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PeBoabr UBanosuu IIumeHoB
16.05.1931 — 19.12.1990

16 mapra 2021 roma ucnonHusock 6b1 90 et 3ameyaTesbHOMY MateMaTuky Pe-
BosibTy MBaHoBuuy [InmeHoBYy.

P.U. TlumeHOB cTa/ M3BeCTeH B MaTeMaTHUYeCKOM MHpe OJjarofapsi MmosiBJAeHHIO
B 1968 rony ero kuuru «[IpocTpaHcTBa KrHemaTHueckoro Tuma». OHa MOCBsLIEHA
aKCHOMAaTHUYECKOMY MOCTPOEHUIO MPUYMHHON TEOPUH MPOCTPaHCTBa-BpeMeHu. KHura
Obla nepeBenena B 1970 ropy Ha aHriuidckuil f13bK U u3nana B CLIA.

M3nanue crtano BaxKHbIM COOBITHEM B PaCIpOCTpPaHEHUH HIeH aKCHOMAaTHYeCKOH
TEOPUH OTHOCHUTEJbHOCTH (XpOHOTeOMeTpHH). AKcHOMAaTH3alHed TEeOPHH OTHOCH-
TEJIbHOCTH eMy Mpennoxua 3aHumatbess A.Jl. Asexkcangpo B 1953 romy. dtum
P.U. [IlumeHoB 3aHUMaJICS BCIO CBOI XKH3Hb.

[Ipaktuuecku onHoBpeMeHHO (1967) B [losiblile HA AHTJIMHACKOM Si3blKe BBILIJIA
moxoxast KHAra npekpacHoro marematuka lep6epra Bysemana «Time-like spaces».
O6e 3TH KHUTH ObIM SPKUM COOBITMEM B HCTOPHH XPOHOTEOMETPHH, HO KHHUTra
P.H. [IumeHoBa Oblsia ropasno 6oJiee 0O0bEMHON U COAEPIKATEJNBHOH.

byseman Bckope oTowéN OT TeMaTUKHU cBoed kKHuru, a P.M. [lumeHoB B najb-
HeHIIeM MOJapUJ MHPY U APYTHe SpKHWe KHUTH, HACBIIIEHHBIE UIESIMU U TJYOOKUMHU
pPasMbILLIJIEHUSIMH, KacaloLUMMHUCs YCTPOUCTBA MPOCTpPaHCTBA-BpeMeHH U BcesieHHOH,
B KOTOPOH MBI KHBEM.

Beenénneie P.M. [I1nMeHOBEIM B reomMeTpHio IPOCTPaHCTBA KUHEMATHYECKOTrO TH-
Ma CTaJu colepKaHHeM ero JOKTOpckoi nucceprauuu (1969).

PeBosibT MBaHOBUY — Ta/saHTAMBBINA YeJIOBEK CO CJOKHOU cyabOoH. Bo MHorom
3T0 00yC/IOBJIEHO ero XxapakTepoM. [ToHATE ero mocTymnku ObLIO 1aHO He KaxKAOMY,



HO 32 Hero BCTYTAaJHUCh U TIOMOTA/JTH €My B TSXKEJBIX 1Jis1 HETO CUTyalUsiX 3HaMeHH-
Thie Jmonu: akaneMuk B.M. CmupHoB, npesunent Axanemun Hayk CCCP M.B. Kes-
nbi, akagemMuk A.Jl. Caxapos, akamemuk A.Jl. Anekcanmpos, B.A. 3asrangep,
nupektop JIOMU TI'.U. Ilerpamwens, nosr A.T. Tapmosckuii, U.P. ladapesuy,
axkanemuk-guionor B.B. BuHorpanos u apyrue.

B 1953 romy ero uck/awoyamT U3 JIeHHMHIpaACKOro yHUBEPCHUTETa, 3aTeM BOC-
cTaHaB/aMBalOT. M1 B 3TO ke BpeMsi OH HauMHAeT CBOM HCCJENOBaHUS B 00JaCTH
reometpud. B 1953-56 romax oH omucaJj AeBATb MJOCKHX T€OMETPUH, KOTOPbIE TIPH-
BEeJIM €ro K BO33PEHHIO O CYIIeCTBOBAaHUM HaykHu «KocmomeTpusi», mpencTaBIeHHON
UM nBaxabl (1955, 1960) B ero pab6orax ¢ HasBaHHeM KocMOMETpHH W KOTOpbIE
HUKOT/1a He OblIW OnMyOJUKOBAHBI.

PeBosibT MBaHOBHY B CBOMX BOCMOMHHAHUSX MHILIET O TOM, KaK OH paaoBaJcs
cBOed paboTe U nepeyucaser eé TBopuoB. B yacTHocTH, oH nuuet [1, ¢.539]:

«He ToT TBOpel, KTO co3nalj, a TOT, KTO BeJes co3natb». [losTomy TBO-
pel 3Toro Tpyaa He 1, a B, Anexkcanap Jdanusiopuu'. B mMpaunbie nis
MeHsl IHU neKabpsi 1953, korna 51 He Buues cebe myTH, Bel mpensoxu-
JIA MHe 3aHSITbCSl aKCHOMAaTUKOH YaCTHOW TeOpUU OTHOCUTeJbHOCTH. M3
3TOTO POAUIACH KOCMOMETPHUS.

Primo motore...

Ho 6osbiie Bcex 51 67arogapeH cBoed cyap6e. OHa BepHO CJAYXKHUT MHeE.
Het B M0éMm mpoiusom AHS, KOTOPOro s Ternepb Obl He XoTes Obl. [IycTb
U BIpenb Cyab0a MOSl UAET MOUM IYTEM.

26.02.56
BonbHopoccuiick

Revolte»

Bo BTopom BapuanTe «KocMomeTpuu», HanmucaHHOH B MecTaX, rlie OH NpeObiBaJ B
3akaroyeHun (BuxopeBka, Bragnumupckuil neHTpas), OH UCMOJMb3yeT CBOM HAEH IJIS
aKCHOMaTH3aUWH OHOJIOTHH, SKOHOMUKH U JUHTBUCTUKH. JIMHTBUCTHKA HecaydakHa
— PeBosibT MBaHOBUU 3HA/M MHOTHE €BpOMelCKHe $I3bIKW, KUTAHUCKUH, apaOCKuH,
I peBHHUE SI3BIKH U TIP.

B 1965 ropny P.M. IlumeHoB 3amuinaer KaHAMAATCKYIO AHWCCEPTALHIO, H €My
npUcBanBaeTcs yuéHasl CTeleHb KaHAWAATa (PU3UKO-MaTeMaTHUECKHUX HayK.

JlokTopckyto nuccepranuio [TMMeHOB 3amUTH/ 10 KMHEMATHYECKHUM IPOCTpPaH-
ctBaM B 1969 rony. Yuénas creneHb He Obljla yTBep:KA€HA M0 MOJUTHYECKHUM MOTH-
BaM. Ccoiika B CoikTbiBKap (1970-74). unioM nokTopa (hH3HKO-MaTeMaTHUeCKUX
HayK BblgaJjqu eMy Tosabko B 1989 rony — uepes nBaauath Jet!

PeBosibT MBaHOBMU MHOTOe BUIes paHblie NPYyTUX. Tak OH HEOZHOKPAaTHO 006-
pallla; BHUMaHHe Ha POJib YCJOBUS TIaJKOCTH CTPYKTYp, UCIOJb3yEMBIX B TEOPUU

'Anekcannpos A.Jl. — yuuren» P.U. [TumeHosa, ¢ 1952 no 1964 rog — pektop JleHHHrpaaCKOro
YHUBepcUTeTa, oT4YHCauBIINE [IumeHoBa B ampese 1953 roma «3a KpadHUH HHAMBHAyaslH3M...», a
3aTeM BOCCTAHOBHUBILHWH €ro B pslax CTyIeHTOB B siHBape 1954 ropa.



npocTpaHcTBa-BpeMeHH. Korga peub 11/1a o TpaeKTOPUSX (MUPOBBIX JIMHHUSIX) UACTHIL
UJU IMHAMHUKe CaMHUX MPOCTPAHCTB-BPEMEH, ONMUCHIBAEMbBIX C MOMOIILbID AU(GepeH-
HaJbHBIX YpaBHeHHH, TO [IMMeHOB MOSICHAJ, YTO 3TU ypaBHEHHS CO3[aHBI [Jsi
OJIHO3HAYHOTO TIpeicKa3aHus OYAYLIUX COCTOSHWH, W, CJeloBaTesbHO, TpeOOBaHHE
TJIAAKOCTH pelleHUH O3HauaeT MPUHATHE MPUHLMINA JeTepMUHH3MA, BEPIIMHOH KO-
TOPOro sBJISIeTCS JaNaacoBCKUH aetepmMuHusM. OH oTMmeuaJs, uTo TpeboBaHue ab-
COJIIOTHOHM HeNpepbiBHOCTH peLIeHUi, PU KOTOPOU MPOU3BOAHAS CYLIECTBYET MOUTH
Bciony (M. B.), HO He BCIOMY, HapylllaeT AeTEPMHUHHU3M, OCKOJbKY, HAallpUMep, 3aaun
Komu

Z=0mB., z(0)=x(0)=0

uMeeT 6eCKOHEUHOe MHOXKECTBO Pa3JMYHbIX abGCONIOTHO HEMPEPbIBHBIX pelleHHH [D,
c.15], T. e. HET ONHO3HAYHOCTH B MpeACcKa3aHUH OYAyIIero.

EcaM cKOHLEeHTpHpOBaTh BHUMaHHUe Ha Mepefaye NPUYMHHO-CIEACTBEHHOIO B3a-
UMONIeHCTBHSI (Kay3asbHOE B3aMMOJEHCTBHE), TO B OOLIEH TEOPHH OTHOCHTEJBHO-
CTH, THe TNPUHAT HeAsHbll nocmyaam 2Aa0KOCMU, OHO TepefaéTcs Mo TJagKUM
MHUPOBBIM JIHHUSIM B 4-MepHOM JIOpEHLEBOM MHOrooOpasvy, KOTOpoe dallle BCero
paccmatpuBaercst kKak R* (unu R x S® B kocmosioruu). O6napyxenune B 1982 romy
GecKOoHeuHoro umcaa Henuddeomopdubx raagkocteidl Ha R* u R x S® sacrapas-
€T HaCc yBHJEeTb HeUYTO HelpPUBLIYHOE: Kay3aJbHble B3aUMOAEHUCTBHUS, NeperaBaeMble
N0 TJIAAKUM TPaeKTOPHUAM B OAHOH TJIaAKOCTH, OKa3blBAlOTCS MepelaBaeMbIMU MO
HerJaJlKuM TPaeKTOPUSIM B JIPYrod TJIafKOCTH B MpocTpaHcTBe-BpeMeHH. CJjenoBa-
TeJIbHO, OJHO3HAYHAasl MPeACKa3yeMOCTb B OJHOW TIJIaAKOCTH [OJI)KHA KaK-TO COBMe-
11aTbCSl C HEOJHO3HAUHOCTBIO MpeicKa3aHusl B NPYrod riagkoctu. B onHoM cayuae
CJIeICTBHE eIUHCTBEHHO, B IPYTOM — KX MOXKET OKa3aTbCsi OeCKOHeuHO MHOro [6,
c.192].

[IumeHOB mucas Mo 3TOMY MOBOAY:

«Bcsi upeosiorus ucnonb3oBaHusl AU epeHUHANbHBIX YPAaBHEHUH 7o
JIeTepMUHALUMK OyAyllero Ha OCHOBe HACTOSILEro W IMPOLIJOro PYLIHUTCS
M3-3a pesITUBU3AIMU I1ankocT. Kl oT Toro, uto akT cell MaTeMaTHKH
OTKPBIJIM JIUIIb K KOHIY XX B., HUUYyTb He Jierdye MpH OCMBICJEHHUH
KOHIIEMIMK MeXaHHUYeCKOro NeTepMHUHH3Ma U Mapagurmbl AuddepeHun-
aJbHBIX ypaBHeHHUH, KoTopble ObiToBaM B XVIII, XIX u no cepenuHbl
1970-x rr. Benp u Torma sTa snakyHa B 0OOCHOBaHHWM MPUCYTCTBOBAJA,
X0Tsl Obl U He3puMo. JleTepMHHU3M He Obl1 «0OHapy»>KeH B MPHUPOAE».
JleTepMrHNU3M He Obl1 «BbIBEIEH JIOTHYECKH» HJIH «JI0Ka3aH MaTeMaTH-
yecku». Mul Beero quiib BEPUJIM B JIETEPMHWHNW3M. U B kKauecTBe
Bepbl, MPUHHMaeMOH 3a (DaKT, OH BXOAUJ B MapafiUrMy MeXaHUUeCKOro
(¥ mwupe) MBILIIEHUS.

Ho unrtepec kK nuddepeHuranbHbIM ypaBHEHUSIM — 3TO BCEro JIMIIb BpeMeHHasi
OCTaHOBKa Ha MYTH TIJaaBHoro fAena xku3Hu P.M. [lumeHoBa: «3aHATUS TeMU MaTe-

MaTHUECKUMU MOJEJSIMU, KOTOPble MOT'YT MO3BOJIUTh OOBSICHUTH (IKCIIUIUPOBATD)
BPEM{, TEOPHIO OTHOCHUTEJIbBHOCTH, KOCMOJIOTHIO» — 370 y Hero
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«OTTYyJia, U3 BeUHOro HHTepeca AJsekcaHaposa U bopucosa® K 3Tum npobsemam» |1,

c.432].

B JleHuHrpaackoMm yHHMBepCHTeTe OH 4HTaJ crenkypcbl «OCHOBaHUS TeOMeTPUU
1 KocMosioruu» (1964-1966), «TeHsopHbIH U (hJarTeH30pPHBIH aHAMU3 C MIPUJIOKe-
HHEeM K TpaBasieKTpomarHetusmy» (1965-1966), «Teopus mpocTpaHcTBa-BpeMeHH»
(1966-1967), «dnementnl KocMmoJoruu» (1966-1968), «MaremaTtnyeckass TeopHsi
npocTpaHcTBa-BpeMenn» ( 1967-1968, 1969-1970) [2, c.275],

Bce Hayunble pa6otbl [lumeHOBa cBsi3aHbl, B OCHOBHOM, C HCCJIeIOBAHUEM MpHU-
POZBl ¥ CTPYKTYPBI MPOCTPAHCTBA-BPEMEHH.

Puc. 1. Astorpag P.U. [IumeHoBa Ha mpenpuHTe «XPOHOTEOMETPHS...»

[loka on xun B Jlenunrpane u npenopasas B JII'Y, y Hero OblIM AUNJIOMHUKH
(CankuH, Kosnos, KpeitnoBuu v np.). Ho B CeikThiBKape Tobko H.A. I'pomoB 3armiu-
T/ KaHAWAATCKYI0 auccepranuio. M aTo-To npH ero nape 6eCKOHEYHO MOPOXKIaTh
3alaud JJIs UCCJeNOBaHUs U (OPMYJUPOBATh BOMPOCH, Tpedymolire oTBeToB. Ho
TakoBa Cynb0a Jiofiell, yAaJéHHbBIX OT MOTOKOB TAJaHT/JAUBBIX CTYIEHTOB, OypJASIIUX
B CTOJIMUHBIX BY3aX WJH KPYMHbIX HayYHbIX LIEHTPAX.

Pesosnbr MBaHoBHY o00/aman ellé onHOW YepTOH XapakTepa — He3aBHUCHUMO-
CTbiO cyxkAeHUH. ToJbKO OH MOT' CIIOKOMHO 3asiBUTh, UTO BCIO KU3Hb «K MHUCAHUSAM

?Bopucos IOpuit ®enoposuu (1925-2007) — m.¢.-m.H., npodeccop, yuenux u apyr A JI. Anex-
cangposa. Hanucan HECKONBKO MPEKPaCHBIX CTAaTeH 10 XPOHOI'€OMETPHH.

3Kpeitnosuu B.fl. mosxke mepeexan B HOBOCHOMPCKHE AKaJeMIOPONOK M 3aUIUTUJ AHCCEPTALHIO
non pykosonctBoM A.Jl. AnekcaHzapoBa.



A H. KosnmoropoBa oTHOCHJICS CKENTUYECKH, MPe3pUTebHO». [IMMeHOB — desioBeK
TMOJIHBIA [TOCTOMHCTBA, HU Iepell KeM He YHWKaBIUMHCH, LEHUBLIMH JIoaeH, yBa-
JKABLUMU UX MPAaBO HA YeJIOBEYECKYI0 »KH3Hb U IMOJYUUBLIMKA B KOHILE CBOEH JKU3HHU
BO3MOXXHOCTb OT MMeHM Hapoza nucatb Koncturyuuto Poceunn.

A K. T'yu
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Abstract. This year, Revolt Pimenov, a philosophical thinker whose main
ideas were in geometry of space-time, would have turned 90. In this essay,
we explain how in the 1950s-70s, when he was most productive, his were two
of the five natural and important revolutionary scientific ideas — along with
fuzzy logic, constructive mathematics, and scalar-tensor theory of gravitation,
ideas that, in our opinions, still have potential to change the world.
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1. Why Does Science Need Revolutionary Ideas

Revolutions in general: pro and contra. People have different attitudes towards
revolutions.

On the one hand, revolutions often overthrow oppressors, bring hope, make
many people happier. In many countries — in France, in the US — anniversary of a
revolution is a major national holiday.

On the other hand, revolutions bring sufferings, civil wars, deaths — and often,
bring new oppressors who sometimes become even more brutal than the previously
overthrown ones.

So what is a revolution in science? In countries where revolution is a good idea,
this word is used to praise — to make people enthusiastic about a new scientific
theory, new research result, journalists writing about science call it a revolution.
For this reason, journalists use this word even when there is a tiny step forward.

On the other hand, in countries where the word “revolution” had many negative
connotations, journalists are reluctant to apply this word to scientific ideas — even
when these ideas drastically change the scientific landscape.

These over-eagerness or reluctance to use this word does not change the fact
that some ideas propose drastic changes — are, in other words, revolutionary ideas,
while other ideas lead to gradual, evolutionary improvement. This is how we will
understand the word “revolution” in this paper.

Comment. We decided not to hide behind synonyms like paradigm shift. We do not
want to allow bad guys alfect our linguistic decisions. It is well known that bad



Mathematical Structures and Modeling. 2021. N.2(58) 11

guys demagogically use many good words to do bad things, from burning people
alive in the name of loving your neighbor as yourself to 20th century nightmarish
dictatorships packaged in good words and seemingly good ideas like equality and
happiness.

Why do we need revolutions in science? Why cannot science evolve gradually
— as it often does? The answer to this question is clear to anyone who ever tried
to find a solution to an optimization problem: if we only perform local optimization
(e.g., gradient techniques), we usually end up in a local maximum. To find the
true (global) maximum of an objective function, we need to make a drastic move
out of the local optimum.

Similarly, in science, gradual evolution often leads us to a local optimum - we
are not yet predicting physical processes perfectly accurately, but we have reached
(or almost reached) the limits of what the gradual changes can do. No gradual
change will allow us to make a significant improvement. For this, we need a
drastic change - i.e., a revolutionary idea.

2. What Happened in 1950s-70s

What science is about: a brief reminder. Among the main goals of science is
to describe the current state of the world and to predict the world’s future state.
Let us recall how both goals are usually pursued.

How was (and often is) the word described. To get a better understanding
of the world, we measure the values of different quantities. Thus, the state of the
world is usually described in terms of the values of different quantities; see, e.g.,
[1,3].

Some of these quantities can take all possible values, some only take values
from some discrete set. Until the 20 century, this distinction was very clear. In
some cases, we have “yes”-“no” properties: alive and not alive, etc., i.e., in effect,
discrete variables. In other cases, we have a continuous quantity like energy,
charge, mass, etc., that can take all possible values.

Early 20 century physics changed this description. Special relativity made it
clear that for some quantities, some values are not possible: e.g., velocity cannot
exceed the speed of light. Quantum physics showed that some quantities can only
take values from a discrete set — e.g., electric change, or an energy level of an
atom.

Still, what was previously discrete (“yes

M

no”) remained discrete.

First revolutionary idea: fuzzy logic. While the idea of “yes”-“no” questions
is natural in science, in real life, such questions are rare. In most cases, we do
not have strict “yes”-“no” distinctions between young and old, healthy and sick,
short and tall, etc. Even in seemingly simple situations like alive-not alive, there
is sometimes no strict border: is a virus alive? is a brain-dead person alive?

In view of this, Lotfi Zadeh suggested that it would be reasonable to follow
the same pattern in science as well — and to claim that everything is a matter of

degree. This idea led to many useful practical applications, especially in designing
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efficient controllers for trains, elevators, cars, video cameras, washing machines,
rice cookers, etc.; see, e.g., [3,5,9,12,15, 15].

Second revolutionary idea: enter Pimenov. An even more radical idea was
proposed by Revolt Pimenov. Let us briefly describe this idea.

In our life, we have measuring instruments, so we can get numerical values of
different quantities. Clearly, in extreme conditions, our measuring instruments will
not work, maybe none of the instruments will work. In a very strong gravitational
field, all instruments will be torn apart. Near the Big Bang, there were clearly no
measuring instruments. In the micro-world, the uncertainty principle prevents us
from making meaningful measurements.

The existing physical paradigm understand this very well, but still continues to
describe the world by numerical quantities, even when there is no way to actually
measure these quantities. The only reason for using these quantities is that the
physics equations are written in terms of numerical quantities — but, honestly, from
the physics viewpoint, this is not a very convincing argument.

Pimenov’s main idea was: since we cannot measure these quantities, why
describe them? Let us allow the areas of the world — be it on cosmological level
or on the micro-level — where we do not have any numerical characteristics. But
what do we have? Well, for example, we have the notion of causality: some events
cause other events. Motivated by this idea, he started studying physical models -
models of space-time with events in it — in which the only structure we have is the
causality relation. He called such models kinematic spaces; see, e.g., [5].

This is still a rather radical idea, but it is already part of mainstream physics:
e.g., already in 1973, the idea of “foam” space-time where numerical quantities
make no sense, was included into an encyclopedic textbook on gravitation theory
[13].

How the state of the world changes: description before the 1950s-70s
revolution. So far, we talked about how we describe the state of the world. But
this description only starts the scientific process. The most important thing is to
predict the future state, i.e., to predict how the state of world will change.

Before the late 1950s, the description of such changes was straightforward:

e some physical quantities do not change, they are what is called fundamental

constants: Planck’s constant, speed of light, gravitational constant, etc.;

e other quantities change according to differential equations; and

e by using these equations, we can, in principle, reconstruct the future state.
In the 1950s-70s, all these three ideas got challenged.

Third revolutionary idea: “constants” may change. Many things that we
originally thought to be constant turned to be changing. For example, the free fall
acceleration of 9.81 m/sec? turned out to be slightly different in different locations
- and by measuring this acceleration, we can get a lot of information about the
density of the material below the Earth’s surface.

So, a natural idea is to believe what we now consider to be constants will turn
out to be changing — i.e., will turn out to be a new (scalar) physical field. This
idea first originated in gravity, since gravity is a relatively weak force, and thus,
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the accuracy of determining its constant is much lower than of other fundamental
constants. The result was scalar-tensor theory of gravitation, first proposed by
Brans and Dicke. This theory also became mainstream [13] — and it started an
avalanche of other theories in which fundamental constants are changing.

For example, a recent discovery of the Higgs boson confirmed that rest masses
of elementary particles — which were previously assumed to be fundamental con-
stants — are actually due to the Higgs field.

Fourth revolutionary idea: non-smoothness. Many observed processes are non-
smooth, even discontinuous: phrase transitions, explosions, etc. So why should we
insist that processes in nature be smooth? Just because Newton succeeded in
describing planetary motions by differential equations does not necessarily mean
that all the processes should be smooth. And indeed, e.g., many large-scale grav-
itational phenomena: the Big Bang, the black holes — show some degree of non-
smoothness.

This motivated Pimenov to consider space-times which do not necessarily have
the usual smooth structure, space-time models which are not smooth [5].

Fifth revolutionary idea: maybe not everything is computably predictable.
While we can predict the motion of planets hundreds years into the future, from
the commonsense viewpoint, it is not realistic to expect that we can predict our
own actions and thoughts — although, strictly speaking, our actions and thoughts
are also described by some differential equations. So why not abandon the naive
belief that everything can be predicted and learn to distinguish between situa-
tions in which predictions are possible and situations in which predictions are not
algorithmically possible.

A natural way to do it is to introduce, in addition to usual existential quantifier
— which simply means that the object with given properties exists, not necessarily
that we can compute it — a special “constructive” quantifier, whose meaning is
that there is an algorithm for computing the desired object. This, in a nutshell,
is the main idea behind what was called constructive mathematics; see, e.g.,
[1,2,4-7,7,11,17,19].

In some sense, this is also now part of the mainstream: maybe not neces-
sarily in the original logical terms, but definitely computational questions are an
important topic in mathematics, especially in applied mathematics.

Summarizing. For science to progress, it is not sufficient to have evolution:
we need revolutionary steps, steps leading to drastic changes. In the 1950s-70s,
several such changes have indeed been proposed, changes that are now largely part
of the mainstream science. And of the pioneers who introduced these changes was
Revolt Pimenov.
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1. What This Article Is About

This year, we celebrate 90th birthday of Revolt Ivanovich Pimenov, a researcher
who pioneered new directions in space-time geometry. I was lucky to learn from
him:

e | attended his seminar in 1969-70, when [ was a freshman student at St.

Petersburg University,

e [ spent a semester working with him in Syktyvkar, Komi Republic, his place
of exile (for samizdat) — as an official practice semester sponsored by my
university,

e | had many discussions with him in 1974 when we both attended the First
National Conference on Chronogeometry in Novosibirsk in 1974, and

e we exchanged a lot of letters.

He was one of my teachers, one of those who taught me how to do science -
and, more generally, how to live. In this article, [ will summarize what he taught
us — me and other students of his.

2. How to Attract Students to Do Science

At St. Petersburg University, we had numerous weekly research seminars led
by leading professors, seminars that were open to all the students. Some seminars
studied a certain topic in details week after week, but many other seminars just
had different talks every week — so that you could skip one week if you are out of
town or otherwise busy and still understand what is discussed next week.

This was one of the main duties of the seminar organizer(s) — to make sure that
as much as possible is understandable to students — and students were strongly
encouraged to ask questions if something was not clear. I remember at some point
Pimenov introduced me to one of his colleagues by saying that Vladik is very good
student: he asks many questions at the seminar.
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Sometimes, a speaker would dismiss a question as childish and/or naive, but in
this case, the seminar leader usually jumped in and forced the speaker to reply.

All our professors highly recommended us, freshman students, to attend one or
more of these seminars, so that later on, when the decision would need to be made
to specialize, we would have a good idea of what the choice are. I attended three
seminars: on logic and constructive mathematics, on game theory, and Pimenov’s
seminar on space-time geometry — largely based on his then-published book [5].
All three were interesting seminars, and I especially liked Pimenov’s seminar -
since there, in addition to mathematicians, he also invited physicists who often
provided a different view of problems related to space-time.

A seminar organizer would approach new students attending the seminar, ask
about their specific interests and their level of knowledge — and then offer a new
paper (or, sometimes a book) to review at the seminar (with the organizer’s help,
of course). To me, Pimenov suggested that I review a book Space-Time Algebra by
David Hestenes [2]. [t was an interesting — and still somewhat heretic — approach
to describing physics, where the main objects were not, as usual, separately scalars,
vectors, tensors, etc., but rather linear combinations of a scalar a, a 4D vector q;,
and antisymmetric tensors a;;, a;;x, and a;jp, with a multiplication operations
similar to 3D vector product. Interestingly, this unusual combination of apples
and oranges allows to simplify a description of physical equations — just like the
introduction of vectors made the description of Maxwell equations simpler.

This book would probably not impress a physicist — as I remember, there were
no new physical theories, no new results — but as a mathematician, I was im-
pressed. It took me several months to go over this book — with Pimenov’s help,
and with his help, I presented it at the seminar. I was very much impressed by
the fact that I, a freshman student, was able to teach something interesting to
renowned professors. For many years, [ kept the flier advertising my talk as a
souvenir, and after my talk, Pimenov have me a present: Hestenes’s book. You
will never forget your first seminar talk — he said — just like you never forget your
first serious love. And so it was.

Later, he gave me a problem to think about — how to embed a kinematic space
(his model of space-time as an ordered set) into a lattice kinematic space, following
the known result that every ordered set can be embedded in a lattice; see, e.g., [1].
[ was hooked, I thought about it all the time, always carried with me a piece of
paper to draw possible spaces and embeddings. This was a good way to spend time
when standing in lines — in a cafeteria, in a store, in a library. I beiriended another
student whom I met at the library and who recognized by my drawings that I was
interested in lattices. Once, when making these drawing in a bus, I almost got
into trouble since one of the passengers thought that I am a spy drawing the plan
of the city; luckily, it was no longer Stalin’s time (under Stalin, such accusations
were taken more seriously), so other passengers simply laughed at this suggestion
— especially since this did not make sense when one could easily buy a map of St.
Petersburg.

By the way, I never solved this problem, but I got hooked on research anyway.
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3. How to Select a Problem to Solve

[t is important to have a good supply of open problems, so that:
e you yourself can solve some of them, and
e you can offer to every student of yours a problem that best fits her/her
interests.
Sometimes, one gets a genius idea and comes up with a great problem, but such
events are rare, so what should we do? Here, Pimenov had many ways to find
problems.

Find related ideas in other sciences and try to relate them. This is very
natural for space-time geometry — which is naturally related to space-time physics.
Pimenov had a somewhat naive (but maybe correct) belief that many problems of
physics can be solved if we make physics completely mathematically precise — and
not filled with intuitions as it is now. This was the main motivation for his work in
the first place, this is why he so enthusiastically invited physicists to his seminar
- and was especially interested in their challenging open problems.

Sometimes, he would ask them a lot of question about differentiability etc.,
questions that physicists considered nitpicking, but which to him were important,
since he wanted to understand everything in precise mathematical terms. He
bombarded Penrose and Hawking, who just published what was supposed to be a
theorem that a singularity is inevitable in General Relativity, with these types of
question until they stopped answering.

He also believed that we should be able to formalize physicists’ intuitive rea-
soning — he thought that Zadeh’s fuzzy logic [15], which at that time, few people
took seriously, is an important step in this direction, but that to truly formalize
physics, we need to got beyond Zadeh’s idea of degrees of certainty being numbers
from the interval [0,1] — Pimenov thought that a more general approach, similar
to his kinematic spaces, would be more adequate.

Pimenov also wanted to find connections the other way around — he was always
curious about possible observable consequences of his non-standard space-time
models.

[t was not just relation to physics: he saw many ideas about space-time in
philosophy, and was eager to try to formalize them. To tell the truth, while I
appreciated and shared his enthusiasm for physics, at that time, I viewed philosophy
as mostly nonsense — following the famous Russian psychologist Ivan Paviov who
cited Hegel's writing as an example of senseless psychotic mumblings. Pimenov
tried to impress me by citing Hegel’s phrase that the Great Square has no vertices
— which he interpreted as meaning that in the limit, the larger and larger square
becomes simply a plane, all vertices disappear. However, I was — at that time -
not convinced.

See if results from related areas can be extended to your area of interest.
Kinematic spaces are a particular case of ordered sets — and they also have a
natural topology. So, a natural idea is to take some results about ordered sets
or about topological spaces and see if a similar result can be formulated about
kinematic spaces.
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[ have already mentioned the lattice problem that I was unable to solve. There
were many others: one of them (which I did solve) was to extend the theorem
that under reasonable conditions, topological spaces can be metrized, to prove that
under similar conditions, every kinematic space would have a “kinematic metric” —
a natural generalization of geodesic-based proper time between events as defined in
relativity theory. He also asked a now-renowned topologist Yakov Eliashberg (who
at that time worked in Syktyvkar) how to generalize homotopy theory to cases
when we limit ourselves only to time-like curves connecting two points (or only
to space-like curves).

Which properties are preserved under constructions. In every theory, there
are basic objects, and there are constructions that combine them (and/or objects
from other theories) into new objects. For example, in space-time geometry, we
can naturally define Cartesian product of two spaces — or we can generalize the
usual causality relation of special relativity to the case when the proper space is
not 3D Euclidean but a general metric space. A natural question is, e.g., when
does the Cartesian product have the given property?

For example, is the Cartesian product of any number of separable kinematic
spaces always separable? To this, I found a counterexample — that the Cartesian
product of countably many copies of the real line is a non-separable kinematic
space.

4. How to Write Papers

A paper must be interesting to read. Once the result is obtained and the proof is
written down and checked, now comes the need to prepare it for publication. When
[ started working with Pimenov, I followed the boring style, with no motivations. I
was also writing poems and short stores which I was glad to share with my teacher.
Proofs came tough, I was very proud of them, while stories came naturally. I was
somewhat shocked when Pimenov said that my short story parodying our then-
naive Zionism - Life and Adventures of Boris Haimovich in a 12-Dimensional
Jewish State — he liked much more than more than 100 pages of my complex
proofs.

His comments reminded me of how Nikolai Vorobiev, the organizer of a game
theory seminar that I also attended, taught us how not to write: he brought, to
seminar, a paper on game theory that was written with no motivations at all, it
started with “Let A be a o-algebra”. After having attended several talks at his
seminar, we understood very well that this was indeed a very important result
with great consequences for game theory, but one would never guess it from the
way the paper was written.

But too colloquial is also not good. When I was in Syktyvkar, Pimenov pre-
sented a cycle of lectures on space-time geometry. Several of us tried to write them
down, he also recorded it on a tape recorded, with a purpose of later forming a
textbook — this was how many textbooks were written in those days and probably
how many textbooks are written now. His lectures were brilliant and exciting, but,
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to our big surprise, when we literally wrote down word-by-word, it did not look so
good: some phrases were not finished, there was a lot of repetition. We learned
that we need to edit, and we learned how to edit, and it all helped us write our
own papers.

5. How to Seli-Gauge the Quality of Your Own Results

This is difficult. Every time you get a new result — especially if it was a challenge
— you like it. But this does not mean that others will like it. How do you guage
the result’s quality? This is one of the things that Pimenov taught us: that there
are three reasons why results are valued more by others.

First reason: general results are valued more. A counterexample is cute, but
a general result is better. Pimenov did not even suggest that I publish my result
about Cartesian products — but he send my metrization paper to A. D. Alexandrov,
the country’s leading specialist in space-time geometry, to publish in Doklady -
one of the top journals [3]. This result became the most praised part of my PhD
dissertation [4].

Second reason: somewhat famous formulated the problem. If you yourself
formulated the problem — or your not-well-known advisor — why would anyone be
excited about its solution? On the other hand, if someone famous formulated it, it
is a different story. For example, as it turned out, the question about metrization
of space-time models (at that time, they were not yet called kinematic spaces) was
first formulated by the famous topologist Urysohn, and later studied by a renowned
geometer Vadim Efremovich.

Third reason: when you completely solve the problem. For example, according
to Pimenov, if I found, for each of the important properties of kinematic spaces,
necessary and sufficient conditions when a Cartesian product would have this
property, this would have been a good paper. On the other hand, a partial result is
not yet a good paper.

6. How to Live

Attitude to scientists: respect and adore (but it is OK to also make fun).
Pimenov had a great respect to people who had interesting results, even though
some of them not always behaved in the most ethical way. Even foreign scientists
would sometimes not cite known results of others — while they have read the
others’ papers and used their ideas.

In particular, he was very tolerant towards A. D. Alexandrov, even though
A. D. was a very emotional person, ready to explode and to be not very polite with
others, and not only with the ones who made him mad.

But making fun sometimes is OK. Pimenov reminded me that even in the
ancient Rome, when the Emperor had a triumphal ride through the city, the best
comedian was following him by foot parodying his pompousness.
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Attitude to bosses: healthy scepticism and a need to compromise. Pimenov
was always sceptical about non-scientist bosses, he considered it healthy to assume
that they have other unspoken motives — be it careerism or fear of their own bosses
or something even worse. And sometimes, he turned out to be right.

On the other hand, he taught us to compromise. This was unusual to hear from
an active defender of human rights who was exiled for this defense, but what he
said made sense: if one have a God’s spark to be a scientist, this should be your
main goal, everything else in a distraction preventing you from doing science. To
me, he said that if I felt that I would rather be a Zionist story writer, I should
emigrate to Israel and forget about science. But if I decide to do science, then I
should not waste my efforts on such stories. He himself felt that in him, there
were sparks both of a scientists and of a human rights fighter. He loves and adored
many revolutionaries of the past, but he gave an example of Taras Shevchenko, the
great Ukrainian poet who was clearly not a born revolutionary. All Ukrainians and
all Russians loved (and still love) many of his poems, we all sang beautiful songs
made when his poems was put on music. But Shevchenko’s life was ruined when
he wrote a poem insulting the Tsar’s family and was made a soldier without the
right to write anything.

In this advice to compromise, he was similar to my own Dad - who also taught
me that going with sabers against tanks is not the smartest idea — you die and
the tanks are not hurt at all. And by the way, it was similar to the advice that we
learned from studying Lenin’s works: it may be a surprise who have not studied
his works, but he often was on the side of the compromise — and this was one of
the reasons why he was so successful.

7. Conclusions

Do I agree with all this advice? Not necessarily, but now, after several decades,
[ appreciate Pimenov’s advice much more than I did then. So maybe this advice
will help others as well. And maybe those whom his advice helped will remember
Pimenov by — in the words of Shevchenko — “nezlym tihim slovom”, by a few kind
and quiet words.
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KuroueBbie cioBa: PeosibT MBaHoBuY [I1MeHOB, MpocTpaHCTBO-BpeMsi, 0011as
TEOPUs] OTHOCUTEJBbHOCTH, TOIMOCH], aKCHOMAaTH3aLUSl.

[TucaTtbh BocroMHHAHUST — fes0 Oe3HanéxKHOe, ecJU Bbl He oTHaéTe cebe OTUET
B TOM, YTO TO, B 4éM Bbl aOCOJTIIOTHO yBepEHbI, NEUCTBUTEJNBHO UMEAO Mecmo OblMmb,
JIeT yepe3 MATbAECAT WM OoJiee OyneT NpPeACTaB/sATb COOOH JIMLIb JUTepaTypHOe
Npou3BeieHre, He TPeTeHAYIollee Ha MOJHOe COOTBETCTBHUE TOMY, YTO peasbHO UMe-
20 mecmo bvimb, a sABJseT COO0H BCero JIUIIb 8ApUAHM PeasbHOTO CYIleCTBOBAHMUS,
KOTOPBIH cOBCeM He 00s13aH ObITb BAaLIUM / HALIKUM MPOILJIBIM,

TakoBbl 3aKOHBI BpeMeHH — MPOLLJIOe He BOCCTAHOBUMO, AaJibHEe MPOLIoe MHO-
208apUAHMHO.

Takoe mpenucnoBue K BOCTIOMUHAHUSIM OoJsiee yeM cTpaHHO. Beab oT Bac XAyt
npasousvix BOCTIOMUHAHUH, a B JAHHOM CJlyuyae aBTOP KaK Obl MpenyrnpexkaaeT Yu-
TaTeJssl, YTO TAKOBBIX BOCIIOMHHAHUHU He cjenyeT kK naath. Hy, Bo-nepBbIX, peub HUAET
00 OTHOCHTEJbHO HelaBHeM IMPOLIJIOM, KOTOPOe elllé Hallle, a BO-BTOPbIX, BOCIO-
MUHAHHUS TpeaJaraloTcss 0 4esJoBeKe, KOTOPBIH BCIO »KU3Hb MOCBATHJ YCTPOHUCTBY
MPOCTPAHCTBA-BPEMEHH, U KOMY YK KaK He eMy OblJI0O MHOTO€ M3BECTHO O TeKyue-
CTH, HEU3MEPHUMOCTH, HENpPeNCKa3yeMOCTH COObITUH B MPOCTPAHCTBE-BPEMEHH.

Hywmato, yto P.M. [IumMeHOB He Bo3paxkas Obl MPOTHUB TaKoro noaxoaa. Pasee uto
B 4eM-TO He COTVIACUJICS WUJIM YTOUYHHWJI, WK 033[auHJI.

PeBosbT MBanoBuu [I1MeHOB — 3TO OAMH U3 JYyUIIUX CIELHUAJUCTOB M0 TEOPUH
MPOCTPAHCTBA-BPEMEHH, €ro0 KHUTH U CTaTbU BMeUatTasiioT. XOTS Kak-TO OLHAXK[bl
Haw oOmWMH yuuteab Agekcannap [laHusioBud AJjieKCaHIpPOB CIPOCHJ MeHs: «A y
[TumeHOBa ecTb HeTpUBHAJbHBIE TeopeMbl?» Takodl Bompoc Mor cebe TMO3BOJHUTH
TOJIbKO BeJUKHEH reomeTp, KoTopeiM A.Jl. Anekcanapos u siBjsiicsi. MHOTHe pesyJib-
taThl ¥ Mbicaiu P.M. [lumeHoBa nM4HO 1/ MeHSI YOIUBUTEJbHBl U HETPUBUAJbHHIL.

1. Bcrpeua nepBas. 1974 rop,

B 1974 rony, B utosie, s nepeexas pabotaTb U3 HOBOCHOUPCKOro AKaaeMropoaka
B OMCK, Iile OTKpbIBaJICSl HOBBIH YHHBEPCHUTET.

B oktsa6pe mo# yuutesb A.Jl. AsekcaHApOB MO3BOHHJ MHe W TIPHUIJIACHJ TMPHU-
exaTb Ha OpPraHM30BaHHBIM UM BcecorosHbll cuMIo3uyM 1o xpoHoreomerpuu. Ilo-
CKOJIbKY OTHOILEHHSI C PEKTOPOM He CJIOKMJHUCH, TO § oexaJs Ha CUMIIO3UYyM He KakK
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KOMaHAHPOBaHHBIH, a KaK HETUCLUIIJTMHUPOBAHHBIN COJIAT, COEXKABILIHUH B CaMOBOJI-
KY.

B nepBblii ke 1eHb MHe [1aJid BpeMs 1/ 10KJajna, KOTopblid HasdbiBascs «MHBapu-
AHTHBIE TOPSIAKH HAa TPEXMepHbIX rpymnnax Jlus. B HEM g usnaran To, 4TO MPHIIIO
MHEe B TOJIOBY B aBrycre-ceHTsi0pe. §1 mioxo Torga OpUEHTHPOBAJCS B TOHKOCTSX
BblYMC/eHUsl Tpynnbl JIu npeobpasoanuil no anredpe JIlu, U 3T0 BUAHO MO TeM He
MeHee OMyOJUKOBaHHOU cTaThe B «CHOMpPCKOM MaTeMaTHueckoM »KypHaJse» [1]. Ho
camoe TJIaBHOe: B JIOKJane s MocTpous (adguHHbIE) MpeAcTaBJIeHUs pa3peIiuMbIX
rpynn JIu, as HUX Hawés JieBo-UHBapUaHTHble KOHWYeCKHe MOPSAKH M IMoKasad,
4TO COOTBETCTBYIOLLME MOPSAKOBbIE TPYIIbl aBTOMOP(HU3MOB COCTOAT U3 ah(PUHHBIX
npeoOpa3oBaHUH.

4 nmonbitancs caenatb 0600leHHe HA JIOKAJbHbIE TIOPSAKHU, HO CHeJas 3TO BeCh-
Ma HEeKOPPEeKTHO, Ha 4YTO cpasdy o0paTh/ BHUMaHHE MYyXKYHMHA C yCaMH U OOPOLKON
B OUKaX, CHJAEBIIWH MOYTH PSAOM OT TOIO MECTA, IJie CTOS AOKJAA4YHK. S 4To-TO
cTas 60pMOTaTh, HO YYBCTBOBAJ, UTO-TO Y MeHsl He max. MyxX4yuHa MeHs roxaJeJ
M CKasaJj, YTO OH B CBOell KHHUTre yxKe OIHCaJ, KaK Halo ONpefessiTh JIOKaJbHbIH
MOPSIIOK U UTO 51 MOT Obl 3TUM BOCIIOJIb30BaThCs. B o0uieM MHe moxJonaJsu.

B nepepeiBe 51 mopowén k A.Jl. AnekcaHopoBy, psSIOM C HUM CHAeJA OYeHb MH-
nasi »keHIMHa. A.J[., KaKk Mbl Ha3blBaau AJsieKCaHIpOBa, MO3HAKOMHJ MeHSl C HeH.
1o 6b1a CBetsiana MuxaiinoBHa Binamumuposa (BoraueBa) (ero ydyenuna u 6yny-
masi Bropas xkena A.J[.). Anekcanapos ckasaJj, 4to BoT, CBeTsiaHa MuxaiisoBHa
noxBaJjiuja Bac, HO, MOJI, HAal0 YUHUTbCS JleJaTh JOKJaAbl U CTapaTbCsl He BBIHOCHUTH
Ha MyOJMKYy TO, YTO ellé He NMPOAYMaHO 0 KOHLA.

1 B 3T0 BpeMmsi K HaM MOAOLIEN TOT CaMbld My>KYHMHA B 04KaX C ycaMu U 60poJ-
KOW M 3aMeTHJ, YTO, KaxKeTcs, 51 MepBblH, KTO BBE&J TaK yIauHO MOPSAKH B I'PYIMIIBI
JIM 1 cymes1 BBIUMCJHUTD MOPSIIKOBBIE TPYIIbl aBTOMOPGU3MOB. DTO Obla1 [IriMeHOB!
O uém s MHoro cabimal ot A.JI. u ot npodeccopa F0.®. Bopucosa!, moero nepsoro
Hay4yHOTO PyKOBOAMTeJs (Ha mosrona, 3ateM OH nepenan meHs A.JL.).

P.U. [TumenoB ot6wiBas cchlky B CBHIKTHIBKApe, H eMy KaKOe-TO BpeMs Hasaj
paspellnsid Bble3KaThb B APyTHe ropona. Tak OH MOSIBUJCS HAa CUMIIO3UYME.

Ha caenyromuii nenb npodeccop 0.D. Bopucos npurnacun Ha yxKHUH K cebe
nomoit A.JI., Bcex ero y4eHHKOB M HEKOTOPHIX YYaCTHHKOB CHMIIO3MyMa. DBLJIO
TecHo, HO HMHTepecHo. [locse 3acTosbs Bce paszbuauch Ha rpynnku. d npubuscs
cpasy K TOH, cocTroslled U3 MoJonéxu, rae Haxonuscs [lumenos. Emy 3amaBanu
MHOKECTBO BONPOCOB — BCE Mbl O HEM CJbILLIAJIHN, HAPUMEpP, O HEYTBEPXKAEHHUH ero
JIOKTOPCKOH AMCCepPTaLUH (M3-3a ero MOJUTHYECKOH NesiTeNIbHOCTH), HO He BHIEJH.
OH Hac TOKOPHJ CHUJIOH CBOeH JINYHOCTH U Pa3HOCTOPOHHEH 06pa30BaHHOCTH.

4 ero cmpocus, mpaBga Jid, UTO OH 3HaeT O4YeHb MHOTO s3bIKOB. «He oueHb
MHOTO, TIe-TO SI3bIKOB JBa/illaTb», — OTBeTHUJ [IMMeHOB.

Ha Bompoc, 3agaHHBIH KeM-TO, TIOUEMY OH OCYXK/IaeTCsl COBETCKOW BJIACTbIO Ha
3aKJ/I0YeHHe, CChIIKY 3a CBOIO MOJUTHUECKYI0 AesiTeqbHOCTb. OTBeT mpoH3aeT: «4
BUJleJl, Kak 39K0oB B MaranaHe rpyssiT Ha NapoXofl B CeTKe, KaK KapTOILIKY, MOPTOBBIM

'Bopucos 10.B. — n.¢p.-M.H., npodeccop, creunanicT B 061acTH FeOMETPHH U XPOHOreOMeTpHH,
3aBelyolUH Kadpenpoil reomerpuu u tomosorud (1980-1992) HoBocuOGHpCKOro rocynapcTBEHHOrO
yHuBepcuTeta. Hepasayuneiit npyr u yyeHuk A.Jl. Anexkcannposa.
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IIOAbEMHBIM KpPaHOM. A ne moey mupumoscs ¢ TaKUM OTHOLIEHHUEM K JIIOASAM».

2. Bcrpeua BTopas. 1988 rog

Ona npowusolna yepe3 14 jet, B ceHtsi6pe 1988 roma B Kumnnése, rae cobpa-
Jacb nocsenHss [X BcecorosHas reomeTpuueckass KoH(pepeHLHs.

Ha xoHdepenuuu 6aucran Anexkcannp BenuamunoBud Ky3bMHHBIX — yYeHHK
A 1. AnexcannpoBa. Ha nseHapHoM 3acenaHue, coOpaBlleM MpaKTHUYECKH BCeEX
YUACTHHUKOB KOH(epeHLUHH (HECKOJbKO COT YeJsIOBEK), OH TPENCTaBUJ CBOE NOCTH-
JKeHHe — KPHBYI0, BCE MPOEKLUHUH KOTOPOH Ha MOy THIEPIIOCKOCTh 3aMOJMHSIOT
BCIO TUIEPIIOCKOCTh [2]. 1 Ha3Ban eé B cBOE BpeMst «raaiokoil Ky3bMHUHBIX».

Tam xe B Kumwnnése s nosnakomuiscs ¢ A.M. 3amop3aeBbiM — yUeHHKOM
A.Jl. AnekcannpoBa «BTOPOTO MOKOJIEHHSI», KOTOPOT'O0 OYeHb He kKaJjioBas [IumMeHOB.

C PeBosibToM MBaHOBHUEM Mbl MepeceKJUCh JOCTATOUHO CJAY4YalHO He B MepBbIH
IIeHb KOH(pepeHLHH, KaXKeTcsl Bo3Jje FOCTHHHIIB, U pa3roBOPU/IHCH. f eMy paccka-
3a/1 0 CBOEM 3aMBbIC/Ie UCII0JIb30BATh [JI1 aKCMOMATHU3alUH1 TeOPUU OTHOCHUTE/bHOCTH
TEOPHIO TONOCOB. [/laBHOe B 3aMblcJjie COCTOS/IO B TOM, 4TOOBl OAMH HAOOp aKCHOM,
BbIPa>KEHHBIH B TePMHUHAX TEOPHUH KaTerOpWUi, OMHCBIBAJ W CIELHANbHYIO TEOPHIO
OTHOCHUTEJIbHOCTH, U 0011yi0 Teoputo oTHocuTesnbHocTH (OTO), 1. e. mpocTpaHcTBO-
BpeMsi MUHKOBCKOTO M TCEBIOPHMAHOBBI (JIOpeHIIeBbl) MHOrO0Opa3us. Kirouom uH-
TepIpeTalUH ABJAJACA BEIOOP KOHKPETHOTO TOIOCA.

Hano ckasate, 4yTo B TO BpeMmsi 4acTh Hay4yHod Imkosael A.Jl. Asekcan-
IpOBa, 3aHUMaBlIascs pa3pabOTKOH MPUUMHHON (Kay3aslbHOH, MOPSAKOBOH) Teo-
pHUH TPOCTPAHCTBA-BPEMEHH, HMeHyeMash XPOHOTeOMeTpPaMH, B KOTOPYI BXOIHJIH
P.U. Tlumenos, 10.®. Bopucos, A.K. I'yu, A.B. Kysemunsx, A.B. Ilaiinenxo,
A.B. JleBuues, C.H. Actpaxkos, B.{l. Kpeiinony, O. KorueneBa, 3aHuManach ak-
CHOMaTH3alell MPOCTpPaHCTBa-BpeMeHH MUHKOBCKOTO, U COBCEM He MOKYIIaJach
Ha aKCHMOMAaTH3alUI0 00LIeH TeOPUH OTHOCUTENbHOCTH.

Ho umenno rakyt akcuomaruzauuio OTO B KuinnHéBe M mpencTaBusl Ha KOH-
(epenunn PeBosbT MBaHoBuu. To, 4yTo 51 eMy cooOuiu/, 03Hayasno, 4To, B KaKOU-TO
Mepe, HeT HeoOXOIUMOCTH OTAeJNbHO 3aHUMaTbcs oTbickaHueM akcuoM ajs OTO.

Hano ckasars, uto akcuomaruky OTO, HalineHHy10 [IMMeHOBBIM, 51 XOpOLIO 3HAJ
u 1o noknaana. B 1987 rony si okaszascsi pelieH3eHTOM cTaThbd PeBosibTa MBaHoBUUA,
npucaaHHoi UM B «CuOMpPCKUU MaTeMaTHuecKui KypHaa» (CMZK). d man moso-
JKUTEJIbHYIO pPeLleH3UI0, XOTs HEKOTOpble MecTa He UMeJsH NoKasaTesabcTB. Ho kornma
4yTh 103Ke 5 Mpuexas Ha BcecorosHyl KOH(EpeHLHIO M0 FeOMEeTPUH «B LIeJOM»
(1987), MeHs mpHI/JIacus 3aMecTUTe b rJaBHoro peaakropa npod. B.M. Kysbmunos?
U CTaJl 3a7aBaTh BONPOCH MO cTaTbhe [IMMeHOBa MO «HefO0Ka3aTesNbHBIM MecTaM» —
MOTY JIM §1 UX 0Ka3aTb. «HeT, He MOry... HO YyBCTBYI0, YTO OHH BepHbl». Bo3HMKIA
naysa. Banagumupa MBanoBuua s Bcerna no6amBascs... © B 3TOT MOMEHT YyBCTBOBaJ
cebsd KaK HepaauBblIH CTYyIEHT Ha 3K3aMeHe.

2KysbmuHOB B.M. — 1.¢.-M.H., mpodeccop, crelua iucT B 06JacTH anre6panyeckoil TOMONOTHH,
3aBelyolIMH Kadenpoil reomerpuu U tomosorud (1992-1999) HoBocubupckoro rocynapcTBeHHOrO
YHHUBEPCHUTETA.
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«$] monumato, uto Bel X0THTEe moMoyb cBoeMy Apyry, — ckasaja Ky3pMuHOB, —
HO eCTb oInpefie/IéHHble TpeboBaHUS K MyOJMKalLKWKW MaTreMaTHyecKuX pabort... MHe
MOpyYeHo MPOBECTH MuUMyAbHOE peuensuposanue’® cTatbu [TumeHoBa, oqHoi Barueit
peLeH3HH MaJio, 1 IOJKEeH 1aTbh CBOE 3aKJIOUeHHe».

