00JIOZKKA



Petrov Yu.P.

Introduction to the fields of mathematics,
taking into account
coeflicients of the finite precision

("Introduction to Mathematics—2")

Innovational text-book

The calculation of a number of examples, as well as dialing
and preparation of the manuscript made graduate student M. V. Voloshin
at Baltic State Technical University "VOENMEH" named after D. F. Ustinov
scientific leader, Doctor of Technical Sciences Professor Sharovatov V.T.

preprint

Translation into English by Vlasova T.A.

St.-Petersburg 2010



[Terpos FO.II.

Beejienne B pasjiesibl OPpUKIQIHON MaTeMaTUKI,

VINTBIBAION[NE KOHEUHYIO TOUHOCTD
KO PUINEHTOB ypaBHEHNI

("Beesenue B MmaremaTuky—2")

lnHOBaIIMOHHOE YyUebHOe I1ocobue

Berauciienue psijia IpuMepoB, a TakzKe HabOp u 0(POpMJIEHHE PYKOIIUCH
BBINOJTHEHBI acnupanToM Banrtwuiickoro ['ocynapcrsernnoro Texamaeckoro
VYuusepcurera "BOEHMEX" nmenu /1. ®@. Ycrunosa Bosomuasiv M. B.
HayYHBII PYKOBOIUTEJIb JIOKTOP TexHU4IecKnX Hayk mpodeccop Illaposaros B. T.

IIPENPUHT
IlepeBon na anrimiickmii s36iKk — Biaacosa T.A.

Cankr-Ilerepypr,
2010



BBenenue

Hacrosiast kaura siBjisieTcss THHOBAIMOHHBIM yYIeOHBIM ITIOCOOMEM. DTO 03HAYAET, UTO
B Hell U3JIaratoTcs CyIeCTBEHHBIE JJisi YIeOHOIO IPOIEcca HOBbIE HayYHbIE PE3Y/IbTAThI (B
OCHOBHOM TIOJIyY€HHbIE aBTOPOM ), HO U3JIAraloTCsd HA YPOBHE, JIOCTYITHOM JIjisl CTYIEHTOB.

[Tox nassanmem "MaremaTuka-2" aBTop npemiaraer 0ObeIMHATHL T€ pa3IesIbl MaTeMa-
THKH, B KOTOPBIX YYUTHIBAIOTCS HETOYHOCTU M IIOIPENTHOCTH B KoM dUlneHTax u mapa-
MeTpax HMCCIelyeMbIX MaTeMaTudeckux mozeseir. "Maremarukoit-1" aprop mpejia-raer
Ha3bIBaTh T€ pa3esibl MATeMATHKH, B KOTOPBIX KOO (MUIMEHTHI 1 ITapaMeTpPhbl MaTeMaTH-
YeCKUX MOJIeJIeil (MIH YKe 3aKOHBI UX MU3MEHEHUsT) PEJIOIaraloTCsl H3BECTHBIME U 3a1aH-
HBbIMMU.

Tak, Hanpumep, OThbICKaHNEe KOPHeil ypaBHEHUS

2> +br+c=0 (1)

Py 3aJ@HHBIX 3HAYEHUAX b U ¢ — Haupumep, npu b = 2; ¢ = 1 — gBistercs 3a1a4eii
"maremaruku-1" . Ecin ke 0 koaddurmenrax b U ¢ M3BECTHO JIMIIL, 9TO OHH 3aKJIIOYEHbI
B IIpeje/iax

1,98 < b < 2,02 @
0,99 < c¢< 1,01

¥ HY?KHO BBIYUCJIUTH (UM XOTsI ObI JIaTh OIEHKY ) BCEM BO3MOXKHBIM KODHSAM yPABHEHUs
(1) npu koapdunuenrax b u ¢, NOJUUHEHHBIM yCJIOBUsIM (2), TO ITa 3aja9a OTHOCUTCH
yKe K TUINIHBIM 3ajadaM "MaremaTuru-2".

