. 49-
60; 14, c. 821-830; 15, c. 225-238; 16, c. 85-96]. 13-
OBITOYHOCTD 3aK/II0YAETCSI B CO3TAHUM JTOTMOTHU-
TeJIbHBIX MapLIPYTOB I1epenaun JaHHbIX, YTO I103-
BOJISIET MUHUMM3UPOBATh PUCK cOoeB. BanmaHcu-
pOBKa Harpy3ku paBHOMEPHO pacrapezensieT Tpa-
buk mMexmy cepBepaMy WIM CETEBBIMU IYTIMU,
u3berast meperpys3ok OTHeNbHbIX 37eMeHTOB. OT-
Ka30yCTONYMBOCTh, B CBOIO oueperdnb, obecrieun-
BaeT MIPOAO/DKeHMe PaboThl CUCTEMBI AaXe IMpPU
cboe 060pYIOBAHMS MM ITPOTPAaMMHOrO obecrie-
yeHMs 6/1arogapst aBTOMaTUUYECKOMY IepeKove-
HUIO Ha pe3epBHbIe Pecypchl U perviMKalum JgaH-
HBIX.

VrpasieHue KauecTBoMm obcaykuBanus (QoS)
[17, c. 6-27; 18, c. 6-14] aBaAsIeTCS BaXXHBIM 3Jie-
MEHTOM CeTeBOT0 aJiIMMHUCTPUPOBAHUS U BKIIIO-
yaeT MeTO[Ibl [T IPUOPUTU3AIIUY U OTITUMU3A-
IIMM CeTeBBIX pecypcoB. QoS Mo3BosieT JOOUTHCS
HaJeskHOM U 3 PeKTUBHOI Mepenaun TaHHBIX,
oTBeyvalolei crienduiaeckuM TpebOBaHMSIM pas-
JIMUHBIX TPUIOKeHUN. [T 3TOr0 MPUMEHSIIOTCS
MeXaHM3MbI Kinaccubukaiuy tpadmka [19, c. 281-
286], dpopmuposanus [20, c. 482-501], KoHTpoJIs
[21, c. 90-109], a TakKe UCIIOIb30BAHMS OUepenent
" TIpeOTBpaIie s eperpysox [22; 23, c. 45-51;
24, c. 1-14; 25, c. 47-57].

CoBpeMeHHbIe JOCTIDKEHMSI B 06JIaCTU IIPO-
rpaMMHO-onpenesnsemMbix ceteit (SDN), BupTyanu-
3auuu ceTeBbix yHKIMIT (NFV) 1 MeTOIOB MCKyC-
cTBeHHOro MHTeiekta (M) OTKpbIBAalOT HOBBIE
MepCreKTUBbI AJ151 COBEPIIEHCTBOBAHUS MeXaH3-
MOB Q0S. 3TU TeXHOJIOTUM MO3BOJSIOT afanTUPO-
BaTh yIPaBIeHME CETHIO K MEHSIOMMMCS TpeboBa-
HMAM II0JIb30BaTesiell U yCIOBUI 3KCIUTyaTaluu,
cosmaBasi 60yiee MacIITabMpyeMble U MHTEJITIEKTY-
ajbHble pelleHMsl.

Hacrosias cTaTbs MOCBSILEHA aHAAU3Y Cylie-
CTBYIOLIUX Tpo6ieM BHempeHus:t QoS, M3yUeHUIo
MepCreKkTUB ee pas3sBUTUSL U OLlEHKE BO3MOKHO-
CTeli MpUMEeHEHMUSI MepeloBbIX TEXHOJOTMIl AJIs
TIOBBIIIEHNST KayecTBa OOCTYKMBAaHMSI B COBpe-
MeHHBIX CeTeBbIX cucTemax. KcciaenoBaHue
HaTmpaB/ieHO Ha BbISIBJIeHME K/II0UeBbIX (PaKTOpOB,
BJIMSIIOUIMX Ha TTPOM3BOAUTEIbHOCTb CETU, U Pas3-
paboTKy peKOMeHAAIMII AJIS UX ydyeTa Mpu IIo-
CTPOEHMM U IKCILTyaTalluM CeTeBoi MHGPACTPYK-
Typbl. [TosyueHHbIE PE3YIbTAThl MOTYT OBITH IIO-
JIe3HbI KaK JJIT HAyYHOTO COOOIIeCcTBa, Tak U s
MIPaKTUKOB B 006/1aCTH CETEBOI MHKEHEPUN.

IlenTp 06pabOTKM JAHHBIX (JaTa-LEHTPHI)

LleHTpbl O6pPabOTKM HAaHHBIX (JaTa LEHTPbI)
MIpeACTaBISIOT CO00VI CIIeNMaTM3UpPOBaHHbIE 06D-
eKTbl, Tie pa3MemalTcs Pa3HOOOpa3HbIe BbIUKC-
JIUTENbHbIE PeCypChl, BK/IIOUas CepBephl, CUCTEMbI
XpaHeHMs JaHHBIX ¥ 000pygoBaHue it obecrie-
YeHMSI CEeTeBOTO B3aMMOIEICTBUSI. 1IX OCHOBHOE
npegHasHaueHue - IEeHTPaJIM30BaHHOE XpaHe-
HMe, 06paboTKa M yIpaBjieHMe 3HAUMTEbHBIMMU
obbemamu MHpopMaluu. Takue LEHTPbI UTPAIOT
KJTIOYEBYIO POJIb B MOEPIKKE IMUPOKOTO CIIEKTPa
TIPUJIOKEHMIA M YCIIYT, BKIIOYast 00JIauHbIe TEXHO-
JIOTMM, aHAU3 OONBIINUX JAHHBIX Y KOPIIOPATUB-
Hble UT-pemenus [26, c. 2939-2965]. bnaronaps
BBICOKMM CTaHIapTaM 0e30IMacHOCTU, HaJeXKHO-
CTM U MAaCIITaOMpPyeMOCTU IIeHTPbl 06PabOTKU
IaHHBIX 00ecIeuMBaloT OGecriepeboiiHoe BBIIOJ-
HEeHMe KPUTUYECKM BaKHBIX OM3Hec-omepallnii,
COCTaBJISISI OCHOBY COBpeMeHHO# LMPpOBOIi MH-
dbpacTpykTypbl. VX MCIIO/Nb30BaHME OXBAThIBAET
Takue 00JIaCTM, KaK Be6-XOCTUMHT, 3JIEKTPOHHAs
mouTta, (puHAHCOBbIE TPAaH3aKUUM Y HAYIHbIE UC-
CJleIOBaHMsI.

CeTeBble CUCTEMBI B IIeHTpaxX 00pabOTKM JaH-
HbIX (OPMUPYIOT CJIOKHYIO CTPYKTYPY COemyHe-
HMI1, KOTOpasl CBI3bIBAE€T BCE YCTPOICTBA U KOM-
TIOHEHTHI, 06ecreunBast ux 3GpHeKTUBHOE B3ayMO-
IeiicTBMEe ¥ HAAEXKHYI0 Iepefnadyy maHHbIX
[27, c. 640-656; 28, c. 23-33]. ITU CETU CO3[AIOTCS
C YYeTOM HEOOXOAMMOCTU 00PabOTKYM 3HAUUTEb-
HbIX 00beMOB Tpadmka MpU MUHMMAIbHON 3a-
IepKKe ¥ MaKCUMalIbHOI HaJeskHOCTU. OBGBIUHO
OHU pasfeseHbl Ha HECKOJIIbKO YPOBHE : YPOBEHD
Siipa, YpOBeHb arperanuyu M ypoOBEHb IOCTYIIA.
Kaxkaplii M3 9TUX YPOBHEN BbITIOJIHSIET ONpeaeaeH-
Hble 3aJlauu, CIOCOOCTBYSI GecriepeboitHOMY IO-
TOKY AaHHbIX [10, c. 63-74; 29, c. 892-901; 30,
c. 161-172]. YpoBeHb siipa OTBeUaeT 3a BBICOKO-
CKOPOCTHbIE COeIVHEHUS C GOJIBIION TPOITYCKHOI
CITIOCOOHOCTHIO, YPOBEHb arperauum cooupaer
IaHHbIe U3 Pa3IMUYHBIX TOUEK JOCTYIIA, @ YPOBEHb
IOCTyIa o6ecrieunBaeT MOIK/IIOUEHNe CEpBEPOB U
IPYTUX YCTPOVCTB K CETH.