B sto Bpems s «mepeBapuBaJg» ¢ppasy «cBoemy apyry»! Kro [Iumenos u kto s?!
PasBe M0XXHO 3a4MCJAUTb MEHSl B IPy3bsl CTOJb BbIJAIOLIEr0oCs uesoBeKa!

«Bnagpumup MBaHoBUU, 51 KaK-TO He MOTY 3aUUCJAUTH ceOsi B 1py3bs [lumeHoBa, 1
MOCUMTAJ, YTO «IBIPbl» B J0Ka3aTeJbCTBAX PAHO WJIM MO3IHO KTO-HUOYIb 3a1esaer,
u y I[loropesoBa OblIM «IbIPbI»... @ CTaTbsl MHE OY€Hb MOHPABUJACH U §I TOCUMTA,
UTO OHA 3acJ/yKHBaeT ONMyOJUKOBAHHUS».

«Xopol110, y MeHsl HeT 0oJiblle BOMPOCOB».

Cratbs Obl1a ony6ankoBana B CM2K [3]. [Toske st MpUBEN NaHHYH aKCHOMATH-
Ky [IpumeHOBa B cBoéM 0030pe, BbilllenlleM B [epmannu [4], u B kHUTe «XpoHOreo-
meTpusi» [5].

A ¢ Baagumupom MBaHoBuueM Ky3bMHHOBBIM Yy MeHSI CJIOXKHJIUCh OTHOLIEHHS,
KOTOpble XOUeTCsl Ha3BaThb APYKECKUMH.

Ho Bepuémcsi B Kumnués 1988 rona.

Bolcaymas Moé cooflieHHe 0 TeOpeTHKO-TOMOCHOH aKCMOMAaTH3aLUU TEOPHUH OT-
HocHTe bHOCTH, PeBosibT MIBaHOBHU... (M TYT 5 3amaMsaToBaJs CaMyl CyThb €ro peyH)

B UYeM-TO He COIJIaCHJCS, YTO-TO YTOYHWJ, WM 03adaduj, HO mnopnepxasn. U
yKe B caMmoJjéTe s Habpocas BaXKHBIH MOMEHT B MOCTPOEHHM TOMOCHOH akchoMa-
TUKM — onucan ap@uHHBIA 00bEeKT B TONOCAX, UCIOJAb3ys 3aMeydaTesbHYIO HIel0
B.K. HMonuHa no akcromarusanuu ag@UHHBIX NPOCTPAHCTB [6].

Bosbiue ropa yuso Ha odopMm/eHHe 3aLyMaHHOTO B BHUIe CTaTbH, KOTOpas Obl-
Ja nipencrabieHa A.Jl. AnekcannpoBbeiM B «Jlokaansl akamemuu Hayk CCCP» [7].
Kaxetcs, 370 mepBas cTaTbsl 0 KaTeTOPHOMY ONHCAHHUIO TEOPUH OTHOCHTEJbHOCTH.
Ha He€ yacTo ccel1aoTcs Te, KTO HCC/AeNyeT TEOPHI0 OTHOCUTEJNbHOCTH B paMKax
TEOPUH TOMOCOB.

3. 3akamuenue

Ewmé no Bropoit BcTpeuu, xkuBsi B OMCKe U BO BpeMeHa 0e3 WHTepHeTa, sl Hallu-
cas1 PeBonbry MBaHOBHUY mucbMO ¢ npocb6o# mpucaaTh ero kHUry «[IpoctpaHcTBa
KHHeMaTH4eckoro Thna». OH mpucaan, ¢ papctBeHHod Haanuceio (puc. 1). Tlosxe
OH MPHCHIIA] MHE CBOM TPENpPUHTH U KHUTY [8].

B 1989 rogy MBI ¢ HUM OIHOBpPEMEHHO AKTHUBHO BKJIIOUHJHUCH B TOJHTHUECKYIO
JKM3Hb CTPaHbl, y4acTBysl B BeiOopax HapomHbix nenytatoB CCCP. O6a motepnesnu
nopakeHue, OH Kak KaHIUIaT B JeNyTaThl, s Kak djeH komannsl C.H. Babypuna®.
Ho na caenyrouwmit rog (1990) npumia ynada: u oH, 4 babypun craan HapoAHBIMU
nenytatamu PCOCP.

3 B mepBbHIH M B MOC/AEHUH Pa3 CJABIIAL O HEKOM «THTYNLHOM pelleH3HpPOBaHUM».
*Babypun C.H. — coBeTckuii, poCCHACKHH MOJUTHUECKHH M TOCYNApPCTBEHHBIH AesiTe b, YUEHbI-
IOpPUCT, A.10.H., npodeccop. Ynen Cosera Pecny6muku Bepxosnoro Cosera PCHCP.
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Puc. 1. Asrorpad P.M. Ilumenosa

Henyrat P.M. [IumeHoB BowIéN B cocTaB KOMMCCHH, KOTOopasi A0JKHa Oblaa Ha-
nucatb HoBYl0 Koneruryuuio Poccuu. Ho B mekabpe 1990 roma on ymep oT paka.

[TumeHoB ymwén B BeyHOCTh paHblle cBoero yuyurtenas A.J[. Anekcanaposa. Mx
HeT, HeT TeX, KTO B YEM-TO He COTJIACHUTCS WJH YTOYHHT, UM 03adayuT. A B uTore
OKPBIJIAT.
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Pecny6auka benapych

AnHorauusa. PaccmartpuBaercs uereipéxmepHasi anre6pa Jlu IV tuna buan-
k4. JlokasbiBaeTcsi, UTO CYLIECTBYeT TOJIbKO ONWH COCO0 3anaHusl HA HeH Jo-
peHLEeBa CKaJSIPHOTO TMPOU3BeNeHUs], TIPH KOTOPOM CYIIECTBYeT HeTPUBHAJbHAs
OfHOTIapaMeTpHyecKasl Tpylra U30MeTpUH, BJAIOLIUXCS aBTOMOP(U3MaMH aJl-
re6psl JIu. Beinucans Matpuna ['pamMmma ckassipHOro MPOU3BeNeHHsI U MaTpULa,
OIHUChIBaOLLAsA NeHCTBHE OIHONAapaMeTpUUeCcKOd Ipynnbl. Takxke N0Ka3blBaeTcs,
4yTO naHHas aarebpa JIu He momyckaeT ofHONApaMeTPUYECKOH IPYMIbl MOLOOHUH,
SIBASIOLINXCS aBToMopduaMamu anredpsl Jlu, npu Jawbom crnocobe 3aiaHus B
Hell JIOpeHIleBa CKaJIIPHOTO MPOU3BENEHHUS.

KaroueBbie cioBa: anredpa Jld, JiopeHLeBO CKa/spHOe NPOH3BeleHHUe, OLHO-
napameTpuyecKkas rpymnmna, nogobue, U30MeTpHusl, aBTOMOP(HHU3M.

1. IlocraHoBkKa 3amauu

[TycTb B anre6pe JIu G BBe#eHO eBKJIUAOBO HUJIH JIOPEHLEBO CKaJspHOE POU3Be-
nenue. JluneiiHoe npeo6pazoBaHue f : G — G Ha30BEM aBTOM30MeTpHEH, €CJAU OHO
IBJISIETCS OAHOBPEMEHHO H30MeTpPUeH OTHOCHUTEJbHO CKaJSIPHOIO MPOU3BENEHUS U
aBTomMopdusmom anrebpsl JIu. [TpeobpasoBanue f Ha30BEM aBTOMONOOHEM, €CJAH OHO
SIBJIsIeTCS OHOBPEMEHHO MomobueM U aBToMopduaMoM. Kak nokasaHo B pabote [1],
pellleHHe 3a/la4yd HaxXOXKIeHHUS OfHONapaMeTpPUyecKHUX IPyMNN aBTONOAOOMH NaHHOH
anre6pel JIu mosBosisieT MOCTPOUTH CAMONOAOOHBIE OJHOPOAHbIE MHOr0OOpasus co-
OTBeTCTBYIOUleH rpynnsl JIK, cHaGKEHHOH JIeBOWHBAPUAHTHOU MeTpPUKOU. B 3ToH ke
paboTe HalieHbl Bce aBTOMOAOOUS TpExMepHoi anrebpsl JIu H [ rpynmnsl ['eiizenbep-
ra Npy pas3/jMUHbIX Cloco0ax 3aJaHusl Ha Hell JIOPeHLEeBa CKaJISPHOrO MPOU3BeleHUS
U HalleHbl COOTBETCTBYIOLME OJHONApaMeTpUUeCKHue TPYMIbl NOA00OUH OLHOPOIHOIO
JIopeHlleBa MHOroo6pasust TpéxmepHol rpynmnsl JIu I'efisen6epra Hs.

HekommyTatuBHast nBymepHasi anre6pa Jlu A(1) — sto anrebpa JIu rpynmsl
A(1) addunHbIX TpeobpazoBaHUil npsiMoi. KoMmmoHeHTa CBS3HOCTH 3TOH TPYMIIbI
Jlu, comepxkalasi efHHUYHBIE 3JeMeHT, — 3To rpynna A*(1), cocrosias u3 ad-
(PUHHBIX TPeoOpa3oBaHUi, COXPAHSIOIIMX OpHeHTaluio mpsiMoi. B paborax [2] u
[3] Oblnu HakimeHBl Bce CroCOOBl 3afaHHs JIOpEHLEeBAa CKaJsiPHOTO ITPOHU3BENEHHS
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Ha JByMepHOH M TpéxmepHoi anrebpax Jlu A(1) u A(1) @ R, npu KoTOpeIX OHH
JIONYCKAIOT OfHOTIapaMeTpHUeCKHe TPYIIbl aBTONOAOOHH U aBTOM30METPHH, a TaKxKe
BbIITMCAHbl (POPMYJIBI, M0 KOTOPbIM HEHCTBYIOT 3TH OJHONApaMeTpHUYecKHe TPYIIIHI.
DTO MO3BOJIMJIO MOCTPOUTH CaMONOAOOHbIe CBsi3Hble MHOroo6pasus rpynm Jlu A (1)
1 AT(1) x R. Bce Bo3MOXKHbIe OHOMapaMeTpUUeCKHe IPYIIbl aBTOMOA00UI U aBTO-
U30METPHUH /st yeThipéxmepHoi asiredps Jlu A(1) & R? Haiinens B pabote [4], a
B paGote [5] mopmo6Has 3ajaua pelleHa B caydae 3agaHusi B anrebpe JIn eBK/MIOBA
CKaJISIPHOTO MIPOM3BENEHHSI.

[lenb naHHON pabOThI: HAUTH BCe CrOCOOBI 3alaHUs JIOPEHIEBA CKAJSIPHOTO TMPO-
u3BeneHus B anredpe Jiu Gy = A(1) © A(1), npu KOTOPBIX OHA JIOMYCKaeT OLHOMA-
paMeTpHUeCcKYo TPYIIy aBTOM30METPHH, BbIMKCATh MaTpUILY, 3alaloLIyI0 HelcTBUe
5TOW TpyNnbl, U J0Ka3aTb, UTO OHA He JONYyCKaeT aBTOMNOAOOMH NpH JHOOOM CIIO-
cobe 3a1aHUs Ha HeH JIOpeHLleBa CKAJSPHOTO MPOU3BeleHHs. JTa YeTblpEéXMepHas
anrebpa JIu ABasieTcss eNMHCTBEHHOH, oTHOcALLeHcs K [V Tuny no kmaaccuduxkauuu
Buanku.

2. Crpykrypa anareops! JIu

B nopxonsitem 6asuce (Ey, Ey, E3, E;) KOMMyTallUOHHbBIE COOTHOLIEHHUS ajareGpbl
Jlu G4 3anatorcst ABymsi paBeHcTBamu: [Fs, Ey| = Ey,[E,, Es] = FE3, a ocrajbHble
CKOOKH paBHBbl HYJeBOMY BekTopy. DyneMm HasbiBaTh Takoil 6a3uC KaHOHMUYECKHUM.
J{ByMepHOe MOANpPOCTPaHCTBO H, SIBJSIIOlEeCs JHUHEHHOU 000J0YKOH BEKTOPOB Fy
u Fy sBisercs NpousBogHOH anrebpoil JIu [Gy,Gy]. DTO KOMMYTaTHBHBIH Hpeal.
JInHeliHble 060/04KM BeKTOpoB Ky, K5 u Es, £y 0603HAaulM COOTBETCTBEHHO L U
Ly. DTU NOANPOCTPAHCTBA SBJSAIOTCH IBYMEPHBIMH HEKOMMYTAaTHBHBIMHU HeaslaMHU.
Kpome toro, anre6pa Jiu G, comep:KUT OeCKOHEUHOe KOJM4YeCTBO KOMMYTaTHBHBIX
IBYMepHbIX upaeasoB: VX € Ly,Y € Lo nuHeliHasg 000704Ka 3TUX BEKTOPOB SIBJS-
eTCcsl KOMMYTaTHBHBIM HI€aJIoM.

Anre6pa Jlu G, nomyckaer ueTBIpEXMEPHYIO TPYMIy aBTOMOP(PHU3MOB, KOTOpas
COCTOHUT U3 MpeoOpa3oBaHUH, 3aAaI0IIKUXCS MaTPULLAMU BHIA

o o o 9
o O » O
S = O 2
_ O o O

rie a# 0, f#0,ay 1 0 MOTYT NPUHHMATb Ji0Oble 3HaUeHHUs. Takue aBTOMOP(U3-
Mbl Oy/ileM Ha3blBaTh aBTOMOp¢Hu3Mamu nepsoro tuna. OgHOBpeMeHHas MepecTaHOB-
Ka 6a3uCHBIX BeKTOpOB Fy U Fy, F3 u E, ToXe coxpaHsieT omnepauuio ckobku. OHa
3a1aéTcad MaTpuUed BUAA
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0
0
0 (2)
1

o = O O

1
0
0
0

o O = O

[TosTomy kKoMmosuuusi aBToMOppHU3MOB, 3anaBaeMbix Matpuuamu (1) u (2), Toxe
sBJsieTcsi aBTomopduamom. OHU 3aal0TCs MaTpUlleH

0 a 0 v
6 0 6 0

,a £ 0, 0. 3
0 0 0 70,0 # (3)
0 010

Bynem ux Ha3biBaTh aBTOMOP(HU3MaMH BTOPOTo THMA. Ba)KHO OTMETHTB, U4TO ompese-

qutenb MaTpull (1) u (3) paBeH a3, T.e. paBeH ONpeNeJUTEN0 MATPHULIbl, 3aJal0lIeH

orpaHuueHue npeobpasoBaHus Ha H. OnHomapaMmeTpuyeckas rpyrnmna aBToMopdus-

MOB MOXKET COJep>KaTb TOJbKO aBTOMOP(H3MbI MepBoro Tuma npu « > 0, 5 > 0.
Jluneiinyio o6o/04Ky BeKTOpoB X,Y Oymem o6o3Hauath (X,Y).

3. OcHoBHbBIE pe3yabTaThl

[Tyctp Ha anre6pe JIu G4 BBeIEHO JIOPEHLEBO CKAJSIPHOE MPOH3BENEHHE.

Teopema 1. 1) Cyujecmsyem moavko 00ur cnocob 3a0aHus A0peHUe8a CKa-
ApHO20 npoussedenus 6 areebpe Jlu Gy = A(1) @ A(1), komopom ona donycka-
em HempusuaibHyro odnonapamempuieckyro epynny asmousomemputl. [eticmeue
amotl epynnvl 8 KaHoHUuueckom basuce 3adaémcs mampuyel

et 0 00
e’ 0 0
: (4)
0 10
0 01
npu amom mampuya ['pama 6asuca umeem 8uod
0100
1000
(5)
0010
0001

2) Asmonodobuti paccmampusaemasn areebpa Jlu we donyckaem npu ar0b6om
cnocobe 3a0anus 6 Hell LOPeHuesa CKANAPHO20 NPOU3BEOeHUS..
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Hoxazamearvcmso. Cayuait 1. Ha upneane H uHAyUHpPYeTCs JOPEHLEBO CKaJsIpHOE
npousBefeHre. Torna Ha MOANPOCTPAHCTBE H - HHAYUUPYETCsl eBKJIUIOBO CKAJSIPHOE
TpoU3Be/ieH e,

[lyctb h(t) : G4 — G4 — omHOmapameTpHyecKasi TpyIna aBTOMU30METPUH HJIH aB-
tonono6u#. [Tox e€ nelicTBUEM MOJKHBI OCTABAaThCSl MHBAPUAHTHBIMH Hpeas H, nBa
U30TPOIHBIX HalpaBJeHUs B HEM U ogHOMepHble uaeansl RE, RE;. B nanpHeiem
o6o3Hauaem El(t) = h(t)(E;),i =1,2,3,4.

CorsiacHo [6], B mopxonsiineM 6asuce (e, eq, €3, €4) a106ast OMHONApaMeTpHUeCKast
rpynna nofoOuil ueTbIpEXMEPHOTO MPOCTpaHCTBa MMHKOBCKOTO, UMelollas GoJee
OIHOTO WHBAPHAHTHOTO H30TPOIMHOT0 COOCTBEHHOTO BEKTOpa, 3aJaéTcsi MaTpHIleH
eMFq(t), u = 0, rme

et 0 00
0 vt 0

F=| | E0ieR, (6)
0 0 | * =*

1 3BE30UKaMH 0003HayeHa opToroHasbHas mMatpuua Q(t). [Ipu atom matpuua [pa-
Ma umeeT BHI (D).

B pa6ore [7] Obliu HaiileHbl BCe WHBapHaHTHbIE ABYMepHbIe MOANPOCTPAHCTBA
Tpymmbl Mpeobpa3oBaHUil, KOTopas 3alaéTcs MaTpuuaMu Buaa (6).

CorslacHO J0KaszaHHOW B [7] TeopeMe W CJENCTBHIO W3 HeE, BbINOJHEHO
H = (e1,e5), u MOkHO chenaTh BbiBom, uTo Q(t) = E. Ho HaM Ba)KHO yTOYHHTB:
sanaérest u h(t) marpuuedt e/ Fi(t) iMeHHO B KAHOHUYECKOM Gasuce, a TaKxKe Hajlo
Halith maTtpuny I'pama sToro 6asuca.

OnpenenuTenb MaTpulbl Mpeobpa3oBaHUs He 3aBUCHUT OT BblOopa 0asuca B Bek-
TopHoM mnpoctpancTee. Onpemenutenb maTpuubl e'Fi(t) paBen e, Torma kak
MaTpulla orpaHudeHusi npeoOpasoBaHus h(t) Ha H HMeeT ONpeleSUTeNb, PABHBIH
e?*t. CnemoBatesibHo, 1t = 0, © MOXKET CyILIeCTBOBATb TOJBKO ONHOMapaMeTpUuecKas
rpyIina aBTOM30MeTPHH.

Ecan v = 0, To onHOonmapameTpuyeckas TpyIna COCTOUT TOJNBKO U3 TOXKAECTBEH-
HbIX npeobpasoBanuil. [lycts v # 0. Torna orpanudenue h(t) Ha H He MOXKeT UMeETb
6oJiee NByX MHBapHAHTHBIX HarnpaBJeHud. CienoBarenbHo, £ U Fy COBNAalT C €
UJIH €g, T. €. OHH SIBJISIIOTCS M30TPOMHBIMH (cM. puc. 1 a)).

CorsacHo Matpuuam (1) u (6) cooTBeTCTBEHHO

Eé(t) = 7E1 + Eg, Eé(t) = einEQ.
Torma
Eé(t) : Eé(t) = ’}/eiytEl . E2 -+ €7ytE3 . E2 = ’Yeiyt + €7ytE3 . EQ.

[TocsienHee BbIpaXkeHHWe NOJIKHO OBITH TOXKIECTBEHHO paBHO Fj3 - Fy. OTcroga mogy-
yaeM TOXKJeCTBO
ve "+ (e —1)Es - By = 0.
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ATO BBIMOJHSETCS, TOJBKO €CJH OfHOBpeMeHHO ¥ = 0 U Fj3 - Fy = 0. AHaJ0rH4HO
noayyum 6 =0 u Ey - £} = 0.
[TockosbKy cKasisipHble KBaapaThl BEKTOPOB Fy U Fo paBHBI HYJIO, TO

Eé(t) . Ei(t) = (’}/El + Eg) . (GVtEl) = GVtEg . El.

ATo BBIpaXKeHHe MOJKHO ObITh paBHO Fj3 - Ey. CmemoBatenvHo, F3 - Ey = 0, u
aHaJoruyHo mnoaydaem E, - By = 0. dto 3nauut, uto HY = (Fj3, E,). B wurore
Matpula ['pama KaHOHHYecKOoro 6a3uca HMeeT BUI

01 0 0
1 0 O 0
y g35 Gad > 07 gss3 > O (7)
0 0 g33 g 934 G44
0 0 g3 gu

[Tockosbky 7 = 6 = 0, Mbl IPUXOAUM K BBIBOAY, YTO B pacCMaTpPUBaeMOM cCJyuae
MOXKET CYIIEeCTBOBaTh TOJbKO OQHOMapaMeTpuyecKkasi I'pylna aBTOM30OMETDPHH, Hek-
CTBHE KOTOPOH B KaHOHHUECKOM Gasuce 3amaércsi matpuled (4).

Cayuaii 2. Ha upneane H WHIYUHpPYeTCs €BKJHAOBO CKaJiipPHOE MPOM3BEIEHHE.
Torna Ha nmognpocTpancte H- vHAyUMpPYeTCs JOPEHLEBO CKaJIsAPHOE NPOU3BeIeHHeE,
¥ 3aBeIOMO CKaJsipHble KBalpaThl BeKTOPOB F; U Ey He paBHBI HYJO. 3aMeHUM
6asucHblil BekTop E3 Ha vE; + E3. Torna

(YE1+ E3) - By =vE; - By + E5 - .

Mbl BeIGepeM vy Tak, YTOOBI 3TO BbIPaXKEHHE CTaJj0 PaBHBIM HYJIO. TOYHO TaKxkKe
BeiOepeM 0 Tak, uToObl BeKTOp 0F, + FE, Obl1 opToroHaseH Fs, U Mbl 3aMeHUM
6asucHble BeKTopbl E3 u Ey Ha vEy + E3 u 0Ey + E; coorBeTcTBeHHO. COXpaHUM
npekHee 00O3HaueHHe [/ HOBOro 6asuca, KOTOPbIH Toxe OyneT KaHOHHYECKHM.
Takxe, He MeHsisl onepalny CKOOKH, MOXKEM CIesaTh BEeKTOPbl £y U Fy e TMHUUHBIMH.
[Tyctb A(t) : G4 — G4 — onHONMapaMeTpHyecKast IpyIa aBTOM30MeTPHH /N aBTO-
nono6uil. M30TponHble HanpaBjieHHs MOANPOCTPAaHCTBA H' NOJ/IKHBI GbITh MHBApH-
AHTHBI OTHOCUTeNbHO h(t). CaenoBaresibHO, h(t) OTHOCHTENBHO HEKOTOPOro Gasuca
(€1, €9,€3,¢4) 3anaércst marpuued e’'Fi(t). Cornacto [7], BbinosHeHo (e3,e4) = H,
U TeM caMmbiM, (e3,eq) = HL (cm. puc. 1 6)). Y3 yc/0BUS Ha OmpenesuTe b MaTPULLBL
aBTOMOp(U3Ma Mbl ONSITh AeJaeM BbIBOJI, UTO /4 = () U MOXKET CYILIECTBOBATb TOJbKO
oflHOTIapaMeTpHuecKasi rpymnna aBroudometpuil. [Ipu atom orpannuenue h(t) Ha H
MMeeT [Ba MHBAPUAHTHBIX HAMpaBJeHHsi. DTO BO3MOXKHO, TOJbKO ecu MaTpuua Q(t)
B (6) paBHa ToxnectBenHo E. Ham HeoOxomumo emié nokasate, uto v = 0.
[Tpennonoxum, uto E; - Ey # 0. Umeem

Ey(t) - E5(t) = vEy - By + E3 - By,
310 BbIpaxKeHue O0JI2KHO OBITh TO2KJIE€ECTBEHHO paBHO E3 : EQ. HOJ'IyLII/IM

vE, - Ey =0.
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Puc. 1. PacnonioxxeHue 6a3MCHBIX BEKTOPOB

Orciona v = 0, U aHaJOTHYHBIM 0OpazoM mnoayuum o = 0, ecau Ey - Ey # 0. Ito
03HauaeT, YTO ONHOMApaMeTpHuecKas MOArPyIMMa COCTOUT TOJbKO M3 TOXKIECTBEH-
HbIX NpeoOpas3oBaHui. [loaToMy paccMmarpuBaem paJgee ToJbKo caydad Ej - By = 0.
Mbl yxKe nokaszanu, 4TO MOXKHO BblOpaTh 6asuc Tak, uto Fj - Fy = 0. [losatomy

Ei(t)- Ef(t) =vE - Ey + E3 - E; = vE - E).

DTO BbIpaKeHHe NOJIKHO OBITb TOXKAECTBEHHO paBHO Hyuwo. CienoBaTesbHO, 7y = 0,
M aHaJorM4HbeIM obpazoM nosyuuMm 6 = 0. Mrak, B paccmarpuBaeMoM cjydae He
CYILIeCTBYeT HETPUBUAJIBHON OLHONAPAMETPUUYECKOH I'PyTIbl aBTOU30METPUH U aBTO-
no100uH.

Cayuait 3. Ha noxmpocTtpancTBe H HHAYUHpPYeTCs BHIPOXKIEHHOE CKaJsspHOe
npoussenenue. Ilyctb A(t) : Gy — G, — ogHONMapaMeTpuyecKas rpymnna aBTOM30MeET-
pu# uau aBrornopo6uit. Torma eMHCTBEHHOE H30TPONHOE HANpaBJeHHe B H HOJKHO
ObITh HHBAPHAHTHBIM OTHOCHTEJBHO NeHCTBUS Tpynmbl. [Ipennosnoxum cHadana, 4To
OHO $IBJISIETCSI €IMHCTBEHHBIM HWHBAapDHAHTHBIM HM30TPONHBIM HarpaBjeHHeM. Torna,
corsiacHo [6], oTHOCHTeIbHO HeKoTOporo 6asuca (e, eq, €3, e4) rpynna h(t) 3apaéres
matpuried e Fy(t), u > 0, toe

1t t2/2 0
01 ¢ 0
BO=100 1 o
00 0 1

[Ipu aTom martpuna I'pama 6asuca umeer BUA

—1

-1 0
0

o O O

PacriosnoxkeHue 0asuCHBIX BEKTOPOB OTHOCHTEJNBHO KOHYCa H30TPOIHBIX BEKTOPOB
CXeMaTHUHO T0KA3aHO Ha PUCYHKe 2 a).
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Puc. 2. PacnonoxeHnue 6a3uCHBIX BEKTOPOB

B paGote [8] mokasaHo, 4TO B 3TOM c/ydyae BCe MHBApHAHTHbIE [BYMepHbIe MOMI-
MPOCTPAHCTBA CONEPXKAT BEKTOP €1. YUHUThIBas CTPYKTYpPY paccMaTpuBaeMoi ajred-
pel JIu, MBI TIPUXOIMM K BBIBOAY, 4TO h(t) He MOXKeT 3amaBathbest MaTpulied et Fy(t).
CrieoBaTe/IbHO, CYIIECTBYeT ellé OfHO HHBapHAHTHOE H30TPONHOE HaMpaBJeHHe
¥ B moaxonsiieM 0Oasuce (ey,eq,es3,e4) Tpynna h(t) samaéres matpuied el'Fy(t).
[TopmpocTpaHcTBO H MOXKeT ObiTh HHBapPHAHTHBIM, TOJbKO eciu Q(t) = E.

[Tpennonoxum, yto v # 0. B aTom cayuae, cornacHo [7], nBymepHble uneansl H,
Ly n Ly comepkaTcsi B TPEXMepPHbIX MoanpoctTpancTBax Vi U Vi, KOTOpble 3a1al0Tcs
COOTBETCTBEHHO ypaBHeHUSIMH x1 = 0 U x5 = 0. DTH MOANPOCTPAHCTBA SBJSIOTCS
OpPTOT'OHAJbHBIMU JOMOJHEHUSIMH K €; U €3 COOTBETCTBEHHO W UMEIOT obliee mepe-
ceyeHue (e3,ey), TOITOMY HAeal H MOXKET COIEP:KAThCs TOJBKO B OIHOM H3 HHX.
[TycTb 310 6ymet Vi (cm. puc. 2 6)). Torna £1 u Lo ToXKe comepKarcs B V7, MOCKOJb-
Ky OHM MMEIOT HeHYJieBOe TepecedyeHue ¢ H. DTO 3HAUHUT, UTO JHUHeHHas 060J0uKa
L4 1 Lo aBasiercs TpEXMepHOH. Mbl NOJMYUYH/IN IPOTHBOPEYHE, OCKOJbKY JIHHEHHAs
o6osouka L1 u Lo n0omKHa ObITh YeThipéxMepHo. Cyief0BaTebHO, OHOMAPaAMETPH-
yeckasi rpynmna h(t) COCTOMT TOJNBKO M3 TOXKIECTBEHHBIX NMPeoOpa3oBaHUi.

4. 3akJgueHue

B nanHoil pabGoTe Mbl J0Kas3ajad, uTO 4YeThlpéxMepHas aJarebpa Jlu
Gys=A(1) ® A(1l) He momycKaeT OQHOMAPaMETPUUECKOH TIPYIMIbl aBTOMOAOOHE MpH
JI060M criocobe 3aaHus B Hell JIOpeHLeBa CKaJISIPHOTO MPOU3BeleHHs. DTO 03HaYa-
eT, 4TO COOTBETCTBYIoLIas e cBsizHas rpynmna Jlu AT (1) x A*(1), cHabxéHHasi jeBo-
MHBAapPUAHTHON JIOPEHIIEBOH METPUKOMH, He MOXKET ObITb OJHOPOAHBIM CaMOMOAOOHBIM
JIopeHLeBbIM MHOroo6pasuem. CylecTByoLlas OfHONAapaMeTprUuecKas Ipyrnmna aBTo-
M30MeTpUH /151 anre6pel G, MO3BOJUT B JaJbHEHIIEM TOCTPOUTb OfHOMapaMeTprye-
CKylo rpynmny aBuxenudt rpynnsl JIu AT(1) x AT(1), ocTaB/siioNy0 HEMOABUKHOM
€IUHHULY TPYIIIbI. |



36 M.H. Ilonokcénos, E.A. MBaHoBa. ~ABTOH30METPHH YETBIDEXMEPHOH. ..
JINTEPATYPA
1. TlonokcénoB M.H. Ilopobus u M3oMeTpuUH OQHOPONHOTO MHOrooOpasus rpymnmnsl ['eiizeH-

Gepra, CHaGXEHHO# JIeBOMHBAPUAHTHO#H JIopeHIleBoH MeTpHkol // BectHuk Bute6ekoro
rocynapcTBeHHoro yHuBepcutera uM. [1.M. Mameposa. 2011. Ne 5. C. 10-15.
[Tonokcénos M.H. Camonono6Hble OTHOPOAHBIE ABYMEPHOE U TPEXMEPHOE JIOPEHIIEBBI

MHoroo6pasus // BectHuk Bute6ckoro rocynapersertoro yuuepcutera uM. [1.M. Ma-
meposa, 2018. Ne 2(99). C. 14-19.

. Iomokcénos M.H., Ka6anos A.H. Camonono6Hoe ogHOpoIHOE JIOPEHLIEBO MHOT00Opa3ue

TpéxmMepHo# rpynnel JIu // Hayka — oGpasoBaHuio, MPOU3BOACTBY, IKOHOMHKe: MaTte-
puaner XXIV(71) PernonanbHoll Hay4uHO-PaKTHUECKOH KOH(EPEHLHMH NpernojaBaTeseH,
Hay4YHBIX COTPYAHHUKOB M acnupaHToB, BurteGck, 14 despans 2019 r. Bure6. roc. yH-T.
Bute6ck : BI'Y umenu I1.M. Maweposa, 2019. T. 1. C. 18-20.

Tomokcénos M.H., Uepusix B.B. AsTonsomerpuu u aBronono6us anre6ps Jin A(1)GR2
// Maremaruueckue cTpykTypsl u mMopesauposanue. 2020. Ne 1(53). C. 25-30.
Momokcénos M.H., Tyu A.K. Aprousomerpuu anreépo Jlu A(1) @ R? // Hayka
— 00pa3oBaHuI0, MPOU3BOIACTBY, SKOHOMHKe: MaTepHuasbl 72-ii PernoHaspHO#H HaydHO-
MpaKTHUECKOH KOH(EepeHLHUH MNpernofaBaTeseid, HayuHBIX COTPYOHHUKOB M aCMHPAHTOB,
Bure6ck, 20 ¢pespans 2020 r. Bure6ek : BI'Y um. II.M. Mameposa, 2020. C. 27-29.

. Alekseevski D. Seli-similar Lorentzian manifolds // Ann.of Global Anal.Geom. 1985.

V. 3, No. 1. P. 59-84.
[Tonokcénos M.H., MBanosa E.A. MHBapuaHTHbIe MOAMPOCTPAHCTBA OLHONAPAMETPHYE-

CKOH rpymnmbl nonobuit npoctpaHcTBa MuHKoBcKoro // MateMaTHueckde CTPYKTYpPBl U
moneaupoBanue. 2021. Ne 1(57). C. 25-28.

. Uepnbix B.B. MlHBapuaHTHBIe MOANPOCTPAHCTBA OAHOTO CIELHaNbHOTO KJjacca rnpeodpa-

3oBaHu#t // «Mosonoctb. MuTtesnekt. Maunuarusa». Marepuansl VIII MexnyHaponHoi
Hay4YHO-MPaKTUYeCKOH KOH(pepeHIIUHN CTYAEHTOB U MarucTpaHToB. Bure6ck, BI'Y umenu
[T.M. Mameposa. 2020. C. 36-38.

AUTOISOMETRIES OF FOUR-DIMENSIONAL LIE ALGEBRA
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Masherov Vitebsk State University, Vitebsk, Belarus’

Abstract. We consider four-dimensional Lie algebra of IV Bianchi type. It is proved
that there is only one way of defining Lorentz scalar product on it, for which there
exists nontrivial one-parameter group of isometries that are automorphisms of the Lie
algebra. Gram matrix of the scalar product and the matrix describing the action of
the one-parameter group are written out. It is also proved that the given Lie algebra
does not admit one-parameter group of similarities, which are automorphisms of the
Lie algebra, for any way of defining the Lorentz scalar product in it.
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AnHoTtanusa. B pa6ore uccsenoBaHo noseneHye IByMepHo# mMonenu M3uHra Ha
reKcaroHa/JbHOH pelIéTKe BO BHeLIHeM OCLHMJIIMpYIolleM moJe. Brulio onpene-
JIEHO 3HaueHHe KPUTHYeCKOrO MOJyNepHofa, a TakKe 3HaueHHe KPUTHUeCKHX
MHIEKCOB /v, /v W «. YCTaHOBNEHO, YTO KJAacC YHHBEPCAJbHOCTH HAHHOH
MOJIe/IN COOTBETCTBYeT KJ/acCy YHUBEPCaJbHOCTH AByMepHOH Mozenu MsuHra B
pPaBHOBECHOM CJy4ae.

KuaroueBble cioBa: nrHamMuueckue ¢hasoBbie epexofsl, Moaeb M3nHra Ha rek-
CaroHaJIbHOU pelleTKe, OCHHJJIUPYIOLlee MarHUTHOE TOJIe.

1. Bsenenue

HccenenoBanue KpUTHUECKOTO MOBEIEHHUSI CUCTEM B OCIMJIJIUPYIOLIEM MarHUTHOM
rnoJie MpeacTaBJsieT 60JbLIOH TeopeTHueckuil [1-6] u sKcnepumeHTabHbid [7-10]
uHTepec. Oco6eHHOCTh KPUTHUECKOTO TOBEIeHUsI TAKUX CUCTEM 3aKJ04aeTcsi B BO3-
HUKHOBEHUHM aHOMaJIbHO OOJIbIIHUX H JOJTO XHUBYIIMX (DAYKTyallWil mapameTpa Io-
psiiKa CHCTEMbl TIPH MPHOJIMKEHHH 3HaYeHHsl TMOJyNepHoaa BHEIIHEro MoJs K KpH-
THUECKOMY 3HaueHHI0. BesinuuHa mapameTpa mopsiaka, onpeaesieMoro Kak CpeaHsis
3a OJIUH MepPHOJ] HaMarHUYeHHOCTb, HEMPEPBIBHO 00pallaeTcsi B HYJ/b MIPH Tepexoje B
HeynopsinoueHHY0 (a3y. Takum o6pa3om, B cUCTeMe peasindyeTcsi (ha30Bblil Mepexos
BTOPOTO poja.

B pa6ortax [3-5] 6blIO MOKa3aHO, UYTO KPUTHYECKHE HHIEKCHl TUHAMUYECKOTO
(hazoBoro nepexofa B ABYMepPHOH KHHeTHYeCKOH Momean MsauHra Ha KBajgpaTHOM
pelIéTke U TpéxMepHOU Mopiend M3uHra Ha mpocTod KyOUUecKOH peliéTke COOTBET-
CTBYIOT KJlacCaM yYHHBEPCaJbHOCTH NaHHBIX MOJeJed B PaBHOBECHOM CJydae.

B Hacrosilllee BpeMsi SIBJISIETCS aKTyaJbHbBIM HCCJEIOBAaHHE CHUCTEM C TeKCaro-
HaJIbHOW JBYMepHOH pelléTKOH. B KauecTBe NMpHMepOB TAaKUX CHUCTEM MPH y4éTe
(heppOMarHUTHOTO B3aUMOJEHCTBUSI MOXKHO MPHUBECTH HaHOTpPa(eHOBblE U TPaPHUTO-
nofoOHbIe MaTepuasbl, B 4aCTHOCTH MoOJeKyabl CsgNsHao, CsoNyHoy [11,12], Mo-
Hocsoinble Crlz [13] u RuCls [14], a Takxke psn apyrux. [lostomy npencrabiser
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HUHTEPEC BO3MO2XHOCTD IPOBEPHUTL KJaCC YHHUBEPCAJbHOCTHU AUHAMHUYECKOTO (pa30BO-
ro nepexona B OCHWJ/IJHPYIOUIEM TI0JI€ HaA rekcaroHaJbHOH pELHéTKe.

2. Mogeuas

HccnenoBanace kuHeTHyeckass Mofenab V3uHra Ha ABYMepHOH rekcaroHaJjbHOH
pelwrétke pasmepa L ¢ ydéTOM BJIMSHHUS [E€PUOJHMYECKOrO BHEILIHEro MarHUTHOIO
noJs. [aMUIbTOHMAH MOJe/N HMeeT BUM:

H=—J> sisj—h(t)> s, (1)
(i.4) i

rie J > 0 — KoOHCTaHTa O0OMeHHOro (DeppOMarHUTHOTO B3aWMoOneHcTBUS; h(t)
OCLUJIJIUPYIOlllee MarHUTHOe IMoJe, UMewllee (GopMy MNPSMOYTONbHOIO CHUTHaJAa C
aMIIMTYI0H ho YU TOJYNepPHONOM t1/o [3,5]; cymmupoBanue (i, j) NPOM3BOAMIOCH 10
OanxkalliuM cocefsiM. ['paHUUHbBIE yCa0BUSL OblIK 3aJaHbl EPUOIUUECKUMH.

Junamudeckuil ¢asoBbiil Mepexofl B CUCTEMe XapaKTepudyeTcsi mapaMeTpoM Io-
psiiKa, KOTOPBIH orpenesisieTcss KaK CpeiHss 3a Mepuojl HaMarHU4eHHOCTb

m(t (2)
2751/2 f
rie yaejbHas HaMarHuueHHOCTb m(t) BbIUKCIsIACh 10 Gopmyie
1 &
i=1

BocnpuuMuMBOCTb U TENIOEMKOCTb ONpefe/IsijIMCh 10 (hopMyaam:

X? =L ((@%) - (Q)?) ;

4
E:L2(<E2>—<E>2). ( )

YcpenHeHue (...) OCYLIeCTBJSJIOCH MO BpeMeHHU (MeprHogam) ¥ CTaTUCTHYECKUM KOH-

(urypauusm.
OmnpeneseHre KPUTHUECKOTO 3HAUEHUS MOJYNEePHUOAA OCYLLECTBJIAI0Ch HA OCHOBE
aHa/M3a TeMIlepaTypHBbIX 3aBUCUMOCTel KyMmyJisiHTa bunaepa 4-ro nopsiaka:

(@)
3(@%)*
KOTOpble 00pasyloT 06/acThb nmepecevyeHus /s pa3juyHbiX 3HaueHu# L.

[Tapametp nopsinka (), BOCHPUMMYHBOCTL X M TemI0éMKoCTb Y B KpuTHUECKOH
TOYKE JeMOHCTPUPYIOT CKEHJMHIOBble 3aBUCUMOCTH BUIA

{Ql) ~ L=,
X9~ L (6)
XE ~ La/l/’

U =1- ()

13 KOTOPbIX OBLIH orpeneseHbl KPpUTHUYECKHUE TI0OKa3aTeJIH.
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~, 0.6

U4(t1/2

60 80 100 120 140
t , MCS/s

1/2°

Puc. 1. KymynsaTsl bunnepa, KpuTrdecku# mosynepron

3. OcHoBHbIE pe3yabTaThl

B Hacrosiledt paboTe A/ MOAEJUPOBAHHUS AUHAMHUYECKOTO MOBENEHHUS ABYMep-
HOWM KHHETHYEeCKOH MOJe/JU C IeKCaroHaJbHOW [IBYMEPHOU PELIETKOH NPUMEHSJICH
aJITOPUTM «TerJyoBo# GaHu» [15].

Pasmepsl cucrembl L = 36 — 240. lng KaxKA0ro pazmepa BpeMsi Ha peJsiakCaluio
coctasiisio 20000 nepronos, Ha ycpenHeHue no BpemeHd 100000 nepuonos; K0MOJ-
HUTeJ/bHOEe yCpelHeHHe NMPOBOAUJIOCH 10 H00 CTATUCTHUYECKHUM KOH(PUTypPaLUIM.

AmMnautyna MarHuTHoro noJs Oel1a Beiopana hy = 0.2 u remneparypa 1’ = 0.87,,
rie T, = 1.519 — kpuTtuyeckas Temneparypa mMofenu MsuHra Ha AByMepHOH rekca-
FOHAJIbHOH pelIéTKe, YTO COOTBETCTBYET NpeOblBaHHIO CHCTEMBl B MYJbTHIPOIJIET-
HOM pexxume [5].

Kputryeckuil mosynepuos onpefeJsjcs Mo NepecedyeHrIo KyMyJssHTOB bruHaepa
(puc. 1). HaiineHHoe 3HaueHHe cocTaBJseT tip=93£1 MCS/s.

Ha (puc. 2 — 4) npencraBieHo MoBeleHHe HaMarHMUEHHOCTH B yMOPSIIO0YEHHOH
(base, B KPUTHUECKOH 00/IACTH U B MOJHOCTbIO HEYNOPSA0UYEHHOH 00/1aCTH COOTBET-
CTBEHHO. B mo/siHOCTbIO HeymopsinoueHHOH (ase (puc. 4) HAMAarHUUEHHOCTh CJeyeT
3a 1oJieM, MepekJ/ioyasch KaxKAbld nogaynepuon. B cayvae ynopsinodeHHOH (hasbl
(puc. 2) BHeliHee moJie siBsieTCS OBICTPO OCLMJIIMPYIOUIMM, ¥ HaMarHU4eHHOCTb
He yCleBaeT CYLIeCTBEHHO M3MEHMTbCS B TeYeHHe Iepuoia, caado U3MeHSAChb IO
BeJIMUMHE OTHOCHUTEJBHO CpeJHero 3HaueHusl. B kputhyeckod obsacTd, B paloHe
ti2 = 92 MCS/s (puc. 3), HabmogaoTcs CUbHBIE (QIYKTyallny HaMarHU4eHHOCTH,
4TO SIBJISIETCS MPHU3HAKOM NUHaMHUueckoro (asoBoro nepexopxa. Ha (puc. 5) mpen-
CTaBJIEHO TMOBeleHHe napamerpa nopsiaka (|()|) B 3aBUCUMOCTH OT (has3bl CHCTEMBI.
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B nonnocTeio HeynopsimoueHHoH (ase (t1/2 = 200 MCS/s) Habaionatorcs caabele
OCLMJIJIILLUM B OKPECTHOCTH Hyssd. B palloHe nuMHaMuyeckoro (pa3oBoro nepexopa
HaOJIIONAI0TCS CHUMbHBIE (JYKTyalMH, a B ynopsipodeHHoH dase (t1/, = 20 MCS/s)
napaMeTp MOpsiika OLUJNHUPYET B OKPECTHOCTH CpelHeH BeJUYUHBl, OJU3KOH K elU-
HHULLE.

Ha (puc. 6) BOCIPUMMYHBOCTb MEMOHCTPHPYET MpH3HAKKU (ha30BOro Mepexosa
— 3aBHUCHMOCTH BOCIPUMMYHBOCTH OT TOJyINepuoaa o6pas3yloT MUKU B OKPECTHO-
CTH KPUTHYECKOro MOJyNepuona, Mpud 3TOM [Jis PA3JUYHBIX JHUHEHHBIX pa3MepoB
cUCTeMbl L MOJIOXKEeHHUs NMHUKOB CMelllaeTcsl B CTOPOHY aCHMMITOTHYECKOTrO 3HaueHHs
noJsyrnepuoaa tf/Q.

B pa6ote 6bliK omnpenesieHbl 3HaUE€HHWS KPUTHUECKHUX ToKasartesed. M3 ananusa
3aBUCHUMOCTH NapaMeTpa MopsiiKa OT JUHeHHOro pasMepa L (puc. 7) B KPUTHUECKOH
TOUKe OBLJIO OTPe/eJIeHO OTHOIIEeHHe KPUTHUECKUX Tokasartesed /v = 0.136+0.011.
M3 aHann3a 3aBUCHMOCTH BOCIPUMMYMBOCTH OT JHHelHOro pasmepa L (puc. 8)
OBLTIO OMpe/ieleH0 OTHOILIEHHe KPUTHUECKHX Mokasateneil /v = 1.73 4+ 0.03. 3aBu-
CHUMOCTb TeMJIOEMKOCTH OT JINHEHHOTO pa3Mmepa L NeMOHCTPUPYET JiorapupmuuecKuii
POCT, UTO COOTBETCTBYET 3HAYEHUIO KPUTHYECKOro nokaszarens o = 0.

4. 3akJjwueHue

B pabote ocyllecTB/JeHO HCC/e0BaHHE AMHAMHUYECKOro (ha3oBOro nepexopa B
INBYMepHOH Mopenu M3uHra Ha rekcaroHa/JbHOH pelléTKe BO BHELIHeM OCLHJIJIUPY-
IOLeM MarHUTHOM IoOJIe.

Belo onpenesneHo 3HaueHHMe KPHUTHYECKOrO IOJYINEpPHOAA, a TaKxkKe 3HaYeHHUs
KPUTUYECKHUX ToKasatenedl /v, v/v u a.

M3 nmosydyeHHBIX pe3y/bTaTOB MOXKHO CHeJiaTb BBIBOI, UTO B CHUCTeMe HabJiona-
eTcsl IMHaMu4ecKUi (a3oBbld nepexon. [Ipu 3ToM Kjacc yHHBepPCaJbHOCTH MOJEJH
M3uHra B oCUMJMUPYIOLLEM MarHUTHOM I10Jle Ha TeKCaroHa/JbHOH pelIéTKe COOT-
BETCTBYeT KJlacCy yHHMBepPCaJbHOCTH NAHHOH MOJe/]H B PaBHOBECHOM cjyyae. ITO
COOTHOCHTCS C pe3ysabTaTaMH MOJe/JHPOBaHHUsl ABYMepHOH Moznenu M3uHra B ocuui-
JIUPYIOIIEM TIoJle Ha KBaapaTHOU [3] u TpeyrosbHOH [15] pemérkax.
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Abstract. IIn this paper the behavior of two-dimensional Ising model with the hexag-
onal lattice in an oscillating magnetic field was studied. The value of the critical
half-period was determined, as well as the value of the critical exponents /v, ~v/v
and «. It has been determined that the universality class of this model corresponds
to the universality class of two-dimensional Ising model in the equilibrium case.
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orders of magnitude larger than others. In this paper, we provide a possible
qualitative explanation for this phenomenon.
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1. Formulation of the Problem

The problem. One of the important open problems in physics — known as the
hierarchy problem — is to explain why there is a such a huge difference between
physical constants.

For example, gravitational forces are 10%° times weaker that electromagnetic
forces — and this difference is mirrored in the difference between the corresponding
constants; see, e.g., [1,3].

What we do in this paper. In this paper, we provide a possible qualitative
explanation for this phenomenon.

2. Our Explanation

A mathematical result on which our explanation is based: formulation.
Our explanation uses the following result from [4]: in a nutshell, that when we
reconstruct a state based on the measurement results, we will most probably get
not the original state, but one of the extreme points of the set of possible states.

Why this result is valid: an explanation. A state can be characterized by the
values of several physical quantities s1,...,s,. In this sense, each state can be
represented as a tuple s = (s1,...,58,).

To determine the state, we measure the values of these quantities. Measure-
ments are never absolutely accurate, thus the results rq,...,r, of measuring these
quantities are, in general, different from the actual values s; of these quantities.
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Usually, the measurement errors are independent and normally distributed, with
0 mean and some standard deviation o. In this case, for large n, we have

n

PR (1)

=1

see, e.g., [14].
The approximate equality (1) can be described in an equivalent form

d*(s,r) =~ n- o

where

is the usual (Euclidean) distance between the n-dimensional points
$=1(81,...,8p) and r = (r1,...,7).

Thus, here d(s,r) ~ ¢ o v/n - o. In other words, the observed state r is located at
distance ¢ from the actual state s.

The observed state r is, in general, outside the set S of possible states. So, to
reconstruct the state s, we need to find an appropriate state a within the set S. In
general, there are several such states. A natural idea is to use the Maximum Like-
lihood method - i.e., to select the most probable state. For the normal distribution,
the corresponding probability density is described by the following expression:

1 (o (-52))

This expression can be equivalently reformulated as

1 1< )
m‘exp <_T‘_2'Z(ri_ai) >

i=1

Thus, maximizing this expression is equivalent to minimizing the sum

n

Z(Ti - a¢)27

i=1

i.e., equivalently, the square root of this expression:
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Thus, when we reconstruct the signal based on the measurement results r, we
select the state @ € S which is the closest to the tuple r that describes the
measurement results.

Let us show how this geometric fact leads to the above conclusion. For sim-
plicity, let us consider the case when n = 2 and the set S of possible states is
a convex polygon. The point r» = (r,7r2) formed by measurement results is then
located at distance ¢ from the set S.

Let us look at all the points located at the distance ¢ from the polygon:

e for some of these points, the closest point on the polygon is located on one
of its edges;

e for others, the closest point is one of the polygon’s vertices.

One can check that for each edge, points for which the closest is on this edge are
located on a segment parallel to this edge and bounded by the two lines orthogonal
to this edge. The length of this segment is equal to the length of the edge. Thus,
the overall length of these segments is equal to the sum of the lengths of all the
edges, i.e., to the perimeter of the polygon. So, this overall length does not grow
when ¢ increases.

On the other hand, the set of allthe points which are e-distant from the set S
grows with €. Thus, as ¢ increases, the proportion of the points r for which the
closest point a € S is on one of the edges decreases — and hence, for a bigger and
bigger proportion of points r, the closest point a is one of the vertices - i.e., one
of the extreme points of the original set S of possible states.

Comment. Of course, these are somewhat informal arguments. For an exact
formulation and proof, see [4].

How this mathematical fact helps in our explanation. In our case, we are
considering the values of different physical constants. We can consider two possible
situation:

e In many cases, we know the sign of the corresponding constant: for example,
we know that gravity only leads to attraction between different objects.

e In other cases, we may now know the sign: e.g., electric forces can lead both
to attraction and to repulsion.

In the first case, the set of possible values of the corresponding constant is the
interval (0, 00). In the second case, the set of possible values of the corresponding
constant is the whole real line (—oo, +00).

According to the above mathematical result, when we reconstruct the value of
the corresponding constant from observations, most probably, we will get one of
the extreme points of the corresponding set of values. For an interval, extreme
points are its endpoints. Thus:

e in the first case, we will get either O or infinity;
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e in the second case, we will get either —oo or +o0.

Of course, we cannot have O or infinity — this does not make physical sense, so
this means that we will have either a very small value or a very large value —
and this is exactly what we observe, this is exactly what the hierarchy problem is
about.

Thus, we have found a possible qualitative explanation for this empirical phe-
nomenon.

Comment. Not only we found a possible explanation for the hierarchy problem
in general, our arguments also explain why the constant corresponding to the
electromagnetic interaction has to be large — since this interaction allows forces of
both signs, attraction and repulsion.

In contrast, gravity has only interactions of one type, so it is not surprising
that the corresponding constant is close to 0 in comparison to the electromagnetic
one.
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AHHoTanusa. B pabore mpensiokeH aJrOPUTM pacuéTa 3HAUEHHH MapaMeTpPOB
rasa JJjisi TIPOU3BOJIbHOH CETKHM B 0OJaCTU OJHOMEPHBIX TeUeHWH 6e3ymapHOro
cxaTusl rasa. Takue TeueHHs] OMHUCHLIBAIOTCS peELIEHHEM CHCTeMbl ypaBHEHHH
ra3oBOd NMHAMHKH. AJITODUTM OCHOBaH Ha KOMOMHALMK OJHOTO W3 METOMIOB
MAallMHHOTO 00yueHUs1 — MeTole OJMKaHIIUX cocenell AJs cjayudas perpeccuu
U MeTole XapaKTepucTUK. B KadecTBe olLeHKH OJHU30CTH TOUeK-coCeled HC-
MoJib3yeTcst paccTosiHue. Pafora asropuTMa mpoBepeHa Ha MpPHUMeEpe pacdéTta
CeTKH B 00/1aCTH 3aJayd CxKaTHS W3 MOKOS B IMOKOM, KOrga MOKOSILUKCS ra3
C TJIOTHOCTBbIO | CXMMaeTcss B mokosimuiics ras ¢ miaoTHocTeio 10%. Cixkatue
BbINIOJIHSAeTCSl €3 yHapHbIX BOJH, 3((EeKTHBHBIM C TOUYKHW 3pPEHUs] 3HEProBJO-
JKeHHUS CrI0coO0M: HEPTUs CXKATHSI UCTOJIb3YETCS TOJNBKO Ha CXKaTHe rasa, U He
TPaTHUTCS Ha €ro pasroH. AJITOPUTM MOXKeT ObITb HCIMOJIb30BaH MPH YHCJEHHOM
pacuéTe OPYrux 3agad ra3oBOH AUHAMHUKH.