Touno Tak »Ke BbIYHUCJIEHUE PellleHns ypaBHenus Marbé

d*U

—— +(a+bcosz)U =0 (3)

dz

(re dyskIms a + bcosz ¢ mapamerpaMu ¢ ¥ b OIUCHIBAET 3aKOH M3MEHEHUsT KO-

urenTa IpU TIEPEMEHHON 1) IPU 3aaHHBIX OTHOCUTEIHHO TAPAMETPOB @ 1 b N3BECTHO
JIUIIIB TO, YTO OHU YJIOBJIETBOPSIIOT HEPABEHCTBAM, ITOJ00HBIM HEPABEHCTBAM (2), TO B 9TOM
clydae 3a/1ava OIEHKH CBOMCTB BOBMOXKHBIX perieHnit ypasaenus (3) (¥, B 9aCTHOCTH, 13-
BeCTHas 3aJ1a4a OIEHKH MX yCTOHYMBOCTH) oTHOCUTCS K "MaTemarnke-2".

OueBuyno, uro "maremaruka-2" sydmie yem "maremarnka-1" onwucbiBaeT peasibHbII
OKPYZKAIOIINI HAC MUP, IMOCKOJIbKY KOI(PMUIUEHTH U MapaMeTpbl MAaTeMaTUIeCKUX MO-
JieJieit peasibHbIX OObEKTOB U SIBJICHUI TIOUTH BCET/Ia M3BECTHBI JIUIIH C KOHETHON, OrpaHu-
YEHHOI TOYHOCTHIO, & KPOME TOTO IMOYTH BCET/Ia He MOTYT OCTABAThHCA MIeaTbHO TTOCTOSTH-
HBIMUI U C T€I€HUEM BPEMEHU MCIIBITHIBAIOT MaJIble OTK/IOHeHNs, Bapuanun. [lostomy 1arme
BCEr0 OTHOCHUTEILHO KO DUITMEHTOB U apaMeTPOB MaTeMaTUIeCKUX MO/JIesIeil M3BeCTHDI
JINIIH WHTEPBAJIbI, BHYTPU KOTOPBIX OHU HAXOJATCSH, — HHTEPBAJIbI, 3a/[aBacMble, HAIIPU-
Mep, HepaBeHCTBaMu, Moj00HbIMI HepaBeHcTBaM (2). Tounoe 3ananue KoshbGUIMEHTOB 1
apaMeTpoB, UCIoJIb3yeMoe B "Maremaruke-1" — 9T0 OUTH BCEryia TOJIBKO UICaTH3aIH.



O HaKo MpaBUJIBHBIA YYET HETOUHBIX 3HAYEHUN KOI(DDUIMEHTOB U IapaMeTpOB, YIET
BO3MOXKHBIX UHTEPBAJIOB, BHYTPH KOTOPBIX TOUHBIC 3HAYCHUS HAXOIATCH, SIBJISETCs (KaK
YBHJIUM Jlajiee) BO MHOTO pa3 6oJiee CJIOXKHON 3aj1adeil, YeM IIPOCTO OTBICKAHUE PEIeHsI
npu 33JIaHHbIX Ko durmentax. Merogsl perenus 3Toil 3aja4un pa3paboTaHbl JAIEKO
He JIUIsl BCeX MaTeMaThiecKux Mojieseir. Ho 9To HampaBiieHne nccjie10BaHuii "HTEHCUBHO
PAa3BUBAETCH, MMOJIYUEHBI MHOI'HE BasKHbIE PE3YILTATHI i ABTOP CYUTAET, YTO HACTAJIO Bpe-
MsI BBLJIEINTE 3TO HAlpaBJIeHUEe NCCIeI0BaHII 1 Ha3BaTh ero "maremarnkoii-2" . Xoporro
U3BECTHBIMK pasjeaaMu "'MareMaTuKu-2" sBJISIOTCS METOIbI IPUOINKEHHBIX BBIUNC/IE-
HUi (¢ 9TOro pasjesia 0ObIYHO HAYUHAIOTCS KYPChl BBIYUCIUTENLHON MaTEMATUKU — CM.,
wanpumep, [1], [2]), unrepBasnbubiii anamus — [3|, [4] u Hekoropble npyrue pasjessi. B
HaCTOdAIIEH KHUre OyIyT IIPUBEIEHBI HOBBIE PE3yJIbTAaThl B obyacTu "Maremaruku-2" 1mo-
JIydeHHBIE ABTOPOM.