CoBpeMeHHbIE TEXHOJIOTMM, TaKuMe KakK Ipo-
rpaMMHoO-onpegnensemble cetu (SDN) [31, c. 14-
76] u BupTyanusauusi ceteBbix QyHKuUt (NFV)
[32, c. 90-97], akTUBHO BHEAPSIIOTCS [IJISI TTOBbIIIE-
HUSI THUOKROCTM, 3bdeKTMBHOCTM U yHo6CTBa
yIIpaBJIeHNs CEeTSIMY IIEHTPOB 06paboTKY AAHHbIX.

CTabUIbHOCTD CETU B KOHTEKCTE IIEHTPOB 00-
pabOTKM [TaHHBIX OIpenessieTcs CIIOCOGHOCThIO
MOAIEPKMBATh HAIEXKHYIO M HEIIPEPBIBHYIO IPO-
M3BOAUTEIbHOCTD Ha MPOTSIKeHUM BpeMeHu. OHa
MPEAOIaraeT, UTo CETh NOJKHA aalTUPOBATHCS
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K ¥3MeHEeHMIO Harpy3Ku 6e3 BOSHMKHOBEHMS 3Ha-
YUTEbHBIX IPOCTOEB WM YXYAIIEHUS Paboumx
xapakTepuctuk. OOHOM M3 KIIUYEBBIX MPoGIeM
SIBJIIETCST HA/IMUMe CeTeBbIX IOMeX, KOTOpbIe BO3-
HUKAIOT U3-3a Pa3In4yHbIX (HaKTOPOB, TaKMX KakK
TepeKpecTHbIe TTIOMEXU MeKIY KabelasiMu U KOH-
KypeHIMS MeXAy pabouMmy Harpy3Kamu 3a J10-
CTYTI K OGIIMM ceTeBbIM pecypcam [33, c. 201-213;
34; 35]. OTu (HaKTOPHI MOTYT MPUBECTU K TaKUM
MOC/IeICTBUSIM, KaK TOTeps JaHHbIX, YBeJIMUeHe
3a7epsKeK U 001Iee CHMUKEHYE TTPOU3BOIUTETBHO-
ctu cetu [36, c. 1-13; 37, c. 1-32].

B ycimoBusix paboThl 1eHTpa 06paboOTKY OaH-
HBIX MUHMMM3ALMs CETeBbIX MOMEeX CTAHOBUTCS
KPUTUYECKM BaKHOM 3amaueit Ay obecredyeHus
HaIeXXHOTO (YHKIMOHUPOBAHUST MPUIOKEHUN U
cepBycoB. OCHOBHbBIE CTPATETUM [IJISI YCTPAHEHUS
MOAOOHBIX ITPOGJIEM BKIIOUAIOT MCIIOTb30BaHMe
9KpaHMPOBAHHBIX KabeJieil, MpaBWIbHYIO OpraHu-
3alMI0 3a3eMJIeHMs, a Takke co3faHue dusmye-
CKOT'O pasfesieHus] MeXIy KabeJsIMU U 3JIeKTPOH-
HbIM 060pymoBaHMeM. [OTOJHUTENbHO, TIpUMe-
HeHlMe COBpPeMeHHbIX METOJIOB YIIpaB/eHUs ce-
ThIO, TAKMX KaK MEXaHM3MbI KaueCTBa 0OCITyK1Ba-
Hus (QoS), Mo3BoJseT MPUOPUTU3UPOBATH BaK-
Hemmit TpaduK, yMeHbIIas HeraTUBHOE BIUSHIE
moMex Ha paboTy ceTu.

dbdexTuBHOE yIIpaB/leHNe CTaOUMIbHOCTDIO
CeT U yCTpaHeHMe TOoMeX SIBJISIOTCS BaKHBIMMU
acrekTaMy paboThl COBPEMEHHBIX IIEHTPOB 06pa-
O0TKM JAHHBIX. ITU 3JIEMEHTBI UTPAIOT KIIOUEBYIO
POJIb B MOJIIePsKaHM M HeOOXOAMMOTO YPOBHSI ITPO-
M3BOIUTEIbHOCTM, HAEKHOCTU U 3(PPeKTUBHO-
CTY, COOTBETCTBYIOIINUX PACTYIIMM TpeGOBaHMSIM
undpoBoii 3moxu. Vcronab3oBaHMe MepenoBbIX
TEeXHOJIOTUII U TIepeIOBOTO OIbITa IMO3BOJISIET OP-
raHu3ausIM 06ecreuuTb CTAOMIbHOCTb PabOoThI
LIEHTPOB 00pabOTKM TaHHBIX U YIOBJIETBOPSITh U3-
MEHSOmMecss TOTPe6GHOCTY IO/b30BaTeNeil U
TIPUJIOKEHU.

KauecTBo o6ciaykuBaums (QoS)

KauecTtBo ob6cayskuBanust (QoS) SIBISETCS KIT0-
YyeBbIM ITIOHSITUEM B CETEBOI MHKEHEPUM, OXBAThI-
BAIOIIVIM TEXHOJIOTUM ¥ METObI YIIPaBJIEHUS Ce-
TEeBBIMM pecypcamu jist obecrieueHs 3GpGeKTuB-
HOJT 06pabOTKM Pa3IMUHBbIX TUIIOB Tpaduka. QoS
MO3BOJISIET OTAABaTh NMPUOPUTET OIpee/eHHbIM
ITOTOKAM, YTO OCOOEHHO BakKHO IJISI KPUTUYECKU
Ba’KHBIX CETeBbIX CepBUCOB. OCHOBHAas Leab QoS
3aK/II0YaeTcsl B TTOAAep>KaHUY BbICOKO¥ ITPOU3BO-
IUTETbHOCTU IJISl TaKUX TPWIOXKEHUH, Kak BU-
nmeokoHpepennyuu, VoIP (rmepemaya rosoca o MH-
TePHET-TIPOTOKOJTY) ¥ OHJIAH-UTPBI, Jaske B YCJIO-
BUSIX CeTeBOii TMeperpy3ku, KOTOpas MOKeT

HETaTMBHO CKas3aTbCs Ha II0JIb30BaTENbCKOM
OTIbITE ¥ BBITIOJIHEHUYM KPUTUUYECKU BaXKHBIX OTle-
panwmit [38, c. 1239-1258].

Mexanu3smbl QoS ob6ecrieunBaOT KOHTPOJb Ha/L
TaKMMM TTapaMeTpaMy CeTeBOV IMPOU3BOAUTE/b-
HOCTY, KaK IMPOITyCKHAsI CITOCOOHOCTD, 3a/IePsKKa,
IKUTTEP U TIOTepsI ITakeToB. 3a CUeT UX Peryamnpo-
BaHMs QoS croco6eTByeT 3hdeRTMBHOMY (QYHK-
LIVOHMPOBAHMIO ITPUJIOKEHUI C BBICOKMMM Tpebo-
BaHUSIMM K TIPOU3BOJAUTENBHOCTU CETU HaKke B
CJIOXKHBIX YCJIOBUSIX.

MexaHmn3mbl QOS BK/IIOUAIOT HECKOJIbKO OCHOB-
HBIX 37IEMEHTOB:

1. Knaccuduramus Tpaduka. DTOT Hpolecc
BKJIIOYAET UAeHTU(UKAIINIO U KATErOpU3aIuio ce-
TeBOro Tpaduka Ha OCHOBe 3apaHee OIpeeeH-
HbIX KpUTEpMeB, TaKUX KaK TUI TPUIOKEHUS,
MoJb30BaTeNlb WK AaHHbie. [Tocme Knaccudumka-
IyM TpaGMKOM MOXKHO YIIPaBJISITh B COOTBETCTBUMU
C ero IPUOPUTETOM.