Kirouessle ciaoBa: cucrema ypaBHeHI/Iﬁ rasoBod JMHAMMKH, OHOMEpPHbIE TeYe-
HHUA 6e3y11apHoro C2KaTHs, METOL XapaKTEepUCTUK, METOL OJHXKaNUILINX cocefled.

BBenenue

Pemrenune 3ana4 ra3oBoil AMHAMHKH HAaXOAWT CBOE NMPUMeHEHHe BO MHOTHX 00Ja-
CTSIX, HalpuUMep, MOAEIUPOBaHHe Ge3ydapHOro CXKAaTHsl MHUILEeHeH NJs peasn3aldH
YIIpaBJSEMOr0 TEPMOSIIEPHOTO CHHTE3a W MOJEJNHPOBAHHE Pa3PyLIUTEJNbHBIX aTMO-
cepHbIx Buxpei. V3ydeHHe yrpaBiseMOro TepMOsiIEpHOrO CHHTe3a, KOTOPbIH $iB-
JIieTCsl TIPAaKTHUECKH HeOorpPaHHUYeHHBIM HCTOUHUKOM 3SHEPrHH, MPOMOJIKAETCS YKe
HeCKOJIbKO necsituneThi. [locnennue (uanueckre 3KCIEPUMEHTHI B 3TOH 00./1acCTH,
Hanpumep B JIuBepmopckoit a6opatopuu (CILIA), npoonsitest [1] ¢ uesbio mosyue-
HUSl SHEPTHH OT TEPMOSIIEPHOTO rOPEHUs NeHTepHeBO-TPUTHEBON MHUIIEHH B Pe3yJlb-
TaTe CXKATHS TIOJ, IeHCTBHEM SHEPTHH, MepenaBaeMoit nazepHoi ycraHoBkoi (JITC —
Jla3zepHbIH TepMmosinepHblil cuHTe3). Takue e paboThl [2] BemyTcs B [lleHbKeHbCKOH
nabopatopuu (Kurait). B Poceun yeranosku JITC cosnansl B POAL-BHUNID [3].
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HccnenoBanua no MopenupoBaHMIO mnpolecca 0e3yAapHOro CxKaTusl rasa IpH-
BelleHbl B psifie pa6ot, Hanpumep [4-11]. TlpemsoxkeHbl pasjuUuHble THUIBl MHUIIE-
Hel, OOWH W3 MPHMepOB NpUBeNEH B padote [8]. MulleHb siBJAsieTCS OUHTEpHEBO-
TPUTHEBBIM LUJWHAPOM, HAaXOASIIMMCS BHYTPU OEpUJIJIMEBOTO LHUJIUHIPHUYECKOTO
cnosi. B marenre [11] npensiokeHa MUIIEeHb, B KOTOPOH POJIb CXKMUMAFOLIErO TTOPLIHS
BBIMOJIHSIOT TPAHU TeTPasdApa UK TPeyroJbHOH MPU3MBI.

Jpyroii o6sacTbio pelleHUs 3aay ra30BOH AWMHAMHUKHU SIBJISETCS MOJEIHPOBAHHUE
MPOLIECCOB pa3pyLINTeNbHbIX aTMOC(epHBIX BUXpel. B kKauecTBe mpHMepoB MOXKHO
NPUBECTH MHOTOUYHMCJEHHble CMepUYM U TOPHALO, TPOMHUUECKHe LHUKJOHBL. B pabdorax
[12, 13] mpensioxkeHa Moje/ib BOBHUKHOBEHHS] U YCTOHUMBOTO (PYHKLHOHHUPOBAHHUS
BOCXOJSILMX 3aKPyUeHHbIX MOTOKOB rasa.

1. Onucanwue 3amauu

O heKTUBHBIM CrOCOOOM OMNHUCAHHS Ta30BbIX TeYeHHUH SBJSETCS YHCIEHHOEe
NpPeACTABJCHUE peLIeHUH CHCTeMbl yPaBHEHHUM Ta30BOW NHHAMMUKH, I/ 3TOrO
YCIEILIHO UCMOJIb3yeTcsi MeTOA XapakTepucTuK [14, 15]. MeTon xapakTepuUCTHK 00-
JlaflaeT CJefyIOLUIMM CBOUCTBOM: MoJydaeMasi XapakTepucTudyeckas cetka (Habop To-
UeK, B KOTOPBIX PACCUMTAHbl 3HAYeHHs Ta30JUHAMHUECKHX [apaMeTpoB), BOOOILIe
roBopsi, He siBJseTCs paBHOMepHOH. [Ipy 3TOM BO3HMKAIOT TaKHe CUTYyallUH, KO-
rIa HUccyefoBaTes 0 [Jis MPOBOAMMOrO aHa/ju3a PacCYUTAHHBIX TeueHUH ynoOHel
UCIO/b30BaTh PABHOMEPHYIO CETKY TOUeK MJM BOOOLIle CeTKYy C MPOU3BOJIbHBIM pas-
MelleHHeM Touek. B jto6oM ciaydae B ToYKaxX HEOOXOAMMO 3HATh 3HAUEHHS T'a30fU-
HaMHMUYeCKUX NapaMeTpoB rasa.

[Ipensioxxenue o ToMm, Kak AJs MeTOda XapaKTePUCTHK MOCTPOUTb PABHOMEPHYIO
ceTKy, onucaHo B pabore [13]. B aToii paGoTe Ha KaXKIOM IlIare MOCTPOEHHUs CeT-
KW JJ5 KaXXJIOU cjenytolledl siuelKu MpeasaraeTcs ¢ MOMOLIbIO UHTEPHOJSLHN MO
U3BEeCTHBIM [BYM TOYKAaM PacCUMTHIBAaTb HOBble TOYKHM TaKHe, YTO BBINYILIEHHbIE U3
HUX XapaKTepUCTHUECKHe JIMHUU MepeceKalnTcsl B TpeOyeMblX TOUKaX PaBHOMEPHOH
cetku (puc. la). Ha pucynke la nmokasaHo HaxoxKIeHHe TOYeK Ha n+ 1 mare: JUHUS
t = t, — TOCTPOEHHBIA CJIOH PaBHOMEPHOH CETKH, B KOTOPOM HM3BECTHbI 3HAUeHHS
ra3oJMHaMHUeCKHX MapaMeTpoB; JUHUSA t = ¢, 1 — CJOH, B TOUKAX KOTOPOro 3Haye-
HMS ra3oAMHaMHUYeCKUX NapaMeTpoB paccuuTbiBaloTcs. LTpuxoBoil nuHKed 0603Ha-
el Ct u C'~ XapaKTepUCTUKH, BbIMYIIEHHblE K3 TOYEK C KOOPAUHATAMH (L, 7 1)
U (tp,Ti+1), KOTOpblE MepeceKyTcsi B TOYKe, BOOOILe TOBOPsi, HE COBMAJAIOLIed C
TOUKO# (t,41,7;) U IOITOMY PABHOMEPHOCTb TOCTPOEHUsI CETKU OyIeT HapyIIaThCs.
Jlns mocTpoeHUsi paBHOMEPHOH CETKM JUHEHHOH HHTepnoJisiliied KOOpPAUHAT TOYeK
(tn,7i-1), (tn,riy1) ¥ 3HAUEHHH ra30qIMHAMUYECKHUX MapaMeTPOB B HUX PacCUHTHIBA-
I0TCsl TaKWe 3HaueHWsl 7 W r; Ha JMHUM t = {, ¥ 3HAYEHHs ra30JMHAMHUYECKUX
nmapaMeTpoB B HHX, UTO BBIMyIIeHHble M3 3THX Touek CT u C'~ XapakTepuUCTHKU
(crolIHbIe HAKJIOHHBIE JIMHUH) TepeceKyTcst B Touke (t,.1,7;). [locae aToro ¢ mo-
MOILLbI0 (DOPMYJl MeTOola XapaKTePUCTHK HAXOASATCS 3HAueHHUsl ra3ofMHaMHUYeCKHUX
napaMeTpoB B 3TOH TOUKe.

B naHHO# pa6oTe onucaH Apyroi NoAXoA K MocTpoeHuto ceTku. [Ipennaraercs He
UHTEPIIOJIUPOBATh TOYKHU MPH MOCTPOSHUHU KaXKAOH SYEHKH PACCUUTBIBAEMOH CETKH,
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Puc. 1. [locTpoeHne paBHOMEpPHOH CeTKH

a paccuMTaTb XapaKTEePUCTHYECKYIO CeTKy B LeJoM No Bced oOgactu. M 3atewm,
MUHTEPIOJUPYS M0 U3BECTHBIM 3HAUEHHUSIM TOUEK PAaCCUUTAHHOM XapaKTepHUCTHYeCKOH
CeTKH, MOJyUHUTh 3HAUYeHHUs] B TpeOyeMbIX TOUKAaX paBHOMEpHOH ceTKH (puc. 16).
3a OCHOBY HCIIOJb30BAHHOTO TOAXOAA K HHTEPMOJSIUHM B3ATHl (POPMYJBI METOAA
OJKafIIKMX coceliell U3 MalllMHHOrO 00yueHus [16]. B kayecTBe MeTPUKH GJU30CTH
To4eK-cocenel 6epércs paccTosiHue MexAy ToukaMmu. [IpuBenén anroputm pacuéra,
peaJsi3aldsi KOTOPOTO NPOBepeHa Ha MOJydYeHHOM paHee [4] UHC/IEHHOM pellleHHH
CUCTEMbl YpaBHEHUH ra3oBOd NUHAMHKH MIPU OJHOMepPHOM Oe3ydapHOM CXKaTHH rasa
U3 MOKOSI B MOKOH.

3ajaya 0 CxKaTHM M3 MOKOSI B TOKOH CTaBUTCS CjeAylomUM obpasoM. Mmeercs
naockuil (v = 0), uUAMHAPUYeCKUH (v = 1) nau cdepudeckuil (v = 2) cJ0OH OfHO-
POZHOTO TIOJIUTPOIHOTO Ta3a C ypaBHEHHEM COCTOSIHHS p = p”/7, B KOTOPOM p —
llaBjleHHe, p — MJIOTHOCTb, Y — T0Ka3areJ/b afauadarsl (nomurponsl). Cunraercs, 4To
BCe TeueHHs!, BO3HUKAIOLIHe B rase, siBJASIOTCS OJHOMEPHBIMH M M33HTPONHUECKUMH.
TepmuHOM «Ge3ynapHble» Ha3bIBAIOTCS TAKHME TeUeHHs rasa, B KOTOPBIX HCKOMbIE Te-
YeHHs MOTYT OTHeJSAThCS KaK APYT OT APYra, TaK M OT MU3BECTHBIX TeYeHHH TOJbKO
cnabbIMH Pa3pblBaMH, HO He yIApPHBIMH BOJIHAMH.

PaccmatpuBaetcs caenywolasi KOHQUTypauysi ra3oBbiX TeUEHWH: B HauyasbHbIN
MOMEHT BpeMeHH t; ra3 OfHOPOJEH C IJIOTHOCTBIO Py, & CKOPOCThb rasa pasHa 0. dto
cocrosiHue 1 rasa. CocTosiHMe raza B MOMEHT BpeMeHHU t, > t; TaKoe: ra3 OflHOpPOJeH,
€ro MJOTHOCTb PaBHA HEKOTOPOMY p. > po; MPHU 3TOM ras MOKOUTCS. DTO COCTOS-
Hue 2. TpebyeTcss HaWTHU TedyeHHUs rasa, BO3HUKAIOLIHE NpU Oe3yqapHOM Iepexofie
(c2kaTHM) ONHOMEPHOTO Ta30BOTO CJIOSI U3 COCTOSIHHMS | B cocTosiHMe 2 Tmon neH-
CTBHEM JBYX HEMPOHHIAeMbIX TOPLIHEH, OMUH U3 KOTOPbIX HemoaBuxkKeH. [Ipu atom
ra3 HaXOQUTCS JieBee HeNOJBHKHOTO MOPLIHS, a MoplleHb, MPOU3BOASLIUH CXKaTue,
IBUKETCS BIPaBO, NPOM3BOAS CXKAaTHe LHUJIHMHAPUYECKOrO0 MU CPepuuyecKoro CJos
U3HYTPH, KOTJa pPafudyC MOPILHS PACTET.

OnHoMepHble U39HTPONUUYECKHE TeYeHHs rasa onpenensiorTcs AByMs (YHKLIHUSIMH
u = u(t,r) u ¢ = c(t,r), ABNAIUMUACS pPEIIeHUsIMH CUCTEMbl YPaBHEHHH ra3oBoi
IUHAMHUKH, KOTOpasi MocJje BBINOJHEHUS MpeoO0pa3oBaHU MPUHHUMAET CJeAYIOLIUH
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BH:

¢y + uc, + (ng)c(ur—l—”r—“) =0, )
Uy + ﬁcq« + uu, = 0.

3neck u = u(t,r) — CKOPOCTb rasza, a ¢ = c(t,r) CBsi3aHa C IMJIOTHOCTBIO rasza p
cootHowenueM ¢ = pO'~Y/2 y gpnsgeTcs cKOPOCTbIO 3ByKa B rase; t — repeMeHHas
BpEMEeHH, 1 — MPOCTPAHCTBEHHAs MepeMeHHasi, BbIpakaiolias pacCTosiHUe 10 HadaJja
(v =10), ocu (v = 1) unu ueHtpa (v = 2) CUMMETPHH.

B paGore [7] mokasaHO CyllleCTBOBaHHE pEIIEeHHs] 3adaud O CXKATHH M3 IMOKOS
B MOKOH B cJjyuyae, KOrja ras CxKMMaeTcsl IBYMs MOPLIHSMH, OLHAKO He MOJyueHbl
KOHKPETHBble 3HaueHHs /151 MacChl rasa M 3Ha4eHHs MJIOTHOCTH rasa, 10 KOTOPOH
BO3MOXHO ckaThe Oe3ynapHbiM crocoboM. [locTaBneHHas 3ajmaua cBegeHa K TpEM
Havya/bHO-KPaeBbIM 3ajlauaM [JIsi CHCTeMbl yPaBHEHHH ra3oBOH AWHAMMKH, U [0-
Ka3aHO CYILIeCTBOBaHME JIOKAJbHO-aHAJUTHUYECKUX pPelIeHHH. YCTaHOBJIEHO, YTO B
pelleHUH B (PUHAJbHBIH MOMEHT CXKaTHsl BO3SHHUKHET OCOOEHHOCTb Ha CKHUMaloLleM
nopiuHe. PerieHne onuceiBaeTcst 06001eHHEM LeHTPUPOBAHHOH BOJIHBI PrMaHa ngis
caydast UUIHHIPUYECKUX U C(epUUecKHUX TeYeHHH B HEKOTOPOH OKPECTHOCTH TOU-
KH ¢ ocoGeHHOCTbIO. A B camoil oco6oit Touke (i,,r.) omuchbiBaeTcsi hopmynamu
LIEHTPUPOBAHHOH BOJIHBI PUMaHa /ISl TJIOCKHUX TeUeHH:

c=cy— 7T_lu, ©
T—Ts —-1)/2
2 Gor) 2=

U= 35T
B pacuérax usmepeHHs1 ra3aofMHaMM4YeCKUX NapaMeTPOB BBINOJIHANTCSA MJS CO-
OTBETCTBYIOLIMM 00pa3oM BBelEHHBIX Oe3pa3MepHbIX BeJMUUH. M, He orpaHuurBas
OOLIHOCTH, TPUHUMAIOTCS MJIOTHOCTb I'a3a B NIePBOHAYAJIbHOM IIOKOE€ py PaBHOH elu-
HUIe U KOOpAMHATA I = 7,(t) CKUMAIOLIETO MOPLIHS B Haua/JbHbIH MOMEHT TaKXKe
paBHOH enuHMle. BBeneHre 3TUX BeJUUMH M03BOJISIeT MaclITabUpPOBaTh OCTaJbHbIE
(hu3uueckKue BeJUUHUHBl u,p,t. PaccTosiHue 7 OT LIEHTpa CUMMETPHUH 10 BTOPOTO
TMOPILHS (HETOABUKHON CTEHKH 7,) IBJSETCS PACUETHOH BEJHUYMHOU M ONpeneJsieT-
CSl IPY 3aJaHUM MacChl M CXKUMaeMoro rasa.

2. PacuéTr MeTOIOM XapaKTepUCTHUK

B pa6ore [4] Bbllle mocTaB/jeHHasi 3ajaya pellleHa YHUCJIEHHO C MOMOIIbI0 MO-
IM(UKALWK MeToa XapakTepucTuK [14,15]. PaccuuTbiBaeTcsi XxapakTepucTuiecKas
CeTKa, y3JaMu KOTOPOH SIBASIIOTCS TOYKH MepeceueHus: xapakrepuctuk CT u C~ ce-
MEHCTB, a TaKXKe PaCCUMUTHIBAIOTCS 3HAUEHUsI UCKOMBIX (PYHKLHEH B 3THX y3jaax. Xa-
PaKTEPUCTUKH OTPeNessiOTCS MPH anmpoKCHMalUK pelleHUH OObIKHOBEHHBIX AU(D-
(bepeHLMANBHBIX YPaBHEHHUH

dr L dr
= u(t,r) —c(t,r), CT: e u(t,r) +c(t,r)

C COOTBETCTBYIOLIMMHU Ha4YaJlbHBIMHU YCJIOBUSMH.

-
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BBonsTcs uHBapuaHThl Pumana R, L Bblunc/sieMble o (hopMmyJ/am:

c, L=u-— 2
71 71

Ha pucyHke 2 nokasaHbl Hcc/efoBaHHble 00/1aCTH MOCTPOEHUS] TeYeHHUH B KOH-
(urypauuy cKaThs U3 IOKOs B MOKOH. XapakTepucTHyecKas CeTKa CTPOUTCH B
o6paTHOM HampaBJeHHH H3MeHeHHs BpeMeHH u3 Touku A(tp,ry). Has storo Ha
C~ xapaktepuctuke AB, oThessiiollled MOKOSLIMICS cKaTblil raz B obsmactu 0 ot
TEUEeHUH CXKaTHus, BBIOMPAIOTCS 7o TOUeK (B HUX HM3BECTHBI MapaMeTpbl rasa), U3
KOTOPBIX BbiMycKaioTcss Ct xapaktepucTHkH. M3 Touku A (B 3TOH TOuke 0COGEH-
HOCTb) BbIMycKaroTcss C'~ XapaKTePUCTHKH B KOJMYECTBE 1y LITYK H, HCIOJb3Ys
MeTOJl XapaKTePUCTHK, CTPOUTCS ceTKa B o0sacTh 1. 3atem nosyueHHble C'~ Xapak-
TEPUCTUKH NPOLOJIKAIOTCSA N0 NepeceyeHuss C JIUHUeH 1 = 7, TaK JNOCTPauBaeTCs
ceTka B o0sacTh 2 10 Tex IoOp, MOKA B TOUKe MepeceyeHus odepenHod C'~ xa-
PaKTePUCTHKH He OyAeT AOCTHUTHYTa MJOTHOCTb p = 1. C 3TOrO MOMeHTa (TOUKa
D) Boinyckaetcsi C xapakrepuctuka DFE, U Ha Heill BbIOMpalOTCs ng TOUEK, U3
KOTOPBIX BbIMycKaioTcst C'~ XapaKTePUCTHKH JI0 MepeceueHus ¢ npoposkennem CF
XapaKTepUCTUK U3 obJyacTell | ¥ 2 B MpsIMOM HarpaBJeHUH U3MeHeHHs BpeMeHH. Tak
cTpouTcsl ceTka B obsactu 3. TeueHusi o6/acTd 3 ryIafiko MPUMBIKAIOT K 00J1aCTH
4 (3mech ras HaXONWUTCS B IMOKOSIIIEMCSl HeCKaToM cocTosiHuM). OmHOBPEMEHHO C
MIOCTPOEHHEM XapaKTepUCTHYEeCKOH CeTKH M3 TOoYKH A B 0OpaTHOM HamnpaBJeHUH
M3MeHEHHUs] BpeMEHHU CTPOUTCS TPAEKTOPHS CxKUMarollero nopuHs AFE.

R=u+

C.

t A A(tf ,rf)

0)

v

I=Tw

a)

Puc. 2. KoHdurypauusi TeueHuil cKaTusi U3 MOKOSI B MOKOH

B Touke A(tf,T’f>, COrJlaCHO yCTaHOBJIEHHOMY B [7] CBOfICTBy peleHusd, uMeeT
MECTO CKa4OK IIJIOTHOCTH (pI/IC 26) B stoit Touke CKOpPOCTb rasa M CKOpPOCTb 3BYKa
B rase CBsi3aHbl CJeAYIOIIMM COOTHOIICHHEM:

Cyx — C;

=22,
U o—
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afech {c;} — pasbuenue otpeska ot ¢, = p,(""V/2 1o 0 Ha n, paBHBIX yacTei. UTo
u onpefensier uucao O XapaKTepUCTHK, BBIMYLIEHHBIX M3 TOYKH A.

TOuHOCTL Pe3yJbTAaTOB BHIUMC/IEHHH 3aBUCHUT OT BXOAHBIX NapaMeTpoB CuéTa
(pasbuenyie pacuéTHOH 06/1acTH Ha iYeHKM — MapaMeTphbl ng, N1, Ng). B pacuérax
MeTOJ0M XapaKTepUCTHK BXONHbIE NaHHble MOAGMPAIOTCA M KaXKA0TO BapHaHTa
PacyéToB OTHEJbHO OMbLITHBLIM MYTEM TaK, YTOOLl OTHOCHTE/bHAs MOrPElIHOCTh Mace
dm 6bl1a MeHee 1%, roe
|m. — mo|

om = -100%,

s
Mg, M, — MACChl Tasa 0 U MocJje CKaTHsl.

Tak Kak cxkaThe NPOM3BOAUTCA HENPOHML@eMbIM IOpLIHEM, TO MacChl rasa no
CXKaTHA U 1O0CJe CXKaTUS NOJKHbI coBnagaTb. Ho M3-3a morpeliHocTell YUCJAEHHOrO
pacuéra HabJIofaeTcsl pas3/jvyde Macc, MO03TOMY 4YeM MeHbllle 3HayeHue 0m, TeM
TOYHEE BBINIOJIHEHBl PACUETHl TPAEKTOPHUH CXKHMMAIOLLEro MOPUIHS U BCEro TeUeHHS B
LIeJIOM.

3. Auaroputm cuéra no popmMynam mMetroja OJMKAWIIUX cOCe-
aeu

Jsi pacuéra meronoM OJMKaWIIKX coceieil TpebyeTcss Habop-ceTKa TOYeK, B
KOTOPbIX 3Hau€HHUs ra3o0AMHaMHUYECKUX MapaMeTPOB U UHBApPUAHTOB [X, . U3BECTHHI.
Takasi ceTka mosiyueHa C MOMOIIBIO MOIU(HUKALMK MeTOfa XapaKTepUCTHK [4] c
Y4ETOM MaTeMaTHuecKH [IO0Ka3aHHOro [7] cBodcTBa pemieHHs. DTOT HaboOp TOUYeK
6yneM Ha3biBaTh oOyuaiolled ceTKoH (MM ceTKo# cocened). Ly KaxKIoH TOUKH
paccuMTbiBaeMOH ceTKH B obydalolleil ceTke HaxonsTcsi 4 cocena — OJuxKailine
TOYKH. JIJIf 3TOr0 B KauecTBe KpUTepHUsl OJM30CTH TOUEK MPHUHHUMAETCs PacCTOsHHUe
MeXJy HUMHU M paccuuThiBaeMod To4ykod (puc. 1B). [lo 3HaueHHsIM HHBapHAHTOB
R, L B HalfeHHbIX OJUXKaHWIIMX TOYKAX B3BELIEHHBIM CIOCOOOM pAaCCUUTHIBAIOTCS
3HaueHHUsl UHBApUAHTOB B paccuuTbiBaeMoi Touke. Omnpenensiercs oleHKa OGJU30CTH:
yeM OJIM2Ke TOYKa-cocell, TeM OoJblie eé BKJaJ B 3HaYeHHUsI HHBAPUAHTOB B PacCyu-
TBIBaeMOH Touke. DopMysa 1151 B3BEIIEHHOTO 3HaYeHHs MHBapHaHTa R, B TOUKe
C pacCUYUTbiBaeMbiM HHBAPUAHTOM HMeeT CJEeAVIOUUH BUA (IS WHBAPUAHTA Ly
(hopMyJia BBITJISIAUT aHAJOTHYHO):

Y &
Rnew: —k 1
i

3nech d; — paccTosiHUe MeXAy TOUuKaMH (t;,7;) ¥ (tnew, Mmew); R — 3HAUeHHe MHBa-
puaHta R B Touke (t;,7;); tnew, Mnews Rnew — KOOPAHHATBI TOUKHU U PACCUUTHIBAEMOTO
3HaueHUs UHBapuaHTa IR B HEH COOTBETCTBEHHO.

[IprBenenue BblpakeHUs MOJ 3HAKOM CYMMbI K 00lleMy 3HAMeHaTeJo

Zle(Hj;éi Rz‘dj) . Zle Hj;éi dj . Zf:I(Ri Hj;éi dj)

Hf:l d; ' Hf:l d; Zf:l Hj;éi d
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U nocJjenyoliye npeobpas3oBaHus NPUBOLAT K popmyie

k
Hj;éi dj )
Rnew = Rz— : (3)
Z( Z§:1 Hj;éidj

i=1

[IpensnaraemMbli B naHHOH paboTe a/frOPUTM OCHOBaH Ha cJjenytouiem. [lmo-
Hafb TYeHKH XapaKTepUCTHUECKOH CeTKH, comepkallasi TOUKY (fnew, Tnew), SIBASET-
csl pyHKUHeH nmapameTpoB pacuéra oOydarollell CeTKH ng,ni,Ny. deM OoJsblie 3Ha-
YeHUsl 3TUX MapaMeTPOB, TEM MeHblle MJOLIaAb sTUelKU U 6ojiee TOUHOE 3HAUeHHe
Ricw; Lnew B TOUKE (tpew, Thew), TAK KaK sUeliKa MOCTPOEHA Ha TOUKaX oOydaroliei
CeTKM Touek-cocefieid. Torma yBesMueHHe 3HAUEHUH MapaMeTpoB pacyéra obyyato-
el ceTKu OyfeT MPUBOAUTH K YBEeJHWUYEHUIO TOUHOCTH PACCUUTAHHBIX C MOMOLIbIO
dopmya (3) 3HaUeHUH MHBAPUAHTOB Rcr, Lpew.

Heob6xonumo oTMETHTb, UTO Hesl B3BELIEHHOI'O0 WHTEPIONUPOBAHUS HE HOBA U
JABHO HCIMOJb3yeTCsl MPH YUCJAEHHOM MOJEJHMPOBAHHUU pelleHUH pa3JM4yHBbIX 3ajad,
B TOM UYMCJie U B BBIYHCJHUTENbHOH razoqMHaMuKe, N/ HAXOXKJAEHWUS 3HAaYeHUH HcC-
KOMBIX MepeMeHHbIX B TOYKaX, He COBMAAAMOUIUX C TOYKAMU PACUETHOH CETKU. DTO
OOUH U3 TPAJULHOHHBIX LIMPOKO HCIOJb3yeMbIX MOAXOAOB Kak MpH pa3paboTKax
CXeM pacuéra ra3ofMHaMHUYeCKHUX TeueHUH (cM., Harmpumep [15]), Tak u nss mepe-
UHTEPNOJSLUNA 3HAaYeHUH MepeMeHHBbIX C CeTKH Ha CeTKY NPH pacyéTax TeyeHHH ¢
MpUMeHeHHeM HaKJjaablBaroluxcsi cetok (cMm., Hanpumep [17]). Takum xxe ob6pazom
B CHUJIy CBOeH TPAaJULHOHHOCTH U €CTeCTBEHHOCTH MOAXO[ IoNaJj B MallWHHOe 00y-
yeHUe, B KOTOPOM JaHHBIH MOAXOA YIIOMHHAeTCs KakK MeTof OJHKaWIIUX cocele.

Pa6oTa anroputma IJs1 IPOM3BOJIBHOIO 3aJaHHOrO Habopa Touek (¢, r) peasnusy-
eTcsl CJeAyIIHUM HabopoM LIAros:

[lar 1. B Toukax BeimosHsieTCs pacyeT Rew, Lpew € MOMOIL opMya (3) MeTOnA
Oonnxkannx cocenedl. Touku-coceau BeIOUPAIOTCH U3 TOUEK 0Oy4Yalolled XapaKTepu-
CTHYECKOH CEeTKH, TOCTPOEHHOH MpU mapamerpax nj,ni,nb (BepXHHH HHAEKC yKa-
3blBaeT Ha HOMep UTepallMu aaroputma). Pacuét Benércs mo 4-m cocensim, KOTOpble
OoTOMpAIOTCs [/ KaxKIOW PacyETHOH TOUKH CJeqyIoUMM 00pa3oM: B KaxKIOM M3
KBaapaHTOB 1-4 (Ha puc. 1B oTmeseHBl APYT OT Apyra LITPUXOBOH JUHHWEH) Cpein
Touek obyyalolllell CeTKHM oTOMpaeTcs ofHa HanboJsee 6sn3Kas Touka. [loc/e Haxox-
neHust 4-x GMKAUIIMX TOUEK MPOU3BOAMUTCS pacuét mo dopmynam (3).

Hlar 2. [lepen BbIMOJHEHWEM MEPBOH WTepalMH aJrOPUTMa MHUIHMAJIU3UPYIOTCS
3HAUEHHS BeJUUUH OTHOCHUTEJIbHBIX OTKJOHEHHH O0R u 0L B KaxkI0#i paccuuThiBae-
MO TOUKe TPOU3BOJIbHBIM OOJBIINM 3HaUeHHEM (B MPUBENEHHON asiee MPOBEpPKe Ha
TECTOBOH CeTKe OTKJIOHeHHs ObliM MHULMaJUu3upoBaHbl 3HaueHueM 100). Ha kax-
IOW crenytollel i-0d utepauuu (n/s ¢ > 0) 3HaYeHUS] OTHOCHTEJbHBIX OTKJIOHEHHH
MepecUrThIBAIOTCS:
|RE (7)) — RL(E 7))

new new

R (t.r)

new

|Lé . () — Ll (¢ 7))

new new

Li . (t,T)

new

R = - 100%.

-100%, OL =

Touku (t,r), nnsa kotopeix 0R(t,r) u JL(t,r) MeHblIe HEKOTOPOTO Hamepén 3a-
JIaHHOTO MapaMeTpa ajropuTMa v, CYUTAIOTCS PACCUUTAHHBIMH C TOCTATOUHOM TOU-
HOCTBIO M B JaJbHEHIIMX MTepalHUsiX ajJrOpUTMa He Y4acTBYIOT — HeOOXOIHUMOCTH
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nepecuéra 3Ha4eHUH R,cyw, Lnew B HUX HET (TAKOH MOAXON YMeHbIIAeT obllee BpeMsi
BBIUHCJIEHUH). YMeHbIleHWe 3HAaUeHHsl (v MIOBBILIAeT TOYHOCTh PacuéTOB arOpPUTMA.

[lar 3. YBenuueHue napaMeTpoB cuéra ofyvarolield ceTKH (MHOXKUTEb 2 T0M10-
OpaH OMBITHBIM MyTEM):

nfy=2-n"" j=012

[locsie sToro anroput™ Bo3BpallaeTcs K wWary 1 U HauMHaeTcs cjedylollasi UTe-
pauusi. Pabora anropurma 3aBepliaeTcsi B TOT MOMEHT, KOTJla Ha wiare 2 B pacyér-
HOH CceTKe He OCTaHeTCs ToYeK, HYXKAAIUIMXCS B Nepecuére 3HaUeHUH UHBAPUAHTOB
Ryew, Lnew-

4. IIpoBepka paGoThl aJropuTMa Ha TE€CTOBOM CeTKe

Pa6ora anroputma nposepeHa pacyéToM 3HaueHUH UHBapuaHTOB R, L U UX cpas-
HEeHHEeM CO 3HAaueHUSIMM U3 CeTKM TOYeK paHee [0JyUEHHOTO YHCJEHHOIO pelleHHS.
DT0 YyHCJeHHOe pellleHHe MoJyueHo B paboTe [4] ¢ moMollbio MOAU(UKALUK METOAA
XapaKTepUCTHK. B3sIT BapHaHT UHUC/JAEHHOrO pelleHns 3a1aul O CXKATHH OHOMEPHOTO
TMOJIUTPOITHOTO Ta3a C MoKasaTteJsieM MOJUTPoNbl v = 5/3 u Maccoit m = 10 u3 mnokos ¢
MJIOTHOCTBIO 1 B MOKOH ¢ miaoTHocThio 101, TouKH XapaKTepUCTHUECKOH CeTKH ObLIH
MOJIYYEHBl TIPU CJAeNYIOWMX napamerpax cyéra ng = 7900,n; = 10000;ne = 7900.
W3 nosnyueHHo# ceTku caydailHbiM o6paszom B3sTo 1800 Touek. [locaennuit Habop
TOYeK U ObLJT B3T B KauecCTBE TECTOBOH CETKH.

B kauecTBe Touek ofyuarwleil ceTKH OepyTcsi TOUKH (¢,7) ¥ 3HAUEHUs HHBa-
PUAHTOB B HHUX, KOTOpble MOJYYaIOTCs M3 PACYETOB METOAOM XapaKTEPUCTHUK MpPHU
CJAeNyIOUMX YKa3aHHBIX HUXKe B Tabaulax 1 u 2 urepauusx ¢ HoMepaMu ¢ U 3Haye-
HUAX TapaMeTpoB CYéTa Mg, N1, Ny. B KoMoHKe Ny, — KOJHUYECTBO TOYEK, B KOTO-
pBHIX elllé HyKeH MepecyéT 3HaYeHWH MHBAPHAHTOB, B 3TUX TOUKAX OTHOCHTEJbHble
OTKJIOHEHHSI WHBApUaHTOB 0R > « uiu 0L > a. B kosonkax N, N2, u N.,
— KOJIMYECTBO TOYEK, B KOTOPbIX OTHOCHTEJbHOE OTJIHUHE WHBAPUAHTOB B TOYKAX
TECTOBOM CeTKH M TeX Ke TOUKaxX, HO yXKe PacyéTHOH CeTKH OTHYalTcs He OoJjee
yeM Ha 1%, 2% u 5% COOTBETCTBEHHO.

Ta6auua 1. Cuér no anropurmy npu o = 0,05%

Homep utepaumu i| ng | ni | no | Npew | NLo| N2 | N2

1 250 | 500 | 250 [1800| 257 | 126 | 46
500 | 1000 | 500 (1370|134 | 60 | 16
1000| 2000 [1000| 939 | 59 | 23
2000| 4000 {2000 577 | 17 | 2
4000| 8000 [4000| 359 | 6
8000|16000|8000| 194 | 5 0

OO | WD
S| O = |
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Ta6nuua 2. Cuér no anroputmy npu o = 0,01%

Homep urepaumu i| ng | n1 | N2 | Noew | Npst | Nis | Nog

1 250 | 500 | 250 | 1800| 257 | 126 | 46
500 | 1000| 500 | 1670| 134 | 60 | 16
1000|2000/1000|1486| 59 | 23
2000{4000{2000| 1277 | 14
4000(8000|4000|1022| 3 0 0

Gl W~ | W | N

B rabsuuax npuBeieHbl pe3ysbTaThl epBbIX UTepaluil padoThl airoputma. CyéTt
OCTaHOBJIEH MPH MoJyueHUH OJIU3KHUX (OTHOCHTEeJbHbIe OTKJIOHeHHs] MeHee 2%) 3Ha-
yeHUU R, L B pacyérax Ha TECTOBOW CeTKe C MOMOLIBI0 MeTOAA XapPaKTePUCTHK U C
MOMOILLLbI0 (POpMYJT OJIHMKAUILKX COCeleH.

BroiBoabl 1 3amMeuyaHud

1. HMcnonb3oBaHue MeTona XapaKTePUCTHUK COBMECTHO C METOAOM OJIMKaWIIKUX
cocefilell MO3BOJISIeT peasn30BaTh a/COPUTM pacuyéTa 3HA4eHHUH ra3oJMHaMHYecKHX
napaMeTpoB B TOYKAX MPOU3BOJBHBIX CETOK B 00JIACTH 3aJay HaxoxXaeHUs 6esynap-
HBIX TeUeHHUH, SIBJASIOLMXCS PelleHUsIMU CUCTeMbl YPaBHEHUH ra3oBOd AMHAMUKH.

2. BoimosHeHHble YHCJEHHBIE PACYETHl NMOKA3aJ/H, UTO aJTOPUTM XOPOLIO MOBTO-
psieT pacyéTbl 3HaUeHWH WHBAPUAHTOB, HAalMJEeHHBIX METOJOM XapaKTepPHUCTHK.

3. CkopocTb paboThl MPENJIOKEHHOTO alrOPUTMa MOXKHO YBEJHUHUTb HCIIOJb30-
BaHUEM CHCTEMbI YNpaBJjeHHs 6a3aMH AAHHBIX [Js1 XpaHEHHS U ObICTPOrO DOCTYTa
K NaHHbIM obyuarouledl ceTku. Takxke 17151 yBeJHUUEHHs CKOPOCTH CYETa TMOUCK OJH-
Kallux coceledl MOXKHO BBITNOJHAThL NMapaJjijiesbHo, pacnpesessis pacCyUTbiBaeMble
TOUKH Ha HECKOJIbKO IPOLeCCOPOB (B c/aydae MYJbTHIPOLECCOPHBIX CHCTEM) HJIH
HECKOJIbKO Y3JI0B (B Cjlydae MHOTOY3JIOBOTO KJacTepa).

4. B kayecTBe OLIEHKH OJIM30CTH TOYEK MOXKHO MCIIO0Jb30BaTh He TOJbKO PaccTo-
sIHMe, HO U INPHUHAJJIEeXHOCTb PACCUMUTBIBAEMOH TOUKM YeTbIPEXBEpPLIMHHON suelke
oOyuarwlleld XapaKTepucTUueckod ceTkKH. [l moucka Tako#d siuediku ynoOHO HC-
Mo/b30BaTh (POPMYJy TCEBAOCKANSPHOTO NMPOU3BENEHHsT BEKTOPOB.
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Abstract. IIn this paper, an algorithm for calculating the values of the gas pa-
rameters for an arbitrary grid in the region of one-dimensional flows of shockless
gas compression is proposed. Such flows are described by solving a system of gas
dynamics equations. The algorithm uses one of the machine learning methods — the
nearest neighbors method for the regression case. Distance is used as an estimate
of the proximity of neighboring points. The algorithm is tested using the example
of calculating the grid in the area of the rest-to-rest compression problem, when a
resting gas with a density of 1 is compressed into a resting gas with a density of 10*.
Compression is performed without shock waves, in an efficient way from the point of
view of energy input: compression energy is used only to compress the gas and is
not spent on its acceleration. The algorithm can be used for numerical calculations
for other gas dynamics problems.

Keywords: system of equations of gas dynamics, one-dimensional shockless com-
pression flows, method of characteristics, nearest neighbor.
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AHHOTaIII/IH. B cratbe npencTtaBJeHa IIOIMbITKA H3JI02KEHUA armaparta KBaHTO-
BOH MeXaHUKH A3BIKOM, NOCTYMNHBIM [Jis BOCIIPUATHSA €ro COLHUOJOTIaMH. HpI/IH-
LIMIIbl KBAHTOBOH MeXaHHMKU H3JaraloTcsl KaK aKCHOMBI. ﬂaIOTCH [IprUMepbl KOH-
KPETHBIX paC‘-IéTOB NnoBeJgeHHusa COLMaJIbHbIX 00bEKTOB C IMOMOIIbIO TOHATHH H
METOJ0B KBAHTOBOM MeXaHMKH.

KuroueBble cioBa: KBaHTOBas COLLMOJIOTHS, KBaHTOBas (PU3MKa, COBpEMeHHasl
Hay4Has KapTHHa MHUpa, KBAaHTOBBIH XapakTep COLMaJ/bHOH peasbHOCTH, OOLlle-
CTBEHHOE CO3HaHHe, «KBAHTOBOE» 0OLIECTBO, aKCHOMBI KBAHTOBOH COLLMOJIOTHH.

1. Bsenenue

Korna couuosiory roBopsiT 0 KBaHTOBOH TEOPUM, O KBAHTOBOM OINHUCAHUHU SIBJe-
HUH, OH Cpasy ke AyMaeT O TOM, YTO peyb UAET O (PU3HUKeE.

JleficTBHTENbHO, KBAHTOBAsl TEOPUS] BO3HHUKJA B (pU3KKe B KauecTBe Habopa mpo-
Lle1yp, MO3BOMSIOLUINX NPEONONeTh 3aTPYAHEHHUS, C KOTOPBIMH CTOJKHYJOCh KJACCH-
yecKoe onmucaHue (puU3nuueckKUx sBAeHHH. McTopuueckdn 3TO OblIM sBJEHHUS, OTHO-
csilMecss K MHKPOMMpY, a TOYHee K JHWHAMHKe 3JeKTpoHOB B atome (Bop), ambo
K OMHMCAaHHIO 3Hepruu (OoTOHOB B (oroadderrte (d#nwTeriH). OnHako yxe B 1934
rony A.Jl. AnekcaHapOB MPeANOXKHUI aKCUOMBI KBaHTOBOH MexaHuKH [1,2], KoTopble
HUKOUM 00pa3oM He pa3/juualoT MUKPOMHUP U Makpomup. Ho ¢usuku Ovliu yBiede-
Hbl KBAHTOBBIM OMHMCAHHEM MHKpPOMHpa. ToJbKO B MOCJeNHHE TOAbl (PU3UKH CTalH
CTPOUTb MAaKPOCKOITHUECKYI0 KBAHTOBYI MeXaHHUKY [3].

O6paTuM BHHMaHHe Ha TO, YTO 3TO (PU3UKH OBOPSIT O MUKPOMHpPE U MaKpOMHUPE,
T. €. 0 MPOCTPAHCTBEHHBIX pasMepax M3yuaeMbX 00beKTOB. B cayuae couuosnoruu
00BEKTBl — 3TO COLMaJibHble 00BEKTBl, KOHEYHO, MPUHAMJeKalllhe MaKpOMHUPY, HO
UX OMUCAaHHEe He OCYIIeCTBJ/SETCS B NPOCTPAHCTBEHHBIX TePMHUHAX, T. €. AJS CO-
IM0JIOTa He UrpalT POJH MX pa3Mepbl U MPOCTPAHCTBEHHblE KOOPAMHATBI — [JI51
COLIMOJIOrAa OHM XapaKTepH3yITCsl MapameTpamMM JuOO KaueCTBEHHOro XapakTepa,
JIUO0 KOJMUECTBEHHO-UHCJIOBOTO, U 3TH YHUCJIA OTHOCATCS K UACTO COLIMOJIOTMYECKUM
OTMTHUCAHUSM.

B counosorun HeT HEOOXOAMMOCTH 3aMepsiTb MeCTOHaXOXJEeHHEe HUJH CKOPOCTb
(MMmysibe) couMabHOrO 06beKTa B mpocTpaHcTBe. Ho 3TOT 0ObeKT momyac BeméT
cebsi Tak, YTO MOJi OTNKCAHHS €ro MOBeleHHs He XBaTaeT MOHATUH WU TEPMHHOB,
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KOTOpble TaK WJM HHaye Mbl B3siJIM W3 KJjacCHyeckod (HU3MKH, Oydb TO CHJa, Je-
TEePMUHHUCTCKAs TIPUYMHHOCTD, Nepefadya dHEPrur, MPUHLHI JOKAJbHOCTH U T. 1. B
TaKUX CJy4asix YyBCTBYeTCsl MOTPeOHOCTh B HOBBIX MOHSITHSIX, HyKHa HeKJaccuye-
cKasl HayKa OObsICHEHHUS SIBJIEHUH.

«Knaccuueckasi Hayka, KoTopasi BCe ellé TOCIOACTBYeT CErofHsi, OCHOBaHa Ha
M3y4YeHHH peasibHbIX MaTepHaJbHbIX 0OBEKTOB U CHJI, HO OOLIECTBO e/1Ba JIK PeabHO
HJIK ocsi3aeMo. Bel MokeTe NPUKOCHYTbCS TOJMBKO K €ro JIOKaJbHBIM 3K3eMILIsApam,
HO He K €ro TOTaJbHOCTH MJIK abCTpaKTHOH uuee» [5].

Ho B KBaHTOBO# MeXaHHKe PeabHOCTb, KOTOPYIO Mbl BOCTIPUHHMAeM KaK COCTO-
SIILYI0 U3 MaTepHaslbHbIX 0OBbEKTOB, CKOPee BCEr0 BO3HUKAET JIMIIb TOTIa, KOrIa MbI
K Hel oOpaliaeMcsi uad uaMepsieM. [losTomy HepeasibHble, HeOCsi3aeMble COLMAJb-
Hble 00BEKTHI COLIMOJIOTHH, 338 HCKJIOYEHHEM CJ1ydasi, KOria peub UAET 00 OTAeJbHOM
yeJioBeKe, — 3TO 00bEeKThbl KBAHTOBOH TEOPHH, H, CJIELOBATEJbHO, COLMOJIOTH JaB-
HO COBEpLIMJIH KB8AHMOBbLL nogopom [H], XOTs MO-NpeXKHEMY MBITAIOTCS MO CYyTH
KBaHTOBO€ OOLIECTBO ONMUCHIBATH B TEPMHHAX KJACCHUECKOH (DU3HKH.

[TosToMy corHosioraM mopa 0CO3HaHHO 0OPATUThCS K CYIIECTBYIOIIEH KBAHTOBOH
TEOpUH, KOTOpas AacT UM OoJiee MOLLHBIM, Oosee TJyOOKUH, XOTS U HENPUBBIYHBIH,
a mopyac naxke (paHTACTHUECKHH cmoco® OMMCcaHUsl OKpyXKalolleHd Hac peajbHOCTH
COLIMAJIbHBIX 0OBEKTOB, MO3BOJSIONINE BEIUTH 3a Mpelesbl NPeNCcTaBIeHHs O B3au-
MOJIEHCTBHUSAX HabJ/I0aeMbiX 00bEKTOB, OMUPAOIIHECs Ha TIOHSATHS CUJIBI, TIPUYUHHO-
CTH, OJIU3KOIEHUCTBHUS U T. 1., KOTOPble TIPOHU3BIBAIOT KJACCUYECKYIO HAYKY, BKJ/0Yast
1 COLIMOJIOTHIO.

KBaHTOBasi TeopHs npensaraeT HOBbIH MOHATUHHBIM anmapaT U MOAEJH, MOCpPe-
CTBOM KOTOPHIX MOXKHO HHaue, 4eM B KJIACCHUECKOH HayKe, OMUCHIBATb PA3JIHUHBIE
SIBJIEHUS] B TIPUPOJie U B OOIIeCTBe M pellaTh BO3HUKAKIINE TPOGJIEMBL.

B 370l cTaTbe MBI MpelJ/iaraeM KBaHTOBBIH ammapar OMUCAHUS COLHAJBHBIX 00b-
eKTOB M COLMANbHBIX AefcTBHi'. M MOCKONBbKY cOLMalbHble SBJEHUS JXUBYT B ab-
CTPaKTHOM COLMAJIbHOM MIPOCTPAHCTBE, TO HAM HET HYKJbl B OT'OBOPKax O TOM, YTO
KBaHTOBble 3((EeKThl 3aMeTHBl B MHKPOMHpE U He OTHOCATCS K Makpomupy. bosee
TOUHO OHH, KOHEYHO, 3aMeTHbl B MUKPOMHpPE, HO 3TO COLHUOJOTHUECKHH MUKDPOMHP
— MHp, 3aMepsieMblid C MOMOIIbI0 COLIMOJOTHUECKUX KOJHUECTBEHHBIX IIKaJ W Xa-
paKkTepu3yeMbli MUKPOCKOITHUECKUMU BeJMYMHAMH B 3THX IIKaJjaXx.

2. CouuanbHble 00bEKTBI (CUCTEMBI) M X MOJEJUPOBAHUE

JllogsiMm CBOWCTBEHHO 00BEAUHATHCS MOA BJAUSHUEM pa3JUUHbIX (akTopoB. bia-

rogapsi A1edCTBUIO 3TUX (DAKTOPOB JIFOIH JEPKATCS BMECTe, TPeACTaBJsiss COO0H HEKO-

TOpOE €ArHOe LeJoe, AJd KOTOPOro Mbl UCIIOJb3YyEM TOHATHE COLéLLCZ/lebLLi 05‘68Km2.

Y'Coyuanrvroe deticmsue — 310 neficTBHe uesoBeKa (BHELIHEro /M BHYTPEHHEIO XapaKTepa),
KOTOpOe MpearnoJsaraet, 4To NeHCTBYIOIIMH HWHAMBU[ CBS3bIBAaeT C HHUM CYOBEKTHBHBIH CMBIC/, H
KOTOpOe COOTHOCHTCS C eHCTBUEM APYTHX Jioned U opueHTHpyeTcs Ha Hero. Conep:KaHHe AeHCTBUSA
00pasylT CTPYKTYpbl W TIPOLECCH, Ha OCHOBE KOTOPHIX JIFOAH (DOPMHPYIOT H Peasu3yloT OCMbIC-
JIeHHble HaMepeHHsl (CJIOBO «OCMBICJIEHHBIE» TIpedrosaraeT CUMBOJHYECKUH (KYJbTYPHBIH) YpOBEHb
CMBICJIOBOTO TIPEACTaBJEHUsT U omucaHus [4, c. 94].

2Couyuanvrbiii 065eKm — OOBEKT, KOTOPLIH MOMKET ObITh OTAEJNbHBLIM YeJOBEKOM HJH TPYIIOH
JIOJeH.
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JelictBre (hakTOpOB MpOC/IEKUBAETCS MOCPEACTBOM HaOMIOAEHUH, U3MepPeHUH /U
MPOCTO MpeanooxeHui. Kak pesynbTaT, Mbl ONMHCBIBaeM COLIMAJbHBIA OOBEKT I10-
CpPelICTBOM CBOMCTB, NMPHU3HAKOB U XapaKTePUCTHUK. MBI CUHTaeM UX BHYMpPEHHUMU
IJIs1 COLMANbHOTO0 00bEeKTa, MOCKOJNbKY OHH MOTYT OTCYTCTBOBAaTb B OTMHMCAHHH APY-
rOTr0 COLIMAJILHOTO 0OBEKTa.

COL;LLCZ/LbHClFL cucmema S oIpenesdeTcd Kak Ha6op CcolMa/IbHbIX 00BbEKTOB U
B3aMMOOTHOILIEHUH MeXIYy HUMHU:

1) s1,...,8y — colHasbHble 0OBbEKTHI, Ha3bIBA€Mble nOOCUCMeMAMU; KaXK1asl [0 -
CHCTEMA ONUCHIBAETCS CBOMCTBEHHBIMU €l BHYTPEHHHUMH XapaKTepPUCTUKAMHU;

2) fijsi—s; (i,j =1,...,n) — oToOpakeHHUs], yCTAHABJIHMBAIOIIHE CBSI3H MEXIY
BHYTPEHHUMH XapaKTePUCTHUKAMH MOACUCTEM.

MO(?@/LLLPOBCZHU@ COL§LL(1/LbHOL'2 cucmemb, S — 3TO rnporuecc, BKJIIOUAIOILIHUH YKa3aH-
Hble HH2Ke MocJgaeJ0BaTe/JbHble 3Tallbl:

® 3aMeHy CHCTeMbl S IPYruM o0beKToM (), Ha3blBaeMbIM M00eAbt0 CUCTEMBI S|

® BbIIBJIEHHE TeX CTOPOH 01, ...,0, 00beKTa (), CBOHMCTBA KOTOPHIX MBI XOTeJH
nonpo6Ho uccaenoath. [lycTb 310 Xapakrepuctuku M, , ..., M, woneaun O;

® lCCJeJ0BaHHE CBOMCTB U NOBENEHUS XapakTepuctuk M,,, ..., M, ;

e [pe/CKa3aHHue MOBeJeHHs CUCTeMbl S Ha OCHOBAaHUM 3HAHHUH CBOUCTB U MOBele-

HUSl XapaKTepUuCTuk M,, , ..., M, ¥ NpoBepKa UCTUHHOCTH 3THUX NPeACKa3aHUH.
ITO 3Tan YCTaHOBJEHUS a0eK8AMHOCMU MOLEJIH;

® €CJIM MNOATBEPAMUJIACE AAE€KBATHOCTb MOAEJH, TO UCIIOJIb30BAHHE B ILaJIbHEI';ILHeM
BMECTO CHCTEMBI S €ero MOOEJIH.

[{esib MomenMpOBaHUS COCTOUT B MOAMEHE peasibHOH COLMATbHOU CUCTEMBbI, U3Y-
UyeHHe KOTOPOH OueHb 4acTo 3aTpyaHeHO U TpebyeT Oo/bLIMX (PUHAHCOBBIX 3aTpart,
MOJEeJIbI0 — HCKYCCTBEHHBIM 00BEKTOM, B Hallle BpeMs, Kak MpPaBUJO, KOMIbIOTEp-
HBIM, KOTOpbIH Bcerja MOCTYTEH, JerKo H3ydaeM, JIeTKO MOAEPHU3HpyeTCs U He
TpebyeT 6OJbIINX (PMHAHCOBBIX MHBECTHLHH W 3HAUUTEJbHOTO 4HCJ/a JIOfeH, MpH-
BJIEKaeMbIX K HCCJIEIOBAHUIO.