JIOTOTHUTETHHBIM JIOBOJIOM B TOJIb3Y BbIJIEICHUsT "'MaTeMaTUKu-2" CIIy:KUT HEJIABHO
obHapyxkenHoe [5] eé oramame or "MaremMaruku-1" He TOJBKO B IpeMeTe UCCIIeI0BaHNU,
HO U B Metojosioruu. B "maremarnke-1" 09eHBb MIUPOKO MCIOIB3YIOTCS SKBUBATEHTHBIE
(MX HA3BIBAIOT €IE PABHOCUJIBHBIME) TIPEOOPA3OBaHUsl — T.€. IPEOOPA3OBAHMUsI, YIIPOIIAIO-
e ypaBHeHus (UJIM CHCTeMbI YPaBHEHNil ), HO He n3MeHsoIne ux peniennit. Heoxunan-
HO ObLI0 OOHAapy XKeHo (cM. mybukanuio [5]), 910 9TH npeobpasoBaHusi, He U3MEHSAIOIIIE
caMUX peIeHnit KaK TAaKOBBIX, MOI'YT M3MEHSITh MHOTHE BayKHbIE CBOMCTBA peIleHuil —
TaKue, KaK HelpepbIBHAS 3aBHCUMOCTH PEIIeHH OT ITapaMeTpOB ¥ Psijl JIPYTUX CBONCTB,
a caMoe IJIaBHOe — MOT'YT KOPEHHBIM 00pa30M H3MEHSITh CTEeIeHb 3aBUCHMOCTH Dere-
HUI OT BapHalnii mapaMeTrpoB. DTO O3HaYaeT, 9To B "Maremarnke-2" SKBHUBaIEHTHBIE
(paBHOCHIIb-HBIE) TIPEOOPA3OBAHUS MOKHO IPUMEHSITE JIHUIIIb ¢ OOJIBINOH OCTOPOKHOCTHIO,
YTO, KOHETHO, 3aTPYIHAET UCC/IEOBAHIE.

Tem me menee "mMaremaTuky-2" HyKHO 00g43aTE/ILHO 3HATH, IIOCKOJIBKY JIJIsI JIOCTUKE-
HUA IPaKTUIeCKuX Ieseil metonbl "Mmaremaruku-1" warme Bcero nemoctraTodrbl. CoBep-
IIIEHHO HEJIOCTATOYHO OTPAHUIUTHCS BBIMUC/IEHUEM PEIeHN TOW Wi WHON MaTeMAaTUIeC-
Kot mojiesin. HeoOXoamMo yI0CTOBEPUThCA B HAJIEKHOCTH ITUX PEIIeHU, a s MPOo-
BEPKH HAJIEKHOCTH HEOOXOJIMMO BBIYUCIUTH BEJIMYUHY HEN30EKHON U HEeyCTpPaHUMOI
IIOIPENTHOC-TU PEITeHn, TPONCXO/IAIIe 13-3a MTOYUTH BCeria Henm30exKHOM orpaHmYeHHOM
TOYHOCTH 3HaHUs KOI(DMUIIMEHTOB U apaMeTPOB PeaIbHbIX 00bEKTOB, U3-3a MOYTH BCe-
IJ1a HeM30€K-HOr0O PA3/IMIus MEK/Iy UCTUHHBIMHA 3HaYeHUSIMU KO3((D(DUIMEHTOB U 3HAYE-
HUSAMU, IPUHSA-THIMU [IPU pacdére. B npexxkHue BpeMeHa 3TUMU Pa3/JIUIUSIMU 9acTo Ipe-
HeOperaJsn, n3-3a 9ero IpoMCXOINJI0 HeMaJio aBapuii n Kartactpod. B Hacrosiee Bpemsi,
[pU [MIIPOKOM IPUMEHEHUU BBIYUC/AUTE/ILHBIX MAIIUH, HACTaja [opa nepeiitu K OoJiee
TOYHBIM U HAJEKHBIM (IyCTh 1 6OJIee CJIOKHBIM) METOJaM pacdéra, IMepeifiTh K HUCIo/Ib-
30BaHN0 MeTO/I0B "Maremaruku-2" . Bpems s 9T0T0 MpHIILIO.