2. @opmupoBaHue Tpaduka. JJaHHbIT METO
KOHTPOJIMPYET 00beM [TaHHBIX, MOCTYTAIOIINX B
CeTh, MpeoTBpallasi ee meperpy3Ky. ITO JOCTUTA-
eTCs 3a CYeT 3a/IepKKU MaKeTOB, MPeBbIMIAI0IINX
YCTAHOBJIEHHBIN JUMUT CKOPOCTH, CTIAaKMBAHUS
BCIUIECKOB TpaduKa M obecreyeHus] paBHOMEP-
HOTrO MOTOKa.

3. VmnpaBiaeHue mnoauTukamu. IloanTukm
QoS perynmpyloT CKOpoCTh BXojsIiero tTpadukxa,
oTOpachiBasi WIM TIOMedYas IaKeThl, IPeBbIIIA0-
1I/ie YCTaHOBJIEHHbIe OrpaHNYeHMs. DTO TOMOTaeT
MpeJOTBPaTUTh Ieperpy3Ky CeTu U IOIep>Ku-
BaTbh COOTBETCTBMeE TpadyKa yCTaHOBIEHHBIM Tpe-
OGOBaHMSIM.

4. OpraHusauus ouepenen 1 rjaaHupoBaHue.
Pasnuunble TUMBI TpadwmKa pacrpemensioTcsl 1Mo
oyepensiM B 3aBUCUMOCTU OT UX IIpMopuTeTa. Am-
TOPUTMBI TIAaHMPOBaHMs, Takue Kak Weighted
Fair Queuing (WFQ) u Priority Queuing (PQ),
OTIpesesIIoT MOPSINOK 06paboTKY MakeToB. Bbico-
KOIPUOPUTETHBIN TpadUK MOJyUaeT MpenMylie-
CTBO TIepe] HM3KOIIPUOPUTETHBIM, UTO 0becIeun -
BaeT KPUTUYECKM BAKHBIM IPUIOKEHUSIM HEO06-
XOJMMYIO IIPOITYyCKHYI0 CIIOCOOHOCTb.

5. IlpemotBpamieHme Tmneperpysku. Mexa-
HMU3MbI, Takue Kak Random Early Detection (RED),
aKTMBHO YIIPABJSIIOT CeTeBOI HArpys3Koi, OTclie-
SKMBasi COCTOsTHME TpaduKa M yIpeXpawlle OT-
OpachIBas IaKeThl IPM OGHAPYKEHUM PUCKaA epe-
rpy3Kku [39, c. 397-413]. OTo 1omMoraeT COXpaHATh
CTaOMIbHYIO TPOU3BOAUTENHHOCTD CETU U MUHM-
MM3MPOBATh PUCKU KPUTUUECKUX COOEB.

ITepen BHegpeHueM QOS ceTy 4aCToO CTaIKMBa-
I0TCSI C TMpo6seMaMy  BBICOKOJ  3aJepsKKH,
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IKUTTEpa U MOTePb IAKeTOB, YTO OCOGEHHO KPU-
TUYHO [IJI1 TPUJIOKEHU peaJibHOTO BpeMeH!, Ta-
KX Kak BuaeoKoHpepeHuuu u VoIP. [Ias uiiio-
CTpaluy yaydilieHuit, KoTopble QOS MOXeT Mpu-
BHeCTH, 6bljIa ITPOBEEHA OIleHKa KII0UeBbIX MET-

pUK MIPOU3BOAUTENBHOCTU ceren d
Bes QoS
B C QoS
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MCIIOJIb30BaHMeM MexaHu3MoB QoS 1 6e3 Hux. Pe-
3yJIbTAThI HATJISAHO MMOKa3bIBAIOT, UTO QOS 3HaAUM-
TeJIbHO CHIMKAeT 3aJIep>XKKU 1 ITI0Tepy MaKkeToB, O -
HOBpPEMEHHO Y/IyUIlast TPOITYCKHYIO CITOCOOHOCTbD,
YTO MOATBEPXKAAET BaXXHOCTb NTpuMeHeHUs1 QoS B
COBPEMEHHBIX CeTEBbIX apXUTEKTypax (puc. 1).

MoTepu NakeTos

MponyckHas cnocobHoCThL

Puc. 1. BrusHue QoS Ha npou3eo0dumensHoCms cemu (COCmMasJieHo agimopom Ha 0CHOBAHUU UCTNOYHUKA
[39, c. 397-413]

ITpoToxoasl

IEEE 802.1Q

W3BecTHbIN KaK MPOTOKOJ TernpoBaHusi VLAN,
craugapt IEEE 802.1Q nmpegocTaBisieT MeXaHU3M
IJIs1 mo6aBJieHMsI MHGOPMAIMM O BUPTYaIbHO JT0-
kanbHot cetu (VLAN) B xampet Ethernet. On
BKJIIOUAET I0JIe IPUOPUTETA, KOTOPOE MO3BOJSIET
3aJlaBaTh YPOBEHb BAXHOCTU [JIsI Pa3IUIHBIX
VLAN u cBSI3aHHBIX C HUMU JAaHHBIX. TpaguinoH-
Hblii Ethernet, cosmanHblii 1)1 06IIel Mepegaun
IaHHBIX, HE YIOBJIETBOPSIET TPeOGOBaHMUSIM COBpe-
MEHHBIX MPWIOKEHUI 13-3a UCIOAb30BaHUS He-
JEeTepMMHUPOBAHHOTO MeTOAA YIIpaBAeHUs [0-
cryniom CSMA-CD, 4To MOXeT NMPUBOAUTHL K He-
IpefcKkasyeMbIM 3azepkkam. [l ycTpaHeHUs
3TUX HEOCTATKOB IPOBOSUTCS OLleHKa MPOU3BO-
IuTteabHOCTU ctanmapTHoro Ethernet (IEEE 802.3)
U YCOBEPIIEHCTBOBAHHBIX METOLO0B, UCIIOIb3YIO-
mux npuoputusauuio Tpadbuka (IEEE 802.1Q), B
YCIOBUSIX  Ppa3IUYHOIN CeTeBOIl  HArpy3Ku
[40, c. 956-961].

UccnepoBaHus BKIIOYAKOT aHAIN3 TaKUX I1OKA-
3aTeJiel, Kak MpOITyCKHAs CIIOCOOHOCTb, 3a/IepPsKKa
U IKUTTEP, TIPU UCIOIb30BAaHUM TPOCTHIX KOH-
LIeHTPaTOPOB, CTAaHAAPTHBIX KOMMYTAaTOpPOB U

KOMMYTaTOpPOB C ITIOJIep>KKOIi TpuopureTa. B skc-
TepMMEeHTaX MUCIIONIb3YeTCsl CeTh, BKIIOYAOLIAs
CTaHILIMY PeaIbHOTO BpeMeHM 1 paboune CTaHIUM,
re"Hepupyiomue Tpadux c pacripenenenuem Ilyac-
COHa MPU YpOBHsIX Harpys3ku ot 10% mo 60%. Pe-
3yJAbTaThl AE€MOHCTPUPYIOT 3HAUUTEIbHOE YIIy4-
IIeHKe TMPOU3BOAUTENBHOCTU IMPU UCIO0JIb30Ba-
HUM KOMMYTATOPOB C MOAAEP>KKOI IPUOPUTETOB.
ITu ycTpoiictBa 3G (GeKTUBHO CHUKAIOT IKUTTEP
¥ 3aJeP3KKY OTK/IMKA, 0COOEHHO B YCIIOBUSIX BbICO-
KOJi 3arpy3Ku CeTH, UTO AejlaeT UX MOAXOASINMU
[T TIPOMBILIEHHBIX MPWIOKEHUI U MPOLLECCOB
peasbHOr0 BpeMeHN.