KBaHTOBas counosiorusi — 3To Hayka 00 0OL1eCTBe, OCHOBAHHASl HA KBAHMOBOM
MOOeAUPOBAHUL, T. €. MOIEJUPOBAHHH COIMAJbHBIX cHCcTeM (0OBEKTOB), OMHpaio-
ILIeMCsl Ha MOHATHUS U MaTeMaTH4yeCKUi armapaT KBaHTOBOHW MeXaHHUKH.

3. Cocrosguusa

Habop xapakTepucTHK coluasbHoro oobekta ) MOXXeT MeHATbCS — IPOUCXOAUT
nepexon OT ogHOro Habopa K Apyromy. Ho npu 3ToM MBI MMeeM [eJi0 C OAHUM H
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TeM e CoLMaNbHbBIM 00beKToM. DyneM HasbiBaTb HaboOp XapaKTepUCTHK COCMOs-
HUuem U3yuyaeMoro COLHaJBbHOrO 00beKTa M 0003HayaTh pas3/HUyHble COCTOSHHUS KakK

), [y), ...
B takom cjyuae mepexon OT OMHOTO COCTOSIHHSI K JPYTOMY 3alHChIBAETCS Kak

) = [y).

B npocrefimeM ciayyae conuasbHbId 00bEKT MOXKET XapaKTepHU30BaTbCsl TOJBKO
OTBETOM «J1a»—<«HEeT» Ha KOHKDEeTHbIH BOMPOC (HAampuMep, T0JI, IPAMOTEH JIH YeJio-
BeK). B TakoMm csyuae uMeeM iBa cocTOsiHUSA: |Ha), |HeT), uau |1), |0).

JIBe pasyuuHble XapaKTePUCTHUKHU COCTOSIHHSI, KOTOpble Mbl 0003Haya/jd Bbllle
Kak |0) u [1), — 3T0 HEKOTOpble npocmeiiuile cocmosHus, Hab01aeMble Ha BXOE,
WM B Hadase HaO/oeHUs (UCC/IeNOBaHHs), U BBIXOE, WJH 10 OKOHUAHUM Ha-
6aoneHns (MccaeI0BaHNsI) U3yUyaeMOro COLHAIbHOTO 00bekTa. /i1 HUX BBIIIE Mbl
HCIoMb30BaMl 0603HaueHuss — |0) u |1). D10 00HOOUMOBbLIE COCMOSHUSL TIPOCTOTO
COLMAJIBHOTO 00beKTa.

COCTOSIHHS COLMANBbHOIO 0ObeKTa MOTYT ObITh 00Jiee CJ0XKHBIMH, 1mM-OUTOBBIMH,
T. €. IBJSITbCSI HAOOPOM M OLHOOUTOBBIX COCTOSIHUU

|z) = |ij...k).
S~

m

Onu siBASIIOTCS pe3yabTaTOM HaOJIIONEHHS 32 COLMANbHBIM 0ObEKTOM.

4. IlpuHUMNBbI «HAMBHON» KBAaHTOBOW COLIMAJbHOU
MeXaHUuKU

4.1. AMmauTyaa BepoOSTHOCTH

MHorue Hcc/ieoBaTeNId TOBOPSIT O BEPOSTHOCTH TeX WJIM MHBIX H3MEeHEHWH B
COCTOSIHMM COLIHAJIbHBIX 0OBEKTOB. MaTeMaTUYeCKMM OMHCAHHEM BePOSITHOCTHOTO
TMOBEIEHHUS COLMANbHBIX 00ObEKTOB 3aHHMAeTCsl CTOXAaCTHUECKOe MOJIeJUpOBaHKe [6,
[naBa 2].

[IpsiMeM, UTO MBI MMOHHUMAaeM, UTO TaKOe BEPOSITHOCTb COLHAJbHBIX MEePeXOI0B
(M3MeHeHuH).

IIpunnun 1. [lepexody us cocmoanus |x) 8 cocmosnue |y) coomsemcmayem
amnaiumyoa 8eposmHocmu

ny = <y|l’>,
ABAAOULAACA KOMNAEKCHOIM YUCAOM, iceadpam Mody/m Komopoeo ecmb seposam-

Hocmoe nepexooa |xr) — |y):

P(z = y) = |eay|” = [(yl2) .
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4.2. IlyTu nepexofoB M3 COCTOSHUS B COCTOSIHHUE.
KBaHTOBadg uHTepdepeHus

[Tytu nepexona coumanbHOro 00beKTa U3 OJHOTO COCTOSIHUS B APYroe, Kak mnpa-
BUJIO, HE MOTYT OBITb TOYHO MPOCJ/EXKEHBl B peaJbHOM BPeEMeHU WU BOCCTAHOBJIEHBI
no HaOJ/0fLaeMOMy HOBOMY COCTOSIHMIO B OynyleM. Benb MexaHU3Mbl COLHAJbHBIX
npeoOpa3oBaHUi B 60JbIIOH Mepe OTHOCATCS K chepe TalHBIX CKPBITBIX MJIAHOB TeX,
KTO OpraHu3yeT 3TH NpeoOpa3oBaHUs, UJIHU K CKPbIBAEMBbIM (DaKTOpaM.

JI10Oble CTPYKTypHBble U3MEHEeHMs], HOBILECTBA, OCYLIECTBJseMble BJAACTAMU HJU
MeHeJ[?)KepaMU OpraHu3auui (T. e. ompene/éHHOrO THIA COLUAJNbHBIX 00BEKTOB) —
3TO 3KCIIEPUMEHTHI, MPOBOAUMbIE Hal OOLIeCTBOM C HeNpeacKa3yeMbIM B IOJHOH
Mepe pe3yJbTaToM.

KoHTposb Haj momoOHBIM 3KCIIEPUMEHTOM TepsieT, Kak aymaercs, 3((eKTHB-
HOCTb, €C/JIM BCE OoJiblllee YHUCJO JIoJel Y3HaéT MogpoOHOCTH, Kacawoliuecs MJa-
HUPYEMBbIX MEPONPUATHUH. Y3HaBIIMe O MOAOOHBIX MJaHaX JIOAU BHOCAT MO Pa3HBbIM
MOTHBAM HJHU COOOpa’KeHHAM HeH30exKHble MONPaBKH WJIM MOMEeXH, a TO U NPOCTO
MPOTUBOAEHCTBYIOT, He Bepsi B peasiu3aluio MJIAHUPYyeMbIX NeHCTBUH. DKCIIePUMEHT
HayMHaeT UATH HMHaue, 4YeM 3TO 3ayMaJjiocCh.

OpnHako 3TO BCero JMIIb NpeAnoJaraeMble cooOpakeHus, TpeOymwollue [0Ka3a-
TesibcTBa. CKOpee Bcero, C/efyeT pacCMaTpHUBaTh ONpeles€éHHYI0 YCTOHUHUBOCTb [IH-
HAMHUKH NPOBOAUMBIX MEPONPHUATHH M0 OTHOLIEHHIO K BHEIIHHUM BO3AEHCTBUSIM IO
AHaJIOTUU C TeOopHel yCTOHUMBOCTH B MaTeMatHke. Mau cob/ronaTh Bce Mepbl CKPbIT-
HOCTH (CEKPeTHOCTH) MPH peasM3aliy 3a1yMaHHOT0, eCJIH U3BECTHO, YTO MOLOOHOTO
pofa AMHAMHKa 3aBelOMO HEYCTOHYMBA HJIH NMPEANOJOXKUTENbHO HEYyCTOWYHBA.

OnHako faxe ¢ yu4éTOM CKA3aHHOIO MBI, MbITAsICh OMHCATh XOJ 3KCIEPUMEHTa,
NOJKHBI BCE-TAKU AOMYCTUTb BO3MOXKHOCTb Pa3HOOOpa3HBIX MyTed Pa3BUTHSA 3IKC-
MepuUMeHTa OT MCXOMHOTO COCTOSIHUSI |r), XOTS BCe OHM, KaK Mbl yBepeHbl M Kak
OKa3blBaeTCsl Ha (pUHHILE, AT HYXKHBIH pe3ysabTat |y).

Hakonen, crnenyer npeanoJsioXUTh, UTO HAJUUME HHBIX MyTeH, MOSBJSIOLIHAXCS
¢ HeoOXOMUMOCTBIO, KOJb Mbl 3aHHMaeMCsl NTOBEJIeHHEeM T'PYyTIbl Jaofel (obiiecTsa),
a He TPYIIbl MJAHET B COJHEYHOM CUCTEME, OMHChIBAeMbIX KJacCHYeCKOH Hebec-
HOU MeXaHHUKOH, 00si3aTesIbHO CKa3blBaeTCsl Ha BEPOSTHOCTH Mepexoma |r) — |y).
[loaTomMy MBI moCTy/nHpyeM Kak MUHUMYM CJlely LN

Ipuanun 2. Ecau nepexod u3 cocmosnus |xr) 8 cocmosinue |y) 803mMOxier no
osym pasauuroim nymam 1 u 2, mo

<y‘I> = <y|‘r>qepes 1+ <y’x>qepe3 2- (1)

B uwacmnocmu, ecau nymu 1 u 2 c843aHbL C <NPOMEHCYMOUHBIMUS COCIMOAHUIMU
|1) u |2) coomsemcmsento, mo gopmyry (1) moxcrHo nepenucamo 6 sude

(yle) = (Y1) (L) + (y|2)(2]x). (2)

[TpuHUKMI 2 HMeeT Ba)KHOE CJIeICTBHE, KOTOPOE 03HAUYAET, YTO BEPOSITHOCTb Py,
nepexona |x) — |y) B obLIeM caydae He pasHa cymme BepositHoCTeld Py, (1)+ Py (2)
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[IepexonoB
) — ly),  |2) — |y),
yepes | depes 2
MOCKOJIbKY S
Pry = Pay(1) + Pry(2) + 2Re[(y[2)scpes 1 (Y[Tepes o) 3)

[TocsienHee ciaraemoe B 3TOH cymMMe

2R€[<y|x>‘ieP€3 1<y|x>qepe3 2] (4)

FOBOPUT O BO3MOXHOCTH SIBJIEHHSI MOHKO20 B3aUMOAEHCTBHUS, KOTOPOE HA30BEM UH-
mepgeperyuell 1ByX nyTeil nepexona u3 |r) B |y).

Muaye roeopsi, HHTepdepeHLUsT — 3TO B3aUMHOE BMEIIATEJbCTBO KaXKIOH W3
aJbTePHATUB B AMHAMUKY APYT Ipyra, Mopoxaawlilee HedemepmuHucmceKoe, HeBbl-
pasuMmoe B NPHUBLIYHBIX TEPMHHAX KBAHMOB0E sBieHue. XOTs COLHUOJOraMHu, B OT-
JiMure oT (PU3UKOB, MOJO0OHOE B3aWMOJIEHCTBUE HHTYUTHBHO BCerja ollylajoch. K
3TO MOHSITHO, MOCKOJIbKY MPUOOPOM, H3MEPSIIOIIUM MTPOUCXOASIIee BHYTPH COLHAIb-
HOro OOBbEKTa, SIBJSIOTCS Te XKe JIOAH, YTO U COCTABJSIOT COLHMAIbHBIA 0OBEKT. Y
(U3UKOB M3MepUTEJbHBIN MPUOOP, KaK MPaBUJIO, UMeeT HHYI TPUPOLY, YeM HabJIo-
naeMblii 00bEKT.

Muaye roBopsi, ¢ TOYKH 3PEHHUs] KBAHTOBOH COLMAJNbHOM MEXaHHUKU TPOUCXOTHUT
pacnapaiiesusarue TEPEXONHOTO MPOLleCCAa U3 OQHOTO COCTOSIHHS B JIPYroe; Mbl
He MOXeM TOYHO 3HaTh, MO KakOMYy MYTH B peaibHOCMU COBEpIIaeTCs Mepexof
— JIIOIH CKPBITHBI M, 3asIBJIsI OJHO, AEJAIT COBCEM [APYroe, — M IMO3TOMY MBI
NOJIKHBl MPUYYUTh ce0si K MBICJH, UTO nepexod cosepuiaemcsi no 08ym Nymsam
00HOBpeMeHHO>, U 3TO ¢ HeOOXOAMMOCTbIO OTPa’KeHO B MTOrOBOH (opmyae (3).

OnHako B pesy/bTaTe OTpa)kaeTcs BKJaa oboux myrtei. M 310 oTHIOAbL He mpo-
THUBOPEUUT XKUTEHUCKOH HHTYUIMH, — HANpPOTHUB, CKOpee el oTBeuaer!

Boiciuast conuasnpHasi MeXaHWKa He MOXeT ObITh JAeTEePMUHHUCTCKOH, OHa HOJIXKHA
MOJI€JIUPOBATh, B YAaCTHOCTH, U KOBapCTBO JIOfEH, a pe3y/bTaT BCEOOLIMX YCHJHH
NIOJIXKEH YYUTBIBaTh H CKOJIb3KHE MOTaHHble XOAbl YacTH CYyOBEKTOB COLMAJBbHOIO
o6bekTa. MHTepdepeHUHOHHBIN usieH (4) Kak pa3 3To U JeJaer.

OO0paTUM BHUMaHHe Ha TO, YTO U3MeHeHHe (pa3 aMIJIUTY[ BEpPOSITHOCTEH

Y|T ) uepes 1 6' Y|T )yepes 1, Y|T )yepes 2 6' Y|T )yepes 2,
{ylz) — e (ylx) {ylz) — e“(ylr)

KaK MBI 3HaeM, He MeHsIeT BepOSITHOCTH MepexofoB M3 x B y 10 MmyTsaM | uiau 2, HO
MOXKeT M3MEeHUThb BKJIAJ HHTep(pepeHLHOHHOr0 useHa (4), TOCKOJIbKY

2R€[<y|$>qepe3 1<y|x>qepe3 2] -

— 2R6[€i(9_w) <y|l’>qepe3 1<y|x>qepe3 2]'

3 OJII/IH U3 BeAyLIHUX CIenuaJsucToB I10 TEOpI/II/I KBAHTOBBLIX BBIUMCJIEHUH ﬂOﬁ'—I CyUTaeT, 4TO B
JEUCTBUTE/bHOCTH Tepexo] MPOXOAMUT MO OAHOMY IMyTH, N0 APYTOMY HAET «TeHEBOW» COLUAJbHBIH
00bEKT U3 napaiienrvHoll ecesenHoll [7].
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[Ton6opom pasHocTH (ha3 MOXKHO BJMATb Ha HHTepdepeHLHOHHYI0 KapTuHy. WH-
Tep(epeHLHs] CTAaHOBUTCS KOHmpoAsupyemoti. lHaye roBopsi, IMeeTcs1 BO3MOXKHOCTb
KOHTPOJISI COLIMA/NBHBIX MPOSIBJAEHUH.

[Tpunuun 2 siBasieTcs KJIOUEBBIM TP TOCTPOEHHH HENEeTEPMHUHHUCTCKOH Mexa-
HUKHW ONHMCaHUSl OOLIECTBEHHBIX $IBJEHHUH, MOBeNeHUS COLMANbHBIX OOBEKTOB: OH
ornpenessieT KBAHTOBOCTb COLIMAJIbHOH AHHAMHUKH.

4.3. DbasucHble coctosiHus. KorepentHas
cynepno3unusa. KBaHTOBas KOrepeHTHOCTh

Cawmbiii 06IKMH BUA (HOPMYJbl, YACTHBIM CJydaeM KOTOPOH siBjiseTcs (opmyia
(2), Bblpaxkarolieil CyLUIHOCTb BTOPOTO MPUHIIMIA KBAHTOBOH MeXaHHKH M yUHUThIBa-
IOLEH UHble Nymu W COOTBETCTBYIOLIHME UM «IIPOMEXKYTOYHBIe» 3Tanbl U3 Habopa
JIOTHYeCKH BO3MOXKHbIX, KaK-TO CBSI3aHHBIX APYT C APYTOM «Oa3UCHbLX» COCTOSHUH
a=1,2,...,k, KaK HETPYAHO BHUJETH:

Wley = D (yloy(alx). (5)

a=1,2,...k

Y6epém B mpaBoil u JeBoH yacTsx dopmyasl (5) cumBoa (y. Kak pesysabrar

nojayudaem Gopmysay
@)=Y la)alz). (6)
a=1,2,...k

[Toso:kuB Tenepp, 4TO ¢, = (a|x), UMeeM pasaosncenue cocmosHus |xr) no 6asuc-

HblM COCMOAHUAM:
)= > calo). (7)

a=1,2,...k

Cocrosinue (7) Ha3bIBAIOT TaKxKe Koeepenmuoi cynepnosuyuerl 6a3ucHbLY COCMO-
AHULL.

KBaHTOBasi KOrepeHTHOCTb FOBOPUT 00 OJHOBpPEeMEHHOM NpeObIBAHUH COLMAJBHO-
ro ob6beKTa cpasy B k mapaJsiiefibHbIX ajJbTePHATHBHBIX COCTOSIHUAX |ar), a = 1, ....k.
U, cnenoBaTesibHO, MOKHO TOBOPUTb O COUUAAbHbLX Oelicmeusx U, KOTOpBIE OJIHO-
BPEMEHHO OCYIIECTBJISIOTCS HAJ KaXKAbIM M3 COCTOSIHUH |a), av = 1, ..., k:

Ulz) = Z caUla).

a=1,2,...k

OTMETHM MPH 3TOM, UTO |Co|? — 3TO BEPOSITHOCTH TOrO, YTO, MO CYTH JeJa,
COCTOSIHME X, TpeTepreBast U3MeHeHUs-Tlepexobl U MPOXOAS MO LEeNsM XKHU3HEeHHbIX
COLlMAaJIbHBIX TepeTypOaunii, okasbsiBaeTcss (M HaOJMIONAETCs]) B COCTOSTHUH (.

KorepeHTHast cymneprnosuiusi 4acTo Ha3bIBAETCS KBAHMOBOU cynepnoduyued.
ITO TOHSATHE SBJSETCS OCHOBHBIM B KBaHTOBOH Teopuu. [IpocsexnBaercs i1 HEUTO
nogo6HOe B COLMOJOrMUecKoid Teopuu? Jla, U ¢ caMbIX UCTOKOB couuosoruu. Cyl-
HOCTb KBAaHTOBOH CYNEpPHO3ULHUH B COLMONOTUH NpocJ/eXnBaeTcs B: a) padore Jlropk-
refiMa o AByX (popMax KOJIJIEKTUBHOH cosiunapHocTH; 6) pabote BeGepa o mpuHumme

4Koeepeumnbui — B3aMMOCBSI3aHHBIH, HAXOASILIMUCS B CBSI3H, COIVIACOBAHHBIM, COOTHECEHHBIH.
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palHoHaNbHOCTH / pa3oyapoBaHHsi; B) 3uMMesisi B KoHuenuus HesHakomia; r) B
hcToprueckoM Mmarepuasnusme Mapkca u 1) B koHuenuuu Camoctu G.H. Meads!
O6 5ToM THIIeT aMepHKaHCKHi mpodeccop cormonorud us Heio-Mopka Crusen
Ixxepapnu: «KBaHTOBasi cymeproduuust okasajna 0oJblloe BJAHSHHUE Ha KJjacchye-
CKYIO COLIMOJIOTHUECKYIO TEOPHIO... Pe3yJbTaThl 3TUX 0OoJiee PAHHUX TEOPUH MOXKHO
Ha3BaTh “‘COLMANBHOH Cyneprio3unrel” (Teopus, B KOTOPOH Ba COLUANBHBIX COCTO-
SIHUS1 0ObeIMHEHbl U pasesieHbl HA CJIOM OLHOTO 11eJoro)» [8].

4.4. YpaBuenue lIpénunrepa

Couuosiorrst A0MKHA He TOJbKO HM3y4aThb BO3MOXKHBIE COCTOSIHHSI COLIMAJBHBIX
00BEKTOB, HO M MpeACcKa3blBaTh UX B OyayuleM. B matemaTuke 3To jesaercs ¢
MIOMOLILBIO criellranbHo paspadboraHHoro HelotoHoMm u JlefibHuuem annapara audde-
peHLHabHbIX ypaBHEHUH.

Takoe ypaBHeHHe UMeeTCsl U B KBAHTOBOH collManbHON MexaHuke. OHO siBJsieTCs
CJIeICTBUEM CJIENYIOIIEro MOCTy/aTa, He HeCyIllero 4ero-To NPUHIUNHAABHO HOBOTO.

Ipunuun 3. Hamenenue cocmosnus |x) 80 8pemenu ¢ momenma t Kk momernmy
t + At 3adaémcs opmyaroti

| (t + At)) = U(t + At, t)|x(t)) =
= > Ult+atla)ale(), (8)
a=1,2,..k
Ut t) =1, (9)
ede ﬁ(t + At,t) — npeobpasosarue, ompaxcarouee coyuatvHole Oelicmaus, me-
Hatoujee cocmosanue |x(t)), I — mosxcdecmeernoe npeobpasosarue.
B npenene At — 0 u 6yarogapsi BBoiMMOMY 0003HaYeHHIO

i~ aU(t,1)
—5-Hlz(1)) = a_%;k —a1 | alz(t)), (*)

rie h — HekoTopasi ¢ynoameHmanvHas KOHCTAaHTA, ypaBHeHHe (8) MpUBOXUTCS K
BUJLY

od e
zh%]x(t» =H|z(t)).

(10)

Mbl nony4yuau ypaBHeHMe, XapaKTepusylolllee U3MeHeHHe COCTOSIHUH coliMaJb-
HBIX 00bEKTOB, M0 (hopMe coBMajallee co 3HaMeHUThIM ypaBHeHHeM LlIpénunrepa,
SIBJISIIOLIMMCS] OCHOBOM KBAHTOBOM MeXaHHKH.

O6paTuM BHMMaHHe Ha TO, UTO caM BbIBON ypaBHeHus (10) mpeoGpasyeT ypas-
HeHHe (8) B muddepeHurnaTbHOEe ypaBHEHHe, a BBelleHHe 0003HaueHus (*) mpugaér
emy (opmy ypaBHeHus Llpénunrepa.
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Jns ypaBHenus LlpénuHrepa rnaBHyO poJib UrpaeTt H, UMeHyeMbIH (PU3HKaAMU
2aMULLMOHUAHOM, SBJSIONIeeCs (SPMHUTOBBIM) ONEPATOPOM, T. €. Tpeobpa3oBaHHEM,
BO3/eHCTBYIOILMM Ha COCTOSIHUSI COLLMAJIbHOTO 00beKTa.

[lamMusbTOHHAH 3a72E€T cOLMa/NbHOE NeHCTBHUE

Uy = e 8 (11)

(1)) = Unl(0)).

[aMU/IBTOHMAH UMeeT B (pM3HKe CMBICJ SHEPTUH, NPH KOHKPETHOM BBIOOpE KOTO-
poro AJsl TOH WM MHOH (DU3UYECKOU CUCTEMBI Mbl MOJy4aeM AUCKPETHbIH, CYETHBIN
Habop CMayuUoOHApHbLX, T. €. HEU3MEHSIOUIUXCS CO BpeMeHeM COCTOSTHHH CHCTeMbl
|z)n, (n=0,1,2,...), KQXKIOMy U3 KOTOPbIX OTBeUaeT CBOH ypOBEHb HEPruu K,:

H|z), = E,|z),.

CyTb KBaHTOBOH TEOpPHH B KBAHTOBAaHUH, T. €. B JAUCKPETH3ALWUU COCTOSHUU H
sHepruu. CrenoBaTe/bHO, UCMOJNb30BAHWE KBAHTOBBIX MOJeJell B COLMOJOTUU TpH-
BeI€T HAC K PaCCMOTPEHHUIO OTHEJ/bHO B3AATBIX JUCKPETHBIX COCTOSSHUH COLUAJBHBIX
00BEKTOB.

Hrak, npennoxeHo auddepeHunransbHoe ypaBHeHHe [Js1 ONHMCaHUsI (KBaHTOBOK)
COLIMAJBLHOR NUHAMHKHU. DTO He HOBOCTL s colrosioroB XXI Beka, XOTd B HaudaJe
XX BeKa 3TO BbI3bIBaJO OTTOPXKEHHE JaxKe y TaKWX 3HAUMMbIX [J51 COLMOJIOTHU
¢uryp, kak B.M. BextepeB [9] u ITutupum Copoxun. [Tocnennuii naxe o603Bai
nofoOHble HAUWMHAHUS KBAaHTO(ppeHUeH.

Ho B ypaBHenue (10) BxomuT (pyHIaMeHTaslbHasi, KAK Mbl HamHCaJdd, KOHCTaH-
ta h. EcTb /i B counosorun hyHIaMeHTaJbHble KOHCTAHTBI?

4.5. 3HaueHWe KOHCTAHTHI /1
4.5.1. Koucraura /i — 3to nocroagHuasa Ilnanka

Kakoe 3HaueHHe MOXKeT MMeTb KOHCTaHTa h? B KBaHTOBOH MexaHuke h = 1,054 -
107341k - cek M HasblBaeTcsl MOCTOSIHHOM [lnaHKa.

«Bo Bcex cMblc/ax U LeJsiX 3HAHWE KBAHTOBOHW (PU3UKU He UMeJio Obl HUKAKOTO
MPAaKTUUECKOTr0 3HAUeHHUS [/ COLUOJIOTHH, 32 UCKJI0YeHHeM Toro (pakra, uTo JIOAH
U caMO OOLIeCTBO SBJSIIOTCS KBAaHTOBBIMU SIBJEHUSIMH — HWJIH, 110 KpaiHell Mepe,
Mbl OYeHb MOXOXH Ha HUX» [D]. JleHcTBHUS Jitofedl OMpenensiOTCS MX MBICJASIMH —
UeaJbHbIMU TpeAcTaBaeHUsIMU. Ecau cormacutbess ¢ Xamepoddom u [lenpoysom
[10], To MBICIH — 3TO KBaHTOBble COCTOSIHHSI AMMEPOB B MUKPOTPYyOOUKaX HEHpO-
HOB T'OJIOBHOT'O MO3Ta, T. €. Cyry00 KBaHTOBO-MeXaHWYECKHE COCTOSIHHS, MOCJeN0-
BaTEJbHOCTU HYJeH M eIuHUL (puc. 1), ynpaB/siOTCS B KAKOU-TO Mepe LernodykaMu
B3aWMOJIEHCTBUM, CHJIa KOTOPBIX COOTHOCHUTCS CO 3HaueHHWeM MNocTossHHOH [lnanka
[11, c. 197].

B takom cayuae dopma ypaBHenus (10) HecsyuaiiHO coBMajmaeT ¢ ypaBHEHHEM
[Ipénuurepa — oHo U ecTb ypaBHeHue [llpénuurepa, u, cjaefioBaTeNbHO, KOHCTAHTA
h B (10) — ato nocrosinHas [Tnanka. CjenoBaTesibHO, TAMUJIBTOHHAH — 3TO HEPrHsI
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couranpHoro oobekrta. [IpaBna, Bompoc — Kakasi 3TO Heprus, Kak MposiB/asieTcs U
KaK U3MepsieTcs.

Pasym u connanbHas XH3Hb — 3TO MAaKPOCKOMHYECKHEe KBAHTOBO-MeXaHUYeCcKHe
siBnenus [12]. Ilo6aBUM K 3TOMY 3asiBJeHHIO, YTO OHM MAKpPOCKOTMHUYECKHEe C TOY-
KW 3peHHUsl NPOCTPAHCTBEHHOTO pasmepa, HO MOTYT OBITb U MHUKPOCKONMHYECKUMH B
COLIMaJ/IbHOM POCTPaHCTBeE.

4.5.2. Koncranta h — 3T0 MHag NOCTOSHHAHA

B knure [13, p. 13] nenaercs nepeo6o3HaueHue h = 7y U pacCMaTPUBAETCs ypaB-
HEeHHe 3BOJIIOLHH COLHUA/IbHOIO 00BbEKTa B BUIE:

d

iyle(t)) = File(0) 12

OnHako B 3TOM cJiyuyae BO3HHKaeT (hyHIaMeHTaJbHas npobJema, CBs3aHHAs C
HCIoJb30BaHueM nuHaMuKH [IIpénuHrepa B collMaNbHBIX HayKax, COCTOSILIAS B TOM,
4yTOOBl HAUTH TPABUJbHYIO MHTEPIpPeTalni0 TaMUJIbTOHHAaHY. Ec/u 3T0 He 3Heprus,
TO YTO?

4.6. HNsmepenne cocrosinusa. Pegykumsa. Koananc. lekorepenuus

Couunosoruss — 3To Hayka 00 H3MepeHHUsIX XapaKTePUCTHK COLHAJNbHBIX 00beK-
toB. [losaToMy cjenyer mocTynupoBaTb, KaKUM 00pa3oM COBEPLIAIOTCS H3MepeHHs B
KBAHTOBOW COLIMOJIOTHH.

Ipunuun 4. Hsmeperue cocmoanus

= 3 caln)

a=1,2,...k

— amo Oelicmeue epynnol COUUON0208, NPOU3BOOLUUX HAOLIOOEHUEe 34 COUUALD-
HolM 06BeKmom U npugodsaujee K momy, 4mo ¢ 8eposmHocmsio |c,|* 6ydem 3a-
pukcuposaro (3a00Kymenmuposamo) Auulb 00HO U3 6A3UCHBLY COCMOAHUL |ar).

WHaue roBopsi, u3MepeHHe 03HAUAET MEPEXO,

BENSY ca|a>ﬁ ), (12)

a=1,2,...k
U3MepeHHe

Ha3blBaeMblil pedyKyueti, Wil Koarancom (COCTOsIHUSA) |z).

[Toctynar 4 s3akpemnssier BaxKHOe OOCTOSITE€NBCTBO, THIIMYHOE [J/51 0O0llecTBa:
«Haue HabmiopeHue BausieT Ha pesdyabratr. F3yueHue obliecTBa — 3TO 3KCHEpHU-
MEHT, KOTOPbIH BO3AEUCTBYET Ha 0OBbEKT UCC/AeN0BAaHUS — OOLIECTBO, KOTOPOE CaMO
no cebe sIBJSIETCS eIlé ONHHUM BHJOM 3KCIepuMeHTa» [5].
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Penykuus cocTosiHUs |x) MPOMCXOAUT MO TOH NMPUUYHMHE, YTO TpOLEeAypa H3Me-
pEeHHUsl eCTb COLMOJIOTHUECKUH dKcIepuMeHT. [1ocKOoMbKY |x) siBJsieTCs KOrepeHTHO#H
Cyneprnosulueid, To NpU U3MEPEeHUU MPOUCXONUT pa3pylleHue KOTepeHTHOU cymep-
MO3ULHH, T. €. UMEeT MeCTO 0eKo2epeHuus.

CouuoJiory 3HaI0T, YTO pasHble TPYIINBl COLMOJIOTOB, POBO/S ONPOCH], MOJYYAIOT
pasHble pe3yabTaThl. «JlekaH (paKyabTeTa COLUOJOTHHU U MOJIUTONOrMH PUHAHCOBOTO
yauBepcuteta npu [lpaBurenbctBe PO Anekcannp [laTunoB npusbiBaet He yIOuB-
JATbCA NOAOOHOMY pa3HOOO0I0 B ONpOCax.

«DTO MPOUCXOIUT MO LeJoMy psiny (PakTOpOB: pas3/jvyHasi BbIOOpKa, pa3jHyHble
(hOpMYJIUPOBKH BOMPOCOB, CTATUCTHYECKAS MOTPELIHOCTb M J1aKe MOJUTHYeCKas aH-
rakMPOBAHHOCTb COLIMOJIOTOB», — CKa3aJl OH.

[Tonyuaercs, 4To coLrONOrHUECKHE OMPOCH MOJHOCTbIO NOAUUHSIOTCS MOCTYJIaTy

KBAHTOBOU q)I/ISI/IKI/I, 4yToO caM q)aKT Ha6JHOIL€HI/IH HU3MEHSAET pQSYJIbTaT 9KCIIEpUMEHTAa»
[14].

PaspylieHne KorepeHTHOH Cyneprno3uiuyd 60a30BbIX COCTOSHUH MPH U3MEPEeHUH —
3TO JIMKBUJAALHKS BO3MOXKHOCTH OTCJEIUTb ajbTepHATHBHbIE Pe3yJabTaThl AMHAMUKHU
conmasbHoro oObekTa. bosee TOro, pe3ysnbraT |a) HAETCS HAM JIMLIb C BEPOSITHO-
CThIO |c,|?. DTO 03HAUAeT, UTO 1Ji TOrO, YTOObl YOEAUTLCS B HCTUHHOCTH pe3yJ/ibTaTa
|a), MBI JOJ2KHBI TIPOBECTH 3IKCIIEPUMEHT MOBTOPHO, a 3aTeM ellé pa3 U T. I. IJd
c6opa CTaTUCTUKH, KOTOpast MO3BOJNUT HaM CKa3aTb 00 «UCTHHHOM» pe3yJibTaTe 3KC-
nepuMeHTa. B mpuHUuMNe Takas CHUTyalus He sIBJseTCS Myrarolled 1/ COLHOJOora.
Bces ero skcnepuMmeHTasnbHasi paboTa COCTOUT U3 cO0Opa CTATUCTUUYECKUX NAHHBIX.

Ho... HO... MOBTOpBl 3KcIepHMeHTa AJs YyTOYHEHUs pe3y/jbTaTa B COLLMOJOTHH
MIPOUCXOASAT JIUILb Uepe3 Kakoe-To BpeMsi, JUOO MPOU3BOASTCA APYTOH TPYIION co-
LIMOJIOTOB, M03TOMY HET rapaHTHH, UTO pe3y/bTaT MOBTOPUTCS B TOUHOCTH — JIOAH
CKJIOHHBI MEHSITbCSl ObICTpee, ueM GesiyllHble 3/JeMeHTapHble uacTHUb®. B 3ToM
CMBICJ/IE COLLMOJIOTHSI 60Jlee KBAHTOBAsl CYLIHOCTb, YeM (PU3HUKa.

JlekorepeHuusi paspyluaetT HHTepdepeHLHI0 MyTed Mepexona U3 OLHOTO COCTO-
sHusi B apyroe (cm. § 3.2), T. e. JUKBHAAUUS O/ COLHMAJBbHOrO OOBEKTa BO3-
MOXKHOCTeH aJbTepHaTHBHOrO pas3BUTHs. [IpoBoasiiivie KCIIEPUMEHT COLMOJIOTH —
3TO YacTb OKpYy»Kawllel (KBAHTOBBIE) COLHMANbHBIE 00beKT cpelbl. [loaTOMy MOXKHO
3a51BUTh:

JlekorepeHiusi — pe3yJabTaT B3aMMONEHCTBHSA COLMAJIBLHOTO OOBEKTa C
BHEIIHE! Cpeoy, pa3pylIamomeil ero ajbTepHATHUBHbIE (MMapaJiesbHble) MyTH
pa3BUTHS.

MoxHo 1 60poTbCsl C AeKOTepeHLHeH? DTO aKTyaJbHBIH BOIMPOC, OTBET Ha
KOTOPBIH MILYT B HAYKaX O KBAHTOBBIX KOMIbIOTEPAX M B MAKPOCKOMMUYECKOH KBaH-
ToBOH MexaHHKe. CoBpeMeHHble (DU3UKH MBITAIOTCS OTPAANUTh KBAHTOBBIH OOBEKT
OT [EKOTepeHLHH U CcTapalTcs 06ecreyuTb eMy IBOJIOLUI0 B UACTOM KOT€PEHTHOM
COCTOSIHMU. B ciyyae comuosiornu 3To coxpaHeHHe Pa3BUTHS COLMATBHOTO 00bEKTA
CO BCeMH BO3MOXKHBIMH aJbTE€PHATUBHBIMU BapuHaHTaMU. EcTecTBEeHHO, I/ 3TOTO

5BOSMO)KHO, B KBAaHTOBOH COLIMOJIOTHH H€O6XOILI/IMO 6osee CepbéSHO HAcc/enoBaThb BOIIPOC O TOM,
4TO CJAeAYeT NOHMMAThb MOA BEPOSATHOCTbBIO.
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CJeNyeT IMOHATb, KakKrhe COUHAJJbHO-TIOJUTHYECKHE YCJIOBUA OpraHH3allu ob11ecTBa
COOTBETCTBYIOT 3BOJIIOLIUK COLMAJBHOT'O o6beKTa B KOTE€PEHTHOM COCTOSAHHUH.

5. ConmajgpHag CUEINJeHHOCTh
M KOJUIEKTUBHBbIE pedIeKChl

Hab6aronaemble siBeHUsl, Kak NPUPOAHbIE, TAK U COLlMAJbHBIE, Uallle BCEro
AaHaJM3UPYIOTC HAMH B TepPMHUHAX MNPUYMHHO-CJeNCTBEHHBIX cBsA3ell. [IpuunnHo-
CJIEICTBEHHbIE CBSI3H — 3TO MPOU3BOJHOE OT TOHSTHSI «B3auMoneHcTBue» [19].

BsaumonelicTBUSl B KJaccHuecKoll Hayke, O/aromapsi K/JacCHKaMm, €€ 3aJl0XkKHUB-
LIKUM, €CTb CU/AO08ble BO3NEUCTBUS OLHOro oObekTa Ha Apyroi. UToObl OOBSACHUTH
M3MeHeHHe, Mbl HIIEM MOPOAMBIIYI0 ero cuay. COUMOJIOTH, eCTeCTBEHHO, HILYT Te
00l1leCTBEHHbIE CHUJIbl, KOTOPble MOPOXKIAAIT U3yuaeMoe COllMa/bHOe fIBJEHHE.

OnHako CyUIHOCTb KBAHTOBOH TEOPHUU COCTOUT B PACCMOTPEHHH HECUAN0BbLX BO3-
pedictBui. O6 3ToM BrepBble 3aroBopus (Guauk U reometp A.Jl. AsnekcaHnpos B
1952 rony [16]. Cefiuac HecHJIOBble B3aMMOAEHCTBHS Ha3bIBAlOT KBAHTOBBIMH KOp-
pesuMaMH, a MopoXKaaeMble UMHU 3((PEKTbl — KBAHTOBOWU CUENAEHHOCMbIO, WU
sanymarnrocmoro [11].

A.J1. AnekcaHpoB SIPKO J€MOHCTPHUPYET HECHUJIOBOE B3aUMOJEHUCTBHE, UM CIIET-
JIEHHOCTD, CJIedYyIOLIUM 00pa3oM:

Kaxxnas »KeHLMHa HaXOAMTCA B IByX COCTOSIHUAX: «3aMY>KHff», «BJIOBa», a e
MY B COCTOSIHUSIX «KHUBOH», «MEPTBBIM».

«?KeHIUHa» U «MyX4UHa» 00pas3yloT CLeMJIeHHOe COCTOsSIHHe «Opak»: ecsn
My2K KMBOH, TO »KeHIIMHA 3aMYXKHfS; €C/IM My>KYHMHa yeXa/J B ADYTOH ropon
M TaM Moru6, To B TOT »Ke CaMblii MHI' »KeHIIMHa cTaja BIOBOH M IO BCeM
IOPUIMUECKHM HOpPMaM, M M0 yesoBeyecKoMY pasyMeHHI0. CMeHa COCTOSHHS
JKEHIIMHB pox3oLa 6e3 KakoH-1100 CHUJI0BOH CBS3H.

Kak cuemnseHHoe coctosiHie oObekTa «OpakK» 3anuckiBaetcs popmynamu? locra-
TOYHO NPOCTO, HAJ0 YYeCTb aJbTePHATUBY:

Bpak = |xuB), |3aMyxHA%), + [MEPTB),|BIOBA),,

rae OYKBBI «M» H «XK» METSIT COCTOSIHHMSI MY>KUHMHBI U YKEHILHHbBl COOTBETCTBEHHO.

CLenIeHHOCTb COLMaNbHbIX 0OBEKTOB XapaKTepu3yeTcsi TeM, YTO X B3aUMOLEH-
CTBHE fIBJISI€TCS He TOJBKO HECHJIOBBIM, HO U MEAOKAAbHOLM, T. €. TIPOSIBJISIOLINMCS
MTHOBEHHO 4epe3 GoJIbliHe PAacCTOSIHUS (PHUMep C 2KEHIIMHOH, MFHOBEHHO CTaBILeH
BIIOBOH, XOPOLIO HJJIIOCTPUPYET CYyTb HEJNOKAJbHOCTH).

B ¢usuke cuenseHHOCTh OBYX YacTHL | W 2 03HAuaeT, YTO €CJH ONHA M3 HHUX
MeHsieT CBOE cocTosiHue Ha apyroe, |[0); — |1);, To BTOpasi MTHOBEHHO H3MEHSET
CBO&, rje Obl OHa He HAaXOAMJ/ACh. DTy HECHJIOBYIO CBf3b 3alMCHIBAIOT KaK

10)1]1)2 +1)1]0)2.
N—— N——

J0 WU3MEeHEeHUS mnocJe

Mel BUIKM, YTO 3TO B TOUHOCTH COBMANAEeT C U3MEeHEeHUsIMU 0ObeKTa «Opak» BhILIIE.
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Bepuémcs k couuosioruu. «MHAUBUL caylIaeT» — 3TO ONpefiel€éHHOE COCTOsSIHHE
yeJioBeKa, KOTopoe 0003HaYMM Kak |A), BHUMaTesJbHO Cjyllaiollero jgekropa. Ha-
MPOTHB, MYCThb |\/) COCTOSIHME UHAMBHUIA, KOTOPbIH «He CjyllaeT» JekTopa. [pymnna
13 N WHOUBUIOB (3TO cOLMaNbHBIH OOBEKT) B CIENMJEHHOM KBaHTOBOM COCTOSIHUH
3anaércsa hopmyJon

| AN D)2 | D) + [ 1] )2-- V),

rae uHaekc i = 1,..., N o6o3HauaeT i-ro uHauBuaa [17].

IT0 KpalHUH caydall COCTOSHMS CLIENJIEHHOCTH, KOIJla BCe CJYLIAIOT HJM BCe
He CJyLIalT JEKTOpa, HO OH KaK pa3 CaMblM HJeajJbHbIM 00pa30oM ONHCHIBAET KOJI-
JIEKTHUBHOe cocpefnotodeHue. [Ipy 3ToM clensieHHble HHAUBUABI «(PU3UUECKH», T. €.
CHUJIOBBIM (TOTYKH, OKPUKH H TIP.), IPUUNHHBIM CIIOCOOOM He B3aUMOIEHUCTBYIOT IPYT
C APYroM, HO OHHU He ABJIAIOTCS HE3aBUCUMBIMU APYT OT ApPYyra.

(OT™MeTHM, UTO BO3MOXKHBI U HHbIE THIIbI CLENJIEHHOCTH, KOT/la YaCTb HHIUBHUIOB
He BeIET ceOs CHHXPOHHO C OCHOBHOH MacCoH.)

Jlesno B TOM, UTO ecsu clLeMNJeHHble collMabHble 00BEKThl «(hHU3UUECKU» He B3a-
UMOZIEHCTBYIOT APYT C APYTOM, OHU He SBJSIOTCS HE3aBUCHUMBIMH IPYT OT ApPyra u
OTHCBHIBAIOTCH 0OL1eH BOJTHOBOH (PyHKLHUEH

U(qr, g2,y qn) 7 V() - V(q2) - o - W(qn).

CouunasbHYI0 CLENJeHHOCTh MBI aCCOLUHPYEM C COTJIACOBAHHBIMH KOJIJIEKTHBHBIMU
NEUCTBUSAMH collanbHO# Tpynmnbl [17]. Dto HamomuHaeT To, uto B.M. Bexrtepes [9]
HasblBaJl KOAAECKMUBHLIM pedieKcom. AHANOrUs CTAaHOBUTCS ellé GoJiee TMOJHOH,
€CJIU BCIIOMHHTb, UTO CLEMJEHHOCTb HCYe3aeT TPH BHEIIHEM BMeIlaTesJbCTBE —
3TOT MPOLECC HA3BIBAETCS deKkoceperyuell, U 3TO XKe MPOUCXOIUT MPU BO3AEHUCTBUU
Ha TOJIMy B COCTOSIHUM KOJIJIEKTHBHOTO peduekca. [Ipy mosiBJeHHH MOCTOPOHHEr0
Mcye3aeT KOJIJIEKTHBHOE BHUMaHUE, KOJJIEKTUBHOE COCPEeNOTOYEeHHE U TIp.

B ¢usuueckux cucremax TpebyeTcs HajWdMe CIeLUATbHOTO MeXaHHW3Ma, KOTO-
pbIll OCYIIIECTBJISIET CLUEMIEHHOCTh MoACHCTeM. B 061ecTBe HMeOTCS CBOM COOCTBEH-
Hble MeXaHHU3MBbl, 3aMycKalollle MPOLEeCcC CLENJeHHOCTH MOCPeNCTBOM 3aaeicTBOBA-
HUSI KOJIIEKTUBHBIX pedJekcoB bexrepesa.

Kakum 06pa3oM ocylecTBJseTCs CUeNNeHHOCTb atonei? Bennt [18], aHTy3uacTt
KBAaHTOBOTO TMOBOPOTa B COLIMOJIOTHH, CUMTAET, 4YTO 4Yepe3 $53bIK; UMEHHO OH, MO
€ro MHEeHHI0, SIBJISeTCS OCHOBOH MJisi KBAHTOBOH 3aMyTaHHOCTH MEXMIY JIOAbMHU:
«Ecin oTOpOCHUTb CJIOKHBIE ypaBHEHHMs, TO TpocTeillee MOHUMaHHE KBAHTOBOIO
MOJAXO/la K SI3bIKY 3aKJ/I0YaeTCsl B MHOXKECTBEHHOCTH 3HAYeHUH (MJIM MOTEeHLHaJbHbIX
BO3MOXKHOCTE#H) NaHHOTO CJIoBa WM (ppasbl» [5].

5.1. CoumanbHas cuenJieHHOCTb 1 BHemHuii Mmup

Becb TpéxMepHBIH MHP — 3TO BCErO JHUIIb
WJITI031s1, HH(OPMaLKs, 3aKOAHPOBaHHAS
Ha JByMepHOH IOBEPXHOCTH.

Mapx Ban Paamcnonk
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KBaHTOBasi cOLMOMOrUSI UCXOAUT M3 TOrO, YTO KBAHTOBBIE CBOMCTBA XapakTep-
Hbl 1151 COLHA/bHBIX 0OBEKTOB. DTO NA&T COLMOJIOTY, MO MeHblleH Mepe, HOBBIH
13bIK, Ha KOTOPOM OH ONMCBIBAeT MOBeIEeHHe COLHANbHBIX OOBEKTOB M COLUAJb-
Hble siBleHUs. [losiBasieTcss BO3MOXKHOCTb FOBOPUTb O CLEMNJEHHOCTH ABYX COLHAJb-
HbIX 00OBEKTOB, KOTOpasl yKa3blBaeT Ha TO, YTO MU3MeHEeHMs, KOTOpble MpeTepreBaer
OIUH 00BbEKT, MTHOBEHHO OTKJUKAIOTCS HEKOTOPBIM U3MEHEHHeM COCTOSIHUSI PYTOro
o0bekTa. DTO HekJaccHueckoe (HeMexXaHHUecKoe), HEHbIOTOHOBCKOE M He3WHILITel-
HOBCKOE B3aUMOJIEHCTBHE OTKpbIBaeT HEOXXHUJAHHble NepPCHeKTHBbl KaK B ONHUCAHUHU
COLMaNbHBIX NEHUCTBUH, TaK M B ONHUCAHWU BO3LEHCTBUSA COLHAJBHOIO CO3HAHUS HA
CTPYKTYpYy BHeliHero Mupa, KOTOpBIH MpH KJIaCCHUYECKOM MeXaHHYeCKOM ONMHUCAHHUU
OblJ1 IPAaKTUYECKU CyBepeHeH MO OTHOLLUEHHUIO K 4YesJ0OBeUeCKHUM MbICJSM.

B nocnenHue roabl B KBaHTOBOH (pU3HKe Pa3BHUBAIOTCH HJEH TaK HA3bIBAEMOrO
AdS/CFT-coorserctBus [19], corsacHo KOTOPOMY B3aMMOJEHCTBHE KBAHTOBBIX 00b-
€KTOB Ha abCTpaKTHOW OeCKOHEUHO yNaléHHOH rpaHule BHeliHero Mupa MrHOBEHHO
CKasbiBaeTcsl Ha (hU3UUECKON U reoMeTpuuecKol cTpykType BHelnero mupa. B uact-
HOCTH, CLEMJEeHHOCTb OObEKTOB Ha TPaHHIle FapaHTHUPYET CBSIZHOCTH (11€0CTHOCTB)
BHelHero mupa, 1, 06paTHo, MOTeps CLENJEHHOCTH BJeYET pacnan BHeuiHero mupa

Ha Kycku [19-21].
913+

Kpantosoe KOr€peHTHOE COCTOAHUE MMK]JOTP)"GO‘-{KI/IZ

W=k IDPIDPE) ... 1@

KeaHTOBOE COCTOSAHME Heﬁpor{a:

2 upesi-hantazns = Zcijk.... “,LI> Il,l]> . “,L > , u=0.1

KBaHTOBOE
COCTOAHME
Tabynuxa

MUKpOTPYyGOouKa

Puc. 1. KBaHToBble COCTOSIHHSI MUKPOTPYOOUEK

CuensieHHOCTb — 3TO HH(opMaLus 00 obLieM COCTOsSSHUM 00bekToB. MHpopma-
uuu 6e3 eé oco3HaHusl He ObiBaeT. CJeoBaTeNbHO, HEKOTOPasi MH(OPMALUS B yMax
JIIOfled — COLHa/bHBIX 0OBEKTOB — TOBOPUT O ClIEMJEeHHOCTH yMoB. PopmasbHO
3Ta CLENJeHHOCTh MpeAcTaBJsiercs, corsiacHo Teopun Xamepodhda—Ilenpoysa [10],
KBAHTOBBIMHM COCTOSIHUSIMH TaOyJHUHOB (IUMEPOB) B MUKPOTPYyOOUKaX HEHPOHOB ro-
JIOBHOTO Mo3ra (puc. ).

AGcTpakTHOE MPOCTPAHCTBO MbICJEH JIoAell BIOJNHE MOXeT ObITb 4YacTbio ab-
CTPaKTHOH rpaHullbl BHeliHero mupa. MHaue roBopsi, Mbl MBICJUM, MEHTAJbHO CTpPO-
UM eIMHOe 3eMHOe 00IleCTBO U AyMaeM 00 okpyxKatiieM Mupe, U, Kak pe3ynbrar,
BrewHuit mup MmeHsietcsi [22], ¥ Kak MOACKa3bIBaeT HaM TeOpHsi KBAHTOBOH ClIel-
JIEHHOCTH, ropasno 6oJjee paaukKasibHO, UeM MBI 3TO MOXKEM AYMaTb, ONHUPasiCh Ha
KJlacCHUeCKHe MeXaHHUCTUYeCKHe TpeacTaBiaeHus (puc. 2).

Mbl npenmnosaraem, 4To 3amyTaHHOCTb JIOAEH OCHOBaHAa Ha (PU3UYECKUX KOH-
CTPyKUHsAX. B uHOM, 6osiee MATKOM H3J/10’KEHHH KBAHTOBOW COLIMOJIOTMU COLIMA/bHAS
3aMyTaHHOCTbD JIIOfIeH OCYLIEeCTBJAsSeTCS yepe3 oblue colraNbHble UHCTUTYThI, TaKUe
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Puc. 2. Mup u3 Mblc/el: KOJIEKTUBHBIN (CLEMJIeHHbIe MBIC/IN) padyM cosugaer Mup mnocpeacTBom
roJiorpagpuu

KakK, HallpuMep s3bIK. Ha nam B3IVIAL 9TO {ABJAETCA LIAroM Ha3and Hu 06peKaeT KBaH-
TOBYIO COLMOJIOTMIO Ha TIOBEPXHOCTHbIE M3MEHEHHsd, He 3aTparvBaloliue Cepbé3H0
OCHOBY COLIMOJIOTHH.

6. MakpopealbHOCTh 1 HEMHBAa3WBHOE M3MepeHNe

Hanomuum: knaccudeckasi (hu3nvka MpearnoJsiaraeTt, 4To A0CTATOYHO OOJblINeE Be-
1K (06bEKTHI) MOTYT ObITh U3MepeHbl €3 U3MEHEHHsI UX COCTOsIHUS. DoJiblline Belu
(06BEKTE) 06pasylT MAKPOCKONUUEKCKYIO PearbHOCMb, WU MAKPOPEasbHOCHb
(makpomup). Ecau counanbHble 00beKTEl — 3TO 60JblLINE 00BEKTHEl, TO H3MEpPEHHUs
COILIMOJIOT'OB, U3YyYalOLIUX COLHa/NbHble 0ObEKThl, HHKOUM 00pa3oM He BHOCST H3Me-
HeHHUsl B UX cocTosiHUsl. Bpome OBl 3TO Tak, HO OcmarOmcs COMHEHUst B TOM, 4YTO
nocJe yxoAa COLMOJIOroB, UTO-TO CIPALLMBAIOLUIMX, 3aCTABJSIOLIMX YTO-TO 3aroJ-
HUTb, 3ayMaThCsl TIPH 3TOM, OIpPOILLIEHHbIE HE U3MEHHUJIUCD.

Knaccrueckoe MUpOBO33peHHE, KOTOPOE Pa3AesSIlOT He TOMNbKO OOJBIIMHCTBO (DU-
3UKOB, HO W COLIMOJIOTH, HMeIOIIHe [eJ0 ¢ MaKpOMHPOM, OCHOBBIBAeTCS Ha JBYX
runoresax [23]:

I'unore3a o MakpockonuyeckoMm peanusme. Makpockonuueckuii obvekm, 00-
radarowuti 08ymsa uiu 6osee 803MOHCHLIMU MAKPOCKONUUECKU PASAULUMbIMU CO-
CMOSHUAMU, 8 NH0O0L MOMEHM B8pemeHu HAXOO0UMCs MOAbKO 8 00HOM U3 IMUX
COCMOSAHULL.

I'unore3a o HEeMHBa3WUBHON WM3MEPUMOCTH. B npuHyune 803moxcHo onpede-
AUMb, 8 KAKOM U3 3MUX COCMOAHUL HAX00UMCA CUCMeMa, He 0KA3bl8as HUKAKO20
BAUSAHUS HQ CAMO IMO COCMOAHUE UAU HA nocaedyrouee nosedenue Cucmemol.