OTMernM, 9TO MOTPENTHOCTH PACIYEThl UMEIOT pasHoe mpoucxoxkjaenne. Ecerhb morper-
HOCTH, CBA3aHHbIE C METOJAMU PACcUY€Ta — 3TO HOIPENTHOCTH, CBA3aHHBIE C KOHEYHOCTHIO
YUCIa UTEPAIil B UTEPAIIMOHHBIX METO/aX, C OMMNOKAMU OKPYIJIEHUS U T.II. DTHU IIO-
TPENIHOCTH XOPOIIO HCCJIEIOBAHbl U X MOXKHO YMEHBIIUTH JI0 IPUEMJIEMOrO YPOBHHA 3a
CYET COBEPIIIEHCTBOBAHUS METOJIOB pacdéTa. B HacToseit KHUure OCHOBHOE BHUMAaHUE y/le-
JIEHO JIPDYTUM IIOI'PEITHOCTSM, TPUINHON KOTOPBIX SIBJIAIOTCA HETOYHOE 3HaHUE KO3 du-
[IMEHTOB U TIapaMeTPOB MaTeMaTHYeCKON MOJIe/IM U HelpecKa3yeMble nx Bapuaruu. [lo-
TPENTHOCTH, 3aBUCAIINAE OT 3TUX PUYUH HUKAKUMHU MeTOJaMU PacUETa HeJIb3sl HU YMEHb-
[IATh, HU YCTPAHUTH (II09TOMY WX M HA3bIBAIOT HEYCTPAHUMBIME TIOIpermHocTsMH). Mx



MOZKHO TOJIBKO BBIUUCJIUTD (WJIU 110 KpailHell Mepe OIEHUTD), U 9Ta OIeHKa OYeHb BayKHa,
[IOCKOJIbKY 0e3 Heé pe3y/IbTaThl pacdéTa He OYIyT HaIEKHBIMU.

Kuaura cocrout u3 nByx uacreit. B nepBoit yactu paccMaTpuBaioTcd MaTeMaTHIECKHUe
MOJIE/TH PeabHBIX 00BbEKTOB, HMEIOINe (DOPMY CUCTEM JIMHEHHBIX aireOpanvdecKux ypas-
nenwit (CJIAY), koaddunueHTs KOTOPHIX U3BECTHBI ¢ OIPAHIIEHHON TOYHOCTBIO U 3318~
HBbI CUCTEMaMN HEPABCHCTB.

OcHoBHOIT pe3y/IbTaT MEPBOIl YACTH: ITPUBEJIEH U OOOCHOBAH AJITOPUTM TOYHOI'O BBHIMHC-
JIEHUsST HEyCTPAHUMON ITOTPEITHOCTH KarK 10l u3 cocTaBsionux Bekropa pernennit CJTAY
9TO KOPEHHBIM 00pa30M YJIydIlaeT HaJE?KHOCTb Pe3yJIbTATOB pacdéra (/0 MOC/IEHEro
BPEMEHH HCIIO0JIb30BAJIUChH TOJIBKO MTPUOJINKEHHBIE OIIEHKU ITON MOIPEITHOCTH ).

OﬂHO us3 HpI/LHO}KeHI/Iﬁ — yBeJ/In4eHue Haﬂé}KHOCTI/I BbBITUCJICHUA SJIEKTPOCTATHUICCKOI'O
MTOTEHITAJIA TIPU MCITYCKAHUHU JIEKTPOHOB € KATOIOB PA3JINIHON (DOPMBI I CMEKHBIX 3a-
Jlad 9JIEKTPOHHON SMUCCUU, UCCJIEyeMbIX T10]I PYKOBOJICTBOM Iipodeccopa Eroposa H.B.
Ha Kadeape MOJACTUPOBAHUS IJIEKTPOMEXaHUIECKUX U KOMIIBIOTEPHBIX cucTeM B CaHKT-
[TerepOyprckomM rocytapcTBEHHOM YHUBEPCHUTETE.

Bo BTOpoil wacTu KHUTM paccMaTPUBAIOTCH OOBEKTHI, MATEMATHICCKUMU MOJIEISIMU
KOTOPBIX SIBJIAIOTCS CUCTEMbI OOBIKHOBEHHBIX JIN(D(EePEHITUATBHBIX YPABHEHUIA.