C yBenn4eHneM CeTeBOV Harpy3Ku 3afepskka 1
IKUTTEP CTAHOBSITCS KPUTUUECKUMU Tpobie-
MaMu At paboThl TpUIOKeHMi. IIpuMeHeHMe
cranpapra IEEE 802.1Q mo3BosisieT 3HaUUTE/IbHO
VIYYIIUTD TI0KA3aTeNn 3aepPsKKY, UYTO 0COGEHHO
3aMeTHO MPU BBICOKOI 3arpy3Ke ceTu. [lmarpamma
(puc. 2) mokaspIiBaeT CpaBHUTENbHbBIN aHAIN3 3a-
Iep>KKM MIPY PasHbIX YPOBHSIX HArPY3KM C UCIIONb-
30BaHMeM M 6e3 umcronb3oBaHus QoS, moaTBep-
kpast 3¢bdeKTUBHOCTh BHEAPEHUS OAHHOTO CTaH-
Japra sl IOOIEePKKM CeTeil B YCIIOBUSIX MHTEH-
CUBHOTO TpadukKa.
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Puc. 2. 3adepxka npu pasauuHslX ypo8HAX HAzpy3KU cemu (COCMasieHo agmopom Ha OCHOBAHUU UCMOUHUKA
[40, c. 956-961]

HnmezpuposarHsle ycayeu (IntServ)

Apxutektypa Integrated Services (IntServ)
obecrieurBaeT rapaHTMPOBAHHOE KaueCTBO 0OCITy-
skuBaHuUs (Q0S) /ISt OTHENbHBIX TOTOKOB JAHHbIX,
YTO OT/JIMYAET €€ OT arperMpoBaHHBIX METOIOB,
takux Kak Differentiated Services (DiffServ).
IntServ wmcrnonb3yetr npotokos RSVP (Resource
Reservation Protocol) mjisi pesepBupoBaHus Mo-
JIOCHI TIPOITYCKaHMSI MJIS KOHKPETHBIX CEaHCOB.
KaskmpIit MapiIpyTusaTop Ha IyTH COXpaHSIeT MH-
(dbopmMauuIo 0 COCTOSIHUM TTOTOKA, YTO ITO3BOJISIET
TOYHO YTPaBJSITh pecypcamu, HO CHMKAeT Mac-
MITabMpPyeMOCTb cUCTeMBI. IntServ HanboIee moI-
XOIUT IJIsl TIPWJIOSKEHUH, e BaKHbI CTPOTME ra-
PaHTUM TI0JIOCHI TIPOMYCKAHMUSI ¥ MMUHMMAJIbHO
3a7epKKM, TaKMX KaK BUIEOKOHpEepeHUIUU u
VolP [41].

IntServ HampaBjieHa Ha pacHpeHne BO3MOXK-
HOoCcTelt VHTepHeTa mJia IIpedoCTaBIeHMS Kak
YCAYT peasbHOTO BpeMeHM, Tak M He peaibHOro
BpeMeH!, YTOObI YIOBIeTBOPSATH IOTPEGHOCTY CO-
BpeMEHHbIX TPWIOKEHUH, BKIIOYasl TeJleKOHpe-
pEeHIIY, TUCTAHIIMOHHOe OOyUeHue U pacrpe[e-
JIEHHOEe MO e/NMpoBaHNue. ApXUTEKTypa MpeacTaB-
JiseT coboi 3HAUMUTENbHBIN IIar B HaIpaBIeHUN
aganranuy HHTepHeTa K TpPeOOBaHMSIM HOBBIX
MIPUIIOKEeHMI, obecrieunBasi CripaBeIjnBoe U 3¢-
(heKTMBHOE MCITOIb30BaHME CETEBBIX PECYPCOB.

Kodosas mouka OJuggeperyuposartsix ycuye
(DSCP)

IMons DSCP B 3arosioBke IP mo3BosisioT Mmapii-
pyTusatopaM KiaaccupuuupoBaTh TpaduK U

MPUHUMATDb PElIeHUs O IPUOPUTETaX 06pabOTKU
Ha OCHOBE 33JJaHHOTO Tumna obcrykuanus (ToS).
JT0 Oonee [meTaauMsupoBaHHas Bepcust 1P
Precedence, obecreunBainasi 60bllIe ypOBHEI
MPUOPUTHU3ALIUY TpaduKa.

Differentiated Services (DiffServ) mnpenctas-
nsteT co60it MacmTabupyemyro Mopesb QoS, KOoTo-
pas ycrpaHset orpanndyenus IntServ u RSVP, oco-
6eHHO B YCJIOBUSIX KPYITHBIX CETEM, TAKMX KaK Ma-
rucTpansbHble cetu MHTepHera [42, c. 255-273].
BMmecTto ympaBiieHUMSI OTHENbHBIMM TIOTOKaMMU
DiffServ mpumeHsieT arperMpoBaHHbBINA ITOOXO/I,
rle MakeThl MAapKuUpywTCs 6aiitom DS, onpenernsi-
IOIIMM UX IIPUOPUTET. DTO 06ecreunBaeT yIpas-
JIeHMe pecypcaMy Ha YpOBHe Bceii ceTu 6e3 HeoO-
XOIMMOCTM 06pabaThIBaTh KaXkObIii ITOTOK IO OT-
IeJIbHOCTH.

Mopenb DiffServ mpegaraetT HeCKOIbKO IMO/I-
XOIIOB, TakKMX KakK Premium Service m Assured
Service. Premium Service oGecrieunBaeT Bbifelie-
HMe (OUKCUPOBAHHON IOMOCHI TIPOITYCKAHUS [IJis
arperMpoBaHHbIX TIOTOKOB, MTOAO0OHO YACTHBIM Ka-
HajaM CBsI3M, a Assured Service, XOTsI U He rapaH-
TUPYeT IIPOITYyCKHYIO0 CIIOCOOHOCTD, 06ecrieunBaeT
BBICOKYIO BEPOSITHOCTH JIOCTaBKM MAKeTOB C BbICO-
KUM TIPUOPUTETOM.

Mexanusmsbl DiffServ BkioualoT MapKuUpOBKY
MaKkeToB, yIpaBjeHMe MOBeJeHMEeM Ha Maplipy-
TM3aTOpax U peanusaluio CTpaTernit yrmpasaeHus
tpadukomM. HecMOTps Ha MpeuMyIecTBa MacIiTa-
6upyemocTH, ycrex DiffServ 3aBucut ot TimaTesn-
HOTO MIPOEKTUPOBAHUS ceTH, YTOOBI
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rapaHTUPOBATDb JOCTATOUHOCTb PECYPCOB ST 00-
PaboOTKM IPUOPUTETHOTO TpadMKa, YTO OCTAETCS
CepbE3HOI 3amaueil sl CeTEBbIX MHKEHEPOB.
Pasnbie momgxodbl K peanusauuu QoS, Takue,
kak IntServ, DiffServ u IEEE 802.1Q, o61amamoT
CBOMMM MPEUMYLIECTBAMM U OTPaHUUYEHUSIMMU.
Hampumep, IntServ obecreunuBaeT rapaHTuM Ha
YpPOBHE TIOTOKOB, HO IUIOXO MacIITabupyeTcs,

5_

OueHka (1-5)

=
T

IntServ

torga Kak DiffServ mpenyaraeT arpernpoBaHHbI
oAX01, 60J1ee MOAXOASIINIA J1s1 KPYTTHBIX CETeid.
Cranpapt IEEE 802.1Q ontumm3supyer ympasiie-
Hue Tpadukom BHyTpu VLAN. [I71s1 TyYIiero moHm-
MaHMSI UX pasauumii NpefCcTaBaeHa CPaBHUTE/Ib-
Has auarpaMmma (puc. 3), oleHUBaIasi Macuita-
6MpPyeMOCTb U COOTBETCTBME KaskKIOrO0 MeTOona
TpebGOBaHMSIM COBPEMEHHBIX CETeNA.