Bl npuayMaHsl 1Ba THIa HEPaBeHCTB — HepaBeHcTBa Jlarrerra-lI'apra u Hepa-
BeHCTBa besna, KoTopele MOXKHO NpPOBepsATh dKcIepuMeHTalbHO. Ecan Oynmer ycra-
HOBJIEHO, YTO OHM HapyILAITCs, TO B MEepPBOM CJydae HapylleHHe T'OBOPUT O TOM,
4To 00e MpPHBENEHHbBIE BhIIIE THIOTE3bl O KJACCHYHOCTH MaKpOMHpa HeBepHBI. A BO
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BTOPOM — BO3MOXKHbl MTHOBEHHBblE B3aUMOAEHWCTBHUS Ha PACCTOSIHUM, Ha3blBaeMble
HeAOKAAbHOCMbIO B3aUMONEHCTBUH, UM BO3MOXKHA CYENACHHOCMb COCTOSTHUM.

DKCIepUMeHThl YCTAHOBUJ/IM HapylleHHe U TeX U APYTUX HepaBeHCTB. Mup He sB-
JsieTcs KaacchuyeckuM — Mup siBisieTcsl KBAHTOBBIM. MIMEHHO 1MO3TOMY KBaHTOBBIH
MIOBOPOT B COLIMOJIOTHH, U He TOJIbKO B COLMOJNOrMH, HendbexeH. CjienoBaTesbHO,
COIIMOJIOTHUECKHE IKCIEPUMEHTHl MEHSIOT COCTOSIHUS TeX (MJIK TOTO0), KOTO MJIK UTO
OHHU HCCJIeYIOT.

. CuenieHHOCTh
KJIACCHYECKHUHU HepaBenctBa Begna
= = He CYIEeCTBYET,
MHUP crpaBeAJUBbI
JlokanbHOCTB
. CLernjaeHHOCTh
KBAHTOBbIU HepaBenctBa besna
= CYIIECTBYET,
MUPpP HAPYHIAIOTCA
HenokanbHOCTH
HepaBenctBa TpaekTropus .
KJIACCUYECKHUH
Jlarrerra-I'apra = 3BOJIIOLUU =
MUP
CrpaBeITUBbI oxHA
HepaBeHnctBa JBoOJIOLUSA MO BCEM .
KBAHTOBBIU
Jlarrerra-I'apra = aJabTepHaTUBHBIM = MUP

HAPYHIAIOTCHA TpPaeKTOPUAM

7. KBaHTOBbIe nepuoauyeckue NMpouecchl B 001ecTBe

MOXXHO CKOJIbKO YTOAHO TOBOPHUTb O KBAHTOBOM MOJEJHPOBAHUM COLUAJTbHBIX
00BEKTOB, HO 0e3 JeMOHCTpPalliu TOro, Kak paboTaeT ypaBHeHue llIpénuHrepa npu
OMHCAHWH KOHKPETHOIO COLMAJIbHOTO SIBJeHHs, OyieM UMeTb TOJbKO MyCTOMNOPOXK-
HHe Pa3roBOpHI.

B sTom HampaBseHHH Koe-4To ciesaHo. B kHure [24], ucnosnb3ysi s3blK omnepa-
TOPOB POXKIEHHUS U YHUUTOXKEHHs, HabJolaeMblX U ypaBHeHUe [elizeHOepra

dX i . oo

oy _[H’X]

. h
BMecTO ypaBHeHHUs [IIpénuHrepa onuceiBaloTCsl B3aUMOAEHCTBUS MOJUTHYECKUX Tap-
TUH APyr ¢ IpyroMm U ¢ usbupartensimu. OmucbiBaeTcsl Takxke 3ajgada nobera ABYX
TPYII JIOIEH ¢ HEKOTOPOH TePPUTOPHHM, TaKkKe MUrpauuu [25] U naxke JOOOBHBIX
OTHOLIeHHH [26].
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[TokakeM, Kak MOxkKHO C momolblo ypaBHeHHs IpénuHrepa nmporHo3upoBaTh,
X0Ts1 Obl Ha KaueCTBEHHOM YpOBHe, MPOLIECCHl «KUJAHHUS W3 CTOPOHBI B CTOPOHY»
0OIIIeCTBEHHBIX HacTpoeHui [27].

Mel paccmaTprBaeM cTabuibHOE 00IIECTBO, B KOTOPOM He COBEpLIAIOTCS OypHBIe
PEBOJIIOLIMOHHBIE COOBITUS U B KOTOPOM BJIaCTb AOCTATOYHO YCTOHUMBO YIpaBJjisieT
obutectBoM. MHaye roBopsi, Mbl OyaeM M3yuyaThb CTallMOHAPHBIE COCTOSIHHS COLM-
aJIbHOr0 00BEKTa, KOTOPBIH MpeacTaBsaseT coO0H Jofel, COCTABAAIOLUX U3ydyaeMoe
00111eCTBO.

B uyenoBeueckoM KoJsseKTHBe, B 00LIeCTBe, MOXKHO HaOJ/I0faTh MepUoAHYecKHe
npouecchl (OCUMJNALNN) — OpoxKeHHUsi (BOJHEHHs1) OOLIECTBEHHOTO HAaCTPOEeHHUs
(MHEHHS) OTHOCHTEJbHO HEKOTOPOH HOPMBI, ONPeNeNsoleld yCTONYMBOE COCTOSTHUE
obutectBa. [Ipu KJaccuueckoM OMUCAHUU MUX MOXKHO OCTAHOBUTb — «BJIACTb IYIIUT
OpoxeHHsI». KBAaHTOBBIH OCLUJ/NATOP OCTAHOBHUTBH HeJb3sl, BJACTb He B COCTOSIHUU
0CTaHOBUTb OpoxkeHHs. OCTaHOBUTb KBAaHTOBBIE OPOKEHHUSI MOKHO OTHHUM CIIOCOOOM
— YHUUTOXHUTb 0011ecTBO. M 3T0 O6/1MKe K MOHUMaHHUIO 0011leCTBa, YEM B KJlaCCHKeE.

[Tpumepom Gpoxenust (OCHUJISLKK) MOTYT ObITh KaK «MOJHBI€» OTKJIOHEHHS OT,
CKakeM, MPaBOC/aBUs, K HEBepHIO (—) MJH K opTomoKcaabHOCTH (+). Hpyrum mpu-
MepoM MOxeT ObITb «MOJ@» Ha MOJUTHYECKHE MapTHH TO JIeBOTo, TO MPABOr0 TOJKA.

Ocuunasiuuy MOTYT OCYLIECTBJSAThCS B 0OLIECTBe KaK MOJA Ha OfleXK 1y, MpUuéc-
KW, Ha My3bIKy U T. 1.

Kto nau uyto coBepiiaet ocuuansiuuu? Jloau, paccmMaTprBaeMble B COBOKYIHOCTH
KaK colMa/bHBId 00beKT. OCUU/IAUNN COLMATBHOTO 00bEKTa — aHaJjora rapMOHHU-
4eCKOro OCLUJ/IATOpPAa B (pU3HKe — H3MepsieM C IOMOILbI0 HEKOTOPOH KOJIMYeCTBeH-
HOU wwKanabl z. M Ttorna ramunabroHnuaH B ypaBHeHuu llIpénunrepa, omuceiBarolinii
KBaHTOBble OCLUJIIALNH, UMEEeT BUJ

n? 0% mwa?

H=—— -
2m 0x? + 2

JI1s1 cTallMOHAPHBIX COCTOSTHUH

d
d—t|¢>:0

umeeM ypaBHeHue LllpénuHrepa

h? 92 22
( B2, %) (@) = Bultb(@))n.

Pelenus sToro ypaBHeHHUS] UMeIOT BUJ

1
E,=n+ é)hw, n=0,1,2,..

1 1/4 2
[U(x))n = m(%) e 2 Hn<\/%$)y

rae H,(—) — moJuHOM DpMHUTA.
CtpouM rpaduKH MIOTHOCTH BepoSTHOCTH ||¢(x)),|> mas x € (—6,6) npu m =
h=w=1 (puc. 3).
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Puc. 3. Tpaduku nnotHocTH BeposTHOCTH ||1)(7)),|? (yMHOXeHHOH Ha 4) ocumansTopa. Toukamu
1306pakén rpapuk notenunana U = 22 /2, KOTOpblil XapaKTepusyeT MPUPOLY, THII COLMATbHBIX
HaCTPOEHUH

W3 puc. 3 BUIHO, YTO BO BCEX COCTOSIHUAX OpOKeHHUe NPUCYTCTBYyeT. B ocHOBHOM
COCTOSIHUU n = () HacTpoeHUs OJM3KH K OCHOACTBYIoIeMYy HacTpoeHuto x = (. [Ipu
n = 1 MHAKOMBIC/Me Pe3KO pa3buBaeTcss Ha [Ba MPOTHUBOIOJOXKHBIX, NPH N = 2
OHO y’Ke MMeeT TPH T'PYNIUPOBKH (MApTHH), OfHA U3 KOTOPBIX «KMETCS» K TOCIOJ-
ctBytowed. Yem Gosblie n, TeM CHU/bHEe PACCIOEHHE U UYUCJIO TPYNIHPOBOK y¥Ke
n + 1, NpuuéM NOMHUHHUPYIOT JB€ CTPOrO MPOTUBOIOJOXKHBIE U 3aHUMAIOLHME CaMble
KpaiiHue no3uuuu (puc. 3, n = 17). Bcé 310 moxoxe, HanpumMep, HA pa3HooOpasue
NapTHil B 1eMOKPaTHUeCKOM OOILeCTBe.

I'paduk nasi n = 0 xapakTepusyeT OCHOBHOe COCTOSIHHE ocluJiastopa. B obna-
CTH [OMYCTUMbIX UdMeHeHUH = € (—6,6) Besuunna |[¢(z)),|*> # 0. 10 roBOpUT 0
HEeYHUUYTOXKHUMOCTH OpoxxkeHUH. B ciyuae omucaHusi OpoxKeHHH Ha OCHOBE KJACCH-
4eCKOH HbIOTOHOBCKOH MOJEIH OCLUMJ/JISALUUA Mbl B OCHOBHOM COCTOSIHUHM MMeJU Obl
TOXKECTBEHHBIA HYJIb.

BakHo moH#Th, 4TO 03Hadaet yucao E,? Uucno «maptuii» pactér ¢ poctom E,,
T. €. C POCTOM 7.

HM3BecTHO, uTO ueM GoJibllie NeHET y BJAUSATENbHBIX B OM3Hece (MM BO BJACTH)
Jqoned, teM Oosblue naptuid. Takum obpasom, F, — 3TO pasMep pecypcoB, MOCpen-
CTBOM KOTOPBIX MOT'YT ObITb peasii30BaHbl T€ UJW HHblE colluasbHble nelcTBus. [lo
CYTH Oena, sHeprusi B (hu3uKe, omnpejessemMasi Kak o6bEéM coBeplIaeMol paboThbl, —
3TO TOT K€ Pecypc, XapaKTepU3YIOILIHUH NeHCTBUS B MOTEHLHAJE.
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Ocraércs OTBETUTb HA BOMNPOC: C KaKOW CHUTyalMel 06leCTBeHHbIX HACTPOEHUH
Mbl Oy/leM HMeTb JeJl0 B peasibHOCTH?

B ksanmoesoil peanbHOCTH, T. €. He B MPUBBIUHOHM KJIACCHYECKOH, SIBJSIOLIEHCS
ONHO3HAYHOH, U UMEHHO 3TO HaM Npe[JaraloT KBAaHTOBBbIE MOJEJH, Mbl HMEEM [eJI0
C KOTepeHTHOH CyNeprno3uuuen

> calto(@)a,

rae |c,|? — BEepOSITHOCTb [Jisi HEKOTOPOH TPYIIBI COLHOJOTOB, MBITAIIKUXCS OMpe-
JIeJIUTbCS, C YeM 2Ke OHH HMEIT Jes0 B JeHCTBUTEJIbHOCTH, KaKoe 0O0llecTBeHHOe
HACTPOEHHe OHH (PUKCHPYIOT, BHIUTH HA OTBET, 4TO UMeeM f1eJo ¢ || (z)),|*. dpyras
rPyINa COLMOJIOrOB BIIOJHE MOXKeT BHIHTH Ha APYroi oTBeT, cKaxeM, Ha |[1(x)),|?
¢ m # n. Ho uctuHa B TOM, UTO B KBaHTOBOH peasibHOCTH BCe BapHaHTHI |¢)(x)),
00IIeCTBEHHBIX HACTPOEHUH MPUCYTCTBYIOT OIHOBPEMeHHO!

OnHako, BCIOMHHAsI O I€KOTepPEeHLMH, Mbl MOXKEM CKa3aTb, YTO KaKas-TO TpyIina
COLIMOJIOTOB Pa3pyLIN/a KOTePeHTHYIO CYNEepPrO3ULHI0 U MHUP CTaa TeM, KOTOPBIH
3aMepUJIH 3TH COLUOJIOTH.

He Bce, 3Hamoliye KBaHTOBYHO MeXaHWKY, Tak AymaioT. MoxeT ObITb, H3Mepe-
HUSI MECTOHaXOXKIEHHS 3JEeKTPOHA U YHMUTOXKAET ajbTePHATHUBBI ObITb 3JEKTPOHY
B JPYyrOM MecTe, HO HeT »KeJaHWs BEPUTb, YTO TPyMIa COLHOJOrOB CBOMMH Ma-
HUMYJAALUNAAMA 3a0aém KOHKpeTHble oOliecTBeHHble Bo33peHHs. OOiiecTBo Jonen
— MOpe CO3HAWIIUX 0c00ell — 3TO He OeCcCO3HATENbHBIH KPOLIKA-3JeKTPOH, U HET
OCHOBaHHH IyMaTh, YTO BCE B MUpE JIOAEH MOXKHO 3aMepPUTb U BBIUHC/INUTb. KBaH-
TOBasl COLMOJIOTHsl JAET HaM IOBOJ COMHEBAaTbCSl B HCTHHHOCTH KOIEHTareHCKoH
MHTepIpeTallid KBAaHTOBOH MeXaHHKH, KOTOPYIO MBI TOJbKO UTO TpPeACTaBHJH Ha
sI3bIKe [€KOTePEeHLHH.

Haure omucanne GpoxeHHsi OOIIECTBEHHBIX HACTPOEHHH SIBsSETCS KadeCTBeH-
HBIM B TOM CMbICJIE, UTO OHO (PUKCHUpYET, MPeACKa3biBaeT CaMo sIBJEHHE, HO YHUCJa
— BepOSTHOCTH pacrpejesieHHss HaCTPOeHHss — AOCTATOUHO YCJOBHBIE. TOYHBIMH
OHM CTaHYT JIMLIb NPH YTOUHEHMH KOHCTAHT m,h,w M wWwkKaael x. HakoHew, mbl
paccMoTpesii MOJe/b FapMOHHUECKOrO OCLHUJJIATOPa, a OoJiee TOUHOH sIBJSIETCS] He
OHa, a MOJieJlb AHTAPMOHMYECKOTO OCLHUJISATOPA.

8. CoumajbHble OeMcTBUA, HAOJIOJeHNEe U HAaOJI0JaeMble

[Iycte O — counanbHbiil 00beKT. KpoMe MHOXKeCTBa BCeX COLMAbHBIX A€HCTBUN
D, Ha3bIBaeMbIX B KBAHTOBOH MexaHHKe (YHMTapHBIMH) OIepaTopaMu®, KOTOpble MO-
TyT ObITb COBEPLUEHHBI HAaJ COLUAJIbHBIM O0BEKTOB KeM-TO U KOTOpbIe MO0Je3Hbl 115
TMIOJIHOTO OMMUCAHUSA W TOHMMaHHUS CyWHOCTH (), cjaefyeT BBIAEJUTH ellé Habaro-
daemoie obbekTa (. DTO Te BEJUUMHBI, XapAaKTEPUCTHKHU COLHMATBHOTO OOBEKTA,
KOTOPbIE USMEPAOMCS B KOHKPETHOM COLIMOJIOTHUECKOM 3KCIePHUMEHTe.

®usnku HabJ/I0faeMble OMHUCBIBAIOT TaK K€, KaK OMepaTopel, HO yXKe OPyroro
Tuna, yeM JAedcTBUsA. MIX HasblBawT apmumosvimu onepamopamu. Kak v couualb-

Oneparop B nepesosie 03HauaeT «TO, UTO OKA3biBAeT JEHCTBHE».
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Hble 1elCcTBUs, HaOJ/0faeMble BO3AEHCTBYIOT Ha COCTOSIHUS COLMAJBbHBIX 00BEKTOB,
HO COLMa/bHble NeHCTBHUA MpPeoOpasyloT COCTOSHUS COLMAJbHBIX OOBEKTOB, INpe-
CKa3blBalOT COCTOSIHHUE COLMAJbHOIO O00BbeKTa B CJAEAYIOIIMA MOMEHT BpeMeHH, a
HabJitoaeMble BbIIAIOT Pe3ysabTaThl U3MepPeHMH, IKCIIepUMEHTOB HaJl COLHAJbHBIMU
00beKTaMH, T. €. BBIAAIOT XapaKTEPUCTHKH COLIMAJIBbHOTO B MOMEHT M3MepeHHus (IKe-
NePUMEHTA).

Bce cocrosiHusi coluanbHbIX 00bEKTOB 00pasyIoOT COLHaIbHOE NPOCTpaHCTBO H,
Ha KOTOPOM U paboTaloT KakK coluanbHble AedcTBUs D, Tak u Habmaopaemble N:

D:H—H N:H—H.

Pabora couuanbHbIX [AeHCTBHUH ONMCBIBAETCS, KaK Mbl 3HaeM, ypaBHeHHeM
Hlpénunrepa (cm. § 4.4), pabota Habaronaemoro NV, T. e. HabmoneHre N COCTOSTHUS
|z) o6bekTa O BHINISAWT Kak

N:|z) = ch]xj) — |zj,) ¢ BeposTHOCTBIO|C), |?
: 1

J HabJoneHe
(n3mepenue)

HaOuarofeHre (M3MepeHNe) OOHApYKHUBaeT XapaKTePUCTUKY-UYHCIO 7,

rue R
N(la;)) = njlz;), n; € R,

O6 3BOJIIOLIMM COLIMANBHOTO OOBEKTAa Mbl MOXKEM CYIUTb IO pe3ysibTaTaM H3-
MepeHHsl ero 3HAUHUMBIX XapaKTepUCTHK. Ho 3TH XapaKTepUCTHKH — pe3ysbTar
COLIMOJIOTHUECKOTO 3KCIIEPUMEHTa, WHade TOBOPS, HAM HYXKHO H3YUYHTb 3BOJIOIHIO
HabJ/I01aeMbIX. N

Ho wus-3a toro (akra, uro Habsawopmaemble, ckaxeMm N, obbekTta (cuctembl) O
Ternepb SBJSIOTCS ONepaToOpaMH B COLMAJbHOM MPOCTPAaHCTBe H,

N:H—H

HeoOXOAUMO ONpefennuThes ¢ AU depeHHatbHbIM ypaBHeHHeM 151 N. Ho takum
ypaBHeHHEM $IBJSIeTCS B KBAHTOBOH MexaHHUKe ypaBHeHHe [elizeHOepra

AN i, ~
— =—|H,N 13
dt h[ 9 ]7 ( )
Nli—o = N(0).

Takum o6pasom, mepen HaMU OTKpbIBaeTCsl OOLIMPHOE I0JIe UCCJELOBAaHUH 3BOJIO-
MU COLlMAJbHBIX 00BEKTOB, UX XAPAKTEPUCTHK C LieJbl0 MpeacKasaHUsi TOro, 4To
OyneT NpPOMCXOAUTb, HauWHAas ¢ JaHHOro MoMmeHta t = (. [sa 3Toro TtosbKO HOCTa-
TOUHO YCTAaHOBUTbH (MOCTPOUTH) COLMAJNbHOE MPOCTPAHCTBO, OMUCATb B HEM COLHU-
a/lbHBIA OOBEKT, T. €. MOHATh, KaK BHIIVISAUT OTBEYAKILUUHA eMy TaMHUJIbTOHHUAH, U
ornpeneuThbCsl, KAKUM HabJloJeHUueM Mbl 03a1lad4uBaeMcsl.
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Tenepp mocMOTpUM, KaK MOHSITHE HAOMIOJAEMbIX H HUX 3BOJIOLUS OMNHUCBIBAIOT
sTHoreHe3 W wmurpauuio (cMm. § 9). Bynmem 3amaBaTh caMm 00beKT, HabjonaeMble,
BBIYMC/ISATL IBOJIOLNI0 HanOoJiee UHTePECHBIX HabJI0IaeMbIX.

9. COIII/IOJIOI‘I/IH npru BTOPUYHOM KBAHTOBAHUH

JlocTaTO4HO MHOTO KBAaHTOBBIX MOMeJeH [Jsi ONMHCAaHUS COLHAJNbHBIX 0OBEKTOB
noctpous Paduo bBarapenso ¢ coaBropamu [24-26]. [Ipu 3ToM OHM OmMpaJUCh He
Ha TOHSATHS BOJIHOBBIX (DYHKIHS, @ Ha KBAHMOBYIO MEXAHUKY 8MOPULHOEO KBAH-
mo8aHus, KOrna 4acThlbl (DU3UKH OMHMCHIBAIOT HE BOJHOBBIMM (DYHKLHSMH, a Tak
Ha3bIBaEMbIMH ONEpamopami. YHUUMONEeHUS G U poxcOeHus at, KOTOpbe MO Cy-
TH Jlesa SBJSIOTCS crelupuIHbIMU HabaonaeMbiMi. C TOYKHU 3PeHHs COLMOJIOTUU
3TH omepaTopbl 06ecrneyuBalT COlHaJbHOE ObITHE W Pa3BOPAYMBAIOT, «POXKAAOT»
HabJirojaeMble COLlMa/IbHbIE IBJIEHHS U MPOLECCHI.

O uem upér peun? Manoxum unen barapesso nonynsipHbIM f3bIKOM 6€3 U3JIHILL-
Held MaTeMaTHKH.

CounanbHbll 00BEKT, KaK Mbl TIOHUMaeM, BCErja U3 Uero-To COCTOUT, HaMpPUMeD:
1) u3 moneii; 2) U3 CTyleHUECKUX TPYII; 3) U3 COLHAIbHBIX HHCTUTYTOB H T.1.

Koneuno, colupanbHbli 00BEKT He 00513aH BKJIOUYATh B ce0s BCeX JIOAEH, WU BCe
CTYIeHYeCKHe TPYIIbI, UM BCE COLUANbHble HHCTUTYTh. OH uacmo, MOAMHOXKECTBO
MOJIHOTO Habopa TexX 3JeMeHTOB, U3 KOTOPbIX CaM COCTOMT. DTH IOJIHble HAabOphl B
KaXJI0M KOHKPETHOM CJy4dae M3yuaeMOro COILHaJbHOrO 00beKTa 06pasylT TO, YTO
Mbl HAa30BEM COUUANbHLIM NPOCMPAHCMBOM ¥ 0003HAYUM KaK H,

OCH.

CounasbHOE MPOCTPAHCTBO CJENYeT OMUCHIBATH, T. €. COOOLIATh M3 Uero WJH KOTo
OHO COCTOHUT. B ciyuae ncnosb3oBaHUSl METOAOB KBAHTOBOM MeXaHHMKH COLMAJIbHOE
NPOCTPAHCTBO HOCUT aOCTPaKTHBIA XapakTep, B HEM 3JeMEHTBbI, CMBICJ KOTOPBIX
HaM IOHSATEH, MOXXHO CKJaJAbIBaTh U YMHOMKAaThb Ha KOMILIEKCHbIe 4ymcjaa!l IT1o
KpaliHe HeOOBIYHO, HO K 3TOMY MOXHO NPUBBIKHYTb — Belb peub UAET O HOBBIX
npolLeaypax BBIUMCJAEHHH, a BBIUMCJIEHHUS caMU Mo cebe — Bellb aOCTpaKTHas, HO
CO BpeMeHeM CTaHoBsIasicsi 00blieHHOH. COLHOJI0T, BCTIOMHU O TOM, KaK Thl UCIOJIb-
3yelllb (haKTOPHBIH aHANW3 WM METOIbl MaTeMaTHUYeCKOH CTaTUCTHUKHU. Bpsig Jiud Thl
3aflyMblBaelllbcs O (hOpMaJIbHbIX MaTeMaTHYeCKHX TOHKOCTAX CBOMX MaHHMYJSLMH
— Jlesiaelllb, KaK YYUJIHU U KaK NPHUBBIK.

9.1. Ormucanue 3THOreuesa

PaccmoTpum Ba B3anMOAEeHCTBYIOIIMX COLMANBHBIX 00bEKTa, KOTOPbIE SIBJASIOT-
cst iByMsi aTHocaMu O7 U Oo, XKHUBYUIUMHU Ha OJHOU TEPPUTOPHUHU.
Kaxknomy stHocy O; comocTaBuM B Halleil MOJeJH ONepaTop YHUUTOXKEHHS a; U
/\+ o o ~ e /\+/\
OrepaTop POKJAEHHUsI 4, U CBA3AHHBIH C HUMH YMCJIOBOW OMEpaTop n; = a; a;.

HpeIIHO.HO)KI/IM cjenyroue aHTUKOMMYTallMOHHbIE ITpaBHJIA:

{amaj_} = 5ij7 {azaaj} - Oa {a;'_)aj_} = 07 ] - 17 27 (14)



86 A.K. Tyu. KBaHToBas MeXaHHKa JJIsI COLIHOJIOTOB. aKCHOMBI...

rae
{z,y} = 2y + yz.

M3 3TuX npaBuJ, B 4aCTHOCTH, CJAENYeT, YTO

~N\2 N2
(@;)” = (a;)" = 0.

CuaeoBaTesibHO, €CJIH ¢(070) — OCHOBHO€ COCTOSIHHE, B KOTOPOM MOXKeT MNpeObl-
BaTb 3THOC NPH CAMbIX MHUHHUMAaJbHBIX TPeOOBAHUSAX K MOANEPKAHHIO KHU3HH, TO
paBeHCTBA

6l1¢(0,0) =0, a2¢(0,0) =0

03HAualoT, YTO COLMAJIbHbIE NEHCTBHUS dj, KOTOPble Mbl Ha3blBaeM ONepaTopaMH yHH-
YTOXKEHHUS, CBOAAT 3THOC HAa «HET», T. €. BEAYT ero K rudeJu.

C 6HOJIOTHUECKOH U / WUJIM COLIMOJIOTHUYECKON TOUKH 3PEHHsT IJIsl KaXKJI0T0 3THOCA,
KOTOPBIM Mbl OyfleM paccMaTpuBaTh, Y HaC OyAYT TOJBKO [Be BO3MOXKHbIE HETPHUBHU-
ajJibHble cUTyaluu. B mepBoM (OCHOBHOEe COCTOsIHHE) OueHb HH3Kasi MJIOTHOCTb, a BO
BTOpPOM (BO30YK/IEHHOE COCTOSIHHME) MJIOTHOCTh O4YeHb BbicOKa. CJjieoBaTesbHO, ec-
JIM MBI TIONBITaeMCS YBEJUUUTh MJIOTHOCTb BO30YXKAEHHOTO COCTOSIHUS HJIM €CJU MbI
TNONbITaeMCs YMEHBLIUTb MJOTHOCTb OCHOBHOI'O COCTOSIHMS, Mbl IPOCTO YHHUYTOXKHUM
3TOT 3THOC.

Cyl1ecTBYIOT BepXHSIS W HHKHSAS TPaHHULBl MJOTHOCTH TMOMYJASLHUHA, KOTOPBIE
HEBO3MOXKHO IPeO0JIeTh [0 OUeBUAHBIM IPUUMHAM: HAallpUMep, MOTOMY 4YTO OKpy»Ka-
olas cpeia He MOXKEeT JaTh HaceJeHHIO N0CTaTouHO efibl. KoHeuHo, 3TO J0BOJIBHO
pe3koe pasleJieHHe BCero Ha JBa YPOBHSI MOXKeT I10Ka3aTbCSl HEYH0BJIETBOPUTEJb-
HbIM. KOoHe4yHO, HeTpyIHO pacIlMpUTb Hauly NPOLEeAYypYy A0 MPOHU3BOJNBHOTO UHCHA
YPOBHeH, HO 3TO NoTpebyeT MPeofoNeHUs HEKOTOPbIX TeXHUUEeCKUX TPYAHOCTEH.

2Kr3Hb BO3MOXKHA TOJIBKO B COCTOSIHUSIX, TMOPOXKAAeMbIX M3 OCHOBHOTO COCTOS-
HUS:

D0,0): P1,0) = A1 G0,0)s P0,1) = A7 D0,0), P(1.1) = a7 A3 D(0,0), (15)

U B UX KOMOUHALUAX

Z aijgb(i,j), Q5 eC.

i,j=0,1

9TO O3HAayaeT, 4yTO UMeeM 4—MepHoe COollMaJibHOE HpOCTpaHCTBO
H = {!¢> = E Qij ) Qij E(D}‘
i,j=0,1

B npocrtpaHcTBe H BBOIMM CKaJsisipHOE NpOH3BeleHHe (—, —), OTHOCHUTEJNbHO KOTO-
poro ajeMeHThl (15) 06pasyioT OpTOHOPMUPOBAHHBIN Ga3HC.
Hwmeem cienyolie ypaBHeHHs] Ha COOCTBEHHbIE 3HAUEHMUS:

ﬁ1¢(n1,n2) - n1¢(n1,n2)a /ﬁ2¢(n1,n2) = n2¢(n1,n2)-

Ha ocHoBaHHH 3THX paBeHCTB MOXHO IOBOPUTH CJleyIOLIee:
1) ¢,0) — O3HauaeT, YTO CyLIeCTByeT OUeHb MaJ/o CyGbeKTOB U3 JBYyX 3THOCOB
B HallleM PerHoHe;
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2) ¢(1,0) — O3HauaeT, 4To o4yeHb MaJso Jwofed U3 Oy, HO OueHb MHOro X U3 Oy;

3) ¢(,1) — O3HayaeT, 4To o4yeHb MaJso mofed U3 O, HO oueHb MHOro UX U3 Oy;

4) ¢(1,1) ONHKCBIBAET CJydai, Korga o6a 3THOCA MHOTOYHCJ/IEHHBI.

Cpena He MOXKeT MPOKOPMHThH JItOHel 60oJiblile HEKOTOPOTO TMpenesia: yBeJudeHne
YUCJIEHHOCTH HaceJieHWs] NPUBENET K rUbesid 3THoca. DTO CJelyeT U3 PaBeHCTB

At b0y = ay (@ b)) = (@) ’¢00 =0,

al day = ay (@ o) = @)’ =0,

SBOJHOU,I/IH 9THOCA, KakK MBI IMHCaJu, 3aJa€TCS TaMUJbTOHUAHOM.

PaCCManI/IBaeM raMuJIbTOHHAH, KOTOprﬁ COCTOUT U3 ABYX Fal\//[\I/IJIbTOHI/IaHOB oau-
HOYHOT'O CYILIeCTBOBAHHA KaxKO0ro 3THOCAa M M3 raMUJIbTOHHAHA H[, YUHUTBIBAIOLIET O
B3aHMOJEeHCTBHE ABYX 3THOCOB!:

H = Hy + \Hj,
HO = wﬁfal + WQ/a\;ag,
+
H] CLl CL2+(12 ai,

rae w; " A — JeHCTBUTEJbHbBIE MOJOXKHUTEJbHbIE BEJUUUHBI.

B wactHocTH, A = 0, KOr#a JBa 9THOCA He B3aUMOAEHCTBYIOT. B aToM cayuae H
OIKCBIBAET CTATHUYECKYI0 CHUTYyallUI0, B KOTOPOH MJIOTHOCTH IBYX 3THOCOB, ONHCHIBA-
eMble UMCJIOBBIMU ONlepaTopaMH 7i;, He MeHSIOTCS.

YpaBHeHus ['eifizeHbepra UMeOT BUL:

da o - .
%(t) = —iwyay(t) — iXaa(t), @1(0) = ay,
dAz

OnpeneuM MIOTHOCTb KaXKIOTO 3THOCA KaK

nj(t) = <¢(n1,n2)’h\j(t)¢(n1,n2)>'
Ecau B momeHT t =0
n1(0) =n1, n2(0) = no,

TO TOCJIe BBIUMCJEHHH noJgyvdaem:

ni(t) =n (1 = wa)” + e ny cos> ot + ny sin® ot
! - (w1 — CUQ)Z + 42 (w1 — w2)2 + 42 ! 2 2 2 ’

na(t) =n (w1 = wo)” + w ny cos? ot + ny sin® ot
2 e (w1 — (,UQ)Q + 42 (w1 - w2)2 + 42 2 2 1o 2 ’

6 = /(w1 — ws)? + 4X2.

Orciofa cienyer, 4to
ni(t) + na(t) = ny + no.

Mbl BuaKM, uTo H; onuchiBaeT CUTyalMIO, B KOTOPOH MJIOTHOCTh 3THOCA (J; yBeJu-
uynBaetcs, a Oy yMeHbLIAeTCsl, UK Ha000poT. B 6GuoJiornu ata cUTyalrs Ha3blBaeTCs
«BOJIKM W 3aHlpl». B 3THOMOTHH B NAaHHOM cJjydae roBopsiT 00 3THOreHe3e: OAMH
3THOC MPUXOAMUT HA CMEHY JIPYromy.
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9.2. Murpauus

[TokaxkeM, KaK MOXKHO OMHUCHIBATh TPOLECC MUTPALUK U3 perdoHa R (Adpuka)
B pervoH R, (EBpomna) uepes peruon R3 (CpennsemHoe Mope).

PaccmatpuBaeM 1Ba B3aMMOIEHCTBYIOIIMX 3THOCA, KOTOpble HabJ/I0IaeM B 3THX
TpExX perroHax R;. Vx oGbennnenne R pa3o6béM Ha L - L sueek o = 1, ..., L? (cwm.

puc. 4).
HNmeem
R = Rl U RQ U Rg,
Ri1={1,2,3,4} (neBblil HUKHHUH yrou),
Ry ={L*~L—1,L*— L,L* 1), L*}, (npaBbiii BepxHuii yron)
R3 = {ocTanbHble fUeHKH}.
L L-L
L+1|L+2| -
1 2 L-1 L
Puc. 4. Pernonst
JLast KaxI0# YeHKH v UMeeM OTepaTopsl G, Gy, ﬁ&a) = ala, nns 1-ro aTHoca
-G BN
u bl by, Al . bl b, masi 2-ro 3THOCA.
[Tonaraem

o, @5} = {0, b} = 0y, {400} =0.

MI/II‘paLU/IH OIIMCbIBAETCA MOCPEACTBOM IraMHUJbTOHHUAHOB
H=> H,+h,
«
S
Ho, = H° + A\ H!,

~0 e b ~p
H, =wia,a, +w,b, by, H,=70,by,+b)aa,

¥ 4JjieH COOCTBeHHO obecrneunBaondi Murpaurio (auddysuio),
~ 3 AN AN AN AN
h = Z pa/g{”)/a (&aag + Ega;[) + Vb (babg + bgb;r) },
a,f=1

Pap S {07 1}7 Yas Vb S R)
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local density local density
ir ir

AN

P Bl time
4] 50 lon 150 200
local density
s
4k .
s »
,
N -
P .
ik ‘\I =
‘
/‘k- r
2L . bkl
2 '
'
'
ot
.
-
.
L
.
el o 0 0w e
0 30 100 150 200

Puc. 5. Murpauust adpukanies B EBpory: sBosonust niotHocTed (criomHas auaust ais O U
nyHkTUpHas JauHus masi Oz). Adpuka: BBepxy (cieBa (a)); EBpona: Beepxy (cmpasa (b));
CpenuseMHoe Mope: BHH3Y (¢): 7q = 0,1; 75 = 0,004; w? =1, w2 = 0,3; Ay = 0,05 a5 Vo [26]
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Puc. 6. Murpauust adhpukanies B EBpory: aBosonust niotHocTeld (criomHas auaust ais O U
nyHkTUpHas JauHus masi Oz). Adpuka: BBepxy (cieBa (a)); EBpona: Beepxy (cmpasa (b));
CpenuseMHoe Mope: BHH3Y (¢): vq = 0,1; 75 = 0,004; w? = 1, w2 = 0,3 ana Vo; A = 0,2 ans
Va € Ry URsg; Ay = 0,05 nnsa Va € Rz [26]
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Paa = 07 Pap = PBa-

Ecau v, > v, To 3THOC O 6oJiee MOOUIBHBIH, YeM (.

Ecan pos = 1, TO 3TO MHTEpNPETHPYEM KaK NePexof COOTBETCTBYIOILEro 3THOCA
U3 guelku « B siuedky (3. [lepexonpl ocyllecTBAAIOTCS TOJABKO uepe3 oblee pedpo,
U HU B KOeM cJjydae yepe3 OOL1YI0 BEpLIMHY.

ObpaliaeM BHUMaHHe Ha TO, UTO aHAJOTHUHYIO POJIb TaKXkKe HTPaloT Y, U Yp,
KOTOpBIE, OIHAKO, MOTYT NIPUHUMATh pasHble 3Ha4eHHs. TakuM 00pa3oM HOCTHUTAETCs
pasJyMyHasi MOOMJIBHOCTD /151 Pa3HBIX 9THOCOB.

PaccmatpuBaerca cayuaét L = 11. Ecaun Tenepp BbiMcaTh ypaBHeHHs [el3eH-
Gepra mpss G, bo, HABTH HX pelleHHs] M IJOTHOCTH 3THOCOB B KaXK[OM perdoHe
ngf)(t),ng’)(t), TO TOJYYUM KapTHHAa MHUTPAIHH, KOTOpas 3aBHCHUT OT BbIOOpA KOH-
CTaHT.

Ha puc. 5, 6 naHbl 1Be KapTHHBI MUTpaLuH, KoTopble Barapesno u OnvBepu [26]
CBfI3a/iM ¢ MaccoBOoH Murpaured adpuxanues yepes CpenusemHoe mope B EBpomy.

10. 3akgaroueHue

Mbl NpeoKUIN MPOCTeHIIHH (JOKaJbHBIM) BapHaHT akKCHOMaTHYeCKOH KBaH-
TOBOH coLMOJOTHU. BoJsee cloKHBIN mpeanosnaraet y4éT TOTO, YTO JIOAU *KUBYT B
(rmo6asbHOM) MPOCTPAHCTBE MJIAHETHl 3eMJSi U SIBJSIOTCS COCTABHOH UaCTbIO OMO-
cepnl. Habpocku Tako# Teopuu ObLIM AaHbl HAMH B Pa3HbIX BapHaHTaX B CTaTbsX
[28,29].

Oco60 oTMETHM, YTO Mbl NPHUBENH KOHKPETHble MPUMEPHl PACYETOB TOBENEHUS
COLMa/NbHBIX 00OBEKTOB C HCIOJb30BAHMEM ammnapata KBaHTOBOHW MeXaHUKH. Takux
NPUMEpPOB Ha JAaHHBIH MOMEHT He TaK YK M MHOIO, U 3TO CBSI3aHO C TeM, 4TO
COLMOJIOTH, CTaJKHBasiCb C Y4yeOHHKaM{ N0 KBAaHTOBOH MeXaHHKe, HANHCAHHBIMU
(pU3UKaMH, «yMHUPAIOT», «yOUTBIe» UyNOBHULIHBIM aOCTPAKTHBIM YPOBHEM HUX COAEep-
JKaHUS, a (PU3UKU... B HAlLKM OHU OHU He HHTEPEeCYIOTCs COLMOJIOTHEH.

Bnpouewm, JieT ABaguath Has3aj MHOTHEe HeMellKHe (DU3UKH, OKa3aBLIMeCs B TOJ-
Kyuyke coOpaTbeB IO CTAaTHUCTHYeCKOH (PU3MKe, MacCOBO YLLK B HOBYIO HAayKy —
3KOHO(PU3UKY, CO3MaHHYI0 UMU ke. Dynem HamesiTbcsi Ha TO, UTO HEYTO MOAOOHOE
NPOU3OHIET U ¢ (PU3MKAMH, HAYMHAIOUUMH «TOJKATbCS» BHYTPHU 3[aHHS KBAHTO-
BOM MeXaHUKH, U OHU BBIUAYT T'ypbOOM Ha BOJIIO U HAUHYT BCECTOPOHHE PAa3BHUBATh
HayKy, y»Ke MOJYYHBILIYIO Ha3BaHHe «KBaHToBasi couuoJjorus» [30-36], koTopoi
NPEACTOUT 3aHATb MECTO TaK U HECOCTOSIBLIEHCH KOHTOBCKOM COLLMO(IHU3UKHU U MHOTO
obelaBiieil couHoKubepHeTUKH [37,38].
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Abstract. In this article an attempt to present the apparatus of quantum mechanics
in a language accessible to a sociologist is enounced. The principles of quantum
mechanics are stated as axioms. Examples of specific calculations of the behavior of
social objects using the concepts and methods of quantum mechanics are given.
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AHHOTamusda. B cratbe npoBenéH aHa M3 BO3MOXKHOCTH TNIPUMEHEHHUS CUMILJIEKC-
MeTola AJs PelleHHsl 3a1ad JIMHeHHOro MporpaMMHPOBAHUSI B3aHMO3aBUCHMBbI-
MU nepeMeHHbIMH Ko3(¢uuueHTamu. [IpobaemMa B3anM03aBUCUMOCTH KO3(Pu-
LIUEHTOB OLIEHKH COCTOUT B TOM, UTO Pa3/UYHble CTOJNOLBI MOTYT ObITh 3aBHUCH-
MBIMH IPYT OT APYTra, YTO CIIOCOOHO BBI3BIBATH 3aTPyNHEHHS B ONpeeJeHHH MH-
HUMAaJbHOH OLIEHKM — Ha KaXKAOW WTepalud CHMIJIEKC-MeTona. dTO 0COOEHHO
aKTyaJsIbHO TIPH OTIpelesIeHHH ONTHUMaJbHBIX (/11 KaXKI0H UTepalru) 3HaYeHHH
nepeMeHHBIX Ko3(duLHeHToB. B pa6ore nokasaHo, 4To ycpeqHeHHe 3HAUeHHH,
fnpeaJsaraeMoe psiioM HCCleoBaTesel, MPUMeHsATh HeoOs13aTebHO, UCKII0UeHHe
COCTaBJSAIOT BBIPOXKIEHHBIE 3a1a4H JIHHEHHOTO MPOrpaMMHUPOBAaHHUS, B KOTOPBIX
NPUCYTCTBYeT HEeNTUHCTBEHHOCTb pelleHHUs .

KuaroueBbie ciaoBa: 3ajnada, JuHelHOe NporpaMMHpOBaHHe, NepeMeHHbIH Ko-
3(pprLHeHT, CHMIJIEKC-MeTol, reHepalusl CTO/NOL0B, B3aKMO3aBUCUMBbIH, Napa-
MeTp.

Beenenue

3anaua JUHEHHOro NPOrpaMMHUPOBAHUS C NlepeMeHHBIMH apaMeTpaMu MpeacTaB-
JsieT cCoOOM CHUCTeMY JIMHEHHBIX ypaBHEHHWH H/WMJM HepaBeHCTB, B KOTOPOH H3Me-
HATbCSA (BapbUPOBATbCS) MOTYT HE TOJIBKO TepeMeHHble, BXOASIIHe B €€ COCTaB, HO
1 K03(D(UILIMEHTDI, a TakXKe MpaBasi 4acTb U mapaMeTpbl (KO3 (HUIIUEHTH NPH Tepe-
MEeHHBIX) [eJ1eBOH (PYHKUHUH. FIMEHHO MO3TOMY TaKHe 3a/laud Ha3blBAIOTCS 3aJauyaMu
C MmepeMeHHBIMU NapaMeTpaMu. Haia ctaThbsl MoCBslllleHa OTAENBHOMY KJacCy TaKUX
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3aflad — 3ajayaM JMHEHHOr0 MNPOTPpaMMHUPOBAHHUS C MepeMeHHBIMH KO3((uLHeH-
tamu (JITITIK). Boo6iie roBopsi, mepeMeHHbBIMH MOTYT ObIThb BCe KO3(D(MUIHEHTHI
3agaun JIIIIIK unu ke ToNbKO HEKOTOpBIE U3 HUX.

[Ipy sToM Ha mpakTHKe BCeraa BO3HHWKAeT CUTyallusl, KOrga Ha MepeMeHHble
KO3((PHULHMEHTHl Ha/1aralTcs Te WM UHble OTPaHHYEHHs, KOTOpble B CBOI OYepelb
TaK)Ke UMeIT POpMYy JIMHEHHBIX ypaBHEHHH M/U/M HepaBeHCTB. TakHe orpaHHUeHHS
HepeiKo colep:KaT B3aUMOCBA3HM MexXay Koa(duuueHTaMu. B 3TH orpaHuyeHwus,
KOHEUHO, MOT'YT BXOAWTb M NMOCTOSIHHbIE KO3(D(PULHUEHTHl TOXeE.

Kak npaBuso, yuénsle, usyvatomue JIIIIIK, paccmatpuBaooT ToqbkKO Takue 3a-
[la4¥, B KOTOPBIX TMPHUCYTCTBYIOT B3aHMOCBSI3H TOJIBKO B Tpefesax TOTO WM HHOTO
cronibua, Mpu4éM TAaKMX CTOJOLOB MOXKET ObITb 6o0Jiee OTHOro. DTOT KJacc 3aaad
B IIOCJIeIHEe BpeMsl yxKe JOCTaTOUHO XOpOLO pa3paboTaH, B HAyYHOH JHTepaTtype
npuBoAsATcs 3(h(eKTHBHbIE aJrOPUTMbl UX pelleHHUs, B TOM YHCJe OCHOBAaHHbIe Ha
MCIOJIb30BAHUH CHMILIEKC-METOa. A BOT UTO KacaeTcs 3ajau, COLepKalluX B3au-
MOCBSI3U MeXIy KO3(p(HUIMEeHTAMH, HAXOAALUMMUCA B PA3IUYHBIX CTOJOLAX, 3/1€Ch
cjenyeT OTMETUTb, YTO, K COXKaJIeHUI0, METOO/NOrHsl UX pelleHUs] PaKTHUYeCKU He
paspaboraHa. B mpenenax TeopeTHueCKHX INOAXOMA0B HCCJeNOBaTeU OrpaHHYMBa-
I0TCS Jajieko He Bcerga o60CHOBAHHBIMM YMO3PHUTEJbHBIMH METOAOJNOTHSMU, a Ha
NpaKTHKe, B MpOLeCCe CO3[AaHUS KOMIbIOTEPHBIX aJTOPUTMOB AJIsl pelleHHs, orpa-
HUYHUBAIOTCS Pa3Be YTO TEMH WJM MHBIMH YaCTHBIMHU caydasMu. B obuiem xe cayuae
aJITOPUTMBI pellieHUsl MOROOHBIX 3a/ay B HACToOsillee BpeMsl OTCyTCTBYIOT. [Ipu atom
nepemeHHble Koa(ppuureHTsl 3anauu JIIIIIK 6ynyT B3anMo3aBUCHUMBIMH.

B nauueii pabote npenJaraetcs Noaxo, MNO3BOJSIOUIMN pellaTh 3aaun JUHEHHO-
ro NPOrpaMMHUPOBAHUS C B3aHMO3aBUCHMBIMHU NepeMeHHBIMH KO3((HULHUEHTAMH NPH
MOMOLIU cHMIIeKc-MeTona. [Tonxon neMoHCTpHpyeTcss Ha NPOCTOM MpUMepe 3ajaur
JITITIK.

1. Oo0mag nocranoBka 3amauu JIIITIK ¢ B3anmo3aBucuMbIMU
K0o3(d puumenramu

3ajaya JIMHEHHOrO TMPOrPaMMHPOBAHHSI C MePeMEeHHBIMH KO3(DdHUIIMeHTaMU
(JITIIIK) B cBoeii 00IIel MOCTaHOBKE UMeeT CJenyoIui oouui sun [1]-[13]:

1. B matpuuHOil hopme 3anucu:

max F =clx (1)

IPU YCJIOBHUSX

N

WV
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ai e a’ljo o aln

gy -+ Q24

am_ljo

a’ml PR a/m]() o e amn

by

b

2. To ke camoe, HO B KOOPAMHATHOH (popMe 3amHUCH:

max [’ = Z i, (3)
j=1
IPHU YCJIOBUAX:
n <
Clz‘jl'j = bi (4)
j=1 2
1=1,...,m,
2 >0, (5)

7=1,...,n,

e m — YKCJIO orpaHuueHui (4),

n — UYHCJIO MepeMeHHbIX (D),

¥ TIPY JOTIOJHUTEJbHBIX OTPaHHYEHHSIX Ha MepeMeHHble KO3 (hHUIIUEHTHI:

(- +
ap < a11 < agy
m
s < Do dpija < s, k=1,... K
]
m (6)
Zplijaij = Tl,l = 1,...,L
=1
— .+
L Cj < ¢ < Jj -
B cucreme orpanuuenuit (6) Bce mapameTpwl a;;,aj, sy, dkij, S Puijs Tt € 5 €

TMpeaCTaBJsSIOT COO60H KOHCTAHTHI, 3a/laBaeMble B Ipoliecce (OPMYJIHPOBaHHUS 3ala-
gyu JIIIIIK [12, 14]. Orpanudenusi (6) xapakTepusylT He3aBUCHMble MepeMeHHble
KO3(P(PHULHEHTHI a;j, T. €. TaKHe, YTO
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Qg5 7é f(a'yn)aj 7£ 7,

rae f — HekoTopas QDYHKIIHS.

OnHako B psifie MPaKTHUECKUX 3a/auy HepelKOo BCTPeYaeTcsl MPOTHBOMOJOXKHAS
CUTYyallusi — Korja nopobHasi 3aBUCUMOCTb MoxeT mpucyTcTBoBath [9], [13], [15]-
[17], [20], [21]. Ouenb yacTo Takasi 3aBUCHMOCTb SIBJISI€TCS JIMHEHHOH, T. €. UMe-
FOTCSl OrpaHWYEHHs] BHIA

Zamjaij =v,v=1,...,vl, (7)
,J

Tle 0yijQij, Yy U — HEKOTOpble (M3BECTHBIE) IOCTOSHHbIE.

2. Hmemommecs Ha CerogHSIMIHUNA NeHb MOAXOAbl K pPelIeHHIO
3ajgadyu

Hewmauno uccienosaresneil npensaratoT NOAXOABI, TaK HMJIM HHAaye OCHOBaHHbIE Ha
nepe6ope BCEBO3MOXKHBIX pelleHHH 3aJaud JuHelHoro nporpaMmupoBanus [10],
[13], [16]. Takue nogxonbl B 1ieJIoM GoJiee-MeHee paGOTOCMOCOOHDI, KOra peub UIAET
0 TIOCTOSIHHBIX KO3()(HLIMeHTaX 3ajaul JUHEeHHOro nporpaMmupoBaHusi. Torma Kak
IJI1 TIepeMeHHBIX KO3((HULHWEHTOB U, TeM OoJiee, NMPU HAJUUYUHU UX B3aHMO3aBUCH-
MOCTH, TaKHe IMOAX0Abl Pab0TOCNOCOOHBI pa3Be UTO B MPOCTBIX cjaydasx. B oOuiem
Ke ciydae TOT (DAKT, 4TO KO3(P(HULUHUEHTH 3a4aul JUHEHHOro MporpaMMHPOBaHUS
MMeIOT He ToYeuHble (eIMHCTBEHHbIE), a UHTEpPBaJbHble 3HAUEHHSs], He M03BOJISIET HC-
M0J1b30BaTh Nepebop pelleHUi Mo KpaliHed Mepe MOTOMY, YTO MPH 3TOM UX MOJyya-
eTcst 6ecCKOHeYyHO MHOro. B camom nesie, 1onycTUM Ha KO3(PPUIUEHT a;l HaN0KeHO
orpaHuueHue Buna (6):

ap < air < agy,

9TO OrpaHHYE€HHE MOXKHO 3alucaTb MHaye:

an € [ayy; a?_l]'

WMHbIiMU c/oBaMH, HMeeM OeCKOHEYHOe MHOXKECTBO BO3MOXKHBIX 3HAuUeHWH IJis Tie-
peMeHHOro ko3dduiuenTa ai;. [Ipu 3ToM BoBce HeoOsi3aTe/bHO, YTO ONTHMaJbHbIE
3HaYeHHsl MepeMeHHOro kKos(guiueHTa OyoyT HAXOMUTbCS MMEHHO Ha TPaHHIAX
storo otpeska [13], [21] (XoTs Ha MpakTHKe B psiie CJydaeB 3TO He PENKOCTD).
[lIoTromy uTo npyrue nepemeHHble KO3(P(UIUEHTBl TAKKe MOTYT UMETb T€ WJIH HHbIE
MHTepBaJIbHble TPeICTaBaeHUs Buaa (6), MeKIy HUMHU MOTYT CYIE€CTBOBAaTb CJIOXK-
Hble 3aBUCHMOCTU. VIHBIMU CJIOBaMH, OUEBHUIHO, UTO MOJYUeHHe ONTHMAaJbHOTO pe-
IIeHHS HAa OCHOBe repebopa BO3MOXKHBIX pellleHHH B 00IlleM cJaydae MPH HAJUUHUH
(B3aMM03aBUCHMBIX) MEPEMEHHBIX KOI(DPHULUEHTOB HEBO3ZMOXKHO.

EcTh Ksacc MeTOROB, OCHOBaHHBIM Ha NMpuUOJMXKeHHOM pelueHWd 3anadyu JIITIIK.
OTH MeTOIbl 3a4acTyi0 paboTarT NOCTATOYHO OBICTPO, HO UMEIOT ONUH OOIIHH Heflo-
CTaTOK: MpPHU POCTe PAa3MEPHOCTH 3aJaud CYLIECTBEHHO PAaCTET MOrPellHOCTb pac-
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4éTOB, B UTOTE MPH HEKOTOPOM KPUTHUECKOM 3HAUEHHWH Pa3MEPHOCTH MOrPEIIHOCTb
MOXKET CTaThb BecbMa cyllecTBeHHOH [13], [15].