OCHOBHOIT Pe3y/IbTaT BTOPO# YaCTHU: MOKA3AHO, UTO IMTUPOKO UCIIO/Ib3yeMble SKBUBAJCHT-
Hble (PABHOCUJIbHBIE) TPEOOPA30BaHUsl CUCTEM yDaBHEHUil, He U3MEHsis CAMUX pelleHui
KaK TaKOBBIX, MOTYT B pPsiJie C/Iy4aeB U3MEHSTh MHOI'ME BarKHBbIE CBONCTBA PeNIeHn —
Takune, KaK YCTONYMBOCTh, KOPPEKTHOCTD, HENPEPHIBHAS 3aBUCUMOCTH PEITEHU OT Tapa-
METPOB, CTENEeHb 3aBUCUMOCTH PEINIEHUN OT BapHaIldil TapaMeTpPOB U T.II.

[lo mocsie THUX JIeT 9T OacHbIe CBOMCTBA SKBUBAJICHTHBIX IPe0OpPA30BAHMIT HE 3aMeva-
JIUCh U 9TO MOCJTYKUJIO IIPUYUHON MHOTUX aBapuii n Karactpod. Vcrnonb3oBanue npuseeH-
HBIX B KHUT'€ METOJIOB IO3BOJISIET TIOBBICUTH HAJEKHOCTb PACUYETOB, YMEHBIITUTH BEPOSAT-
HOCTb aBapuii U KatacTpod.

Astop 6iaromapur M. B. Bosiommaa 3a omoris B pabore HaI yaeOHBIM TOCOOMEM, 3a
BBIYHUCJICHUE PsAjIa IPUMEPOB U 3a 0pOpPMJIEHUE PYKOIIUCH.



Preface

This book is an innovation text-book. This means that in it new scientific results
(mainly obtained by the author) that are essential for a training process are given. But
these results are given on a level accessible for a undergraduates.

Under the name "Mathematics — 2- the author unites such sections in mathematics
in which unexactnesses and errors in coefficients and parameters are taken into account.
They are investigated in the form of mathematical models.

By "Mathematics—1- the author proposes to name all these sections of mathematics in
which coefficients and parameters of mathematical models (or laws of their change) are
supposed to be known and assumed.

So, for example, the search of roots in an equation:

2> +br+c=0 (1)

if values b and ¢ are given, for example, when b = 2; ¢ = 1 is a problem of "Mathematics
—1". If about coefficients b and ¢ is only known that they are in the limits:

1,98 < b < 2,02 ©
0,99 < ¢ < 1,01 )

and it is necessary to calculate (or if only to give an estimate) all possible roots of
equation (1) with coefficients b and ¢ (subjected to conditions (2) then this problem is
already typical to problems of "Mathematics—2".

Just the computation of this solution of Matieu equation:

d*U
W—i—(aijcosz)U:O (3)
(where function a+ b cos z with ¢ and parameters a and b describes a law of coefficients
change with a variable U) if values of parameters a and b are given — is a problem of

"Mathematics —1".

If in relation to parameters a and b is only known that they satisfy inequalities
analogous to inequalities (2) then in this case a problem of estimating problems of possible
solutions of an equation (3) (and, in particular, a known problem of estimating their
stability) can be attributed to "Mathematics—2".

It is evident that "Mathematics—2- better than "Mathematics—1- describes a real world
that surrounds us since a real world that surrounds us since coefficients and parameters of
a mathematical model in real objects and phenomena almost always are only known with
a finite limited exactness and besides almost always they cannot remain ideally constant
and in the course of time they undergo small deviations of variations. Therefore most
often only intervals in the interrior of which they are situated are known. These intervals
are given, for example, by inequalities similar to (2). An exact assumption of coefficients



and parameters used in "Mathematics—1" — this is almost always only an idealization.

But a correct account of unexact values of coefficients and parameters, an account
of intervals in the interior of which exact values are situated (as we shall see later) is
a much more complex problem than a problem of searching a solution while we have
assumed coefficients. The method of solving this problem has been developed not for
all mathematical models. But this branch of investigation is intensely developing. Many
important results have been obtained. The author thinks that time has come to isolate
this branch of investigation and to name it "Mathematics—2". Methods of approximated
computations are well-known sections in "Mathematics—2". From this section usually
start the teaching of courses in computing mathematics — see, for example, [1], [2], an
interval analysis can be seen in [3], [4] and in some others sections. In this book we shall
give new results in the field of "Mathematics—2- by the author.