MacwTabupyemocTb
B CooTBETCTBUE

DiffServ IEEE 802.1Q

Puc. 3. Cpasrnerue memodos QoS (cocmasneHo agmopom Ha OCHOBAHUU UCMOUHUKO8
[40, c. 956-961; 41; 42, c. 255-273]

ITpoGiemsl ipu BHeaApeHun QoS

Peanusauus QoS B CeTSIX CTAJIKUBAETCS C Psi-
IIOM BbI30BOB. O[THO/ 13 K/IOUEBBIX MPOOIEM SIB-
JIIeTCST CJIOXKHOCTh HACTPOMKYU U yIIpaBjieHus T0-
mutukamu QoS. s 3¢hdeKTUBHOTO BHEIPEHUS
ceTeBble AIMMHUCTPATOPbI [IOJDKHBI 00J1agaTh
TJIYOOKMMM 3HaHMSIMM O XapaKTepe CeTeBOro Tpa-
duka u crenuduueckux TpebOBaHUIX MIPUIOKE-
HUiL. DTO TpebyeT 3HAUUTENIbHBIX BPEMEHHBIX U
MHTeJIEKTyaTbHbIX 3aTpar.

Bropas mpo6iiema cBs3aHa C Meskorepabesb-
HOCTbI0 060PYIOBaHMS Pa3/IMUHbIX IPOMU3BOIUTE-
neti. [IpoTokosbl M MexaHu3Mbl Q0S MOryT cymie-
CTBEHHO Pa3jNyaTbCs y PasIUyHbIX IMOCTaBIIN-
KOB, UTO TMPUBOJUT K HECOBMECTUMOCTSIM. ITO
OCJIOKHSIET oGecrevyeHie CKBO3HOro QoS B rere-
POTeHHBIX CeTeBbIX CpeflaX M yBeJIUYMBAeT PUCK
oIM6OK ITPY HACTPOIIKe.

Kpowme Toro, BHeapeHMe QOS MOXKeT BbI3bIBATh
IOTIOTHUTEeIbHbIE 3aJepP>KKM U HakjaagHble pac-
xonbl. IIporecchl Knaccudumkanum, hopMupoBa-
HUS ¥ TIOCTAHOBKM Tpaduka B ouepenb TpeOYIOT
3HAUUTEIbHBIX BBIUUCIUTEIbHBIX pecypcoB. IIpu
HeaPEeKTMBHOM  YIOpaBJIeHMM ITO  MOKET

HEeraTMBHO CKa3aThCsl HA MPOU3BOAUTETBHOCTU
CeTH, yBeJIMIMBasi BpeMs OTKIMKA U CHYKAsS MPo-
ITyCKHYIO CITOCOOHOCTb.

IMepcnekTuBbI Oyaymiero ajasa QoS B ceTn

C pasBuUTMEM CETEBBIX TEXHOJOIMI 3HAUYEHNME
QoS 6ymeT TOJNBKO YBEJMUMBATHCSA. POCT UCIIOND-
30BaHMsI 00JaUHBIX BBIUMCIEHMIT, IHTEepHeTa Be-
et (I0T) 1 BHeApeHMeE ceTeil MSATOTO MOKOIEeHUS
(5G) cos3maroT HOBBIE BBI3OBBI IJISI YIIPABJIEHUS
TpaduKoM. DTU TEXHOJOTUM reHepUPYIOT pa3Ho-
o6pa3Hble TUIIbI JAHHBIX C YHUKAIbHBIMU TPeOO-
BaHMSIMM, UTO MOTpeOyeT GoJiee MHTEIEKTYaslb-
HBIX U aJaliTUBHBIX MeXaH13M0B QoS.

OnHOM M3 KII0UEBBIX TEXHOJIOTUII OYIyIIEero
CTaHeT MCIOJb30BaHNMe MAIIMHHOTO O6YYEeHUS U
uckycctseHHoro uHremnekra (UMW) B QoS. UU-
OpMEeHTUPOBaHHbIE MeXaHU3Mbl CMOTYT aHA/IU3U-
poBaTh TpaduK B pealbHOM BpeMEHMU, ITPeACKA3bI-
BaTh BO3MOKHbIE Tleperpy3ku U aBTOMAaTUUYECKU
HacTpauBaTh MOAUTUKM QOS sl ONTUMM3ALUU
MMPOU3BOAUTENbHOCTY. TaKkoii MOAX0M 06eCcIIeunT
6osee TMOKOe ¥ TOYHOE YIIpaBJI€HME CETEBBIMMU
pecypcamu.
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JomomHUTeNbHO, TMepexofd, K TMpPOrpamMMHO-
omnpenensemMbiMm cetsam (SDN) u BupTyanmusauuu
cereBbIX QyHKUMIT (NFV) pacmmpsieT mepcriek-
TUBBI peanusanuu QoS. DT TEXHOJIOTUM pasie-
JISIIOT yIIpaBjieHue U repeavy JaHHbIX, YTO YIIPO-
1miaeT IeHTPaIuM30BaHHOE YIIpaB/ieHME CeThIO.
Bbnaromapst atomy QoS MoskeT GbITh OoJiee TMOKO
HacTpoeHa, uyTo obecrneynT 3¢pHEeKTUBHOE UCITIONb-
30BaHMe CeTEBbIX PECYPCOB U MOBBIIIEHNE TPOU3-
BOJIUTEIbHOCTU B CJIOKHBIX CETEBBIX CpEIaX.

3akinoueHue

KauecTtBo o6cmyskmBaumst (QoS) SIBJISIETCST BaXK-
HbIM KOMIIOHEHTOM COBpPE€MEHHbBIX CeTeBbIX CU-
cTeM, TapaHTUPYS HaleXXHOCTh U 3(DGheKTUBHOCTD
rnepegavy JaHHbBIX 151 PA3IMUHBIX TPUIIOKEHUI U
yciIyr. B jaHHOI cTaThe MpoaHaIN3MPOBaHbI KITI0-
yeBble MOAXOObI K peanmsaumyu QoS, BKIOUas
IntServ, DiffServ un IEEE 802.1Q, a Takke uX IIpe-
UMYILECTBA U OTpaHuMueHusi. I[lpencTaBieHHBbIe
JaHHbIe TOATBEPAUIIM, UTO MPUMEHeHUe Mexa-
HM3MOB QOS CITOCOOCTBYET 3HAUUTEHHOMY CHU-
SKEeHUIO 3aJlep>KKM, IKUTTepa U MOoTephb MaKeToB,
OIHOBPEMEHHO TIOBBIMIAST IPOITYCKHYIO CIIOCO6-
HOCTb CETH.

Ocoboe BHMMaHMe ObLIO yaeaeHo MpobaeMam
BHenpeHus QOS, BKIIIOUAs CJI0KHOCTb HACTPOIKU
MOJINTUK, MeXKoIepabeTbHOCTh 060PyIOBaHMUS
pPa3INYHBIX T[IOCTAaBIIMKOB U IIOTEHLMAJIbHbIE
HaKJIaAgHble PacxoAbl Ha MPOU3BOLUTETbHOCTb.
DTU acleKThl TPe6YIOT maJbHEeMINX MCCaenoBa-
HUIt ¥ pa3paboOTKM aJaliTUBHBIX pelleHuit, KOTo-
pble MOTJIV 6bI MUHMMM3UPOBATDb 9TU HETOCTATKMA.

[TepcriekTnBbl pa3sBuTus QOS CBSI3aHbI C MHTE-
rpanyueii TeXHOJOTUI WMCKYCCTBEHHOTO WHTE-
JIeKTa ¥ MalllMHHOTO 00yYeHMUsI, a TaKKe Tepexo-
JIOM K IIPOTpaMMHO-0TIpeenseMbiM ceTssM (SDN)
U BUpTyanusanum ceteBbiX GyHkuuit (NFV). 3tn
MOJAXOAbl OTKPBIBAIOT BO3MOKHOCTM [JISI CO3[a-
HuUsI 60/Iee MHTE/UIEKTYJTbHBIX, MACIITabMPyeMbIX
M TMOKMX CeTell, CITOCOOHBIX afalTUPOBAaThCS K
M3MeHeHUsIM TpaduKa B pexkxuMe peasbHOT0 Bpe-
MeHU.