CHMIIJIEKC-METO/l BBITOJHO OTJHUYAeTCss OT MOA0OHBIX MeTonoB. OT MeTOIO0B, OC-
HOBaHHBIX Ha Tepebope, ero OTJIHUHE B TOM, YTO Ha KaXKIOH HTepallH 3HaueHHe
1eseBoil (PyHKIMHU yJaydlllaeTcsi, TOrga Kak Npu mnepebope 3To B o0llieM cjayyae
He Tak. [Ipy 3TOM onTHMaJibHble 3HAUEHHS MepeMeHHbIX KO3 (hHIIMEHTOB BHadaJe
OmpeJesISIIOTCSl He Ha OCHOBe Mepebopa, a ONTHMH3aHOHHBIM pacuétom [13], [21] (u
€CJIU TO WJIM WHOE ONTHMajibHOe 3HaueHHWe Ko3(PQUlMeHTa COOTBETCTBYET TpaHHIle
COOTBETCTBYIOLIETO MHTEPBaJja, TO PACUETHOE 3HAaUeHHe 3aMeHsieTCsl 3TUM TpaHHUY-
HbIM 3HaueHHeM). UTo, cOGCTBEHHO, U 12T BO3MOXKHOCTh OTPeNeUTh HX 3HAUeHHSI.

Uro kacaercsi mpUOJHKEHHBIX METOJOB pelLleHHsl, TO CUMIJIEKC-MeTOA B 00Jb-
el CTeMeHW 3acTPaxoBaH OT HAKOIJEHHS MOTPEIIHOCTH, TaK KakK (CM. BhIle) Ha
KaXXJI0H ero UTepalud MPOU3BOAUTCS MepeHabop MaTPHLbl CTOJOIOB TMepeMeHHBIX
K03(h(PULHEeHTOB (A5 TeX KOI(PPHUIHUEHTOB, ONTUMa/bHble 3HaUEHHsI KOTOPBIX COOT-
BETCTBYIOT 'DaHHIIAM HX HHTEPBAJIOB), a He pacyéT ux 3Hauenuii [13], [21]. UubiMu
CJIOBaMHM, KaxKaasi UTepalysi CHMIJIEKC-MeTOoNa OCYIIECTBJISETCS Kak Obl «3aHOBOY,
T. €. C HCIOJb30BAHUEM HCXONHBIX 3HAYEHUM TeX IepeMeHHBIX KO3((HUIHEHTOB,
3HaueHUsI KOTOPbIE MOJYYHJIHUCh PaBHBIMH TpaHUYHBIM. [103TOMY, YCJIOBHO TOBOpS,
MOrPEIIHOCTh pacyéTa 3HAUeHHUH MepeMeHHbIX K03((MHIIMEHTOB, OKA3aBLIMXCS paB-
HBIMU MX TPAaHUUHBIM 3HAUYEHHUSIM, HA KaXKIOH UTepalluy CUMIJIEKC-MeTona 00HYs-
eTcsl.

HccnenoBaTenssMy npejioXKeHa TEXHOJOTHSI CUMILJIEKC-MeTOola /ISl pelleHHus 3a-
nau JITITIK ¢ B3ammoszaBucuMbiMH Koadduuuentamu [13]-[15], [17]-[19], [22].
OnHako mpenjaraeMble aJrOPUTMBl SIBJSIIOTCS J0OCTaTOYHO CJIOXKHBIMU. Hampumep,
npensaraeMbiil B pa6orax [12], [13] anroputm TpeGyer noGaBJeHHs] TOTMOJHUTEb-
HBIX OI'PaHHYEHHH B COCTAaB MCXONHOH cucTeMbl BHaa (6).

Tako# anropuT™M OCHOBAH Ha CJENYIOMIUX OCHOBHBIX MOJIOXKEHHUSX:

— Ha 3Tanax reHepUpOBaHHsl TEKYIIMX BapHAHTOB MEPEMEHHBIX CTOJIOILOB pe-
IIeHWsT 3alad¥ JIMHEHHOr0 MPOrPaMMUPOBAHHUSI C MepeMeHHbIMU Ko3(dUIMeHTaMu
(JITITIK), HekoTOpble M3 TaKUX KO3(D(UIHEHTOB BXOAST B orpaHuueHus Buaa (7), u
IJIsl HUX TeHEePUPYIOTCS B3aHMO3aBUCHMbIE BaPUAHTHI;

— Ha KaXkKJIoM 3Talle reHepupOBaHHUsl TEKYLIHX BapHAHTOB MEPEMEHHBIX CTOJNOIOB
IJisl KaXKI0# TPYIbl B3aHMO3aBUCHMbIX BaPHAHTOB, OMpENEJsieMbIX OIHUM Or'DaHH-
yenueM Buaa (7), coctaBisieTcs JUHeHHOe ypaBHEHHe ¢ HHTEHCUBHOCTSIMH MUCIIOJb-
30BaHHUsl COOTBETCTBYIOIIMX B3aUMO3aBUCHMBIX BAPUAHTOB W BKJIIOUAETCS B COCTaB
orpanuueHuit (6). T. e. mo cyTu npepsaraeTcst MIPOU3BOAUTb yCpPelHEHHE BAPUAHTOB
3HaYeHHH MepeMeHHbIX B3aMMO3aBUCUMbIX CTOJIOIOB.

To n/1s1 €ero OLEHKH MOJYYUM

dy = —12 + 4y.

CrenoBare/ibHO (mocjie BbIOOpa MHHUMAJbHOH OLIEHKH), MOJNyuuTcs, uto y = 0,
a He 5, Kak ObLIO Bbillle. DTO B CBOI OUepelb MOXKET MPUBECTH K (HepemKkuM)
CUTYalUsIM, KOTA OIHU U Te XKe CTOJIOUbl OYAyT TO BXOAUTh B OAa3UC, HO BBIXOAHTD
M3 HEero, UTo UMeHyeTCsl 3alUKauBaHueM. [103ToMy B peasibHBIH aJrOPUTM pellleHHUs
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3apauu JITIIIK ¢ B3anMo3aBUCHMBIMU NepeMeHHbIMU KO3(PpHUIHEeHTaMH 11eJ1ec000-
Pa3HO BKJIIOUUTH OJIOK, MpefHa3HAUEHHbIH [J/151 pa3pelleHus MOoA0OHbIX CUTyalHH.

Ha naw B3rasia, B ycpenHeHUM HeT HeoOXoAMMOCTH. B camom pmese, 4yTo moa-
pasyMeBaeTcsl MoJ, OrOBOPEHHBIM Bblllle ycpenHeHueM? J[Jisi 3TOro paccMOTpPHUM, Kak
npoTekaert npouecc pemienus 3anayu JIIIIIK npu ucnonb3oBaHnu cuMIIeKc-MeTOAA.

M3HauasbHO cocCTaBJsieTCs MaTpPHIla M3 €IHHUUHBIX CTOJNOIOB (KOTOPBIM, Kak
MPaBUJIO, COOTBETCTBYIOT HCKYCCTBEHHble MepeMeHHble, BIOCJEICTBUU BBIXOMSILINE
13 6asuca). 3aTeM AJis KaXKJIOTO U3 CTOJNOIOB OMPENeSIOTCS BEJUYUHbBI OLIEHOK, MO
pesy/bTaTaM pacuéToB BbIOMpaeTcsi IVIaBHBIH (pasperiaoiini) cTojber, BXOASIIHEH
B 0a3uC Ha cjefylollell UTepalWu cUMIJIeKc-MeTona. HakoHew, BbiOupaercs pas-
pellamllas CTPOKa, MPOU3BOAUTCS MpeobpaszoBaHue GA3UCHONW MaTPHULbl U CcTONOLA
CBOOOJIHBIX UJIEHOB, 3aT€M BHOBb BHIUMCJSIOTCS (y2Ke JJis HOBOH 6a3MCHOH MaTpHILbI)
OLEeHKH aJs ctoabuoB u T. a. [5]-[8], [10], [15], [23]-[25].

Tak BoT, Ha 3Tame BbIYUCAEHHs (MUHHMH3allMK) OLIEHOK MJIS KaXKJIOro U3 Ie-
pPEeMEHHBIX CTOJIOLOB pelllaeTcsi MO CyTH OTHeJbHas 3ajada JUHEHHOTO MPOTrpaMMHU-
poBaHud. [Ipuuém Ha KaxKaoH WTepalMHd MOTYT MOJY4YUTbCs, BOOOIle rOBOPsl, pas-
JIMUHble 3HaYeHUs MepeMeHHbIX KO03(h(HULUHUEHTOB, BXOAAWMUX B cToa6Ubl. MHOH pas
OblBaeT Tak, UTO Ha OJHOH HUTepallMd HEKOTOpble KO3((ULIMEHThl MPUHUMAIOT CBOU
MaKCHMMaJIbHO JNOCTHXXHMble (B pamKax (6)) 3HaueHHs, Torma Kak Ha APYrod OHHU
MOTYT CTaTb MHUHHUMaJbHbIMU. [Ipy 3TOM 3HaueHHUs TMepeMeHHBIX KO3(DPHUIHEHTOB
ISl KaXKA0W MTepaluy 3allOMHHAIOTCS U B KOHIE (Ha caMmoil MmocjefHed UTeparu,
KOTJIa TIOJIyUeHO OTITHMAaJIbHOe pellleHHe) MPOU3BOAUTCS UX ycpenHeHHe. TeM caMbiM
pPaCCUMTBHIBAIOTCS 3HAUEHHUsl MepeMeHHBIX KO3(D(PUIUEHTOB, NMPUHUMaeMble 3aTeM B
KayecTBe OKOHUATeJbHBIX pe3ysbTaToB pacuéra [15], [17].

JlaHHBIH MOAXON MOTHUBHpYyeTCs TeM (PAKTOM, UTO KOJIb CKOPO OMpeaeséHHble
3Ha4YeHUs MepeMeHHbIX KO3(D(PUIIMEeHTOB ObIIN MONydYeHbl Ha TOH WU UHOH UTepaluu
pewenus 3anauyu JIIIIIK, 3HauuT, oHW ynoOBJETBOPSIOT €My W TO3TOMY UX CjedyeT
YUHUTBIBATh B COCTaBe OKOHYATeJbHOTO peLIeHHUs .

OnHako, Ha Hall B3IV, 3TO H3auiiHe. [lesjo B TOM, 4TO paHee MOJyueHHbIe
(mpenbloylide) 3HAYeHHs] MepeMeHHBbIX KO3()(UIHEHTOB SIBJSIUCH MOAXOASIIUMHU
IJ151 Ipe[IBAPUTE bHBIX pelleHnH 3aJaul, He SBJSIOLIUXCSA ONTUMaJbHbIM. [loaTomy
U UX 3HAYeHUS TakxKe He SABJSAITCS onTUMa bHbIMU. Clief0oBaTe/bHO, HET HEOOXOAU-
MOCTH YUYMTBIBATh UX B TOCJeqyLUX pacuérax. ONTUMaNbHBIMU SIBJSIOTCS JHIIb
Te 3HAUeHUs NepeMeHHbIX KO3 (PULIUEeHTOB, KOTOpbIe MOJNyYeHbl Ha CaMOU MocJ/eiHel
UTepauru. To ke, KOHEYHO, OTHOCUTCS U K CAMUM IePeMeHHBIM.

MoxHO paccMOTpeTh JaHHBIA BONPOC U C APYrod cTopoHbl. [las 060H 3anauu
JITIITK, umeroiedl KoHeuHOe pellleHHe, CyLleCTBYeT XOTSl Obl OJWH ONTHMAaJbHbIH
6asuc [2], [5], [7], [21], [26], [27]. [Ipeamno/io:KKM, YTO STOT OGA3UC yKe U3BECTEH
(unu HalineH nyTém pacuértoB). Torma, BMECTO MPOXOXKAEHHUS TPOLENYPbl CUMILIEKC-
MeTo[a, MOXKHO Cpa3dy COCTaBUTb 0A3UCHYI0 MATPULY M3 CTOJOLOB, KOTOPble BXOAST
B Hero. T. e. M0 CyTH OrpaHUUYHUTBCS JIUIIbL MOCJAEHEH UTepalnel.

[Ipu 3TOM, Kak 06BIYHO, HEOOXOAUMO OYAET ONpenesUTb MUHUMAJbHbIE 3HAYEHUS
OlleHOK (TaK Kak 6a3uc — ONTHMaJbHBIH, TO BCe OHU OyIyT HEOTPULATEJNbHBIMH).
B pamkax pelieHust 3amad MHUHMMH3AUKM OLEHOK OyAyT ompeneseHbl (ONTHMAJb-
Hble) 3HAUeHHsl KaXJOro U3 MepeMeHHbIX Ko3(PduiHeHTOB. BaxkHO, 4yTO Te 3Haue-
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HUS NepeMeHHbIX KO3(P(PHUIUEHTOB, KOTOPble MOIVIK OBbITh MOJYy4YeHbl Ha MpeIbl 1y IINX
UTepalusx, Ternepb U3BeCTHbl He OynyT. CjenoBaTesbHO, yCpenHSATb OydeT MOmpo-
CTY Hedyero, rMo3ToMy HeoOXOAHMMO OyneT B3siTb TaKMe UX 3HaueHHs, KOTOpble ObLIU
MOJTyueHBl Ha MOoCJaeHeH HTepaLnu.

OpnHako eciy Mbl He cpa3y 6epéM roTOBbIH ONTHUMa/NbHBIH 6a3uc, a HAUMHAeM pe-
watek 3apavy JIIIIIK, To sicHo, 4TO HekoTOpble MepeMeHHble KO3(D(PHULHUEHTb MOTYT
MPUHMMATh pa3jnyHble 3HAUEHHs Ha pa3HbIX HTepauusix. CJjenoBaresbHO, yCpen-
HEHHble UX 3HAueHUs OyAyT OTIMYATbCA OT ONTHMaJbHBIX. 1. e. ycpeiHeHHe HX
OyneT yxyallaTb 3HaueHue lesneBoH (pyHKUHH. Kpome Toro, He0OXOOUMOCTb yCpen-
HeHHs, Ha Halll B3IVIsJ, He 000CHOBAaHA M, OUEBHMAHO, SIBJSETCS OJHHUM H3 METOI0B
npubaukeHHoro pewueHus 3agadd JITIIIK.

Pasymeercs, 1/1s KaxKI0ro U3 oNnTHUMaJ/bHbIX 6a3HMCOB BIIOJHE BO3MOXKHBI KaKHe-
TO CBOM 3HAYeHHSs MepeMeHHbIX KO3((HUIUEHTOB. A NpyU HaJUUHUH HeeIHHCTBEHHO-
CTH pelleHHs], NaxKe IJis OOHOTO M TOro e (ONTHMaJjbHOrO) 6asuca TepeMeHHbIe
KO3 pHULHUEHTBI, BOOOIIEe TOBOpsi, MOTYT MPUHUMATh He OJHO, a HECKOJNbKO (HMJu
JMana3oH) ONTHMaJbHBIX 3HAUEHWH, W BCE OHH B HTOre OyIyT COOTBETCTBOBATH
OIHOMY ¥ TOMY e (ONTHMaJbHOMY) 3HaUEHHIO [1eJIeBOH (DYHKIHH.

MMeHHO MO3TOMY ycpefHEHHEe HMeeT CMBICJ TOJbKO TOrJA, KOrJAa ONTHMaJjbHOe
pellleHHe HeeHHCTBEHHO: TIPU 3TOM [0J1y4aloTCsl HeKUe yCpeaHEHHbIE BeJHUHHBI Te-
peMeHHBIX KO3((HULUEHTOB — M0 BCell 00/1aCTH UX ONTHUMaJbHbIX 3HaueHHH. BmecTe
C TeM, JlaXKe U MPU TaKUX 0OCTOSITENbCTBAX MOXKHO 000HUTHCH 6e3 ycpenHeHus. H6o
ycpelHeHHe He yJayullaeT 3HaueHue leseBod ¢pyHKuuu 3anaud JITIIIK.

Ha Haw B3rssp, Takas cHTyalusi HUUeM He XyXKe TOH, NPU KOTOPOH 3HaYeHUSs
KO3((HULHUEHTOB MOJYUYalOTCd YCPeAHEHHBIMM, T. €., 3a4acTylo, JeKallUMH B HH-
TepBaJjax CBOeH Heomnpene/éHHOCTH. Benb B J11000M cjydyae HMeeTCsl ONTHMaJbHOEe
pellleHHe W COOTBETCTBYIOLLME eMy BeJHYHMHBI epeMeHHBIX (z;), a TaKxKe MepeMeH-
HBIX KO3(UIMeHTOoB (a;;). A y»K Kakve U3 KOHKPeTHBIX (ONTHMasbHbBIX) 3HA4YeHUH
BbIOpaTh B KaueCcTBe OKOHYATEeJbHBIX — 3[1eCh, Ha Halll B3IVIAMA, CJAeAyeT PYyKOBOJ-
CTBOBAaTbCsl YK€ He MaTeMaTHUYeCKHMH, a KaKHMH-JAUOO HHBIMHU COOOpaKeHHUSMH.
Hanpuwmep, BbiOMpaTh UX ¢ YYETOM cMblcaa ((PU3UUECKOTO, SKOHOMHUYECKOTO, COIIM-
aJbHOTO U T. M. — B 3aBUCHUMOCTH OT TOTO, YTO MMEHHO MOIEJNHPYETCs) CUCTEMBI
MJIM CUTYallMH, KOTOpasi OMUChIBAeTCs MPU MOMOIIK orpaHuueHud (1)—(7).

Takum ob6pasoM, Jake B YCJOBHSIX HeeMHCTBEHHOCTH yCpelHeHHe sBJseTcs
Heobs13aTeIbHBIM (XOTSI PsIJL UCCJeN0BaTeN el PeANOYUTaOT UM MoJb30BaThesl) [12],
[22], [23], [24]. A B ciiyuae eOMHCTBEHHOCTH pPelIeHHsT — OHO Ja)Ke MOXeT YXYI-
ILIMTh LeJeByl0 PYHKLHIO, U600 OyneT yUUThIBATh 3HAYEHUS NepeMeHHbIX KO3((PULIU-
€HTOB, IOJIyUeHHble Ha MpPedblAyIINX UTepaLUsaX, KOTOPble MO CyTH He 0053aTesbHO
SIBJISIIOTCS ONTHUMaJ/bHBIMU. [I09TOMY HeT HEOOXONUMOCTH ero NPUMEHSTh.

Ho npu orkasze ot ycpennenus peuenue 3anad JIIIIIK ¢ B3aumozaBucHMBIMH
Ko3(pHULIMEHTaMH CYyILIeCTBEHHO ympoliaercsi. 6o BMecTo mpensaraemoro B [12],
[13] anropuTMa MOXHO TMPUMEHHTb OOBIYHBIH CHMIIJIEKC-METO.

[TpaBna, 3mech BO3HMKAeT BONPOC B OTHOLIEHHUM CXOIMMOCTH CHUMILJIEKC-MeTo1a
JIITIIIK. Ha cerogusiliHui neHb B HayKe 000CHOBaHA €ro CXOAUMOCTb /151 HEBBIPOXK-
neHHBIX 3anad [5], [13], [15], [25]. DTo Takue 3amauu, pelieHUe KOTOPBIX SIBJSETCS
eIMHCTBEHHBIM (T. €. BBIOOp ONTHMaJjibHOrO Gasuca OfHO3HadeH). Torma Kak B BhI-
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POXKJIEHHBIX MOXET MPHUCYTCTBOBATh 60Jiee OIHOrO ONTHMaJbHOTO 6asuca [13], [24].
[Ipy 3TOM BO3HHMKaeT BO3MOXKHOCTb 3allUKJHWBAHUS, T. €. IOOUEPENHOTO BXOXKIEHUS
U BBIOBITUSI B ©a3UC ONHUX M TeX ke cTosa0uoB. Hannurve B3aHM0O3aBUCUMOCTH Ile-
peMeHHBIX KO3()(PUIMEeHTOB, KOHEUHO, MOXKET CIOCOOCTBOBATH 3TOMY.

BwMmecTe ¢ Tem ucc/ieioBaTeNd 0OTMEUAIOT, UTO, BO-MIEPBbIX, B MPAKTUYECKUX 3a/a-
yax 3alUKJMBaHUe SBJseTCS OO0JbIION PelKOCTbI0 — HACTOMNbKO, UTO Pa3paboTUUKU
peaJsibHBIX MPOrpaMMHBIX aJrOPUTMOB [axKe He MPedyCMaTpUBAIOT ajlropuTMma Jei-
CTBHH B 3TOM caiyyae. Bo-BTOpBIX, a)ke ecyid OHO W (BAPYT) BO3HHUKHET, CYIIECTBY-
eT psifl Croco60B, MOTU(HUIUPYIOIIMX AJTOPUTM CHMILJIEKC-METONA pellleHHsl 3a1auu
JITITIK [5], [14], [17]. Ha oco6eHHOCTSIX 3THX CIOCOOOB MbI 3716Ch OCTAHABJIUBAThCS
He OyzneMm.

[lepeiinem Tenepb K 060CHOBAHHIO BO3MOXXHOCTH MPUMEHEHHUSI CHMIIJIEKC-MeTo1a
nnst 3anau JIIIIIK ¢ B3auMocBsi3aHHBIMH (B3aHMO3aBHUCHMBIMH) T€peMEHHBIMU KO-
s¢duureHTamu (a;;) 1 06CyKIEHHIO ero OTIMYHUH OT caydas, Koraa Ko3(dHLHeHTh
B3aHMO3aBUCHMBbIMU He sBJsIOTCA. PaccykneHuss OynyT HOCHUTb KOHCTPYKTHBHBIN
XapakTep — B TOM CMbICJe, YTO Mbl OyfeM MO CYTH IOBTOPSATb OOILLE€U3BECTHBIH
aJITOPUTM CHUMILJIEKC-MEeTOla MO 3TanaMm, oOO0CHOBBIBAs KaxKIblH 3Tam IJs cjaydas
B3aUMO3aBUCHMBIX MepeMeHHBIX K03(h(UIHEHTOB. AJTOPUTM CUMILJIEKC-MeTona 06-
meusBecteH. PykoBonctBysich [5], [15], [21], paccMOTpUM 3Tamnbl yTOYHEHHOTO aJ-
TOpPUTMa CHUMILJIEKC-METO/a, PACTIPOCTPAHEHHOTO Ha CJAydYall HaJW4yus B3aUMO3aBUCH-
MBIX TIepeMeHHBIX K03((UIIMEHTOB, UMEIOLIUXCS B 3aBUCUMOCTH Buaa (7) B 3amade
JITITIK Bupa (1)-(6):

(0) Ha nanHom 3Tarme coctaBJ/sieTcsi HCXonHasi 6a3ucHasi MaTpuiia B, cocrosiias
M3 CTOJIOLOB, COOTBETCTBYIOUIMX UCKYCCTBEHHBIM U TMOJIOXKUTEJbHBIM JOTOJHUTENb-
HbIM mepeMeHHbIM. OHa OymeT eTUHUYHOHW. DTOT ITAl, OUEBHUIHO, HE 3aBUCHUT OT
TOr0, B3aUMOCBSI3aHbl KM Koa(duuneHTsl B 3anade JIITIIK.

(1) Beruncasiercs BEKTOP CUMIJIEKC-MHOXKHUTEJIEH MO (hopMyJie

U=cyB™", (8)

riae (cp); — KO3(h(HULHEHT LeneBol (pyHKIHH NpH 6a3HCHOH MepeMeHHOH, cojepxa-
metics B (1) no i-i cTpoke, 7' — CHMBOJI TPaHCIOHUPOBAHHUS.

3nech TakkKe He UIpaeT poJu (pakT HaJIM4YUs B3aMMO3aBHCHUMOCTH MepeMeHHbBIX
K03 PHULHUEHTOB, HOO MOCAeHHE He BXOIAT B (8).

(2) BoiuncsioTCsl OLIEHKH

mind;, j=1,...n,
rge
dj = Z CLZ‘J‘UZ‘ — Cj. (9)
=1

Bot Kak pa3 31ech nposiB/asieTCs YKa3aHHas Bblllle B3aMMO3aBUCUMOCTb. B camom
feJie, TIPY OTCYTCTBUH OorpaHuueHud Buna (7) BblpaxkeHHs OYAyT, OUeBHIHO, He3a-
BUCUMBIMH ADYT OT Apyra. F6o kaxkjpas oueHka d; BBIYHUC/IAETCS NPH 3TOM TOJBKO
C HCTOJIb30BaHWEM 3HaYeHHUH j-ro cToJsbla MaTpuilbl B (cymMMupoBaHHe HAET MO i,
T. €. 10 KaX/I0H U3 CTPOK KOHKPETHOr0 CTOJOIA).
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Torna kax B3anMo03aBUCUMOCTb KO3(D(PHULHEHTOB B paMKax (7) MpHUBeNET K 3aBH-
CUMOCTH OLIeHOK C pasHbIMU j. Ha mpakTuke 3T0 npuBenéT K TOMY, UTO OT OIHOTO
rlepeMeHHOro Ko3(PpUIMeHTa MOrYT 3aBUCETb 3HAUeHHS He ONHOW, a HeCKOJbKHX
oLeHOK. PaccMoTpuM mpocTol npuMep — C Llesblo MOSICHEHUS! CKa3aHHOTO.

3. IIpaktuyeckuil npumep NpUMeHeHUd MpeajaraemMoro moi-
xona

[Iyctb umeercs

aipr Qg y 1
ag1 Q22 2 —y
31ech aj; = —age = y; TJle y — NepeMeHHasl BeJMYUHa, onpeaessemMas ¢ Y4ETOM

orpanuuenudt Buna (6), (7). I[lyctes, K mpuMepy, OHH TAKOBBI, UTO

(

0

N

<
N
ot

(10)

£

|
R
=~ W
~_

Torma umeem

d1:3y+47

d2:6—4y.

Takum 06pa3om, Npyu U3MeHEHUH BEJUUMHBI X 3HAUEHUS OLIEHOK OyIyT MEHSATbCS
B COOTBETCTBHH C MPOTHBOMOJOKHBIMUA TeHIeHUHsAMU. CjiefoBaTelbHO, MUHHMH3a-
LIMsI OHOH M3 HUX NPUBENET K MaKCHMH3aLUHU JIPyTOH.

COOTBeTCTBEHHO, KaK B TAKOM CJydae pelIdTb 3agauy (9), T. e. HAUTH MUHUMYM

[Ipennaraercs MCrnosb30BaTh MJaBalolide 3HAYEHHS KO3PPULUHEHTOB. A HMeHHO
— IIpU MHHUMH3aLWUH Ka)KIOH W3 OLEHOK 3HaYeHHUs TepeMeHHBIX KO3((PHULHEHTOB
(a11 ¥ agy — ecyd B3SITb PACCMOTPEHHBIH MPHMep) KaxKIbli pa3 CUMTAIOTCS HeUs-
BECTHBIMU U OMPEAEJSIOTCS 3aHOBO.

B paccmotpenHom mpumepe, ¢ yuétom (10), umeem

min(d;) =3%x0+4 =4,
min(ds) =6 —4 %5 = —14.
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I[anee BbI6I/Ip216M cpeor paCCHHUTAHHBIX OUEHOK MUHHUMAJBHYIO!
A= min{dl, dg} = dg = —14.

CnienoBaTe/ibHO, B KayecTBe 3HAUEHWs] X HY>KHO BbIOpaTb MMEHHO TO, KOTOpOE
06ecrneynsio MUHUMaNbHOCTb BeMUUMHBL A, T. . y = 5.

OTmMeTHM, YTO Ha NaHHOM 3Tare BbIOOP BEJMUUHBI y (M, COOTBETCTBEHHO, 3Haue-
HUH TepeMeHHbIX KO3(D(PULHUEHTOB 11, 22) BJAUSET HA BbIOOP pa3pelnaoliero (rjaaBHO-
ro) crTosi6ua, KOTOpeld BOHAET B 6a3uc Ha CJeLYIOLlel UTepallud CHMILJIEKC-METOA.

O6o00611as, MOXHO CHeJaTb OYEeBUAHBIH BBIBOA, YTO B Ipoliecce OMpefeseHUs
A = min{dy,... d,} OynyT HalileHbl KOHKpETHble 3HaYeHHs MepeMeHHbIX K03(pdu-
[IUEHTOB Ha TeKYylleld UTepaluu (MpU YCJOBHH, KOHeUHO, 4To 3anada (1)—(7) umeer
XOTs1 OBl OIHO KOHEYHOE pelleHHe).

(3) [Iposepsiem 3nak A. Ecin A > 0, To onTuMaJ/bHOE pelleHHe noaydyeHo. Ecin
A < 0, To Ha JaHHOM 3TaIle ONpefeNéH paspellaoIni cToabel a j, (B pacCMOTpeH-
HOM TIpUMepe 3TO CToJIbel C HOMepoM j = 2).

Jenaetcsi mpeo6pa3oBaHue paspellarollero cronbua:

r -1
Qyjo = B X g5

Tak kak TeKylllle 3HaUeHHsI ero 3/7eMEHTOB Ha [NaHHOH HTepalyy yxKe orpeje-
JIeHBI, Takoe Mpeobpa3oBaHHe BO3MOXKHO. Tak Kak Bbillle, B COOTBETCTBHH C aJjiro-
PUTMOM, OTpeeISIINCh KOHKPETHBIE ONTUMAaJbHble (ObITh MOXKET, JIUIIb JJ1s1 JaHHOU
uTepaluuu!) 3HaueHHUs] MepeMeHHBIX K03()(UIMEHTOB, TO B3aMMO3aBHCHMOCTb BHMA
(7) 3mecb y»e posiu He WUrpaer.

(4) OnpenensieTcst HOMep paspeliaolledl CTPOKHU:

min

Oy = Z. {bi/ai;,

a;j0>0}7

rae b; — i-U 37eMeHT mpaBoi yactu (cM. (2)).

Yenosue aj; > 0 03Havaet, UTO MMHUMHU3ALMS OCYIIECTBJAETCS JJIsE BCEX M0JI0-
KuTebHbIX af; . Ecan xke Bee aj; < 0, TO pelieHre HeOrpaHUUEHO.

Tak kak Ha sTamne (2) 6blK OnpeeseHbl KOHKPETHBIE ONITUMAaJbHBIE (/151 JaHHOH
UTepaluH, 3Ha4eHNS NepeMeHHbIX KO3(P(HULHEHTOB, BEKTOP NPaBOH 4acTH 3ahaH, TO
MOXKHO YTBepXKAaTh, UTO €CJIU CYLIECTBYET XOTs Obl OHO MOJIOXKUTENbHOE 3HaUeHHe,
TO HOMEp paspeliarolieil CTpoku Oynet onpenenéH. Hanuune orpanuuenuit suna (7)
Ha 3TO He OKaKeT HUKAKOTO BJIMSHHS.

(5) Ha stom stane npousBonsitcsi npeo6pa3oBaHust 06paTHOH 6a3UCHON MaTPULIbL
M BEKTOP-CTOJIOLA MPaBoi YacTy (CBOGOIHBIX UJIEHOB):

(B™Y) =(B),

rne B~! — wmarpuua Tpancdopmauuu, onpenesseMas B COOTBETCTBHM ¢ [5, 15,
22]. JlaHHBIH 3Tamn TaK)Ke He HCMOoJb3yeT orpaHuueHus (7). 3aTeM NMPOU3BOAMUTCS
nepexol K MEepBOMY 3Tally — HauWHaeTCsl CJaelylllasi uTepauus. Takum o6pas3om,
orpanuueHus (7) UCMONB3YIOTCS HA KaxkAOH HUTepalluH Jullb Ha 3Ttamne (2)).
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Hamo ckasaTb, uTo Ha CJefyolIed UTepallii 3HAYEeHHUs TepeMeHHbIX KO3 HUIIH-
€HTOB, OINpeNesIéHHble B paAMKaX MUHHUMH3alUU OLleHOK (9), MOryT cTaTh APYTHMH.
OnHako, KaK y»Ke rOBOPHJIOCH BBIIIE, BaXKHOCTb UMEIOT JIMILb Te€ 3HAUeHHSs, KOTOpble
MoJlyuyeHbl Ha caMoM MocjeqHed HTepaldd, OCTajbHble MOTYT He MPHUHHUMATbCs BO
BHMUMaHHe. KpoMe TOro, ajroputMm CHMILJIEKC-METOAa peajiM30BaH TaKUM 00pasoM,
4TO 3HaueHHWe 11eJeBOH (DYHKLHMH MOCJe peasu3alnyd KaxkKIoH TMocjenyoled uTepa-
UK YXYAIUTbCs He MoxeT [B], [13], [15].

Wrak, Hamuuue orpaHudyeHud Buga (7) B 3agaue (1)—(6) He BHOCHT MPHHIIUIHU-
aJlbHBIX M3MEHEHWH B ajJrOPUTM — pas3Be 4TO HEMHOro 3aMejJsieTcst Mpolecc pe-
HIeHHs1. DTO TPU YCJIOBHH, UTO yCpelHEHHe BaPUAHTOB CreHEepPUPOBAHHBIX 3HAYEHHH
nepeMeHHbIX KO3(P(PHUIHUEHTOB He NMpOoU3BOAMTCS. UTO, Kak MOKasasd BhILIENPUBe-
NEHHBIe PAaCCYXKJAEHHSs, He SIBJSETCS HeOOXONHUMBIM Uil MOJY4YeHHs ONTHMaJbHOTO
pelleHus.

OnHako 31ech BO3HHKaeT ofHa HeOoJgbluas npobneMa. B 3amasax ¢ B3aummo-
CBSI3aHHBIMM (B3aHMO3aBUCUMBIMH) TepeMeHHBIMU KO3 (HUIIUEHTAMH BePOSTHOCTD
3allMKJMBaHKeA, Ha Halll B3IJIAM, Bbille, ueM B 0ObIUHBIX 3agadax JITTTIK.

lesio B TOM, UTO MPU MHHUMH3ALMH OLEHOK KaXAbli pa3 MOTYT ONpenessiTh-
Csl HOBble BapUaHThl COOTBETCTBYIOILIMX MepPeMeHHBIX KO3(D(UIHeHTOB. A Tak Kak
nocsennue B cuay (7) sBJASIOTCS B3aHMO3aBHUCHMBIMH, UX 3HAueHHs] MOTYT CHJIb-
HO BapbHpoBaThCcsl (KOHEYHO, B paMKaX, HajaraeMmblx orpaHudeHusmu (6)—(7) — B
3aBUCHMOCTH OT TOTO, KAKHUM OyJIeT cocTaB 6a3uca Ha TeKylled UTepaliu).

Tak, obpaiasicb K NPUBEAEHHOMY BbIlIE MPUMEPY, €CJH BMECTO CTOJOLA C HO-
MepoM j = 2 B 6a3uce OyneT HaXOAUTbCS TaKOW cToJ0ell, Kak

-2
Qi2 = )
Y
TO JUJISl €r0 OLUEHKH MOoJyduM dy = —12 + 4y. CienoBatesbHO (mocse BeIGOpa MUHHU-
MaJIbHOH OLIEHKH), ToNyunTcs, 4to y = 0, a He 5, Kak ObLJIO BHILIE.

DTO B CBOIO Ouyepellb MOXKET NPUBECTH HMHOTAA K CUTyalMsIM, KOra OIHH U Te
ke cTosbupl OyayT TO BXOAUTb B 0a3uc, TO BBIXOAWTb M3 HEro, YTo U UMeEHYeTCs
3auukauBaHueM. [loatomy B peasbHBIN anroput™ peluenus sanadu JIIIIIK ¢ B3au-
MO3aBUCUMBIMH T€peMeHHBIMH KO3(p(HULHEHTAMH Lieaeco006pasHo BKJWUYUTb OJOK,
npefHa3HAUeHHbIH s paspellieHUsl MOAOOHBIX cuTyauuid. Torma kak aJs 3agad
JITIIIK, He roBops yxxe 0 3amadax C MOCTOSHHBIMU KO3(P(HLHEeHTaMH, TaKOH OJ10K
He SIBJISIETCSl CTOJb HEOOXONMMBIM, TaK KakK [Jil HUX yxKe pa3paboTaHbl COOTBET-
CTBYIOLIHE CIOCOOBI MPEOJ0JeHUs] CUTYALUH 3aLUKJIUBAHHUS.

4. BbIiBoAbI

B HacTosimiell pa6ote 060CHOBaHa BO3MOXKHOCTb MPUMEHEHHS] CUMILJIEKC-MeTo/a
AJ151 pellieHus 3aa4 JJUHEHHOr0 NPOrpaMMHUPOBAHUS C B3aUMO3aBUCUMBIMH NlepeMeH-
HBIMU KO3()(pHULHeHTaMU. B cTaHAapTHBIA airOPUTM CUMIJIEKC-METOAA HEe0OXO0AUMO
BHECTH HM3MEHEHHs, BbIpaXKalllhecs B ONpe/eJIeHUU ONTHMAaJbHbIX BEJHUYUH B3au-
MO3aBHUCUMBIX TepeMeHHbIX KO3((HULHUEHTOB Ha KaxKIOHW ero UTepauud. B obliem
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c/lydyae 3TO MOXeT NPUBECTH K BO3PACTaHMIO CJIOKHOCTH KOMIIbIOTEPHOH peasn3a-
LIMM aaroputMa. XoTsl OCHOBA aJropuTMa, KOHEUHO, OCTaéTcsl TOH xKe caMo.

Hcnonb3oBaHue mpoueaypbl ycpeqHeHHs, NPUMEHSIOIIeNCs [/ OnpeaeseHus
CpelHMX 3HaYeHHWH KOHKPETHBIX NepeMeHHbIX K03(h(HULHEeHTOB, He sBJseTcs 00si3a-
TeJIbHOH (2 MHOT[A MOXKET Jla’Ke HAaBPeANTh, YXYIIIUB 3HAaUeHHe LeseBOH (PYHKINH),
YTO CYLeCTBEHHO YIPOLlaeT pelleHUs 3afayH.

B npouecce pelienns 3agau co B3aMM0O3aBUCHMBIMH MlepeMeHHBIMH KO3 (pHUIIHEH-
TaMH BO3MOXKHOCTb peasin3aliy CUTyalHUH 3allUKJIUBAHHS MOXKET ObITh BBIILE, YEM B
OOBIYHBIX 3aa4yax JUHEHHOro MPOrpaMMHPOBAHHUS C MepeMeHHbIMU KO3 puLueHTa-
MH. DTO BbI3bIBa€T HEOOXONMMOCTb AJs pa3paboTurKa MPOrpaMMHOro obecreyeHus:
pewenusa 3anayu JIIIIK npenycMoTpeTh TOT Wi MHOM crnoco® JUKBUAALMH TaKoH
CUTYyaLUH.
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Abstract. The article analyses the possibility of using the simplex method to solve
linear programming problems with interdependent variable coefficients. The problem
with the interdependence of evaluation coefficients is that different columns can be
dependent on each other, which can cause difficulties in determining the minimum
estimate — on each iteration of the simplex method. This is especially relevant
when determining the optimal (for each iteration) values of variable coefficients. The
work shows that the averaging of values proposed by a number of researchers is
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Abstract. Data for processing mostly comes from measurements, and mea-
surements are never absolutely accurate: there is always the “measurement
error” — the difference between the measurement result and the actual (un-
known) value of the measured quantity. In many applications, it is important
to find out how these measurement errors affect the accuracy of the result of
data processing. Traditional data processing techniques implicitly assume that
we know the probability distributions. In many practical situations, however,
we only have partial information about these distributions. In some cases, all
we know is the upper bound on the absolute value of the measurement error.
In other cases, data comes not from measurements but from expert estimates.
In this paper, we explain how to estimate the accuracy of the results of data
processing in all these situations. We tried to explain not only what meth-
ods can be used, but also why these methods have been proposed and have
been successfully used. We hope that this overview will be helpful both to
users solving practical problems and to researchers interested in extending and
improving the existing techniques.
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1. Why Go Beyond Traditional Probabilistic Approach to
Uncertainty

Why do we need data processing. What do we want? We want to know what
will happen in the future — and we want to decide what to do to make the future the
most beneficial. For example, we want to be able to predict tomorrow’s weather —
and we want to find the best way to regulate the temperature and humidity in our
offices. We want to know where a spaceship will be several weeks from now — and
if needed, what is the best way to correct its trajectory.

To be able to predict the future, we need to know the current state of the world,
and we need to know the equations that describe how this state will change. For
example, to predict the trajectory of a spaceship:

e we need to know its current location,
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e we need to know its distance from the Sun and from other celestial bodies,
and

e we can then use Newton’s equations to predict its future locations.

The current state of the world can be described by the values of different
quantities. Some of these quantities we can measure directly — e.g., we can
measure the current temperature and humidity at different locations. Some of the
quantities we need to measure indirectly — e.g., we can compute the distance from
the spaceship to different celestial bodies if we know the location of the spaceship
and the locations of the bodies.

What we get from direct measurements is what is called dafa, and when we
process this data — whether to compute the current values of different quantities,
to predict their future values, or to find the parameters of the influence that will
lead to better future values — this is what is called data processing.

Uncertainty is ubiquitous. Most of the data comes from measurements, and
measurements are never 100% accurate: the result = of measuring a quantity x is,
in general, different from the actual (unknown) value x of this quantity; see, e.g.,
[13]. Why is uncertainty ubiquitous?

e There are usually physical reasons for the resulting uncertainty: there are
some factors that we cannot take into account — what we call noise — that ai-
fect the measurement results. For example, in many accurate measurements,
the thermal noise provides a random — thus unpredictable — effect.

e There are also mathematical reasons for uncertainty: each measuring instru-
ment can have only finitely many possible results — e.g., it produced finitely
many bits, and with b bits, we can form only 2° possible sequences. On
the other hand, the actual value can be any real number — at least any real
number from some interval — and there are infinitely many real numbers on
each interval. So, inevitably, the measurement result should be, in general,
different from the actual value.

It is important to take uncertainty into account when processing data. In
general, in data processing, we apply some algorithm to the input data and get the
result. Let us denote the inputs by xi,...,z,, and the algorithm by f. In these
terms, the result y of data processing has the form y = f(z1,...,z,).

We apply this data processing algorithm to the measurement results zy,..., %,
and get the estimate y = f(71,...,%,) for the desired quantity y. Even in the
ideal case, when the algorithm f describes the exact relation between the actual

values of the quantities 1, ..., ,, and y, since the measurement results z; are, in
general, different from the actual value z;, our estimate
y=f(T1,...,7p) (1)

is, in general, different from the desired value

y:f(xlw'-axn)' (2)
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In many practical situations, it is important to know how accurate it is. For
example, if we want a spaceship to get close to an asteroid to take photos, and we
estimated the future distance to be 100 m, then:

e if it is 100 £ 10, this is great, but

e if this is 100 £ 200, then maybe the spaceship will crash into the asteroid.
Similarly, if we estimate that an oil field contains 300 million tons of oil, then:

e if it is 300 + 100, we can start exploring right away, but

e if it is 300 + 400, maybe there is no oil at all, so we better perform additional
measurements before we invest a lot of money into exploration.

Traditional probabilistic approach to uncertainty. How can we determine the
measurement accuracy? A natural idea is to calibrate each measuring instrument,
i.e., to compare, several times, the results of measuring the same quantity:

e by this instrument and

e by a much more accurate instrument (known as a standard instrument), so
much more accurate that we can ignore its own measurement uncertainty
and safely assume that this standard instrument produced accurate results.

Based on several observed differences between the values measured by the cali-
brated measuring instrument and the standard one:

e we can find possible values of the measurement error Az def 7 _ x, and
e we can also find the frequency of different possible values Ax.

In other words, we can find the probability distribution of the measurement er-
ror Az.

This possibility underlies the traditional probabilistic approach to uncertainty,
when we assume that we know the probability distributions for all the input mea-

def ~
surement errors A:EZ = X; — X;.

Need to go beyond the probabilistic approach: interval uncertainty. While
in principle, in most practical situations, it is possible to determine the proba-
bility distributions of all measurement errors, there are two important classes of
situations when this is not done.

The first class is state-of-the-art measurements. Calibration of a measuring
instrument requires that we have another instrument which is much more accurate.
But what is the instrument that we use is the best we have? For example, it would
be nice to have a five times more accurate telescope to float near the Hubble
telescope — but the Hubble telescope is the best we have.
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In such situations, we do not know the probability distribution of the measure-
ment error. At best, we know the upper bound A on the absolute value |Ax| of the
measurement error:

Ax| < A. 3)

And this upper bound we must have: otherwise, if there is no upper bound
and thus, for each measurement result, the actual value can be arbitrarily large or
arbitrarily small, this is not a measurement, this is a wild guess.

Once we know the measurement result z and the upper bound A on the absolute

def ~ . .
value of the measurement error Az = 7 — z, the only information that we can

conclude about the actual (unknown) value z is that this value is contained in an
interval [x — A,z + AJ]. Because of this, such uncertainty is known as interval
uncertainty; see, e.g., [3,8,10, 13].

Another class of situations when we do not know probabilities — much more
common and much more frequent class — is when we perform measurements during
manufacturing. In principle, in such situations, we can calibrate every single
measuring instruments — but that will cost a lot of money:

e many sensors are now very cheap, high school kids use a lot of sensors in
their robotic projects, but

e calibrating each sensor means using a complex highly-accurate measuring
instrument requiring lots of costly maintenance; it usually means bringing
our sensor to a location where this standard instrument is placed; all this is
very expensive.

Because of this high cost, most sensors are not individually calibrated, we do not
know the corresponding probability distribution — we only know the upper bound
on the absolute value of the measurement error, the upper bound provided by the
manufacturer of this measuring instrument.

But why cannot we use probabilistic techniques? Situations when we do not
know the exact probability distribution are common in statistics. In particular,
there are many situations in which we have several alternatives, and we have no
information about the probability of each alternative. Since we have no reason
to assume that the probability of one alternative is larger than the probability
ol another alternative, a reasonable idea is to assign equal probabilities to all
alternatives. This natural idea is known as Laplace’s Indeterminacy Principle,
and it is a particular case of the more general Maximum Entropy approach; see,
e.g., [4].

Similarly, if all we know is that a quantity is located somewhere on the interval,
and we have no reason to conclude that some values from this interval are more
probable and some are less probable, a reasonable idea is to assume that all the
values from the interval are equally probable, i.e., that we have a uniform distri-
bution on this interval. If we have several variables, and we have no information
about their dependence, then it is reasonable to assume that they are independent
— and this is exactly what the Maximum Entropy approach concludes in this case.
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At first glance, this sounds like a reasonable approach, and in many problems,
it works well, but, as we will show, in uncertainty quantification, this idea does
not work. Indeed, let us consider a very simple example in which the algorithm f
simply add up n values, i.e., when we compute y = 1 + ...+ z,,. Suppose that for
each i, the result z; of measuring the quantity x; is simply 0, and the upper bound
on the measurement error is A; = 1. This means that each value x; is located
somewhere on the interval [—1,1].

In this case, the sum y takes the largest value when each of the terms z;
attains its largest value 1, and this largest value is n. Similarly, the smallest
possible value y is attained when each of the terms x; attains its smallest value
—1, so this smallest value of y is —n. Thus, the range of possible values of y is

[_nv n] (4)

What if we use Laplace’s principle? In this case, we assume that each x; is
uniformly distributed on the interval [—1, 1], and all these variables are independent.
Thus, for large n, according to the Central Limit Theorem (see, e.g., [14]), the
distribution of the sum y is close to normal distribution. For each xz; the mean is
0 and the variance is 1/3, so:

e the mean p of the sum y is the sum of Os, i.e., 0, and
e the variance of the sum y is the sum of the variances, i.e., n/3.

Thus, the standard deviation o of y is proportional to \/n.

[t is known that with very high probability, all the values of a normally dis-
tributed random variable are located, in the interval [y — k- o,u+ k- o]: e.g. for
k = 6 the probability to be outside this interval is ~ 107%. Here, u =0, 0 =c-/n
for some ¢, so we conclude that with high confidence, the value y is bounded by
6c - v/n. But we know that y can take value n which, for large n, is much larger
than const - \/n.

This shows that for the purposes of uncertainty quantification, we cannot just
select one possible probability distribution our of many possible ones and ignore
other possible distributions — this can drastically underestimate the inaccuracy of
the results of data processing — and thus, potentially lead to a disaster.

Need to go beyond the probabilistic approach: imprecise probabilities. So
far, we considered two types of possible situations:

e situations when we perform the full calibration and thus, we know the prob-
ability distribution of the measurement errors,

e situations when we do not perform any calibration, and thus, have no infor-
mation about the corresponding probabilities — all we know is the interval of
possible values of the measurement error.

In practice, we also sometimes encounter intermediate situations, when we perform
some calibration, but not enough to uniquely determine the probability distribu-
tions. As a result, we only have partial information about the probabilities — i.e.,
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we have several possible probability distributions which are all consistent with
our calibration results. Such situations are known as situations with imprecise
probabilities; see, e.g., [11] and references therein.

Need to go beyond the probabilistic approach: fuzzy case. In many practical
situations, instead of measurement results, we get expert estimates. This is not
typical in manufacturing, but this is a usual situation in medicine, in meteorology,
in biology, etc. These estimates often use imprecise (“fuzzy”) words from natural
language like “small”, “about 1.5”, etc. It is desirable to use these expert estimates
as inputs in data processing, but how? Computers are good in processing numbers,
but, as everyone knows, they are not yet as good in processing natural language.
To handle such fuzzy knowledge, we need to use special techniques — which
are known under the general name of fuzzy techniques; see, e.g., [5,9,12,13].

What we do in this chapter. In this chapter, we briefly explain how (and why)
to take these different types of beyond-traditional-probabilistic uncertainty into
account when processing data.

2. Case of Probabilistic Uncertainty: Reminder

Why do we need to describe the case of probabilistic uncertainty. To explain
techniques for dealing with non-traditional types of uncertainty, let us first briefly
recall how traditional probabilistic uncertainty is handled in data processing.

Data processing under probabilistic uncertainty: exact formulation of the
problem. Probabilistic uncertainty means that we know:

e the data processing algorithm y = f(xy,...,2,);
e the measurement results zy,...,x,; and

e the probability distributions p;(Az;) describing the probabilities of different
values of the measurement error Ax; = z; — z;.

We want to find the probability distribution for the value y = f(x1,...,x,).

Bias is usually taken care of. In some cases, the mean value of the measurement
error is different from 0. In mathematical terms, this means that the corresponding
distribution has a bias. This happens: a clock may show time 2 minutes ahead,
etc. In such situations, it makes sense to re-scale the readings of the measuring
instrument — by subtracting this mean value. For example, for the clock, we
subtract 2 minutes from all its readings.

As a result, we have a probability distribution in which the mean value of the
measurement error is 0.

General case: Monte-Carlo simulations. For each i, we know the value 7;,
and we know the probability distribution p;(Z; — x;) for the difference between the
measurement result z; and the actual (unknown) value x; of the corresponding
quantity. Thus, the formula p;(z; — x;) provides a probability distribution for x;.



118 V. Kreinovich. Beyond Traditional Probabilistic Approach to Uncertainty

So, to find the probability distribution for y, we can do the following: several
(N) times k=1,...,N:

e we simulate each random variable Aml@ distributed according to the i-th
given probability distribution p;(Az;);

e we simulate the values of z; as ajgk) =T — Axgk); and

e we apply the data processing algorithm f to the simulated values, resulting
in(m@’<(m m)
y\W= flazy . an ).

Since the values xgk) follow the exact same probability distribution as the actual
values z;, the simulated values y*) follow the exact same probability distribution
as the desired quantity y. Thus, by analyzing the sample 3™, ... y™) we can find
all the characteristics of the desired probability distribution for y.

This simulation-based technique, when we literally simulate the measurement
errors, is known as Monte-Carlo simulations.

How accurate are Monte-Carlo simulations? It is known (see, e.g., [14]) that
the relative accuracy ¢ of Monte-Carlo technique — as any accuracy of estimating
a characteristic of a random variable from a sample of size N — is proportional to
e ~ 1/v/N. Thus, to get the characteristics of Ay = 7 — y with accuracy ¢, we
need to perform N ~ ¢72 simulations.

In particular, to get accuracy 10%, we need to perform N = 100 simulations.

Limitations of Monte-Carlo simulations. The data processing algorithm can
be very complicated and time-consuming. To use Monta-Carlo simulations, we
need to apply this algorithm N times. As a result, determining the accuracy of
the result of data processing may require 100 time more computation time than
computations themselves.

Even after such a long time, all we get is a very crude approximate estimation
of accuracy — and to get a more accurate estimation, we need to perform even
more computations! How can we perform computations faster?

Possibility of linearization. A possibility to speed up uncertainty estimations
comes from the fact that measurement errors are usually relatively small:

Ar L o : (5)
e rough measurements can have accuracy 10%,

e more accurate measurements can have accuracy 3%, 1%, and even higher.

The expressions f(xy,...,z,) are usually smooth. In such situations, we can
expand the expression for

Ay=y—y=[f@....%) = flar,...,20) =

f(fl,...,fn)—f(fl—Axl,...,fn—Axn) (6)
in Taylor series and keep only linear terms in this expansion — and ignore quadratic
and higher order terms. Indeed:
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o If Ax; ~ 10%, then (Ax;)? ~ 1% < Awx;.
o If Az; ~ 1%, then (Az;)? ~ 0.01% < Az;, etc.

Thus, we get
Ay = Z ci - Awy, (7)

i=1

def af

where we denoted ¢; = .
(9xi

How this can speed up computations. In the formula (7), the only values
depending on the data processing algorithm are partial derivatives ¢;. In some
cases, we have explicit formula for these partial derivatives. In general, we can
estimate these partial derivatives by using numerical differentiation. Namely, by
definition, the derivative is a limit

of . f(Ty,.. T, T+ R, T, D) — Y
Limit means that for small h, we have
ﬁwf(51,~-7fi—1,fi+h,5i+17---,§n)—g 9)

C; = ~
‘ al’z h ’

and the smaller h, the higher the accuracy of this approximation. Estimation of ¢;
by using formula (9) is known as numerical differentiation.
To estimate all the value ¢y, ..., ¢, this way, we need to call the algorithm f:

e first, to compute the estimate ¥, and
e then n more times to compute the values
f(@, T, T+ hy Ty, .o, Ty) (10)
fori=1,...,n,

to the total of n + 1 times.

When n + 1 is smaller than the value N corresponding to desired accuracy -
e.g., when n + 1 < 100, the resulting computations are much faster than by using
the general Monte-Carlo simulations.