Additional arguments for the benefit of isolating "Mathematics—2- are its difference
from "Mathematics —1- that has been found recently in [5]. There is difference not only
in the investigation subject but in methodology as well. In "Mathematics—1- equivalent
transformationes are widely used. They simplify equations (or systems of equations) but
they do not change their solutions. Unexpectedly it has been found (see [5]) that these
transformations that do not change solutions as such they can change many important
properties of solutions such as a conditions dependence of solutions on parameters and a
series of other properties. And the most important is that they can greatly change a degree
of dependence of solutions on parameters variations. This means that in "Mathematics—2-
equivalent transformations can be changed only very carefully. This fact, surely, makes
the investigation more difficult.

Inspite of this it is necessary by all means to know "Mathematics—2- since in order
to achieve practical aims methods of "Mathematics—1"are most often insufficient. It is
not sufficient to limit outselves by computing solutions of some mathematical model. It is
necessary to be sure in the reliability of these solutions. And in order to test the reliability
it is necessary to compute the value of inevitable and unmovable error in solutions that
is due to almost always a limit in exactness of coefficients and limits in exactness of
coefficients and parameters knowledge of real objects since almost always there exists
difference between true values of coefficients and values admitted during computation. In
earlier years these differences were often ignored. Due to this cause a lot of wreckages and
catastrophes occurred. These phenomena were ignored not because of malicious intent
but because there were no methods of solving as yet when parameters were set only by
inequalities systems. Recently as computing machines are widely applied it is necessary
to pass to more exact and reliable computation methods (although rather complex ones).
It is necessary to pass to applying methods of "Mathematics—2". The time has come.

Note that computation errors are of different origin. There are errors that are connected
with finity of a number of iterations in iteration methods, with rounding off errors etc.
These errors have been well investigated and they can be decreased up to an acceptable
level due to modernizing computation methods. In this book the main attention is paid
to other errors whose cause is an inexact knowledge of coefficients and parameters of a
mathematical model and their unpredicted variations. Such errors that depend on these
causes and not be decreased by any computation methods. They also cannot be removed
(therefore they are also called unremovable errors). They can only be computed (or at



the worst estimated). And this estimate is very important since without it computation
results will not be reliable.

The book consists of two parts. In the first part important mathematical models are
considered of different objects that have the form of linear algebraic equations (LAE)
whose coefficients are known with a limited exactness. They are set by systems of
inequalities.

The main result of the first part is given and based by an algorithm of an unavoidable
error in each of components of a vector of solutions in LAE. This fact greatly improves the
reliability of computation results. Up to now only approximated estimates of this error
were used.

One of applications is the increase of computation reliability is the computation
of electronic potential during the emission of electrons from a catode of different
form and adjacent problems of electron emission that are investigated at the chair of
modeling electromechanical and computer systems (a chair MECS) of ST.Petersburg state
university. The head of the chair is professor Yegorov N.V.

In the second part objects whose mathematical models are systems of ordinary
differential equations are examined.

The main result of the second part is to show that equivalent transformations of
equations systems that are widely used in a series of cases change many important
properties such as stability, correctness, continuous dependence of solutions on parameters,
the degree of solutions dependence on parameters variations etc.

Up to recent years these dangerous properties of equivalent transformations were not
paid attention at. This fact caused a lot of catastrophes and wreckages. The application
of methods given in the book allows to increase the reliability of computation, to decrease
the probability of computation, to decrease the probably of wreckages and catastrophes.

The author thanks M.V. Voloshin for help in working on a text-book for the calculation
of a series of examples and for preparing the manuscript.



Part 1. Investigation of uneliminated errors in solutions
of linear algebraic equations systems

§1. Rules for approximated calculations. Intervals analysis.

As it has been indicate in the "Introduction"to "Applied mathematics — 2" — enter
such (as for example) rules for approximated solutions, intervals analysis as well as less
investigated sections that are well-known and well investigated ones. In this section we
shall deal (in quite a short way) with rules for approximated calculations and intervals
analysis. Then we shall start analysing the following theme that has not been earlier
examined — the analysis of uneliminated errors in solutions of algebraic equations systems.
They are due to inexactness of knowing their coefficients, coefficients variations.