[Tony4yeHHbIe pe3yabTaThl MIOATBEPKOAIOT, UTO
QoS ocTaeTcs KpUTUYECKM BAKHBIM 3JI€MEHTOM
ILJIsT o0ecrieue st HafeKHOCTM U TPOU3BOANTETb-
HOCTU ceTeif, 0COGEHHO B YCJIOBUSIX BHEIPEHUS
061auHbIX TexHosoruit, UutepHera Beteit (IoT) u
cereit 5G. PasButue u coBepuieHcTBoBaHMe QoS B
6vkaie rogel 6yIyT UTPaTh KIOYEBYIO POJIb B
yIOBJIETBOpEeHUY TpeboBaHMit bpoBoit MHOPa-
CTPYKTYPBI ¥ 0OecreueHn BbICOKOTO YPOBHS 06-
CITY>KMBaHMS I10JIb30BaTesNen.
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ENSURING THE EFFICIENT OPERATION OF MODERN DATA CENTERS
THROUGH QUALITY-OF-SERVICE (QO0S) MANAGEMENT METHODS

Abstract. Quality of Service (QoS) is an essential component of modern networks, ensuring efficient manage-
ment of network resources and traffic prioritization to meet the demands of critical applications. This article ana-
lyzes the key QoS mechanisms, including IntServ, DiffServ, and IEEE 802.1Q, and examines the advantages and
disadvantages of each approach. Special attention is given to the challenges of QoS implementation, such as con-
figuration complexity, equipment interoperability, and the impact on network performance. The paper explores the
potential of advanced technologies, such as machine learning, artificial intelligence, software-defined networking
(SDN), and network function virtualization (NFV), to enhance the flexibility and efficiency of QoS deployment. Ex-
perimental results illustrate the effect of QoS on key network performance metrics, such as latency, jitter, and
throughput, under various load conditions. The study concludes that further development of QoS is crucial for main-
taining network reliability amid increasing demands of digital infrastructure.

Keywords: Quality of Service, QoS, IntServ, DiffServ, IEEE 802.1Q, software-defined networking, network func-
tion virtualization, latency, jitter, throughput, network technologies, traffic management, artificial intelligence.
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IIEPBAKOB Unbs 'enHagbeBUY
MarucTpaHT, [I0BOJDKCKMIE TOCYIapCTBEHHbBIN TEXHOJIOTUYECKUI YHUBEPCUTET,
Poccus, r. Vlomkap-Ona

Hayunblii pykosodumesnv — doyeHm Kagpeopst paduomexHuku u cés3u
Iosonxcko20 20cydapcmeeHH020 MexHON02UUeCcK020 YHusepcumema,
KaHoudam mexHuueckux Hayk KucnuuysiH Anexceti Anekcanoposuu

VHTEJVIEKTYAJIBHASI MQTT-CUCTEMA MOHUTOPUHI'A KAYECTBA
BOJIbI B BACCEMHAX JIJI1 TPYIHUYKOBOI'O IIJIABAHUS

AHHomauus. B cmamee npedcmas/ieHa pa3pabomxka uHmeaneKmyausHoll cucmemsl MOHUMOPUH2a Kauecmea
800b1 015 OacceliHos 2py0HUUK08020 naasaHusi Ha 6ase npomokoaa MQTT. HccnedosaHue HANpaesieHo HA NOBbI-
weHue 6e30nacHocmu 800HOU cpedsl Onst HOBOPOHOEHHBIX NyMeM HENPEPBIBHO20 KOHMPOJISl KH0UeBbIX NApaAMem-
po8 8006l ¢ npumeHeHuem cogpemenHbsix IoT-mexHonozuii. B pabome ucnonb308amst Memoodsi CUCMEMHO20 AHA-
JIU3A, MAMEMAMU4eCcK020 MOOEIUPOBAHUS U NPOZPAMMHOL UHMeHepuU. PaspabomanHas cucmema no3eoJisem 8
pexume pedanbHo20 8peMeHU OMCaexusams memnepamypy, pH, codepxcanue xnopa u dpyzux nokasameneti Kaue-
cmea 800bl, a Makxe NPozHO3UPO8AMs UX U3MEHEHUSL HA OCHO8e Memod08 MAWUHHO20 00yueHus. Pe3ynvmamal
8HeOpeHUs! CUCeMbl NOKA3a1U NOBbIUIEHUE MOUHOCMU KOHMPOA hapamempos 800bl Ha 35% u cokpaujeHue spe-
MeHU peazuposanusi Ha OMKJIOHEHUS 0M HOpMbI Ha 60% No cpasHeHuto ¢ mpaduyuoHHsIMU Memodamu MOHUMO-
puHaa.

Kntoueswie cnoea: MQTT npomokoa, IoT, MoHumopuHz kauecmaa 800vl, NpeOUKMUBHAS AHANUMUKA, 2pYy0-
HUYK080€e nasamue, asmomamusayus 6accetiHos, 6e30nacHocMy 800HOU cpedbi.

B COBpPeMEeHHBIX YCJIOBUSAX TPYAHUUYKOBOE IIjIa- TEXHOJIOTUIA, MAIIMHHOTO 00yYEeHMs U IIPOTOKOJIA
BaHME CTAHOBUTCS Bce 0OoJjiee IOIMYJISIPHBIM MQTT. BrepBble IpenjioskeHa apxXUTEKTypa CU-
METOZIOM paHHero (Gpu3nyeckoro pasBuUTHUS JeTeii. CTeMbI, II03BOJIAIOLIASI HE TOJIBKO OTC/IeKMBATD Te-
OpHako obecmeueHue 6e30MaCHOCTM BOIHOI KyILVe [I0KAa3aTeNn, HO M [IPOTHO3MPOBATh X U3-
Cpe[bl AJisI HOBOPOXKIEHHBIX IPEICTaBIIsIeT COO0I MEHeHMs, YTO CYIIeCTBEHHO MoBbImaeT 3¢hdex-

CJIOKHYIO TEXHUUECKYIO ¥ OPTaHM3AIMOHHYIO 3a-
Iauyy, TpeGYIOIIYI0 TOCTOSIHHOTO KOHTPOJISI MHO-
skecTBa MapaMeTpoB. CYIIeCTBYIOLIME CUCTEMbI
MOHMTOPMHTA KaueCTBa BOMABI 3aUacTyi0 He obec-
MeYMBAIOT HEOOXOOMMOI TOUHOCTU U OTEepPaTUB-
HOCTY TTOJTyUYe€HMST JaHHBIX, UYTO MOKET CO3/1aBaTh
MOTeHLIMaIbHbIe PUCKM IJISI 3TOPOBbS IeTeil.
AKTYyaJIbHOCTh ~ MCC/IeHOBaHMS  0OYC/IOBIEHA
Heo6X0IMMOCThI0 pa3paboTKM COBpPEMEHHBIX aB-
TOMAaTU3MPOBAHHBIX CUCTEM KOHTPOJISI KavuecTBa
BOZBI, CIIOCOOHBIX 06ECIIeUNTh MAKCUMAIbHYIO
6e30ITaCHOCTb BOJHO Cpebl IJIs1 IPYIHUYKOBOTO
miaBaHusi. Oco6yl0 3HAUYMMOCTh HIpPUOOpeTaer
BHeJIpeHME VHTE/UIEKTYaJbHBIX TEXHOJOTUII MO-
HUTOpPUHTIA Ha 6a3e mpoTokojaa MQTT, mO3BOJISIO-
MIMX OCYIIECTBIISITh HEMPEPbIBHbIN KOHTPOJIb T1a-
paMeTpOB BOABI B PESKMME PealbHOTO BpEMEHN.
HayuHast HOBM3HA pabGOTHI 3aK/TI0UYaETCS B pas-
paboTKe KOMIIIEKCHOTO MOAX0Aa K MOHUTOPUHTY
KayecTBa BOJIbl, OCHOBAHHOTO Ha MHTerpamuu [oT-

TUBHOCTb ITPEBEHTUBHBIX Mep I0 ObOecreueHuIo
6e30I1aCHOCTY BOJHO Cpefbl.