Comment. Of course, in the linearized approach, we still need to run N (e.g., 100)
simulations, but these simulations no longer require calling f, so they are fast.

Additional time saving: ubiquity of normal distributions. When n is large,
and all error components are of the same order of magnitude, we can use the
Central Limit Theorem, according to which the distribution of the sum of the large
number of independent similarly distributed random variables is close to Gaussian
(normal). (To be more precise, the theorem states that this distribution tends to
normal when the number n of terms in this sum tends to infinity.)
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Thus, for large n, we can safely conclude that the value Ay is normally dis-
tributed. Also, since all the components Az; have O mean, their linear combination
Ay also has a zero mean. A normal distribution is uniquely determined by its
mean and its standard deviation o. Since here, the mean is 0, all we need to find
is the standard deviation. This saves us computation time — since we only need to
compute one charateristic of the probability distribution.

Another simplification comes from the fact that, based on the formula (7), we
can conclude that

(11)

n
o’ = E c; - o7, hence o =
i=1

where o; is the standard deviation of Az;. Thus, there is no need for Monte-Carlo
simulations here: once we compute o;, we can then use this explicit formula for o
- and, by the way, we will get the exact value of o, while simulations will only
lead to an approximate estimate.

Comment. The possibility to use normal distributions is not limited to the cases
when n is large. In many cases, for each measuring instrument, the corresponding
measurement error Az; itself comes from the joint effect of several error compo-
nents of approximately the same size and is, thus, itself normal. In such situations,
Ay is also normally distributed — as a linear combination of several independent
normally distributed random variables.

3. Case of Interval Uncertainty

What is interval uncertainty: reminder. In some situations, all we know
about each measurement error Az; is that it can take any value from the interval
[—A;, A;], and we do not have any information about the probability of different
values from this interval. As a result, the actual value x; of the corresponding
quantity can take any value from the interval [z; — A;, 7; + A].

Different values x; from these intervals lead, in general, to different values of
y = f(z1,...,2,). All we can compute is the range of possible values of y, i.e., the
set

{f(.%‘l,...,l'n) X € [%1—A1,51+A1],...,$n € [fn—An,fn—l—An]} (12)

The data processing algorithm is usually continuous. The range of a continuous
function on a connected set is also connected, so this range is also an interval [y, 7].

Computing the endpoints of this interval is known as interval computations;
see, e.g., [3,8,10].

Let us formulate this problem in precise terms.

Data processing under interval uncertainty: exact formulation of the prob-
lem. Interval uncertainty means that we know:

e the data processing algorithm y = f(xy,...,x,);



Mathematical Structures and Modeling. 2021. N.2(58) 121

e the measurement results z4,...,7,; and

e the upper bounds A; on the absolute values of the corresponding measure-
ment errors Ax; = z; — x;.

We want to find the endpoints of the interval

[y, 7] =
(F@1, .. @) 2 € [F1 — AL T+ A1), 2 € [T — Dy T + A, (13)

In general, this problem is not feasible. It is known that, in general, this prob-
lem is NP-hard — meaning that, unless P = NP (which most computer scientists
believe to be impossible), no feasible algorithm can always provide a solution to
this problem; see, e.g., [7].

In the linearized case, the problem becomes feasible. To solve the interval
computations problem, we can take into account that, in practice, measurement
errors are relatively small, and thus, for Ay, we can use a linearized formula (7).
To find the range of possible values of Ay, we need to find the largest and the
smallest values of this expression (7).

The sum attains its largest value when each of the terms ¢; - Az; is the largest:

e When ¢; > 0, the term ¢; - Ax; is an increasing function of Az;. Thus, its
largest possible value is attained when Az; € [—A;, A;] attains its largest
possible value Az; = A;. In this case, the term ¢; - Ax; takes the form

i A (14)

e When ¢; < 0, the term ¢; - Ax; is a decreasing function of Az;. Thus, its
largest possible value is attained when Az; € [—-A;, A;] attains its smallest
possible value Az; = —A,;. In this case, the term ¢; - Az; takes the form

Both expressions can be described by a single formula |¢;| - A;. Thus, the largest
possible value of Ay is equal to

A el A (16)
=1

Similarly, we can prove that the smallest possible value of Ay is equal to —A.
So, the range of Ay has the form [-A,A]. To find this range, it is sufficient to
compute the value A.

A straightforward way to compute A. A straightforward way to compute A
is to compute the partial derivatives by using the formula (9), and then use the
formula (16).
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Comment. This is similar to computing o2 in the case of normal distributions.

Limitations of the straightforward approach. When the number of inputs n
is large, and the data processing algorithms is complicated, in the straightforward
approach, to compute all partial derivatives, we need to call the algorithm f many
(n + 1) times. For large n — e.g., when n is equal to several thousands - this is
not realistic.

How can we compute A faster?

Cauchy-based techniques. We cannot directly use Monte-Carlo simulations —
since we do not know the probability distributions for Axz;. However, it turns out
that we can use Monte-Carlo simulations indirectly, by using so-called Cauchy
distributions, for which the probability density function is proportional to

1
5
Xz

1+ Az

This distribution is presented in many statistics textbook, not as an example

of something practically useful as many textbook examples of probability distribu-

tions, but usually as a pathological example — of a probability distribution for which

standard deviation is infinite. However, in data processing under uncertainty, this
distribution is very practically useful; see, e.g., [6, 11].

Specifically, what is useful is the following property of this distribution:

(17)

e if we have n independent random variables Az; which are Cauchy distributed
with parameters A;,

e then their linear combination (7) is also Cauchy distributed with the param-
eter described exactly by the formula (16)!

Thus, we can estimate A as follow: several (V) times k =1,...,N:

e we simulate each random variable Axl(.k) distributed according to the Cauchy
distribution with parameter A;;

e we simulate the values of z; as xgk) =T — Axgk); and

e we apply the data processing algorithm f to the simulated values, resulting
in o® % ( (k) (k))
y\W= flazy . an ).

The resulting differences Ay®*) = y*) —7 are then Cauchy distributed with param-
eter A. To find this value, we can use Maximum Likelihood method - i.e., find
the most probable value A. For Cauchy distribution, maximizing the corresponding
probability is equivalent to solving the following easy-to-numerically-solve equation
with one unknown A:

k) _

N
Z;:ﬁ (18)
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Comment. It is important to comment that, in contrast to Monte-Carlo simulations,
when we simulate actual probability distributions, here, we are not simulating
actual distributions. Indeed:

e we know that the measurement errors are located inside the intervals

e a Cauchy-distributed random variable can take, with positive probability, any
real value — including values outside this interval.

In this case, the probability distributions are not real — they are a computational
trick.

Which method should we use? We have described two methods for dealing with
interval uncertainty:

e a straightforward method that needs n calls to the algorithm f - as many
calls as there are inputs, and

e Cauchy method that needs N ~ 72 calls to f, where ¢ is the relative accuracy
with which we want to estimate A.

Clearly:
e if n > N, we should use the straightforward method, and

e if n > N, ie., if we have many inputs, then we should use the Cauchy
method.

4. Case of Imprecise Probabilities

Formulation of the problem. In the probabilistic case, we assume that we
know the exact values of the parameters ¢;; characterizing the distribution of mea-
surement errors for each input z;. Based on this information, we estimate the
parameters ¢y, ..., ¢y, of the resulting y-distribution.

In some cases, we only have partial information about the probability distribu-
tions of each input z;; e.g.:

e instead of the exact values of the parameters ¢;; characterizing this distribu-
tion,

e we only know bounds on these values, i.e., we only know intervals [c;, ;]
that contain the actual values of these parameters.

Different values ¢;; from the corresponding intervals lead, in general, to different
values ¢;. We thus need to find the ranges of possible values of these parameters
Cj.

How can we find these ranges?
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Natural idea. For each combination of values ¢;,..., ¢, of the corresponding
parameters, we can use one of the above probabilistic-case algorithms - e.g.,
Monte-Carlo approach or linearization — to find the values ¢4, ..., ¢, of the param-
eters describing the resulting y-distribution. Thus, what we have, in effect, are
new algorithms Fy,..., F,, that:

e given the values z4,...,x, of the inputs and the values ¢;; of the parameters
describing their uncertainty,

e estimate the parameter c; describing the uncertainty of the result y of data
processing:

c;j=Fj(z1,...,Zp,C11,- -, Clms -, Cnls- -, Cm)- (19)

In our case, we do not know the exact values of the parameters c;;, we only
know the intervals [c;;, ;] that contain these values. So, we can use one of the

above-described interval-case technique to find, for each j, the range of the function
F}‘ when Cij c [Qij?eij]:

;] = {F (w1, Ty ooy Cijy ) 5 Cij € [Cij, Cigl ) (20)

These are exactly the desired ranges for the parameters c;.

5. Case of Fuzzy Uncertainty

Formulation of the problem: reminder. Sometimes, for the inputs z;, instead
of measurement results, we only have expert estimates, and these expert estimates
are described not in terms of numbers, but in terms of imprecise (“fuzzy”) words
from a natural language.

Computers do not understand natural language well, so we need to translate
this knowledge into numbers. How can we do it?

How to translate imprecise knowledge into numbers: a natural idea. For
precise statement like “x; is positive”, for each value xy, this statement is either
true or false. For example:

e this statement is true for z; = 0.1, and
e this statement is false for z; = —0.1.

For imprecise statement like “x; is small”, for some values xz;, the expert
him/herself is not 100% sure. A natural idea is to ask an expert, for all possible
values z1, to describe his/her degree of confidence in this statement on some scale
- e.g., from 0 to 1, so that O means no confidence at all, while 1 means 100%
confidence. This natural idea — first proposed by Lotfi Zadeh — is one of the main
ideas of the techniques that he called fuzzy logic.

Of course, there are infinitely many possible values of each quantity z;, so we
cannot ask the expert infinitely many question, so what we can do is:
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e ask about some values, and then
e perform some interpolation/extrapolation to cover values in between.

As a result, for each imprecise expert statement about x;, we get a function p;(z;)
that assigns, to each possible value of the quantity z;, the degree to which the
expert is confident in this statement. This function is known as a membership
function.

Need for logic. Suppose that we have two expert statements:
e a statement S;(z;) about z; and
e a statement Sy(xy) about xs.

We can extract, from the expert, the degrees of belief u(z1) and po(z2) in these
statements corresponding to all possible values z; and x5, but what we really need
is the degree to which a combined statement “S;(z1) and Sy(x2)” is true.

Theoretically, we can ask an expert to evaluate the desired degree for all pos-
sible pairs (z,x2), for all possible triples if we combine three statements, etc.
However, in practice, this is not feasible. Even if we take only 10 possible values
of each variable x;, then, e.g., for five inputs we will need to ask 105 = 100000
questions — this is not feasible.

Since we cannot directly ask for the expert’s degree of confidence in complex
statements like “A and B” (or in similar statements of the type “A or B”), we
need to be able to estimate these degrees based on whatever information we have:
namely, degrees of confidence a and b in statements A and B.

The algorithms computing the corresponding estimates fg(a,b) for the degree
of confidence in “A and B” and fy,(a,b) for the degree of confidence in “A or B”
are known as “and”-operations and “or”-operations. For historical reasons, they are
also known as t-norm and ¢-conorm.

The need for operations representing logical operations such as “and” and “or”
is what caused Zadeh to call this approach fuzzy logic.

Which “and”- and “or”-operations should we choose? To select appropriate op-
erations, let us list reasonable requirements. Let us start with the “and”-operation.

e First, the degree of confidence in a statement “A and B” — which is stronger
than both A and B - cannot be larger than our degrees of confidence in each
of the original statements A and B:

fe(a,b) < aand fg(a,b) <b. (21)

e Second, the statement “A and A” means the same as A, so we conclude that
fela,a) = a.

e Third, if we increase degree of confidence on one or both statements A and B,
this can only increase our degrees of confidence in the combined statement
“Aand B”: if a < a and b < ¥, then fg(a,b) < fe(d, V).
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[t turns out that these simple and natural requirements uniquely determine the
choice of the “and”-operation. Indeed:

e Suppose that a < b. Then, by the first property, fg(a,b) < a, by the second
property, fi(a,a) = a, and by the third property,

a= fe(a,a) < fe(a,b). (22)
From fg(a,b) < a and a < fg(a,b), we conclude that
fe(a,b) = a. (23)

e Suppose that b < a. Then, by the first property, fe(a,b) < b, by the second
property, fg(b,b) = b, and by the third property,

b= fe(b,) < fe(a,b). (24)
From fg(a,b) < b and b < fg(a,b), we conclude that
fe(a,b) =b. (25)

Both cases can be covered by a single expression fg(a,b) = min(a,b).
Let us now consider the “or”-operation. Here, we can also formulate three
natural properties.

e First, the degree of confidence in a statement “A or B” — which is weaker
than both A and B - cannot be smaller than our degrees of confidence in
each of the original statements A and B:

a < fy(a,b) and b < fy(a,b). (26)
e Second, the statement “A or A” means the same as A, so we conclude that
fvla,a) = a.

e Third, if we increase degree of confidence on one or both statements A and B,
this can only increase our degrees of confidence in the combined statement
“Aor B”: if a<a and b <V, then f,(a,b) < fu(d,b).

[t turns out that these simple and natural requirements uniquely determine the
choice of the “or”-operation. Indeed:

e Suppose that a < b. Then, by the first property, b < f,(a,b), by the second
property, f.(b,b) = b, and by the third property,

fula,b) < fu(b,b) =0. (27)
From b < f,(a,b) and f,(a,b) < b, we conclude that

fyv(a,b) =b. (28)
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e Suppose that b < a. Then, by the first property, a < fy(a,b), by the second
property, fy(a,a) = a, and by the third property,

f\/(a7 b) < fv(av a) = a. (29)
From a < fy(a,b) and f,(a,b) < a, we conclude that
fu(a,b) = a. (30)

Both cases can be covered by a single expression f,(a,b) = max(a,b).
Thus, we select fg(a,b) = min(a,b) and f,(a,b) = max(a,b).

Towards data processing under fuzzy uncertainty. Suppose that we know the
algorithm y = f(xy,...,2,) that is used in data processing, and our information
about each input x; is described by a membership function u;(x;). We want to
describe the degree u(y) to which different values of y are possible.

A value y is possible if there exist values xy, ..., z, for which y = f(xy,...,z,)
and for which “z; is possible and x5 is possible, etc.”, i.e., if:

e either the statement in quotes holds for one tuple (zi,...,z,) for which
y=f(x1,...,2,),

e or this statement holds for another tuple (zi,...,z,) for which y =
f(zq, ... x,), etc.

For each i, the degree to which each value xz; is possible is equal to p;(z;).
Here, “and” is represented by minimum, so the degree to which the statement in
quotes in satisfied is equal to min(py(z1), ..., tn(xn)).

Here, “or” is represented by maximum, so the desired degree is equal to

p(y) = max{min(p (1), ..., pn(zn)) : f(z1,.. ., 20) =y} (31)

This formula - first proposed by Zadeh — is known as Zadeh’s extension principle.

How can we use this principle for computations? The idea comes from the fact
that while expert’s conclusions are often imprecise, we need to eventually make
decisions. We can rarely achieve full confidence, so a natural idea is to select some
threshold o and to make a decision if the degree of confidence is greater than or

equal to a.. The set of all such values x(«) o {z : p(z) > a} is known as the a-cut
of the corresponding membership function.

Once we know all a-cuts, we can then uniquely determine the original mem-
bership function u(x) — namely, for each x, the value p(z) is the smallest value «
for which = € x(a). Thus, instead of describing the expert’s statement by a mem-
bership function, we can describe it by listing a-cuts corresponding to different
levels a.

Usually, an expert can only provide a degree from O to 1 with accuracy 0.1
- e.g., it is difficult to distinguish between degrees of confidence 0.30 and 0.31.
Thus, it is sufficient to only describe a-cuts corresponding to

a=0, a=01, a=02,...,a4=09, a=1.0. (32)
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For most natural language words, the degree of confidence first increases then
decreases. For such membership functions, each a-cut is an interval.

[t turns out that a-cuts are useful in processing fuzzy inputs. Indeed, when
is u(y) > «, i.e., when is y € (a)? According to the formula (31), this means
that there exists some values xy, ..., x,) for which y = f(xy,...,x,) and for which
min (g (1), ..., n(zn)) = a., The last inequality, in its turn, means that p;(z;) > «
for all 4, i.e., that z; € x;(a). Thus, y € y(«a) means that y = f(z1,...,2,) for
some z; € x;(«). In other words, the a-cut for y is the range of the function
f(z1,...,x,) on the a-cuts for z;:

vio)={f(z1,...,z,) 111 € x1(),..., T, € Xp()}. (33)

We already know how to compute this range, so we arrive at the following algo-
rithm for processing fuzzy uncertainty.

How to process fuzzy uncertainty: algorithm. We know the data processing
algorithm f(z4,...,x,), and we know the membership functions p;(z;) describing
the expert’s knowledge of the inputs.

Then, for each « =0,0.1,...,0.9,1.0:

e First, for each 7, we compute the corresponding a-cuts. These a-cuts will be
intervals.

e Then, we use one of the above-described interval methods to compute the
range (33).

The resulting a-cuts y(«) describe the resulting information about the desired
quantity y.

6. How to Take Uncertainty into Account in Machine
Learning — Especially in Deep Learning

Formulation of the problem. The above techniques assume that we know the
equations that describe the system’s behavior and the system’s dynamics - and
thus, we have an algorithm f(z;,...,z,) that estmates the desired quantity y
based on the known values xq,...,x,.

In many practical situations, however, we do not have this knowledge, we
must determine the system’s dynamics based on its observed behavior. This is the

subject of machine learning; see, e.g., [1,2]. In this case:
o in several cases k = 1,..., K, we know the values 2", ... 2, and y®);

e based on these values, the machine learning algorithm find an algorithm
f(zq,...,x,) for which

y® ~ f (xgk), o ,:L‘nk)> (34)

for all k.
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At present, one of the main tools for machine learning is deep learning; see,
e.g., [2] and references therein.

A natural question is: how do we take into account uncertainty with which we
know the inputs?

Straightforward approach and its limitations. Once we have an algorithm
f(z1,...,x,) — whether it is explicitly given or presented as a neural network —
we can apply one of the above techniques to take care of the input’s uncertainty.
The limitation of this straightforward approach is that it requires to run the
neural network several times — so the time needed to take uncertainty into account
is much longer than the time needed to compute the estimate itseli.
How can we speed up this process?

Natural idea. Once we have trained the neural network — or any other appro-
priate tool — to estimate y, i.e., once we come up wth an appropriate algorithm
f(z1,...,2,), we can then use one of the above algorithms, on several cases, to
estimate how uncertainty in the inputs lead to uncertainty in the result. In all these
cases, for different values xz(k) of the input and for different parameters c§’“>, el
of the corresponding uncertainty (standard deviations, upper bounds, etc.), we get
not only the estimate y*) for the quantity vy, we also get an estimate ¢® for the
resulting uncertainty in y.

Then, a natural idea is to train a new neural network ¢ =

F(xy,...,x,,c1,...,¢,) so that:

e given the inputs xi,...,z, and the information ¢,...,c, about the uncer-
tainty of these inputs,

e this neural network will return the corresponding parameters c.

In other words, we want to find a function I for which

Y n

k) = F (xgk), AL cgk), ...,C k)> (35)

for all k.
Then, to find the corresponding uncertainty, you will need to run a neural
network — namely, the neural network corresponding to F' — only once.

Comment. Most of the above techniques involve applying the algorithm f not only
to the original results xz(k) but also to perturbed values. This may help not only to
estimate uncertainty: it will also help to avoid a big problem of deep learning, that
often, a minor change in the input drastically changes the result. For example,
changing a small number of pixels in the image of a cat can lead the network to
conclude that it is a dog; see, e.g., [2].

Good news is that such confusing perturbations are rare, and often, this prob-
lem disappears if we add additional noise. So, if we train the neural network not
only on the original values z;, but also on perturbed values, this may not only help
to estimate the resulting uncertainty, it will also help to avoid wrong results.
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Texacckuit ynuBepcutet B dsib [laco, CIIA

AnHoTtaumsa. JlaHHble 1715 00paG0TKY B OCHOBHOM IOCTYNAlOT M3 U3MEpeHHH, a H3Me-
peHHsl HUKOTAA He ObIBalOT abCO/IOTHO TOYHBIMU: BCETAA €CTh «OLIMOKa U3MepeHUs» —
pasHHIA MEXAY Pe3yJNbTaTOM H3MepeHHs W (PaKTHYeCKUM (HeM3BECTHBIM) 3HaYeHHeM
U3MepsieMoll BeJIMUMHBL. BO MHOTHX NPUJIOXKEHHUSIX BaXKHO BbISICHUTb, KaK 3TH OLINO-
KW U3MepeHUs BJHUSIOT Ha TOYHOCTb pe3yJbTaTa 00paboTKM NaHHBIX. TpaguLHOHHbIE
MeTofibl 00paloTKM [JAHHBIX HESBHO IPEAINOJaraloT, YTO HaM H3BECTHBI paclperele-
HUsl BeposiTHOCTeHd. OfHAKO BO MHOTHX MPAaKTHYECKHX CHTYalHUsiIX Y Hac eCThb JHIIb
JacTh4yHass WH(popmanus o6 3TUX paclpeneseHHsX. B HeKoTOpblX ciydasx Bce, UTO
HaM H3BECTHO, — 3TO BEpPXHsS I'PaHMLA abCOJIOTHOrO 3Ha4YeHHsl OMIMOKH H3MEepeHHS.
B npyrux cnyuasix naHHble MOCTYNAlOT HE W3 U3MePeHHH, a U3 IKCIEPTHBIX OLEHOK.
B aToil ctaTbe MBI 00DBSCHSEM, KaK OLEHUTb TOYHOCTb Pe3y/bTaToOB 06pabOTKHU NaH-
HBIX BO BCEX 3THUX CUTyaUusix. Mbl monbITanuch 0OBSICHUTh HE TOJBKO KaKHe METOJb
MOXKHO HCII0JIb30BaTh, HO M TMOYEMY 3TH METOAbI OBLIM MPENJIOKEHbl W YCIELIHO TPH-
MmeHstioTcsl. Haneemcst, 9to a3T0T 0630p OyneT moJie3eH Kak CreuannucTaM, pellariiim
NpaKTHYeCKHe MPOOJIEMbl, TAK ¥ HCCJENOBATENSAM, 3aMHTEPECOBAHHBIM B PaCIIHPEHNH
U yJYy4LIeHHH CYLIeCTBYIOLIMX METOIOB.

KatoueBbie ciioBa: 06padoTKa JaHHBIX, HEONpeNeNéHHOCTb, UHTEPBaJ/bHAS Heolpene-
JIEHHOCTb, HETOUHBIE BEPOSITHOCTH, HEUETKAsH HEONPeNeJEHHOCTh, MalliHHOe 06ydeHHe,
riy6okoe obydeHue.

Hama nocmynaenus 8 pedaxyuro: 16.12.2020
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AnHotanusa. PaccmaTprBaeTcs mpuUMeHeHHe CHCTeMbl KOMIbIOTEPHOH are6psl
GAP npu peureHuu 3aau TEOPUH KJIACCOB KOHEYHBIX I'PYII, B YaCTHOCTH TaKeT
CRISP. IlpuBoastcs TUNBl 3aad TEOPUH KJ/ACCOB KOHEUHBIX TPYII, KOTOpbIE
MOXKHO pellaTh MPH MOMOLIM CHCTEMBbl KOMIbIOTepHOH anre6per GAP, B uacTHO-
CTH SIBJISIETCS JIM KJlacC KOHEYHBIX rpynn KJjaccom Purrtunra, kiaaccom Hlynka
uian (popmauuren.

KaioueBble cjoBa: KoHeuyHble TpyMIbl, KJaace rpynm, kaacc PUTTHHTa, Kaace
lynka, gopmanusi, CUCTEMa KOMIbIOTEPHOH aJre6phl.

1. Beenenune

B Hacrosilllee BpeMsi Ha pellleHHe Pa3HOOOPA3HBIX MaTeMaTHUeCKHUX 3agady Ha-
npaBJ/ieHO GOJbIIOe KOJTUYECTBO CUCTEM KOMIBIOTEPHOU MaTeMaTHKH. CHCTEMBI KOM-
MbIOTEPHON MaTeMAaTHKHU JeJaloT AOCTYIHBIM TPUMeHEHHEe MOIIHBIX MaTeMaTHYeCKHX
METOIOB TpPU pelleHWH TPUKJAAHBIX 3a[au, TMOBBILAIT HArJAIHOCTb M KOHKPET-
HOCTb abCTPaKTHBIX KOHLEMUMH Kak B Tporecce oOydeHHs, TaK U B HCCJeNOBa-
Husix. K cucremam KOMNBbIOTEPHOH MaTeMaTHKH MOXXHO oTHecTtu: Maple, Mathcad,
MATLAB, Wolfram Mathematica, GAP, MAGMA wu np. Kaxxnass u3 HuUX Hanpas-
JIeHa Ha pellleHHe 3a7ad B ONpenenéHHBIX 00/acTax HayKu. CucTeMa KOMIbIOTEPHOH
anre6pel Maple npenHa3HayeHa MAJii CUMBOJIbHBIX BBIYHCJIEHHH, COCOOHA BHIMOJ-
HATb CJIOXKHeHIIHe aHaNTUTHUECKHe BBIUUCJEHHS, KOTOPble HHOTIA He MOA CHUJY daxe
onbITHBIM MaTeMaTHKaM [1]. CucTema KommbloTepHOH anre6pel Mathcad opuenTthpo-
BaHa Ha MOATOTOBKY MHTEPAKTUBHBIX JOKYMEHTOB C BBIYHUCJEHUSIMU U BHU3yasbHBIM
conpoBoxeHueM [2]. Cucrema KomnbioTepHo# anre6psl MATLAB peraer mMmHOXe-
CTBO KOMITBIOTEPHBIX 33/1ad — OT c60pa U aHa/iM3a JAaHHBIX 10 Pa3paboTKU TOTOBBIX
npunoxenuit [3]. Cucrema xomnbioTepHod anre6pel MAGMA HanpaBseHa Ha pe-
eHue 3aa4 B 06JiacTH anreGpbl, TEOPUH YUCE], KOMOUHATOPHKHU [4].

B cBsizu ¢ Tem, uto GAP sBasieTcs cBOOOAHO pacrnpocTpaHsieMbiM MaKETOM H T10-
MHUMO 6a30BbIX MaTeMaTHUeCKHX Bo3MoxKHOcTeil GAP mpenmylecTBeHHO MpeacTaB-
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JsieT PYHKUHOHAJ A5 pelleHus 3aau BbIUUCAUTENbHON TEOPUH TPYIII, B YACTHOCTH
A7 paboThl ¢ TPyNnaMy MaTpHULl U MOACTAHOBOK, KOHEUHBIMH IPYINaMH, KJaaccaMu
KOHEUHBIX TPYMNM W AP., AJs pelleHHs 3a7ady TeOPUH KJ/acCOB KOHEUHBIX I'PYMI Hau-
6oJiee Le1ecO00PA3HO UCIOJIb30BATh CUCTEMY KOMIbIOTepHOH anre6psl GAP.

2. O cucreme GAP

A66peBuarypa GAP npoucxomut ot Groups, Algorithms and Programming —
TPyMIbl, AJATOPUTMBl M TIporpaMMHpoBaHHe. PaspaboTka cHcTeMbl KOMIbIOTEPHOH
anre6pol GAP craproBasna B 1985 rony B r. Aaxen (I'epmaHnusi) mon pyKoBOACTBOM
HMoaxuma Hbio6tocepa (Joachim Neubuser). K nacrosimmemy Bpemenu GAP cran
MEXYHApPOAHBIM Hay4YHbIM MPOEKTOM, 00bEIUHSIOIIUM €IUHOMbILIJIEHHUKOB B 00-
JIaCTH ajireOpbl, TEOPUU UHCEJ, MaTeMaTHUECKOH JIOTHKH, UH(OOPMATHKH U APYTHX
HayK. OCHOBHBIMM LIEHTPaMH pPa3paboTKH CHUCTEeMBl SIBJSIOTCA yHHBepcuteT CeHT-
Aunpioca (Ilotnannusi, Bennkobpuranus), yHuBepcuter Aaxena (BpayHmusefir,
[epmanus) u yHuBepcutet mtata Komopamo (CIIA) [5].

Cucrema GAP cBoGonHO pacnpocTpaHsieMa, OTKpbiTa U paciuupsieMa. OHa BKJIIO-
yaeT B cebsl MCXOAHble TEKCTBI HA ABYX sI3bIKaX: PO CHCTeMbl HamucaHo Ha Cu, a
6ubauoTeKka (DYHKUHH — Ha CrelHalbHOM si3blKe, TakxKe HasbiBaeMoM GAP. f3bik
nporpamMmupoBanusi GAP siBsisieTcsi 06beKTHO-OPHEHTHPOBAHHBIM U HAllOMHHAET 110
cuHTakcucy Pascal. Mcnosb3ysi ncxonHble TeKCThl KaK Har/siAHOe MocoOHe, MOJb30-
BaTeJIM MOTYT CO3/1aBaTh COOCTBEHHbIE MPOrpamMMbl [5].

Cucrema KoMmmnbloTepHO# anre6psl GAP comepkUT MHOXKECTBO MaKeTOB, HANpaB-
JIEHHBIX Ha pellleHHe 3a1ad TeOpPHUH KOHeUYHbIX rpynmn. K HUM oTHOCATCS:

o CRISP — ns1s pelieHus 3aia4y TeOpUM KJ/acCOB KOHEUHBIX T'PYIII;

FORMAT — nnst pa6oTel ¢ (hopMalUsiMH KOHEUHBIX Pa3pelIMMbIX TPYIII,

GrpConst — n/151 MOCTpPOeHHUs TPy 33AaHHOTO TOPSIKA;

IRREDSOL — 6u6a1oTeka HEeNpUBOAHMMBIX pa3peliMMbIX JHUHEHHBIX TPy
HaJl KOHEUHBIMH MOJNSMHU U KOHEUHbIX MPUMUTHBHBIX pa3peliuMbIX IPYyIIH,;

e Nilmat — nsis BelUHMCNEHUH ¢ HUJIBNOTEHTHBIMU MAaTPUUHBIMU TPYMNaMH U IP.

B nactosieidt pa6ote paccMaTpUBAIOTCS pellleHHs 3alad Teopuu KjaaccoB Dur-
TuHra, knaccos lllynka, gopmauuii [6]. HanmomMHuM, 4To Kjacc Tpynm — COBOKYII-
HOCTb TpyNI, coiepxkallias ¢ Kaxaod cBoed rpynnoit G u Bce ell H3oMop(HBIE
rpynmsl [6].

Co BTOpoOi#i mosoBrHBE 1960-X rogoB BaxKHOE MECTO B TEOPUH PA3PEILHUMBIX TPYII
CTald 3aHUMaTb HCCJIENOBaHMs, CBs3aHHble ¢ KaaccaMd Purrtunra. Caenyer or-
MeTHTb, 4TO CaM TepMHUH «KJacc PUTTUHTa» BO3HHK, MCXOIs M3 LONTOCPOUHON
MporpaMMbl CTPYKTYPHOI'O aHa/M3a KOHEUHbIX TpymI, npensoxkeHHod B 1938 romy
X. DUTTHUHTOM, B KOTOPOH BIEpBble CUCTEMATHUECKHU HCIOJNb30BAJCS HUJBIIOTEHT-
HBIH pagukasn rpynn. B panpHedem kiaccsl @UTTHHTrA CTaMM pPacCMaTPUBAThCS U
KaK CaMOCTOSITeJIbHble 0ObEeKThl U3yUYeHHS.
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Knacesl @PuTTHHra paspellMMbIX TPyIN BIepBble YIOMHHAIOTCS B cTaTbe Pullle-
pa [7] B 1966 rony. B Heli knaccel @UTTHHTA OblIK BBEIEHbl TBOHCTBEHHBIM 06pa3oM
K (hopMauusaM, KJaaccaM TPYI, 3aMKHYTBIM OTHOCHTEJbHO (paKTOP-TPYII U OTHO-
CUTEJIbHO TOANPSMOro Npou3BefeHUs. J[BOMCTBEHHOCTb 3aKJjio4ajacb B TOM, YTO
onpeneseHue kKjaaccoB PUTTHHrA MOJydasoch U3 omnpelesneHHs popmMaluil 3aMeHOH
(hakTOp-TPYII Ha HOpMaJjbHble Moarpynmnel. B cratbe Puinepa, [amrona, Xaprtau
[8] BnepBble paccmarprBaTCs Kjaacchl PUTTHHrA KOHEYHBIX TPYIIL.

Hanomuum, uto knacc PUTTHHra — KJacc TPYMI, 3aMKHYTBIH OTHOCHTEJBHO
HOpPMaJIbHBIX MOATPYIN U NPOU3BeNeHHH HOpMaJ/bHbIX noarpynm; kjaacc Illynka —
KJIacC T'PyII, KOTOPBIH OJHOBPEMEHHO 3aMKHYT OTHOCHTEJNBHO (PAaKTOPrpymn U §B-
JISleTCsl IPUMHUTUBHO 3aMKHYTBHIM KJlaccoM; (opMalusi — KJacc TPy, 3aMKHYTBIH
OTHOCHUTEJIbHO (DAKTOPTPYII U MOANPSAMBIX NPoU3BeleHUH [6].

Jlns1 pelneHusl 3a1ad TEOPHUU KJaCCOB KOHEUHBIX I'PYNI HAMH ObLI HCHOJb30BaH
naket CRISP cucrembl komnbiotepHoii anre6pel GAP. B Teopuu knaccoB KOHEUHBIX
rpynn naker CRISP MoxXXHO npumeHATb MpH:

1. Pemenun 3agau Teopuu KjaaccoB @UTTHHrA U MHOXKeCTB PUTTHUHTA,;
2. Pewenuu 3anau teopuu kjaaccoB lllyHka;
3. Peuenuu 3anad teopuu dopmarui.

Hcnonb3oBaB Bo3aMoxkHocTH naketa CPISP mpu pelienun 3amau Teopuu KJaccos
durtrHra U MHOXKecTB DuUTTHHra, MBI BRIICHUIH, uTo nakeT CRISP nossosser:

® CO3104aBAaTb KJI4dCChl CIDI/I’I"I‘I/IHI‘EI;

® TPOBEPSITh, SIBJSETCS JIM 3alaHHOe MHOXKecTBO rpymnnel G MHOKecTBOM Durt-
THUHTA;

e co3naBaTh MHOXKecTBa DurTHHra [9].

[Tpu pemenun 3anay teopuu kaaccos lllynka u ¢popmanuit naker CRISP nosso-
JIieT pellaTh CJeAyIOLIMe 3a1auH:

e cosznaBath Kjaacchl LllyHka;
e co3znaBaTb (opmanuu [9].

C nomombto nakera CRISP tak:ke paspabGoTaH KoMIJIEKC MPOrpaMm, MO3BOJSIO-
IIMH peliaTh C/AeAYIOlIMe 3a1aul TeOPUH KJacCOB KOHEYHBIX I'PYTIIL:

1. IlpoBepsaTb, siBAsIeTCS JM KJacc rpynmn Kaaccom PUTTHHTA.
2. IlpoBepsaTs, fBAsieTCS JK Kaacc rpynn kaaccom [lyHka.

3. IlpoBepsiTh, siBAIieTCS JIM KJace Tpynn (opmanuen.
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3. 3akamuenue

KomnbloTepHass mateMaTMka — HOBOe HalpaBJ/eHHe HayKU U TeXHHUKH, BO3HHK-
llee Ha CTblKe KJacCUUeCKOH MaTeMaTHKH W UH(popMmaTHKHU. [losb3oBarenu ¢ momo-
111blI0 COBPEMEHHBIX CHUCTEM KOMIIbIOTEPHOH MaTeMaTHKH CIOCOOHBI pellaTb MHOTHE
MaTteMaTH4yecKue U MpUKJagHble 3a1ayH.

sl pellleHHsl BBIUMCJUTENbHBIX 3aad B 00J1aCTH TEOPUM KJACCOB KOHEUHBIX
rpynn HaubGoJsiee mepcrneKTUBHOU cucteMol siBasietcss GAP, tak kak GAP sBaser-
csl CBOOOJHO paclnpoCTpaHsieMblM MaKeTOM M MpeNCcTaBJsieT AOCTATOYHO OOJIbLIOH
(hyHKLMOHAJ [JIs1 pellleHrsl 3aau BbIUUCJAUTEJNbHON TEOPUU T'pPyII.

JIMTEPATYPA

1. Cucrema kommbloTepHoH anre6pbl Maple [dnektponuniii pecypc]. URL: http://
bourabai.kz/cm/maple.htm (nara o6pamienus: 28.04.2021).

2. Cucrema kommbroTepHoH anre6pbl Mathcad [dnexktponnsiét pecypc]. URL: https://
ppt-online.org/488238 (nata obparmienus: 28.04.2021).

3. Cucrema kommbloTepHoH anre6psl MATLAB [dnektponueiii pecype]. URL: http://
www.vsavm.by/knigi/kniga3/1240.html (nara o6pauenus: 28.04.2021).

4. Cucrema kommbioTepHod asnre6pel MAGMA [dnekrponnbiii pecypc]. URL: https:
//hrwiki.ru/wiki/Magma\_(computer\_algebra\_system) (mata o0Gpaiie-
Husi: 28.04.2021).

5. The GAP Group, GAP — Groups, Algorithms, and Programming [DnekTpoHHbBIH pe-
cype]. URL: http://www.gap-system.org (nara ob6pamienus: 28.04.2021).

6. Monaxos B.C. BBeneHue B TeopHI0 KOHEUYHBIX TPYI W MX KJaccoB: yuel. mocobwue.
MH.: Boi. wk., 2006. 207 c.

7. Fischer B. Klassen konjugirter Untergruppen in endlichen auflosbaren Gruppen.
Universitat Frankfurt: Habilitationsschrift, 1966.

8. Fischer B., Gaschutz W., Hartley B. Injektoren endlicherauflosbarer Gruppen // Math.
Z. 1967. Bd. 102, No. 5. P. 337-339.

9. The GAP Group. GAP / The GAP Group — Reference Manual. [DnekTpoHHbBI# pe-
cype]. URL: http://www.gap-system.org/Manuals/doc/ref/chap0.html
(mara o6paruenus: 28.04.2021).

APPLICATION OF THE COMPUTER ALGEBRA SYSTEM GAP
IN THE THEORY OF CLASSES OF FINITE GROUPS

E.N. Zalesskaya
Ph.D. (Phys.-Math.), Associate Professor, e-mail: ZalesskayaEN@yandex.by
E.M. Drozd
Instructor, Master’s Degree Student, e-mail: elena_1998-1998@mail.ru

Masherov Vitebsk State University, Vitebsk, Belarus



136  E.H. 3amecckass, EEM. /Iposn. [lpumeHeHHEe cHCTEMbl KOMITBIOTEDHOH. ..

Abstract. The application of the GAP computer algebra system in solving problems of
the theory of classes of finite groups, in particular the CRISP package, is considered.
The types of problems in the theory of finite groups are given that can be solved using
the computer algebra system GAP, in particular, whether the class of finite groups is
a Fitting class, a Schunck class, or a form.

Keywords: finite groups, class of groups, Fitting class, Schunck class, formation,
computer algebra system.
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AnHoTtamusa. CraTbsi MOCBsILeHA 0COOEHHOCTSAM MPOEKTHPOBAHUS U Pa3padoT-
KH MPOrpaMMHOr0 NMPOAYKTa, M03BOJSIOIIEr0 aBTOMaTH3UPOBaTh MNpolece y4éra
000pYIOBaHUS U CO3[aHHUs TIPOrpaMM HCCJeNoBaHUH JabopaTopuu HU3UKU Hed-
TEra3oBBIX CHCTEM U MJIACTOB.

KuaioueBble ciaoBa: MH(popMalMOHHAs CHCTeMa, pa3paboTka WH(OPMaLHOHHOH
CUCTeMBI, yUéT 060opynoBaHuUs, JabopaTopust (PUIKKH.

BBenenue

OO6BeKkToM HcCef0BaHUS ABJsIaCh JabopaTopusl (PU3UKU He(TerasoBblX CHCTEM
1 niactoB (PHCull) OAO «HuxneraproBck HUITWHedTH>.

B HayuHO-KCC/Ie10BaTENbCKOM NeSITEJbHOCTH BaXKHO yIe/sITh BHUMaHHe He TOJIb-
KO CaMOMY TPOLIeCCY TMPOBeJieHH sl JabopaTOPHBIX UCCEOBAHHE, HO TaK»Ke IrpaMoT-
HOMY U 3(h(DEeKTHBHOMY YUYETY MaTepHasioB HCCJEIOBaHUs, TIPUMEHSIEMOT0 060pyI0-
BaHHUs W mpodero [6-8].

B03MOXHOCTb CBOEBPEMEHHO MOJYUUTh HOCTOBEPHYIO MH(POPMALMIO MO UMEIOLIe-
MyCsl B HaJIMYHH 000DPYNIOBAHHUIO MO3BOJISIET ONEPATHBHO PelliaTh BO3HUKAIINWE B XO-
nie paboThl MPOOJEMBI, MJIAHHPOBATh MOJAEPHU3AIIMIO, PEMOHT, XpaHEHHe U TeKyIlee
00Cy>KMBaHHE, UTO, B UTOTE, TOXKE MOJIOKHUTEJBHO CKa3bIBAETCS Ha MPOU3BOAUTEb-
HOCTH TpyJda Ha MPeANpUsSTHH: M03BOJsSEeT M30exaTh MPOCTOEB ¥ MUHUMH3UPOBATH
MOTEePU BPEMEHH, CBsI3aHHbIE C BBIXOJOM TEXHHUKH H3 CTPOSL.

Tak, K npumepy, KepH SBJISIETCS HOCHTEJEM T'e0JOTHYeCcKOH HH(OPMALUU O Hel-
pax, packpbiTHe KOTOPOHW HayMHaeTCs ¢ MOMeHTa ero usBjedyeHus. MccaenoBaHus
KepHa MOTYT ObITb MPOJIOJIKEHBI 10 Mepe HeOOXOIMMOCTH Uepe3 3HAUUTEJbHBIH TPO-
MexXyToK BpeMeHH. [losaTomMy yuér MaTepuasoB KepHOXPaHMJIMILA SIBJASETCS BecbMa
aKTyaJsIbHOH 3amadyed. A aBToMaTH3alMs Mpolecca COCTaBJEHHs TPOrpaMMBbl HCcJIe-
IOBaHUH [Jisi TpeOyeMOro MarepHasa TaKKe IMOBBICUT TPOU3BOAUTENbHOCTb U (-
(PeKTHBHOCTb PaboT.
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1. AHaau3 npegMeTHON 00JaCTH U NMOCTAHOBKA 3agayu

PaspabaTbiBaeMblil MPOrpaMMHBIN MPOLYKT OPUEHTUPOBAH HA TMPEANpPUSTHS, 3a-
HUMaOLLKMeCs JUTOJOr0-NeTPpoPU3NYECKHMH HUCCAeJOBAHUSMH, B YacTHOCTH, MPO-
AYKT cosznaércsi nisi nabopatopun Pusuku HedrerazoBbix cucteM u maactos OAO
«HuxxneBaproBck HUI T HePTH».

Jla6opatopus PHCull npoBoguT KoMmIJeKCcHble JabopaToOpHble HCCAeL0BAHUS
JIUTOJIOTO-MIETPOPU3UUECKUX XaPAKTEPUCTHK 00pPaA3Il0B KepHa U OCYIIECTBJSIET CBOIO
LeITeJIbHOCTb Ha PbIHKE CEPBUCHBIX YCJAYT B 06J1aCTH NeTPO(PU3UUECKHUX HUCCJeN0Ba-
Huil ¢ 1987 ropa.

[lannas snabopatopusi pacrojiaraeT A0CTaTOYHBIMH TJIOIIAASMH /s TTOJHOMAC-
ITAabHBIX HMCCJAEOBAHUH W JOJTOCPOUHOro xpaHeHus KepHa. OHa o6opymoBaHa
KaJuOPOBOYHBIMM YCTAHOBKAMH /IS MPOBeJEHUs MeTPO(pU3NUeCKUX HCCe0BAHUN
KepHa U obecrieyeHa ClelHaIU3UPOBAHHBIM MPOrPaMMHBIM KoMIekcoMm «Cangup»,
MO3BOJISIIOIIUM OOCJYKHBATh BCIO TEXHOJOTHYECKYIO 1IeMT0YKY HCC/Ae0BAaHUS KEPHA,
aHAJM3UPOBATb U XPAHUTh JaHHBIE.

JlaBopatopHble HcCe0BaHHUS MOPOA-KOJJIEKTOPOB U MJAaCTOBBIX (JIIOUAOB TIPO-
BOZAITCS C LeJ/Iblo MOoJy4YeHHUs UH(OPMALUK O XapaKTepUCTHKAaX €MKOCTH, (pUIbTpa-
IIUM TIOPOA-KOJJIEKTOPOB He(TH W rasa. Pe3ysbTaThl 3THX HCCAEIOBAHUH HCIOJb-
3yIOTCS /s TOACYETA 3aMacoB, COCTABJEHHS TEXHUYECKHUX MPOEKTOB Pa3pabdOoTKH,
MHTEpIIpeTallud MaTepUuasioB Teo(PpU3UUEeCKUX HCCAeNOBAHHUH CKBaKWH. Takxke pe-
3yJIbTaThl UCCJAENOBAHUSI METPOPU3UUECKUX M MeXaHMYECKHX CBOHCTB MJIACTOBBIX
CUCTEM Ha KepHax MOryT ObITb HCIIOJb30BaHbl /51 MOBBILIEHUS 3((HEeKTUBHOCTH
MPOBEIeHHUST T POPa3PbIBOB MJ1ACTOB.

B Hacrosiiuii MOMeHT s1a60paTopusi MPOBOAUT PabOThl HA OMpeeseHHE:

1. Koscppuurenrta abconoTHOH Tra30MpoOHMLAEMOCTH TPU CTALHOHAPHOW WU
HeCTaLHOHAPHOU (PUJbTPALUH;

Kosddpuuuenrta oTKpeITOH MOPUCTOCTH;
MuHepaornyeckor MJOTHOCTH;
Koadhduuuenra BonoynepuBaolleil cnoco6HOCTH;

KOS(p(pHU,I/IEHTOB OCTaTOYHOM BOJOHACHIIIIEHHOCTH U Heq)TeHaCbIHLeHHOCTI/I;

SEEE A e

O6u1e#i Kap6OHATHOCTH MOPOL;

7. KoadduuueHnra ynesbHOr0 3/71eKTPHUECKOTO COMPOTUBJIEHHUS;
8. CKOpOCTH pacrnpocTpaHeHHs YIPYTHUX BOJIH;

9. Ilerporpaduueckoe omucaHue MOPOAbI B LIIU(DAX;

10. KoadduureHra BbITeCHEHHsI U OCTaTOYHOH He(TeHACHILIEHHOCTH U (ha30BoOM
TIPOHHUILAeMOCTH;

11. depopmMallMOHHO-YNIPYTHUX CBOUCTB TOPHBIX MOPOL;
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12. KanuaasipHoro naBjieHHsl HACHILEHHBIX 00pa3L0B KepHa.

[TomrMO OCHOBHOH HCC/efOBaTeNbCKOH NeATeNbHOCTH B JlabopaTOpUH BenéTcs
YU4éT MaTepHasioB KepHOXPaHUJHILLA, TIPOBOASITCS MPOBEPKU COOCTBEHHOTO 060pPY/0-
BaHHS, COCTABJISIOTCS MPOrPaMMBbl UCCJEOBAHUH, TIPEACTABJSIOTCS OTYETHl O TMOJY-
YeHHBbIX pe3yJbTaTax U BbINOJHAETCS MHOXKECTBO APYTHX CONMYTCTBYIOIIHUX UCCENO0-
BaHUIO padoT.

Jl71s BBIMOJIHEHUST KaXKA0T0 3aKa3a Ha UCCJel0OBaHHE COTPYAHHUKH J1abopaToOpUH
COCTaBJISIIOT TIPOTPAaMMy €ro MpOBeleHHs — CIIUCOK paboT, HEOOXOAUMBIX AJs OIlpe-
LleNleHHs] HYKHbIX NapaMeTpoB. Tak:ke HeOOXOAHMO CJEAWTb 3a COCTOSTHUEM 060py-
noBaHus Jaboparopuu. [Ipu 3TOM cocTaB/ieHHe MporpaMM HCCAef0BAaHUHU IJ5 Kax-
JIOTO HOBOTO 3aKa3a MpPOM3BONMTCS COTPYIHHMKAMH Bpy4yHYlo. BrocnencTBuu oHu
XpaHsiTcsl B OyMaxKHOM BHJe MO0 Ha KOMIbloTepe B (popmMaTe TEKCTOBLIX HAOKYMEH-
TOB, UTO 3aTPyAHSET MOUCK HY>KHOH MH(pOpPMAUHU B AajbHeHlIeM. Y4éT o6opynoBa-
HUS BeIETCS TOJNBKO B OyXra/JTepuu B paspe3e NOKYMeHTOB.

Ha ocHoBe 3THX NaHHBIX ObIJIO NPUHATO pellleHHe BKJIIOYUTh B UHPOPMALIUOHHYIO
cUCTeMy J1a00paTOpUHU MOACHUCTEMbl yyeTa 000pyAOBaHUS U aBTOMATHU3alHUH COCTaB-
JIEHHsl TIPOrpaMM HCCJef0BaHUS.

[TpoBonumbie nabopatopueit @HCuII nccnenoBanHus KepHa M MJAACTOBBIX (JIi0-
UI0B BOCTPeOOBaHbl U aKTyaJbHbl. [laHHBle 0 3amacax He(pTH, UHpopmaLHs, HeOO-
XOUMasi 1/l COCTaBJIeHUS] TeXHUUYECKHX MPOEKTOB pa3pabOTKH, OUeHb BaxKHBI MPU
IKCILJIyaTalluk U pa3paboTke MecTopoxkaeHUH. [loaTomMy /s MOBBILIEHHUS KOJHYe-
CTBa MPOMU3BOAMMBIX MCCJEOBAHWH W yMEeHbIIEHHUS TPyLo3aTpaTr Ha UX MpOBeleHHe
HeoOXOIMMO aBTOMATU3UPOBATH OOJBILIMHCTBO COMYTCTBYIOUIMX HCCJENO0BAHUIO pa-
60T.

B npouecce anasnusa npenMeTHOH 06J1aCTH OblIM BbISIBIEHB! CJAEAYIOLINE 3a1a4n
aBTOMATH3aLIUHU:

1. Yuér nabopatopHoro o60pyLoOBaHuUS;
2. Y4ér maTepuasibHBIX CPeACTB J1a00PaTOPHH;

3. ABTOMaTI/ISaLLI/IH COCTaBJIeHUA NporpamMmm UCCJIeJOBAaHUH.

Jl71s1 3TOrO NMpHU NPOBEAEHUU MHBEHTapU3aLHUK 0060pyL0BaHUS 1abopaTopun HeoO-
XOLHMMO OBLJIO YUHTBIBATb CJeAYIOLI1e CBeJeHHUs:

1. HasBanue o6opynoBanus;

Onwucanve U HazHaueHHe 00OPYNOBAHHS;
CoctaB 060pynOBaHuS;
XapakTepUCTUKU 000pYIOBaHUS;

CocrosiHre 060pynOBaHNUS;

LI A

Jlata nocsnenHel mpoBepKH.



140 I1.M. KochsinoB, H.B. MaHwokoBa. Pa3spaboTka HHQOPMALHOHHOH CHCTEMBL...

Takum 06pa3oM, NpOrpaMMHBIN NMPOAYKT A0JKeH Obl1 00eCreYuTh:

- BO3MOXKHOCTb BBOJd, XpaHEHUS U PelaKTUPOBaHMUS MH(GOPMALHU U NPeACTaB-
JieHHs1 (PopM OTUETHOCTH;
TIOMCK HEO0OXOAUMOH UH(POPMALIMH;
aHaJ/IM3 COCTOSIHUS J1abOpaTOPHOrO 060PYAOBAHUS;
sKcnopT otyétoB B MS Word,
uHTepdeic, yIoOHbIH AJS MOJb30BATENS,;

- e4yaTb ()OPM OTUETHOCTH 110 pe3y/bTaTaM BBINOJHEHHBIX paboT.

CrenoBare/ibHO, TJIaBHAsl 3ajada 3akJrodasnacb B npoekthpoanuu [11, 13] u
paspaboTke 0asbl JaHHBIX AJS XpaHEHHs UH(POpPMALMM O 3aKa3uuKax, palioHax uc-
CJIeJOBaHMS, CBeJleHUH O BBHINOJNHAEMbIX paboTax U 000pYINOBaHHH, C OpraHusaluei
HeoOXOAMMOH 3alIUThl UMEIOILMXCH AaHHBIX MyTEM MCIOJAb30BAHUSl CPEACTB ayTeH-
TU(UKaUUK U wHdpoBaHus. PaspaboTka mpoBogusnach cpeactsamu cpenbl Borland
C++ Builder v6.0 [1-5], [15]. CtaHmapTHBIMH KOMIIOHEHTaMH 3TOH CpPeIbl paspa-
60TKH peasu3oBaHa cBsdka MexaHusmMa ADO c 6azoéi manHbix MS Access yepes

ODBC.

2. OmnpepeneHue KpuTepueB KauecTBa MPOAYKTa

PykoBonctBysice crangaprom ISO 9126-1, 6bl11 BbIOpaHbl KPUTEPUH KadyecTBa
MPOAYKTa, HA KOTOPble OPUEHTHPOBANUCH TIPU pa3paboTke MH(MOPMALIMOHHON CHCTe-
MBI.

1. dyHkMOHANBHOCTL — HaboOp aTpUOYTOB, XapaKTepU3YIOIIMH COOTBETCTBUE
(byHKUMOHAAbHBIX Bo3MoxkHOocTed [IO Habopy TtpeGyemo#l moJb3oBaTeseM
(yHKUHOHAIbHOCTH. [leTanusupyercs cjaelyoOLUMH NOAXapaKTepPUCTUKAMHU:

- TIPUTOIHOCTBIO AJIsi PUMEHEHHUS,
- KOPPEKTHOCTbIO (MPaBUJIBHOCTBIO, TOUHOCTBIO);

- 3alIUILIEHHOCTLIO.