Rules for approximated calculations are the most old and well-known section in
"Mathematics — 2". They are in details given in the first chapters of a text—books on
computation mathematics. There conceptions of estimates in absolute limited errors of an
approximated number "a" and estimate its relative error are introduced. Since a difference
between an approximated number "a" and its exact value "aq" as a rule is unknown then
under an estimate of an absolute error they mean obtaining the least number "A," at
which the following inequality is fulfilled:

la —ag| < A, (4)

If A, = 2e4. then inequality (4) can be written in the form:

4 — Eape < Ag < A+ Egpe

where a — a number that is used in later calculation. An unknown to us exact value of
this number lies in the interior of an interval [2ca]. Most often an estimate of a relative
error is used. It is written in the form:

a(l —¢) <ap<a(l+e), (5)

where € — number that is small in comparision with a unity. In this case an exact value
of this number lies in the interval [2ea]. While making approximated calculations it is
taken into account that a relative error in a product is near a sum of relative errors if
errors in a fraction are surely not dependent between themselves. If factors are dependent
between themselves then a relative error in a product can be much less than a sum of
factors errors. The same can be said about a quotient. If a dividend error is independent

10



on a divisor a relative error of a quotient is near a sum of their relative errors.

If there is a dependence between errors of a dividend and a divisor a relative error
can be much less than their sum. A relative error in a difference of two numbers can be
larger than a sum of their relative errors by many times. Just the substraction of near
numbers served the main cause for an error in calculations. Therefore it is necessary to
avoid substractions between near numbers.

If rules for approximated calculations have been known for a long period of time
intervals analysis has been developed only in the sixty of the XXth century Works by
American mathematician Moore R.E. are considered to be the first ones in this theme.
Later mathematicians of different countries took part in the development of intervals
analysis including scientists of the USSR and Russia. In a book [4] in a bibliography there
are presented 740 publications on the subject of intervals analysis envelopping a period
of only 1965-82.

The investigations in intervals analysis include intervals that are called intervals
intervals that are called intervals numbers. An interval (or "an interval number") A is
called a set of real numbers X that satisfy an inequality:

(6)

IS}
IN
S
IN
\.Ql

where a — a left end of the interval A and "a" — its right end. An interval "A'"is written
as [a;al.

Analogically we call B an interval (an interval number) that is a set of numbers that
satisfy an inequality:

|
IN
8
VAN
SH

(7)

and it is written as B = [b; b].

An interval with coinciding ends when @ = a = a is called a degenerated interval. It
is identified with a usual real number "a". Also a conception of "a zero containing an
interval" is introduced if a < 0 < a.

While using these conceptions an interval arithmetics is formed. i.e. operations of

addition, substruction, multiplication and division are determined. They are determined
by the following equations:

A+ B=a;a)] +[b;0] = [a+b;a + 0] (8)

11



A-B=[a;a - [b;b] = [min(a-b;a-b;a-b;a-b);max(a-bja-ba-ba-b);  (10)
A aga 11
B~ =g &

An operation of division can not be carried out if interval B is an interval that contains
a Zero.

If A and B are degenerated intervals then equations (8)—(11) coincide with convenient
arithmetic operations over real numbers. Thus an interval number is a generalization of
a real number.

Let us at once note that an interval arithmetics (not to say anything about interval
analysis) is much more complex than a conventional arithmetics. Besides we must not say
anything about the fact that in interval arithmetics an important law of distribution is
not satisfied, i.e. in it an equality

A(B+C) = AB = AC (12)

is not always true. All this leads to the conclusion that interval analysis turns out to
be a rather complex section of mathematics. Besides it is not taught in all mathematical
departments of Universities. So at St.Petersburg state University it has been taught at
a department of applied mathematics and control processes (AM—CP) but from 2004 it
has become not a required subject. At the AM—CP department it was made an optional
subject which is not obligatory.

The cause of difficulties that has arisen during the study of an interval analysis is a
very wide and difficult problem. In an interval analysis a smallness of an interval [a; @ in
comparision with a number ”a” is not supposed. At the same time in the great majority
of technical problems an interval in the interior of which are included unknown to us true
values of coefficients and parameters of a mathematical model are almost always small
in comparison with values themselves. We can apply the smallness of an interval for an
essential simplification of the solution.