Llenbro MccieoBaHMS SIBJISIETCS pa3paboTka u
BHeJpeH}e MHTeJIEKTYaabHO CUCTEMbI MOHUTO-
pMHTa KauecTBa BOAbl Ha 6ase mporokoga MQTT
IJis 6acceifHOB I'PYIHMUYKOBOIO IUIaBaHus, obec-
NeynBamwlleil MOBbIIIEHHYI0 TOYHOCTb KOHTPOJIS
rapaMeTpOB U COKpallleH/e BpeMeHU pearnpoBa-
HMSI HA OTKJIOHEHUSI OT HOPMBI.

Hns mocTuskeHUs TOCTaBAE€HHOM Leau Obuin
omnpeJeJieHbl CJIeAyIOUe 3aJaun:

1. AHamu3 cyumecTBYIOLUIMX METONOB U CHU-
CTeM MOHUTOPMHTA KauecTBa BOMbI B 6acceiiHax;

2. PaspaboTka apXUTEKTypbl MHTEIEKTY-
albHOM CUCTeMbl MOHUTOPUHTA Ha 6aze MPOTO-
Kkosia MQTT;

3. CosmaHue aJirOPUTMOB MalIMHHOTO 00Y-
YeHMs JJISI IPOTHO3MPOBAHMSI U3MEHEHUI Tapa-
METPOB BOJIbI;
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4. TIpoBemeHMe 3KCHEPUMEHTAIbHON ampo-
6aIMM CUCTEMBI B peaTbHbIX YCIIOBUSIX;

5. OueHka 3G ¢GeKTUBHOCTM pa3paboTaHHOI
CUCTEMBI ¥ aHaIM3 TIOJTyYeHHbIX pPe3yJbTaTOB.

O6BEKTOM MCCIIeOBAHNS SIBJISIETCS ITPOIIECC
MOHMTOPMHTA KauecTBa BOAbI B 6GacceifHaxX st
IPYIHUYKOBOTO TIaBaHMUS, a MpegMeToM - Me-
TOObI M CpeJCTBa aBTOMATUM3MPOBAHHOTO KOH-
TPOJIS TTapaMeTPOB BOJHOI Cpeibl Ha 6a3e MpoTo-
kona MQTT.

AHanu3 Hay4HOJ IUTepaTypsl M0 TemMe uccie-
JIIOBaHMSI TIOKa3biBaeT 3HAUMUTENbHBbIN MHTEpec
OTeueCTBEHHbIX YUEHBIX K IMP0o6JeMaM aBTOMAaTH -
3alMM KOHTPOJIS KauecTBa BOAbI B HacceitHax. A.
B. ITetpos u Y. M. CupopoB B pa6oTte «CoBpeMeH-
Hble MEeTOJIbl MOHUTOPUHTA TapaMeTpOB BOZbI B
bacceitHax» TpeACTaBUIM KOMIUIEKCHbBII aHAaINU3
CYLIeCTBYIOIIUX CUCTEM KOHTPOJIS, BBISIBUB UX OC-
HOBHbIE HEOCTATK!M U orpaHudeHus [1, c. 45-48].

CylecTBeHHbIV BKIag, B passutue loT-cucrem
MOHMTOpMHIa BHecau uccinenosanus C. I1. VBa-
HOBA, KOTOPBIN MpeIoKu apXUTEKTypPy pacipe-
IleJIeHHOJi CUCTeMbI c60pa JaHHbBIX Ha 6a3e ITPOTO-
koma MQTT [2, c. 112]. OgHako ero pa6oTa He 3a-
TparuBajga CrenuduKy TpUMeHeHUs MOAO0OGHBIX
CUCTEM B KOHTEKCTe 6acCeifHOB AJIsI TPYLHUUYKO-
BOT'O TJIaBaHMSI.

Ocoboro BHMMAaHMS 3aCTy>KMBAIOT UCCIEI0Ba-
Hust E. A. HukomaeBoii B 061aCTU MPUMEHEHUS
MEeTO/IOB MAlIMHHOTO 00Yy4YeHMs AJIsI IPOTHO3UPO-
BaHMS M3MEHEHMIi KauecTBa BOAbI. B eé paboTax
MpefCcTaBaeHbl aATOPUTMbl MPeOUKTUBHON aHa-
JIUTUKU, KOTOPbIE MOTYT OBITh AN TUPOBAHBI JIJIST
peleHMsl 3afa4 MOHUTOPUHIA MapaMeTpOB BO[I-
HOJI cpenpl [3, c. 78].

. K. Muxaiinos u T. B. KysHeriosa B CBOUX Tpy-
Jlax MperCcTaBWIM KOMILIEKCHBIV MOAXon K obec-
reyeHU10 6e30MaCHOCTY BOJAHOI Cpefbl B IETCKUX
6acceitHax. ABTOPBI TOJPOGHO PACCMOTPEIU HOP-
MaTHBHbIE TPEGOBAHUS U METOTUYECKIME ACTIEKTHI
OpraHM3alyy KOHTPOJISI KayecTBa BOAbI, OJHAKO
BOIIPOCHI aBTOMAaTU3aluM U IPUMEHEHMUS COBpe-
MEHHBIX TeXHOJIOTUi1 6bUIM OCBelleHbl HemocTa-
TOYHO II0JIHO [4, ¢. 23-27].

ApxuTeKTypa cuCcTeMbl MOHUTOPUHTA

B pamkax ucciaegoBaHus 6bl1a pazpaboraHa u
peann3oBaHa pacnpefeaeHHas CUCTeMa MOHUTO-
pMHTa KavyecTBa BOAbI Ha 6ase mpoTokona MQTT,
COCTOSI1Ias U3 CJIeLYIOIIX KOMIIOHEHTOB:

e  CeTb aBTOHOMHBIX IATYMKOB [IJI M3Mepe-
HMSI TTapaMeTpoB BOAbI (TemIiepaTypa, pH, comep-
>KaHMe XJiopa, MyTHOCTbD);

e llenrpanbubiit MQTT-6pokep Ha 6ase
Mosquitto;

e  MuwuxkpoxoHTposiepsl ESP32 ¢ nopmepxk-
Koii Wi-Fi st cbopa u mepemaum JaHHBIX;

e  CepBepHOe MPUIOKeHME 151 00paboTKM U
aHa/M3a JaHHbBIX;

e  Kimenrckoe Be6G-TIpuIosKeHME IJIT MOHU-
TOPUMHTA U YIIPaBJIEHMS.

JaTunMKy KOHTPOJISI KAUeCTBa BOIbI:

e Jlatumk Ttemnepatypbl DS18B20 (Tou-
HoCTb *0,5°C);

e pH-metp E-201-C (auama3zon 0-14, Tou-
HOCTB *0,1);

° Hatuuk cogep>kanus xnopa CL-2 (auamna-
30H 0-2 mr/n);

° Hatumk mytHOCTM TSW-20 (mmama3oH 0-
1000 NTU).

Cucrema 06paGOTKM JaHHBIX:

e  MuwukpoxroHTposuiepsl ESP32-WROOM-32;

e  CepBepHoe obopymoBaHue Ha 6ase Intel
Xeon E5-2680;

e CereBoe 060pymOBaHMeE IJISI OpraHM3aALUA
3alIMIEHHOT0 KaHaja rmepeady JaHHbIX.

VicciemoBaHKe TPOBOAMIIOCH B TeUEHME 6 Me-
csitleB Ha 6asze Tpex 6acCcetHOB MJis TPYIHUUKO-
BOTO IJIaBaHus B T. MockBa. B Kaxkmom bacceiiHe
ObLJIO YCTAHOBJIEHO IO 4 KOMIUIEKTa IATYMKOB,
PaCIIOJIOKEHHBIX B Pa3/IMYHBIX TOYKAX JAJISI obec-
TevYeHus] perpe3eHTaTMBHOCTY BBIOOpKU. M3me-
pEeHUS TPOBOIMIIUCH C MUHTEPBAJIOM B 1 MUHYTY.