2. TlpaBuabHOCTb (KOPPEKTHOCTb) — MPOrPAMMHBIN NPOAYKT HallesleH Ha Tpefo-
CTaBJIEHHE B XOJe HCIOJ/b30BAaHUS KOPPEKTHBIX AJI M0Jb30BaTe sl pe3yJsbTa-
TOB.

3. Cnoco6HocTh K B3aumopneicTBuio ¢ MS Office myTém BbIrpy3kH OTUETOB.

4. 3amuuéHHocTb. B mporpaMmy BHeIpeHbl CUCTEMbl ayTeHTHU(PHUKALUWN U LIH)-
poBaHHUsl. AyTeHTH(HKALHUS MO3BOJSIET OTPAHUYHUTH AOCTYM, a WH(POBaHHE
3aLIUMTUT OT HECAHKLHOHUPOBAHHOIO KOMMPOBAHUS HH(OpPMALHH.

5. HapéxHocte — Habop arpubyToB, oTHocsmuxcs K crnocobHoctu 10 coxpa-
HAITb CBOH YpOBeHb KauyecTBa (PYHKLHOHUPOBAHWUS B YCTAHOBJIEHHBIX YCJIO-
BUSIX 3a OlpelesNéHHbIA Mepuoln BpeMeHU. Bce HCKJIOUUTE/NbHBIE CUTyalUH
KOppPeKTHO OynyT o6paboTaHbl B pexKHMe peasibHOro BPeMEHM, O UéM M0J1b30-
BaTeJib OyIeT MPOUH(POPMUPOBAH B CJydyae BO3HUKHOBEHHS TaKOH CHUTYalLlUH.
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HpaBI/IJIbHaH 06pa60TKa OIIMOOK IIO3BOJIUT Ha MeCTe OIpeneadTb XapaKTep
JNIeHCTBUH TMOJIb30BaTES, IIPpU KOTOPLIX M BOSHUKAET omubKa B rnporpammMme.

6. dddextrBHOCTh. [IporpamMmHubll MpoayKT obecrneynBaeT TpedyeMyt MpPOU3BO-
IOUTENbHOCTD pellieHusT (PyHKLIHOHAIbHBIX 3a7a4 C yUETOM KOJMYeCTBA UCIOJ/b-
3yeMbIX BBIUMCJAUTENbHBIX PECYPCOB B YCTAHOBJIEHHBIX YCJOBHUSX.

7. TlpaktuuHocTb (mpuMeHUMOCTB). [IporpaMmHBIi MPOAYKT 00/1a1aeT UHTYUTHB-
HO TMOHATHBIM HHTep(deiicoM, UTO TMPUBOAUT K JETKOCTH OCBOEHHs Tpolecca
paboTel ¢ HUM. IDTO [eJaeT ero JAOBOJBHO IPHUBJEKATeJbHBIM MAJs J060ro
YPOBHSI T0JIb30BaTEJEH.

8. Mob6unpHocTh — Habop aTpubyToB, OTHOCAIKXCS K crnoco6HocTH 1O ObiTh
nepeHecEHHBIM M3 OJHOTO OKPYXKEeHHS B Jpyroe.

3. IIpoektupoBaHue U pa3padoTKa MPOrpaMMHOIO MPOLYKTa

Jlnisi XpaHeHHWs] TaHHBIX MPOrpaMMbl HCIOJb30BaHA DeJISIIHOHHAs (asa MaHHBIX
[14, 15]. CxemMa naHHBIX M MeCTO TOACHCTEM BO BCeH HH(POPMALMOHHOH CHUCTEMe
npefcTaBJ/eHa Ha pUCYyHKe 1.

xllPﬂ.HTE?MCThKH

CHBARMHA

Ll il
Liocste_key
Lvvell_name

PARCH
BOCNEOCBARKI
L-:h.u Mmr “
Lchar_vabue _J

CEFASIUN
KE-PHA

MPOIPANMA
HCCIEQOBARME

PABOTH M
HCCIEQOBAHNA
Lasry. il
Ly _pustees
Lséry_obj

TPUNMN - PABOT

Lwork_ich

Lvwork,_ruaime

=l

HOFHATHBHO=MIPABOBAT EAZA

Puc. 1. CxeMa maHHBIX U MecTO nopcucteMm Bo Bcelt C

B uHTepgeiic nporpaMMHOro NpoayKTa BCTPOEHO CPEACTBO PEerHCTPaLMUH IMO0Jb-
30BaTesiell CUCTeMBl. B KayecTBe OCHOBHBIX MAEHTHU(UKALMOHHBIX JAHHBIX BHECEHO
MMsl M0JIb30BaTeJsi (JIOTWH) U mapoJb. [loMUTHKa pa3rpaHHueHUs MpaB MOJb30BaTe-
Jiell CUCTeMbl TIOMOTaeT BBICTPOUTb YETKYIO MepapXHI0 B3aHUMOAEHCTBUS COTPYAHUKOB
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98 rsopvaemn revs Torn T

: ‘\3 MporpaMmMu MCccneaoBaHuii

Lioucs e e S e s i e e o

Puc. 2. I'naBHas ¢opma HH(OOPMALHOHHON CHCTEMEI

C MPOrpaMMoOM, a TakxKe NEeHCTBYyeT Kak 3aLIUMTHBIA Oapbep OT HeCaHKLIMOHMPOBAH-
HBIX JNeHCTBUH.

B noacucremax yuéra o60pynoBaHUSl U aBTOMAaTH3aLMKU CO3[aHUS IIPOrpaMM HC-
CJIe[JOBaHUS NPEAYCMOTPEHO pasjesieHHe poJiell Mosb3oBaTesiel:

® A MUHUCTPATOP;

® OOBbIYHBIN M10JIb30BATEIIb.

OcHoBHOe TpeGoBaHHMe K M0J1b30BaTEeNbCKOMY HHTepdelicy — ero 3proHoMHuu-
HOCTb. Llesb CO31aHUSA 3PrOHOMHUYHOrO HMHTep(elca COCTOUT B TOM, YTOObl OTOO-
pasuTb MH(POPMALHMIO HACTOJNBKO 3(P(PEKTHBHO, HACKOJBKO 3TO BO3MOXKHO [JIs 4Ye-
JoBeveckoro Bocrpusitus [10]. [lasi 3Toro HeoOXOAMMO MHHHMM3MPOBATH OOLILYIO
MH(OPMAaLMIO Ha 9KpaHe WU 0TOOpaxKaTb TOJIbKO Ty, KOTOPas HY>KHa M0Jb30BaTeJI0
B JIaHHbIH MOMeHT. Ené onHa HeMasoBaxKHas 3a4adya IproHOMUYHOrO MHTep(enca —
CTPYKTYpPUPOBaTh OTOOpaKeHHWe Ha 3KpaHe TaKuM 00pa3oM, U4TOOBbl MPHBJEUb BHU-
MaHHe K HauboJiee Ba>KHBIM eMHHLAM HH(popMaLuuU. M3o0paxkeHue riiaBHOH (pOpPMBI
MH(OPMALMOHHOH CHCTEMBI TIPEeCTaBAEHO HA PUCYHKe 2.

B nensix MHHHMH3aUMK BO3HUKHOBEHHMS BO3MOXKHBIX OLIMOOK M HETOYHOCTEH, a
Takxke 00JIerueHusl TPyAa COTPYAHHUKOB B CHUCTeMYy BCTPOEH MeXaHU3M CIIPaBOYHHU-
KOB.

B noacucreme co3naHO TP CIPABOYHHUKA:
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AP Crpaeounys : Jakasuma ‘ i
Haasanue npeanpuaTun -
4 0AD "AraHHedgrerasonorus’
000 "BanoHuHckos'
000 "HaraHe-0éin'"
040 "HerycHegTe"
350 "Hoprras"

a2 12 A ) [l

Puc. 3. ®opma crpaBouHHKA «3aKa3uHKH»

A Crpusc : Posons rescsw S -

Mnowans HCCNEADBAHMA; HazpaHWe cKBEXMHLIL
H3n

] Pocnasnscaudi ny
Nexocckan nnow ats |
BAMOHUHCKOE MECTORO M SHHE | &Y
Cepapo-uperrofick s nnow ik |

A EREEEEE

Puc. 4. ®opma crnpaBouyHrka «PalioHbl HccienoBaHui»

® 33aKa34HKY,

® pPaliOHBI UCCJEe0BAHNUS;

® BU/bl UCCJIE[IOBAHMUS.

CrnpaBouHUK «3aKa3uUKW» TNpelHA3HAueH [/ XpaHeHWs, pelaKTUPOBaHHUS Cy-
LEeCTBYIOLIUX U N00aBJeHHs] HOBbIX NaHHBIX 0 3akazuukax. Popma paboThl co crnpa-
BOYHHMKOM T0Ka3aHa Ha PUCYHKe 3.

CrnpaBouHuK «PaiioHbl UCCIeI0BaHUN» XPAaHUT UH(POPMAIIHIO O MECTOPOXKAEHHUAX
M CKBaKWHax. Ero usobpaxkeHue npenctaBjaeHoO Ha PUCYHKe 4.

JlaHHBIE 0 MPOBOAMMBIX JabopaTopuel paboTax XpaHATCS B CPaBOYHHKe «Bumabl
uccaenoBaHui». s ynioO6HOH HaBHraUWW U yCKOPEHHUS MOUCKA HEOOXOAUMOH yCJy-
rd paboThl ObLJIM Pa30UTHl Ha KaTeropuu. B crpaBouHUKe cOnepKUTCS MH(POpMaLUs
0 HaUMEHOBaHMHU yCJyTH, 00bEKTe UCC/Ie0BaHUS U e€ CTOUMOCTH. KaTeropun takxe
MOXKHO H00aBJsATb UM H3MEeHATh Tekyllue. Popma crnpaBoyHUKA NpelcTaB/eHa Ha
pUCYHKe 5.

Paccmotpum (hopmbl nmoacucTeMbl yuéta o00pynoBaHUS. YUYET MPOBOAMUTCH B OC-
HOBHOM [J/151 CJIeXKeHHs 3a TeKYLIMM COCTOsiHHeM obGopynoBaHus. [lomumo sToro B



144 I1.M. KocbsiHoB, H.B. MaHmokoBa. Pa3paboTka HHQOPMAaLHOHHOH CHCTEMBI...
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Puc. 5. ®opma crpaBouHuKa «Bunsl uccienoBaHuii»

B fobamnenne obopyaosannn e

i' parTEoe HanMEHOBaAHRE

Monnoe HanMeHoBaHwe
(AR BAAHCTHUARTOR

|01.09.2020
0K

Puc. 6. ['naBHas ¢opma nopcucteMbl yuéra o6opynoBaHuUs

JM060H MOMEHT BpeMeHH MOXKHO MOJYYUTb CBEIEHHUS O €ro CocTaBe U XapaKTepu-
ctukax. Ha pucynke 6 noxkasana riaBHasi ¢popMa MOACUCTEMBI.
dopma xapakTepUCTHK 000pPYINOBaHHS MOKa3aHa Ha pucyHke 7. Ha Hel mpuBe-
JIeHbl Ha3BaHUS BbIOPAHHOTO OOOPYAOBAHUS W CIIUCOK €ro XapakTepucTUK. CIHCOK
BKJIIOUaeT B ceOsl HAMMEHOBAHHWE XapaKTepPUCTHKH, ee 3HaYeHHe U Pa3MepHOCTb.
®dopma n3obpakeHus: 060pynoOBaHUS MpeacTaBieHa Ha pucyHKe 8. M3o6paxkeHue
MOXKHO M3MEHHTh, BHIOpaB U3 (paiia HOBOe, UM YyAAJNUTh.
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Cnwcox  Jaxkpoite {
Obopypaobanmne:
AR BEINCTUATOD

XapasTepHCcTHINA:
HaumenoBanwe SIHaueHHne PazMepHocTs -
Poa Toka MBS
Hanpsmeraes 220 B 3
Nortpefinmenan MOWHOCTE 3+03 Br 3
Pacwon Bodks Ha conasaeHme 120 'y
Boicora 610 it
[ afiaperHeiE pastee J00w320 Pt
Macca we Sonee 18 Kr
Conepwatese cepabpa - nyckarens N6111 T4 16536 377-77 28 r
Coaepskaree cepedps - Tumdnep T3AMD, 360407 TY 023 -

Conepmarase copetng = mukponepermowsrens MW-34 TY 25 01 765.73 02 r

1 g [3

Puc. 7. ®opMa xapakTepUCTHK 00OPYHIOBaHHS

L)

N s il il

[% M ameHUTE ﬂ Ypanite

QK. | OrtreHa

Puc. 8. ®opma nzobpakeHuss 060pyA0BaHUS

Ewé onHuM TpeGoBaHHEM K MOICHCTEME SIBJISIETCS peann3alusi MexaHuama (op-
MUpOBaHHUsI oTUETHOCTH. ComeprKaHue OTYETA MOXKHO M3MeHsSTh. J[OCTYMHB cieny-
IOlllMe BUAbl OTYETA:

® OTYET O COCTOSIHUHM Bcero 000pyIOBaHUS J1a00PaTOPUH;

® CIIMCOK HUCIPAaBHOTO 000PYAOBAHUS;

® CIIMCOK HEHCIPAaBHOTO 000PyIOBaHUS;

® CIIMCOK 000pYNOBaHHUS, HYXKAAIOLIErocsl B MPOBEPKE.
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B npouecce TecTHpoBaHUS NAHHOT'O MPOrpPaMMHOrO MPOAYKTa Oblaa MpoBepeHa
paboTOCnOCOOHOCTh NPOrpaMMbl B CTAHJAAPTHBIX YCJOBHUSIX, HA yPOBHE OTAEJbHBIX
(yHKUHMHA U MoAyJied W Bcell mporpaMMbl B 0OLleM, a TakKxKe MPH BBOAE 3aBEIOMO
HeBEPHBIX WJIM CJIOXKHBIX BXOAHBIX AaHHBIX. [0 pe3ysnbrataM npoBeq€HHOrO TeCTH-
pPOBaHHUSA MOXHO CKas3aTbh, UTO MpOrpaMMa YCIEIIHO BBIMNOJHSET BCe (YHKLUHUU U
CrpaBJ/sieTcsl ¢ HeCTaHAAPTHBIMH CHUTyalUsiMA 06e3 IMpepbiBaHUS U BO3HUKHOBEHHS
(haTa/bHBIX OLIHOOK.

B Xopme TecTHpoBaHMS NpOrpaMMbl He BbISIBJI€HO HUKAaKHX HapylLIeHHH, KOTOpble
MOTJIH MIPUBECTH K cO0I0 B paboTe mporpamMmbl. ATO obecrnednBaeTcss MUHUMU3aLUen
BBeJIeHHUS JAHHBIX M0JIb30BaTeeM C KaaBuaTypel. OCHOBHbIe 3HAUEHHS BBIOMPAIOTCS
U3 BbIMNAAAOLUIUX CIHUCKOB JHUOO BBIYUC/SIOTCA aBTOMaTHUeCcKH. B ponosiHeHHe K
3TOMY Ha KaXKIOM LIare OCyLeCTBJSAETCS KOHTPOJb BXOAHBIX U BBIXOJHBIX JaHHbBIX.

3akJjroueHue

OcHOBHBIM Ha3HayeHHeM pa3padOTaHHOIro NPOrPaMMHOrO NPOAYKTA SIBJSETCS MO-
BbilIeHHe 3(P(eKTHBHOCTH U KayecTBa MPOBOAMMBIX jnabopartopueld pador. Peanusa-
1Us yuéra 060pya0BaHHS MO3BOJHUT MOCTOSIHHO KOHTPOJIUPOBATh COCTOSIHUE TeXHUKH
M CBOEBPEMEHHO NPOBOAWTH €& NMpoBepKHU. ABTOMAaTH3aLMs MpoLecca COCTaBIEHHUS
PpOrpaMM HCCJ/e0BAaHUH NpPUBENET K yMEHBLIEHHIO 3aTpPauMBaeMoOro BpeMeHH Ha
NIpOBeleHHe PYTHHHBIX ONepalMi U TakKKe [03BOJUT ONpPEeNeNHUTb, BO3MOXKHO JH
MIPOBefleHHe TOT0 MJIKM MHOI'0 MCCJEeOBAHHS B 3aBUCHMOCTH OT COCTOSIHMSI HE00XO-
OUMOro 060pYLOBaAHUS.

Paspa6oTaHHble MeXaHH3Mbl MOMCKA M0 BBIOMPAEMBIM KPHUTEPHUSIM W MeXaHHU3MBbI
(hopMHpPOBaHUS OTYETHOCTH TaKxKe IMO3BOJIAT SKOHOMUTb 3HAUUTEJNbBHYIO 4acTb pa-
6ouero BpeMeHH COTPYAHUKOB JabopaTopuu. B nporpaMme peann3oBaHbl HEKOTOpPbIe
acrekThbl MH(POPMaALMOHHO} 6e30MacHOCTH, a UMEHHO: Mepejaya U XpaHeHHe B Oase
JaHHBIX MIH(POBAHHBIX MapoJed U MexaHU3M aBTOPU3ALUH.

Ha ocHOBaHMHU BbIlLIECKa3aHHOIO MOXKHO ClesaTh BBIBOJ, YTO pa3paboTaHHBIM
MPOAYKT SIBJSIETCS 3aKOHYEHHBIM M MOXKeT ObITb PEKOMEHJOBAH K BHEIPEHHI0 B
nabopartopun @HCuII.
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BBenenue

[IpuaomoBbie, MyHHLHNAbHEIE U (DefepasibHble COOCTBEHHOCTH H/UJIH TEPPHUTO-
pUU MOPOU MPUXOAAT B HETOJHOCTb, @ TAaKXKe MPOUCXOAST HEKOTOpPble NPyrue coObl-
TS, O KOTOPBIX MOXKHO COOOL1aTh AJsl pelleHHUs] BO3HUKIIUX NPo6JeM.

C uesibto nosydeHuss HHGOPMALKMK 06 3TUX COOBITUAX ObININ CO3aHbI PA3JUUHbIE
rocylapcTBeHHblEe CepBHUCHl M0 00paboTke oOpaiieHWd rpaxaaH. OqHako 3adacTyio
YETKO He OMHUCBIBAIOTCS KPUTEPHUH, MO KOTOPBIM MOAEPATOPY HJM CaMOMY IpaxKia-
HUHY MOXKHO OJIHO3HAUHO OTHECTH 3aNpoC K KOHKPETHOH KaTeTrOpHH.

Pewuth Takyto npo6seMy MOXXHO € MOMOILbI0 00pabOTKH CONEPKUMOro obpaliie-
HUSI C LleJIbl0 aBTOMaTHYeCcKOro orpenesieHuss kateropuu. IlpensoxeHHoe pelieHne
MI03BOJIUT COKPATUTb OLIMOOYHBIE KAaTEropuH, YTO MOXKeT YCKOPUTb Ipolecc obpa-
6oTkH 3ampoca. Kpome TOro, MCKJIOUHT ydacTHe 4YesOBEKA B ONpefieJieHHH KaTe-
ropuu oOpalleHHs, UTO TakKe OJIArOMPUSITHO CKaXKeTcsl Ha CKOPOCTH 06paboTKu
oOpaleHus.

Takum o6pazom, Lesiblo SBJsETCS NMPOBepKa paboTOCIOCOOHOCTH OMUCAHHOH BbI-
llle WEH C UCMOJb30BaHUEM paHee pa3paboTaHHOro ajroputma [1].

OnpenesieHsl c/eylolide 3aauH:

1. Onucate npaBusa njsi 06paboTKU obpallleHuH rpakaaH.

2. B kauecTBe pe3ysbTaTa OTIPAaBJAATb MOJY4YEHHYIO KaTeropuio B opmare

JSON.
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B nanHo#l cratbe OyAyT onmucaHbl 0COOEHHOCTH HCIOJb30BAHUS aJrOpPUTMaA, pas-
pabOTaHHOTO A/ U3BJE€YEHHUS CMBIC/]IA U3 TEKCTa B KOHTEKCTe CO3AaHUs (POpM HaH-
HBIX, KOTOPBIH MOAPOOGHO ONMHCAH B cTaThe [l], U BO3HUKILHE CJIOXKHOCTH B peasu-
3alMM MOCTaBJEHHBIX 3a/1a4.

1. IlocraHoBKa 3amauu

B kauecTBe 6a3bl AJ1s1 ONMHUCAHUS MPABUJ U MPOBEPKU pabOThl airopuTMa OblIx
nosiyueHsl obpaileHus rpaxnaH u3 Pecny6auku Tatapcran ¢ o6vémom Gosee 25
TBIC. 3allUCeH.

Bcest mosyueHHas uHdopMauus o6 obpalleHUU pazduTa Ha Cjaefylolihe BUIBL:

1. Jlata nmogayu 3asiBKH;

2. Hoarora;

3. Hlupora;

4. Anpec;

5. Kareropusi, npucBoeHHasi MOIEPaTOPOM;
6. Onucanue 3as1BKY;

7. id ucnosHuTens;

8. Cratyc 3asBKH.

Jlnsi aBToMaTHyecKoro omnpeeseHHst KaTeropuu HeoOXoauMbl nojs «OnucaHue
3asiBKH» U «Azpec», a IJIs1 COCTaBJeHUs NPaBUJ — ellé aononHutenpHo «Kareropus,
MIPUCBOEHHAS] MOLEPATOPOM>».

PaccmoTpuM HeckoJsibKO MpUMepoB 0OpallleHHUH W3 pa3HblX KaTeropui, He BKJIIO-
yasi moJjie «Ajpec», T. K. OHO 3a4acTyl0 HMeeT CTaHAApTHBIH (hopMaT W HHTepeca B
NAHHBIH MOMEHT He NpeJCTaBJseT:

Tabauua 1. [TpuMepsl 3a8BOK M UX KaTeropuu

Kareropus 3asBKa

Conepxxanve u peMoHT|CrenaTh Cbhe3f
MYHHUIUTaJbHbBIX J0POT

[octynHas cpena ChenaTh BXOA AJS1 KOJSICOUHUKOB YCTAHOBUTD MaHAYC
Ha BXOJHOH rpyrmme K opraHudaurud CrnopT MporHos B
3MaHUU TOe HeT MaHAyca

BnaroycrpoiicTBo Teppu-|C3aau rapaxHoro ceKTopa M 4aCTHBIX 1OMOB 06paso-
TOpPUHU BaJjlacb CTUXMUHas cBajka. [Ipocum mpuBecTH B I0-
psLIOK
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B nepBoi#l 3asiBKe SIBHO YyKa3aHO [eHCTBHE, KOTOpPOe MPHU OTCYTCTBUU [IPYrod
MH(pOPMAaLM1 MOXKHO OTHECTH K YKa3aHHOW KaTeropHH.

KaTeropusi BTopoii 3asiBKH OInpefesisieTcs C MOMOILbIO IeHCTBUH («CcaesaTh BXOM»,
«yCTAHOBHUTb MAHAYC») U YTOUHSIOUEH HHOPMALUU — «JJIST KOJISICOYHUKOB», TaKXKe
MOXKHO BBIJIEJUTb NMPUUMHY 3asIBKH: «HET MaHAyCa»; U MECTO: «Ha BXOIHOW TpyIIie»,
«K opranuzauuu CrnopT MpOrHO3».

B TpeTbeil 3asiBKe neficTBUeM OyHeT «[IPUBECTH B MOPSAOK», MECTOM — «C3a1H
rapaxkKHoOTro CeKTopa M YacCTHBIX JOMOB», a MPUUHMHOH — «oOpasoBajach CTUXHHHAs
CBaJIKa».

Ha npumepax Bbillle MOXKHO ONpefeanTb, MHPOPMALHIO KAKOTO CMBIC/Ia HEOOXO-
IMMO HM3BJIeKaTh U3 3ampoca AJsl ONpefieseHHs] ero KaTeropuu: AedcTBHe, MecTo U
IPUUHHA.

BaxXHO OTMeTUTb, YTO He B KaxKA0M oOpalleHuH 00s13aTebHO OyayT NPUCYTCTBO-
BaTh BCe TPU NapaMeTpa, TaKHWe 3alpochl HaUboJee YacTO BCTPEUalOTCs U UX TaKxkKe
HY2KHO oOpabateiBath. [l03TOMYy npensaraeTcs MCMO/Ab30BaTh B KaueCTBe pes3y/bTaTa
CIIMCKHU C NpaBUJ/IaMH, KOTOpPble y1aJ0Ch pacrno3HaTb. boJjee Toro, Takoi noaxon mnos-
BOJIUT pa3obpaTb oOpalleHHs, B KOTOPbIX UMeeTCsl U30bITOYHAsl /I KaTeropu3auuu
UH(pOpMaLHUS.

2. Peaauszanusa
2.1. CpaBHeHUe JaHHOU 3aJayM C MOCTPOEeHHEM (POPM BBOAA JAHHBIX

OCHOBHOE OT/IMYMe OT OMHCAHHOTO B cTaThe [l]| asropuTMa 3ak/wyaercs B T0-
JiydyaeMoOM OTBeTe mocJje oOpadoTku. Ecau mpu obpaboTke 3ampoca B KOHTEKCTE
(opM BBOAA MAHHBIX I[EJbI0 SIBJASJOCH OTMPENESUTb CMBICJ 3aMpoca, TO B JAHHOM
cJly4ae LIeJIbI0 SIBJISIETCS M0 CMBICJIY 3ampoca ONpelNesiuTh ero KaTeropHio, T. €. Bbl-
SIBJIEHHE CMBICJIOBBIX UacTel «IeHCTBHE», «MECTO» M «IPUUYHHA» OYyAeT MPOUCXOAUTh
Ha 3Tarne CeMaHTHYeCKOro aHanusa. [Iputom tenepb mosydyuTb HEOOXOAUMO He OAMH
pe3yJbTat paboThl, a BCE, UTO yAaJ0Ch HAUTH BO BXOASILEM 3arpoce.

Kaxxnoe nepeBo, BbIIeNsAONIEe CMBICJOBBIE YaCTU «IEHCTBUE», «MECTO» U «IIpHU-
YKMHa» CTPOUTCS IO aJTOPUTMY Ha puc. l.

C uesplo MoJsiyyeHUs] KaTeropud ObLJIO HEOOXONUMO OMNMCATh MOMOJHHTEIbHOE
JIepeBO pelleHHH, KOTOpPOe 10 BbIAEJEHHOMY CMBIC/Y OOpalleHHsl OTIIPaBJSIO0 OTBET
B BHJe KaTeropuu NAHHOTO 0OpallleHHs.

OnHako ecau 3TO OTJAMYHE MOXKHO OBLJIO ONHUCATh ellE OJHHUM aJrOpUTMOM H
peasin30BaTh 3a JOCTATOYHO KOPOTKHH MPOMEXKYTOK BPEMEHH, TO MpaBuia AJs 00-
paboTKH Takux oOpallleHUH OblJ10 HEOOXOAWMO 3aHOBO ONMUCATh BPYUHYIO, UTO U 3a-
HSJ10 GOMBLIYIO YacTb BPEMEHHU /151 IPOBEPKHU BO3MOXKHOCTH HCIIOJb30BaHUS paHee
peasin30BaHHOTO aJTOPUTMA.

PaccmoTpum pa6oTy U3MeHEHHOTO aJropuTMa Ha mpuMepe 3anpoca «baaroyerpo-
eHHasl TMJIoIaJKa MpeBpaTHIach B CBAJKy Mycopa», OXXugaemasi kateropus: «bsaro-
YCTPOUCTBO TEPPUTOPHUH».

HauanbHbiM 3HaueHHeM, MOJABAaEMbIM Ha BXOJ aJropuTMa SIBJSETCS caM TeKCTO-
BBIH 3ampoc. [lajee ¢ MOMOIIbIO CHHTAKCHUECKOTO aHAJIM3a BHISBJISIOTCH LIEMOYKH
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MEPENTH K
KOPHEBOMY Y31y

Y

B3ATH
HOpMaJIM30BaHHOE
CJIOBO M3 3aripoca

Ha JaHHOW TIIyOMHE JepeBa
CYIIECTBYET pedpo, MOMEYeHHOE
3THUM CIIOBOM?

co3zatk pedpo, v
IIOMEYEHHOE DTHM
CIIOBOM

v

CITyCTHUTBCS K Y311y
BHHU3

CO371aTh y3ell C
IIyCTBIM TIPAaBUIIOM

KOHEII 3ampoca

J100aBUThH B TEKYIIUI
y3eII IpaBuIo

Puc. 1. Anroputm nocTpoeHHus fepeBa NMPUHSTHS pelleHHH

CJIOB, KOTOpbIe MocJje 06paboTKH CeMaHTHUYECKHM aHalW30M MOXKHO OTHECTH K OITH-
CaHHBIM paHee CMBICJOBBIM YACTSIM. 3aTeM IO BbISBJEHHBIM 3HAUEHHUSIM CMbICJIOBBIX
yacTell 1epeBo onpenesieHUs] KATerOpUU MbITaeTcsl HAUTHU MPaBUJIO U OTHECTH 3ampoc
K KOHKDETHOH KaTeropuu, uto U OyleT SIBAATbCS pe3y/abTaToM 00pabOTKH 3ampoca.
O6wuit anroput™ 06paboOTKH 3ampoca MpeacTaBJieH Ha puc. 2.

Ha srane cemaHTHueckoro aHann3a OblIM pa3oOpaHbl CJAENYIOIIHE CMBICIOBbIE

HacCTHu:

[{
"type":"reason",
"lexemes": ["cBank", "mycop"]
}H]
rie "type" — 3TO cMbIc/OBasi yacThb 3ampoca <«lpHUMHa», a "lexemes" — cIHCOK

pa3o0paHHBIX JeKceM. 3aMeTHM, UTO Pe3y/JbTaTOM SIBJSETCS UMEHHO CIHCOK, T. K.
MMEHHO Ha 3TOM 3Talle ONPEeNeNsITCS U APYTHe CMBIC/JAOBBIE YaCTH 3ampoca.
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IIposectu
CHHTAaKCHYECKUI
aHaIN3

HCT pe3ypbrara

€CTb pe3YJIbTaT

IIpoBectn cemaHTHUECKUI
aHanu3

12

3anoMHUTH pe3ynbTaT
00paboTaHHON YacTu
3ampoca

v

IlepeliTu x nepBoii He
00paboTaHHON YacTh

3ampoca

HET

Koner 3anpoca?

JlepeBo ompe/ieneHus KaTeropyuH 1o
IOJIyY4CHHBIM BBILIE PE3y/IbTaTaM BBISBISCT
KaTeropuio

v

Brigars kateropuro )
«<
3arpoca

Puc. 2. Anroput™ 06paboTKH 3alpOCOB TpaXkaaH

C nomolbio fepeBa onpeseseHss KaTeropuy o0palleHns U3 MoJyYeHHbIX MPaBUJI
MOXKHO MOJIYUHUTDb CJAEAYIOLIUH pe3ysbTar:

"category" :"BjlaroycTpoiucTBO TeppuTopumn"

Bcero nusi onpenesneHusi KaTeropuil OblIoO ONHUCaHO OoJjiee 8 ThIC. MPaBUJ JIeK-
CHUECKOr0 aHaJ/M3a, O ThIC. Ha KaXIbld M3 CUHTAKCHYECKOTO U CEMaHTHYECKOTO
aHaJ/M30B, a Takxe GoJsiee 4,5 ThIC. MPABUJ AJisl ONpe/ieeHHs] KaTerOpUH 3arpoca.

B cpenHem mpaBUJIBHOCTL OMpe/ie/IeHUs] KaTeTOPUU cocTaBuia 795 %.

J1s yaydlieHusi AaHHOTO ToOKaszaressi HeoOXOAMMO JUOO BPYUHYIO AOMHUCATh
npaBuJa [Jis HelpaBUJIbHO 00pabOTaHHBIX 3aMPOCOB, JUOO U3MEHUTb MOAXOMA K pe-
ILIEHHIO TOCTaBJEHHOH 3alauu. B KauecTBe anbTepHATUBHOTO PeLIeHHs] MOXKHO IMPH-
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MEHUTb aJTrOPUTMbl aBTOMATHUYECKOrO MOCTPOEHHS NepeBbeB pelleHUH C MOMOLIbIO
6ubsmnoTeK Ha si3bike Python.

2.2. Bo3HuKINe CJ0XKHOCTH

CTOUT OTMETHThb, YTO B IpOIECCe OMHCAHUS MPaBHJ MAJsS aHAJHU3AaTOPOB ObLIH
BbISIBJIEHbl MHOXKECTBEHHble HECOOTBETCTBUSI YCTAHOBJIEHHOW KAaTeropud U CaMoro
3anpoca. CxoxHe Mo CMbICJY 3aMPOChl 3aUacTyl0 OTHOCHJIUCh TO K Kateropuu «bJa-
TOYCTPOHCTBO TEPPUTOPHH», TO K KaTeropuu «Comep:KaHue U PEMOHT MYHHULUMAJb-
HBIX JOpPOr», YTO TOJIbKO YCJOXXHWUJO MPOLECC OMUCAHUS MpPaBWJ, T. K. [Jis OMpe-
NeJieHUsl KaTeropud HeoOXOAUMO BbISIBUTb YETKHE TPAHMIBI KU KJIOUeBble CJOBA, K
KaKOW KaTeropuy MoJy4YeHHBbIH 3anpoc HeOOXOAUMO OTHECTH.

Jns peleHusi 3Tod mpo6seMbl cTano HEOOXOAUMO H3YYUThb 3aKOHOAATENbCTBO
B pasfeJsieHud O00SI3aHHOCTeH MexX1y YIpaBJsIOLHMMUA OpraHaMu. TakhM o0pasom,
NPUAOMOBAsl TEPPUTOPHUS U NOPOTH MpUJeramplide K Hed — OCTalTcsd Ha obecrneye-
HUM yIIpaBJsIOllell KOMIAHHWH I0Ma, UTO OTHOCUTCS K KaTeropuu «bmaroyctpoiicTBo
Tepputopun». ObpalieHus 0 pa3pylIieHHbIX UK He 00CTY»KHUBAaeMbIX IOPOTax ropoaa
— K Kateropuu «Copep:KaHue ¥ PeMOHT MYHHMUMNAJbHBIX AOPOT», a OOpalleHUs O
Tpaccax Mexay ropogamMu — K kateropuu «Conep:kaHue M PeMOHT (eaepasibHbIX
A0por».

Takke MOMHMO OIIMOOYHBIX KaTeropuil ObliM OOHapy»KeHbl HepasaeséHHble I10
BUgaM uHpopmauuu 3anpochl. K mpumepy, mosne «OnucaHue 3asBKU» ONHOTO 3a-
nmpoca MOIJIO BKJIOUaTh MOMHMO CaMOro TeKcTa obpalleHusi MH(QOpPMaLHio elé o
HECKOJIbKUX APYTUX, He OTHOCSLIMXCS K JAHHOMY, 3alpOCOB.

ITo O0JIbLIeH 4acTu IaHHbIe BBITVISIIeJIU CJIeIYIOLIUM o0pasom:
«TekeT  obOpamienuss 1//id  wucnonuurtens//Cratyc 3asBku  Jlata  mnopmauu
sasiBku// Honrora//Ulupora//47/36-1, Anpec//Karteropusi, mnpucBoeHHas Mo-
neparopoM//Tekct obpaienus 2//id ucnonuurens Cratyc 3asBkKu//».

Jlas1 yrpoleHHs NpoBepKU paboTOCMNOCOOHOCTH aJropuTMa ObLIO pelleHO He
MPUBOAUTbL OLIMOOYHBIE NAHHbIE OMHCAHHOrO BbIlle BUAA K 3TAJOHHOMY, a OCTa-
BUTb UX 0e3 006pabOTKH, T. K. AJSl ONKUCAHHUS MPABUJ U MPOBEPKH PabOThl caMoOro
aJroputMa OblJ10 AOCTATOYHO U MEHbLIEro 0ObéMa JAaHHbIX.

3akJaueHue

M3 onucaHHOro B cTaThe MOXKHO CHeJiaThb BBIBOA, UTO pa3pabOTaHHBIH paHee
aJTOPUTM A1 00pabOTKH I'0JIOCOBBIX 3allPOCOB B KOHTEKCTEe CO3[aHHus (hOpM J0CTa-
TOYHO MPOCTO NPUMEHSETCS U B APYTUX 00JacTAX.

[TpenmyiecTBOM MpefsOKEHHOTO0 B HACTOSILEH M TpeAblaylledl CTaTbsX aJjro-
pUTMa SBJISIETCS NMPOCTOTA €ro paclUUpeHHUs: NPHU MOsIBJIEHHUH He oOpabaTbiBaeMblIX
paHee (OPMYyJHPOBOK AOCTATOYHO N0OABUTb HECKOJNBKO MpPaBUJ B JAepeBbsl MPUHS-
THS1 pellleHUH U MPOBECTH aBTOMATH3UPOBAHHbBIE TECThI 1151 IPOBEPKU KOPPEKTHOCTHU
paboTHl.

OnHako caM Tpolecc OMUCAHWS MPABUJ 3aHUMAeT BeCbMa 3HAYUTEJbHYIO AOJIO
OT BCEro mpouecca pa3paboTKH CepBHCa.
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ABTopam

IIpenocraBiasiemMble JaHHbIE U JOKYMEHTbI

ABrop mpemocTaB/isieT B pefaKLHUIO:

e pykomuch ctathyt B popmare ISTEX (cm. TpeGoBaHusi K 0hOPMJIEHHIO);

e CIHCOK W3 TPEX IKCMEPTOB IO TEMAaTHKE CTAThbH, NABIIMX COJacHe HAalWuCaTh PELEH3HI0 Ha
npe/CcTaBaeHHyl0 paboTy!;

® 3KCMEPTHOE 3aKJ/UeHHe 0 BO3MOXKHOCTH OTKPHITOTO OMyG/JIHKOBaHHUSI.

JIunieHsupoBanue

CornacHo 'K P® ct. 1286 s1LeH3HOHHBIH AOrOBOP C aBTOPOM [Jis MyOJMKAUMK B MepHoaude-
CKHX H3IaHHSIX MOXKET ObITb 3aKJHOUYEH B ycTHOH (opme. Cam (hakT MOSyUeHHS PYKOIMMCH CTaThH
penKoJerned x)ypHana «MaTemMaTHueCKHe CTPYKTYPbl U MOAEJHPOBAHHE»> SIBJISIETCS aKLENTOM (IpH-
HSITHEM) JIMLIEH3HOHHOTO J0r0BOpA.

Bce cratbu B XypHase «MaTemMaTHyecKHe CTPYKTYpPbl M MOJAEJHPOBaHHe» MyOJUKYIOTCS TOL
aunensuedl Creative Commons Attribution 4.0 International (CC-BY). TekcT JMLIeH3UH HaXOAUTCS
no agpecy https://creativecommons.org/licenses/by/4.0/legalcode.

TpeOoBaHus K 0(pOPMJIEHHIO PYKOIUCHU

K ny6mnukauuu npuHuUMaloTcst pykonucHd o6béMoM He Gosiee 16 cTpaHull.

ABTopam He0OXOIHMMO NMPENOCTABUTH CJENYIOLYI0 HH(MOPMALUIO HA PYCCKOM M aHIVIMHCKOM s3bl-
Kax:

Ha3BaHHE CTaTbH;
CIIMCOK aBTOPOB C yKa3aHHEM
— (haMMJIUH, UMEHH U OTYECTBa,
— Y4€HOro 3BaHHU4,
Y4€HOH CTeMNeHH,
— IOJKHOCTH,
MecTa paboThl UMK yUéOHhl,
— [eHUCTBYIOLLEro aipeca 3JEeKTPOHHOH IOUTHI;

e anHoTauus (abcTpakt) o6bEMOM oT 100 mo 250 cios;

® CITUCOK KJIIOUEBBIX CJIOB.

ABTop Takxke ykasbiBaeT YK (yHUBepcasbHbBIH IeCATHUHBIH KOI) cTaTbu. Ero MoXXHO nono6paThb
M0 TeMaTHKe CTaTbU B CcIpaBouHHKe http://msm.univer.omsk.su/udc/.

Bubauorpapuueckue ccblaku opopmastores cornacHo FOCT 7.0.5-2008.

Pykonuchk cTaTbu MpeACTaBseTCS B PENAKLHIO MO 3JEKTPOHHOH moute B ABYX (opmatax pdf
u tex. CraTbs mo/kHa ObiTh HabpaHa ¢ HCToJb3oBaHHeM Makponakera IATEXu ctuast msmb.cls,
npeaocTaBJsieMoro pefakuueld http://msm.univer.omsk.su/files/msmb.zip. Pekomenny-
erTcs ycraHoBUTh KoMnuasaTop MiKTEX, Tak Kak HMEHHO UM IOJIb3YIOTCS B PeNAKIHH.

OTkyoHeHHS B O()OPMJIEHHH PYKONHCH OT NPHUBENEHHBIX MPABUJ MO3BOJSIOT PEAKOJJIETHH TPHU-
HSITb pelleHHe O CHSITHU CTaTbhH ¢ My6auKauuu. CTaTbs MOXKET ObITb OTKJIOHEHA 110 MPUYMHAM Heco-
OTBETCTBHUSl TEMAaTHKe XKYPHaJ/a HUJM B CBS3HM C HU3KUM YPOBHEM KaueCTBa HAyYHOI'O UCCJENOBAHMS.

B craTbe 3ampelaercs nepeonpenensiTb CTaHAAPTHblE KOMaHIbl U OKPYXKEHHS.

Hywmepyewmbie (hopmysiel HeOOXOOUMO BHIIENSTb B OTAENbHYIO CTPOKY.

Hywmepanusi Tosnbko apabckuMu uppaMu B MOPsiiKe Bo3pacTaHusi ¢ efrHuubl. HymeposaTth cie-
IyeT TOJbKO Te (OpMYyJibl, HA KOTOpbIe B TEKCTE MUMEIOTCS CCBIIKHU.

'Heo6xouMBI To/THbIE 1aHHbBIE 3KCTEPTOB (MeCTO paboThi, yuéHas CTereHb, NOJKHOCTB), C yKa-
3aHHeM crocoba cBsa3M ¢ HUMH (e-mail, Tesedon). Penkosserus MoxeT oO6paTHTbCS K OXHOMY M3
IKCIIEPTOB U3 MPEJIOKEHHOr0 CHHUCKa ¢ MPOChOOH HamucaTh PEeLEeH3HI0 MM MOXKeT Ha3HauyuTb pe-
LleH3eHTa U3 COOCTBEHHOro CIMCKA.
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3anpelaeTcs HCMOb30BaTh B opMmynax OYKBbl pyccKoro ajdasuta. Ecinm 6e3 HUX HHKakK He
00OUTHCH, TO CJENyeT UCIOJNb30BaTh KOMaHy \mbox{...}.

Bce pucyHKM © TaGauUbl [OOMKHBL HMeTb MOAMHCH, O(MOPMJEHHYI C TIOMOIIBIO KOMaHMIbl
\caption{...}.

®afinbl ¢ pucyHkamu Heobxomumo mnpeactaButh B (opmare PDF uau EPS (ucnosnbzoBaTh pe-
nakTopel BekTopHOH rpaduku Truna InkScape, Adobe Illustrator unu Corel Draw).

Hcnosb3yiiTe crangapTHble KOMaHAbl [EPEKJIOYEHHS Ha TOTHUECKHH, KalJaurpauyeckuil u
axypubl#l wpudTh: \mathfrak, \mathcal u \mathbb.

He nomyckaercsi 3akaHYMBAaTh CTAaTbi0 PUCYHKOM WJIH TabJulel.

B cnucke quTepaTypbl 00s13aTeNbHO YKaszaHHe CJAEAYIOUIMX NAHHBIX: I/ KHUT — (aMUJIUU H
WHHLHUANBl aBTOPOB, Ha3BaHWE KHUTH, MECTO H3[AaHHs, HU3IaTeJbCTBO, ION HM3NaHUs, KOJHUYECTBO
CTPaHHUL; O/ CTaTell — (aMUJIMK U HHULHKAJbBl aBTOPOB, Ha3BaHHWE CTAaTbH, Ha3BaHUe XKYypHaJa, rof
U3[aHUsl, TOM, HOMep (BBIMYCK), CTPAHHLBl Hayala U KOHLA CTaTbH (I HENOHUPOBAHHBLIX CTaTel
00s13aTeIbHO YKa3aTb HOMEP PerucTpaluH).

KaBblUKH B pycCKOM TeKcTe («abBri») HOJMKHBI ObITh YIJIOBBIMH, B aHTJIMHCKOM — TMPSMbIMH
BepxXHHUMH KaBblukaMmH ("abcdefg" nmm “abedelg”).

O6s3aTesbHa paclinpoBKa COKpALeHUH MPU MEPBOM BXOXKIEHHWH TepMuHa. Hampumep: ... uc-
KyccTBeHHbIH HHTeMTeKT (MH)...

Ilopsinok perieH3upoBaHUSA

[lepBuuHast 3KCIepTH3a MPOBOAUTCS TVIABHBIM PeNaKTOPOM (3aMeCTHTeseM IJIABHOTO PenaKTo-
pa). [Ipu mepBHUHOH 3KCMEpPTH3e OLIEHWBAETCS COOTBETCTBHE CTATbU TeMaTHKe XKYpHaJa, MpaBU/aM
oopmyieHUs] U TpeGOBaHHUSAM, YCTAHOBJEHHBIM pelakiyed xKypHana K HaydHbIM MyO6aUKaLHsAM.

Bce craTby, MOCTyNUBIIME B peNakLMI0 HAaydyHOro KypHana «MaTemaTuyeckue CTPYKTypBl U
MOJeJIUPOBaHUE», IPOXOAAT Yepe3 UHCTUTYT peLeH3UPOBaHHS.

PenieH3eHT BbIOHpaeTcs IaBHBIM PeIaKTOPOM KYpHasa U3 YHMcCJa UYJEeHOB PEAKOJJIErHH HJH Be-
NYIIKAX CIeLHaJHUCTOB MO MPO(UIII0 AaHHOH paboTHL.

PelieH3eHTb! YBEIOMJISIOTCS O TOM, YTO NPUCJIaHHbBIE UM PYKOMHCH SBJSIOTCS 4aCTHOH COOCTBEH-
HOCTbIO aBTOPOB ¥ OTHOCATCS K CBELEHMSM, He MoJJexallluM pasryalleHuio. PelleH3eHTaM He paspe-
aeTcsl feJaTb KOMHUU CTaTed AJsi CBOUX HYXKI.

Cpok [J1s1 HaNMCaHUs peLeH3UH YCTaHABJIMBAETCS 0 COIVIACOBAHHUIO C PELIEH3EHTOM.

PenieH3usi no/XKHA pacKpblBaThb aKTyaJbHOCTb IMPEACTABJEHHOTO MaTepHalia, CTeleHb HayuHOH
HOBU3HBI UCCJIENIOBAHUS, ONpPENE/SATb COOTBETCTBUE INpensaraeMoro K myOJuKalud TeKcTa obLieMy
NPOUNIO H3NAHUS U CTHJb U3JIOXKEHHUS.

PelleH3eHT BBIHOCHUT 3aKJIOYeHHe O BO3MOXKHOCTH OMYyOJHKOBAHHS CTaTbHU: «PEKOMEHIYETCS»,
«peKOMeHIyeTcsl ¢ yUETOM HCIIpaBJeHHUs 3aMe4YaHWH, OTMEUeHHbIX PELleH3eHTOM» HJIH «He PEeKOMeH-
nyetcsi». B coyuae oTpuLaTesNbHOH pelieH3UH pefaKl sl HalpaBJsieT aBTOPy MOTHBHPOBAHHBIN 0TKa3,
3aBepeHHbIH IVIABHBIM PeIaKTOPOM HJIH €r0 3aMeCTHTEJIEM.

B ciayuae Hecorsacus ¢ MHEHHeM peLleH3eHTa aBTOP CTATbH HMEET MPaBO MpPeLOCTaBUTb ap-
TYMEHTHPOBAHHBIE OTBET B pelakLuio KypHasta. CTaTbs MOXKeT ObITh HalpaB/eHa Ha [OBTOPHOE
pelleH3HpoBaHue, JUO0 Ha COIVIaCOBAHHE B PeNAKIMOHHYIO KOJJErHIO.

[Tpu Ha/MMUUKM B pelieH3WH peKOMEeHJALMH MO MCIPaBJAeHHIO U 10paboTKe CTaTbH aBTOPY Harpas-
JISETCS] TEKCT PELEH3HH C TMpeaJoKEeHHeM yUeCTb WX MPH MOATOTOBKE HOBOI'O BapHaHTa CTATbU HJIH
apryMeHTUPOBAHHO (4aCTHYHO WJIM MOJHOCTBIO) UX OMpoBeprHyTh. opaboTaHHas (mepepabGoTaHHast)
aBTOPOM CTaThbsl OBTOPHO HAMPABJAIOTCS Ha PELleH3UPOBaHHE W pacCcMaTpuBaeTcs B 0OLIeM MOPS-
Ke. B 3TOM ciyyae naToll mocTymseHUs B pefaKLUMIO CUMTAeTCs JaTa BO3BpallleHUs NopabOTaHHOU
CTaTbH.

[Tocsie mpuHATHS pefKOJIerHed pelleHHsl O JONYyCKe CTaTbd K MyOJHMKALUK aBTOP MH(OPMHUPY-
eTcsi 00 9TOM M yKa3blBalOTCS CPOKH MyOJHKALNH.

OpI/IFI/IHaJIbI peueﬁsnﬁ XPaHATCA B peAaKIHH B T€YEHHE MATH JIeT.
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ABTOpCKas 3THUKa

ABTropbl myOGaHKALKMH HOJ/KHBl TapaHTHPOBATh, YTO B CIIMCOK aBTOPOB BKJIIOYEHBI TOJBKO JIHLA,
COOTBETCTBYIOLIME KPUTEPUSIM aBTOPCTBA (/MLla, BHECLIME 3HAUUTEJbHBIA BKJad B paboTy), U UTO
3acyly’KMBaKLIMe aBTOPCTBA HCCJ/eN0BaTeN He UCKJIOUYeHbl U3 CIUCKA aBTOPOB.

JosXHbEl pa6oTaTh BMeCTe C pefaKTopaMu /M U3AaTesIMH Ui CKOPEHIIero HCIPaBJ/IeH s CBOUX
pabot B ciyuae oOHapy>KeHHsI B HUX OLWIMOOK WJIH YNYLIEHUH Tocye MyOJHKalnH.

O6s13aHbl He3aMeIJIUTeNbHO YBEIOMJATh PENAKLHIO B c/aydae OOHApy»KeHHs OWHOKH B J0OO0H
MOfaHHOM WMH Ha MyO6JUKALMIO, IPUHATOH AJs MyOJUKALKMK WU yKe onyOJUKOBAaHHOU paboTe.

He BnpaBe xonupoBaTh W3 APYrUX NyOJHUKALUH CCBIIKM HAa paboThl, C KOTOPbIMH OHHM CaMH He
03HaKOMHJINCh; LWTAThl U CCBIIKH Ha ApPYyrue paboThl NOJKHBI ObITb TOUHBIMH W O(OPMJIEHHBIMH B
COOTBETCTBHH C NPEbIABJSEMBIMA TPeOOBAHUSIMH.

JI0JXKHBI CChlaThCsl MAaKCUMaJbHO TPABUJbHO U TOYHO Ha MMEOIIMe OTHOLIEHWe K MyO/auKaluu
npeablayliiMe paboThl Kak APYrUX HccjaefoBaTesed, Tak U CaMUX aBTOPOB, oOpalllasich, Npexje Bce-
ro K MEepBOMCTOYHHKY; JNOCJOBHOE BOCIIPOM3BeleHHe COOCTBEHHBIX paboT W UX NepedpasupoBaHHe
HelpHeMJIeMbl, OHH MOTYT ObITb HCIOJ/b30BaHbl JIMIIb B KayeCTBe OCHOBHI [J151 HOBBIX BBIBOZOB.

Heo6xonumo ykasblBaTb aBTOPCTBO AAHHBIX, TEKCTA, PUCYHKOB U HIeH, KOTOPBIE aBTOP MOJYUHJ
U3 JPYyTHX HMCTOYHMKOB — OHHM HE NOJDKHBI MPEACTABJATHCS, KaK MNPHHAIJeXKallde aBTopy mnyo6-
JIUKALWHK; MpsMble LUTaThl U3 paboT APYruX HCCJaefoBaTesied NOJKHBI BHIAENSTbCS KaBblUKaMHM U
COOTBETCTBYIOLIEH CCHIIKOH.

Jlo/kHBl cobJ00aTh HOPMbl 3aKOHONATE/bCTBA O 3alllMTe aBTOPCKHUX MpaB; MaTepHaJbl, 3allu-
IIEHHBIE aBTOPCKUM MpPaBOM (Hampumep, TaGJHLbl, UU(Pbl WU KPYMHBIE HUTAThl), MOTYT BOCIPOHU3-
BOAMTBHCS TOJBKO C pPa3pelleHus] UX BJAJE/bLIEB.

IlamaTka AJg nepeBoga OOJKHOCTEH, YUEHBIX CTeNeHe!
M 3BAaHUH HA aHIVIMMCKUU F93bIK

[Tpodeccop = Professor

Houent = Associate Professor

Crapmu#i npenonasatesb = Assistant Professor
[IpenonaBaress = Instructor

Accucrent = Instructor

Acnupant = Postgraduate Student nau Ph.D. Student
Couckatesab = Ph.D. Doctoral Candidate
Marucrpant = Master’s Degree Student

Crynent = Student

n.¢.-m.H. = Dr.Sc. (Phys.-Math.)

K.(h.-M.H. = Ph.D. (Phys.-Math.)

n.17.H. = Dr.Sc. (Eng.)

k.T.H. = Ph.D. (Eng.)

Wuxkenep-nporpammuct = Software Engineer
Crapuuii/Maaaini HayuHbl coTpynHuk = Senior/Junior Scientist Researcher

3JIeKTp0HHaﬂ noyra aJd OTIpPaBKH craren

lavrov@omsu.ru — 3aM. IVIaBHOTO pefakTopa (oTBeTCTBeHHBIH 3a Bhimyck) JI.H. JlaBpos.
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