MeToabl aHa/JIM3a JaHHBIX

Iy 06pabOTKM TOMYYEHHBIX TaHHBIX MUCIIOb-
30Ba/INCh CJIELYIONIE METO/IbI:

e  CTaTUCTUYECKUIT aHAN3 BPEMEHHBIX psi-
OB;

e MeTonpl MalmIMHHOTO O6yueHMs (Tpajgu-
€HTHBbIV OYCTUHT, CJTyYaifHbIi JIec) AJis MPOTHO3M-
pOBaHUS U3MeHeHNI TTapaMeTpOB;

e  AJITOPUTMBI KIacTepu3aIuu 1Sl BbisSIBIIe-
HUST aHOMaJIbHbBIX 3HAUEHUA;

e  Metonasl uMdpoBOIt GUIABTPALIUM CUTHA-
JIOB JIJISl yCTpaHEeHUsI ITyMOB M3MepeHMIA.

IIporpamMmmHoOe oGecrieueHne

B xopne ncciiemoBanus 66110 pa3paboTaHo CIie-
IMaIM3MPOBAaHHOE ITIpOrpaMMHOe obecrieueHne
Ha s3bIkax Python u JavaScript, Bkiouaroiiee Mo-
Iy c6opa, 06pabOTKY M BU3yaIu3alyun JaHHBIX.
Il aHa/MM3a JAHHBIX MCIOJIb30BAIMCh OMOINO-
tTeku scikit-learn, TensorFlow u pandas. Be6-uH-
Tepdeiic cuCTeMbI peaan30BaH C MCII0Ib30BaHMEM
(dpeitmBopka React.
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9¢ddeKTUBHOCTH CUCTEMbI MOHUTOPMHTA

B xome miecTMMeCSIYHOTO MCC/IeIOBAHUSI CU-
cTeMa IMPoAeMOHCTPUPOBaAIa CJIEAYIOIIe KInUe-
BbI€ YIYUIIeHMSI TIOKa3aTeeii:

TouHOCTb M3MepeHMit oBbicHaach ¢ +0,8°C mo
*0,3°C, 4TO COCTaBWJIO yiydlmieHue Ha 62,5%.
Bpems pearupoBaHMSI HA OTKIOHEHMSI COKpaTHU-
J10Ch € 15-20 MUHYT 10 2-3 MMHYT, 1€ MOHCTPUPYS
ynyuineHue Ha 85%. KoauuecTBo 3apuMKCUpoOBaH-
HbIX MHUMIEHTOB CHU3UIOCh C 24 IO 3 Ciaydaes,
YTO O3HAUaeT cokpalieHue Ha 87,5%. PaspaboTaH-
Has CUCTEMa ITO3BOJIMJIA [OCTUYD CJIEIYIOIINX
MPaKTUYECKUX PE3YIHTATOB:

e TloBblllIeHME TOYHOCTM KOHTPOJISI Iapa-
MeTpOB BOIbI Ha 35%;

e  CokpallleH/e BpeMeHM pearMpoBaHMSI Ha
OTKJIOHeHUsT Ha 60%;

¢  CHMXeHMe KOJTMYECTBA HEIITATHBIX CUTY-
auuit Ha 87,5%;

e  ABTOMAaTM3aIMsl MPOILECCA MOHUTOPUHTA
Ha 95%.

O6cykaeHne pe3yabTaToOB

IMosyuyeHHbIE PE3YAbTAThl JEMOHCTPUPYIOT
3HAUYMTEIbHOE MOBbIeHNe 3(DHEeKTUBHOCTY KOH-
TPOJISI KAUeCTBa BOMABI TIPU MCITOIb30BaHMM paspa-
60TaHHOI cucTeMbl. OCOOEHHO BasKHBIM SIBJISIETCSI
COKpallleHMe BpPEeMEHM pearMpoBaHMSI Ha OTKIIO-
HeHMS [TapaMeTPOB, UTO KPUTUYHO JIJIsT obecrieye-
HUSI 0e30MacHOCTU HeTeil IpU TI'PYSHUUYKOBOM
TJIaBaHUM.

BHegpeHue MaIlIMHHOrO OOy4YeHMSI IJIsl IIpe-
IVKTUBHOM aHAJIUTUKM ITO3BOJIMJIO IIPOTHO3UPO-
BaTh IOTEHLMaJIbHbIe OTKIOHEHMS IapaMeTpOB
BO/IbI C TOUHOCTHIO 10 89%, UTO CyllleCTBEHHO Ipe-
BBIIIIAET TTOKAa3aTe/M CYIIeCTBYIONIUX CUCTEM MO-
HUTOpUHra. IIpM 3TOM cjaegyeT OTMETUTDH pSI
OTpaHMYeHUI TEKYIIEN peaTn3alun:

e  Heo6X0ogMMOCTb IMOCTOSIHHOTO ITOAKIIIO-
yeHUs K ceT VIHTepHeT,

e  3aBUCUMOCTb OT CTAOMJIBHOCTU 3JIEKTPO-
MIATaHUS,

e IloTpebGHOCTb B PETYISIPHOV KaanMOpPOBKe
IaTYNKOB.

[TepcrieKTMBHBIMM HAIPaBJIeHUSIMU OaJbHET-
IIIETO PA3BUTUS CUCTEMBI SIBJISIIOTCSI :

e lHTerpaums C cucreMamMu aBTOMaTuye-
CKOJ1 BOJIOTIOATOTOBKM;

e Pazpaborka MOOWJIBHOTO MPWIOXKEHUS
[LJISI OTIepaToOpPOB;

e  BHexpeHue JOMOJHUTENbHBIX TUIIOB JAT-
YMKOB.

PaspaboraHHas MHTeJ/UIEKTyaJbHasl CHUCTeMa
MOHMTOPMHTA KayecTBa BOJbI Ha 6a3e IMPOTOKOJIA
MQTT mnoxasasia BbICOKYIO 3()GheKTUBHOCTb B
YCIOBUSX peasibHOM 3KcmyaTtauunu. OCHOBHbIE
1eaM MCCIeNoBaHUs ObUIM JOCTUTHYTBI: TTOBBI-
[IeHa TOYHOCTh KOHTPOJIS IMapaMeTpoB BOIbI, CO-
KpallleHO BpeMsI pearMpoOBaHMSI Ha OTKIOHEHNS,
obecrieueHa BO3MOXXHOCTb IIPeIMKTMBHOTO aHa-
JIN3a COCTOSIHMS BOLHOJ CpeJibl.

[TpakTnyeckass 3HaUMMOCTb Pa3pabOTKU TIOZ-
TBEPXAAETCS YCIIeUIHbIM BHEAPEHVEM CUCTEMBI B
Tpex GacceilHax MJisi TPYJIHUYKOBOTO TUIABAHUS.
TMosyyeHHbIE PE3YAbTATHI MOTYT OBITh UCIIOIbH30-
BaHbI IIPM CO3aHMUM aHAJIOTUYHBIX CUCTEM MOHU-
TOPMHTA JJIsl APYTUX TUIIOB 6ACCETHOB U BOIHBIX
00BeKTOB.

HanbHeitine ucciefoBaHuss OyoyT Hampas-
JleHbl Ha pacupeHue (QyHKUIMOHATBHOCTU CU-
CTeMbl ¥ MHTerpauuio ¢ PYTMMY KOMIIOHEHTaMU
yIpaBjeHus BOJOMOATOTOBKOI 6GacceitHOB.
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INTELLIGENT MQTT-SYSTEM FOR MONITORING WATER QUALITY
IN POOLS FOR INFANT SWIMMING

Abstract. The article presents the development of an intelligent system for monitoring water quality for pools
for infant swimming based on the MQTT protocol. The study is aimed at improving the safety of the aquatic envi-
ronment for newborns by continuously monitoring key water parameters using modern IoT technologies. The work
uses methods of system analysis, mathematical modeling and software engineering. The developed system allows
real-time monitoring of temperature, pH, chlorine content and other water quality indicators, as well as predicting
their changes based on machine learning methods. The results of the system implementation showed an increase in
the accuracy of water parameter monitoring by 35% and a reduction in response time to deviations from the norm
by 60% compared to traditional monitoring methods.

Keywords: MQTT protocol, IoT, water quality monitoring, predictive analytics, infant swimming, pool auto-
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