Just the smallness of intervals indeterminess while we set coefficients and parameters

in a mathematical model will be applied later, in our statement. We shall observe such
systems of equations about whose coefficients it is only known that they are situated in
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some intervals. But in contract to problems set about interval analysis they are situated
in intervals that are small in comparison with coefficients themselves. We shall study in
which intervals are contained solutions of investigated problems.
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§2. Systems of linear algebraic equations (SLAE).

We call systems of linear algebraic equations (in short - SLAE) the following systems:

a1, + a9y + ... + ATy = b1
A91T1 + Q292 + ... + Aoy = b2

(13)
An1T1 + Ap2Zo + ... + ATy = bn
which as a rule are written in a vector-matrix form:
AX =B (14)

where ”A” —is a square matrix of coefficients a;; of a measure nxn, B-vector — column
of right sides, x —n — measured vector — column of solutions x1; x»; ...; x,,. Numbers x; we
shall call components of a vector of solutions X sometimes (for short) we shall call them
solutions although a set of numbers x1; o; ...; x,, is their solution that turns equation
(14) into an identity.

In quite different sphere of physics and technique we meet with the necessity of
computing solutions of SLAE. So, for example, the computation of different building
constructions directly leads to systems of equations of the type (14).

The calculation of electric chains by Kirchhoff method also leads to the following
systems:

7’11i1 + Tlg’iQ 4+ ...+ Tn = E1
7’21i1 + 7”222.2 + ...+ Ton = E2

(15)

Tnlil + TnQZ.Z + o T T = En

where v;; — resistance, i; contour currents, Ey — contour electrodriving forces.

Besides subjects whose mathematical models from the begining are SLAE they appear
during a numerical computation of objects whose mathematical models are partial
differential or integral equations.

So, for example, the calculation of electrons emission from a cathode leads to partial
differential equations. The most popular method of their solution is a method of nets or
a method of finite differences based on the reduction of an initial equation to a system of
linear algebraic equations.

14



So, for example, in Fredholm integral equation

b
/ K (z; s)y(s)ds = k(x)

a function y(z) will be a sought function. A function b(z) is a known function (it’s the
right side of the equation), function K (x;1) is a function of two variables "z” and ”s” is
called a kernel.

A main method of solving integral equations is based on the change of an integral by
a finite sum. For this homogenous nets of knots with a step A, by a variable s and a step
Az by variable x. By changing a continuous function K(x;1) by its value in knots we
turn an integral equation into a system of algebraic equations:

Aijyi = ki

where 1 =1,2,....m, j=1,2,...,n.

By solving this system we shall obtain a table of values of ”y” in the sought function
y(x).

There exists a lot of other problems (some of them are considered in [6]) a stage of
solving which is to solve some kind of SLAE. The author of a known book [7] in general
thinks that at present more than 70% of mathematical calculations is the computation of
solutions of some SLAE.

Note that solutions themselves of SLAE are computed by rather simple ways. The most
often an algorithm of a successive exclusion of variables have been developed already by
Gauss. In order to compute all components of a solution from z; up to x,, this algorithm

requires approximately n® operations of multiplications (where ”"n” — an order of a system).
[teration methods are also widely applied.

The main difficulty is not in computation itself of a solution but in an estimate of
some unremoved error that arises because all coefficients in SLAE (as we have already
mentioned) are known almost always only with a finite limited exactness.

Examples of such SLAE are known in which even the smallest (and thus — inevitable)
errors in coefficients lead to large errors in a solution.

Here is a very simple example (Nel):
a system

(16)

10,0221 + 79 = 11,02
1021 + 25 = 11
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has solutions x; = xo = 1.

If a coefficient in z; in the first equation will change by from an initial value then

1000
system (16) will become:
10,012y 4+ 2o = 11,02
and it will obtain solutions x; = 2; x5 = —9 i.e. it will change by two times and z5 by

nine times.

Even the existence of such systems means that it is not at all sufficient to calculate
a solution in SLAE. It is necessary (by all means) to check and to see that this solution
will not essentially change or even substantionally change during inevitable small errors
in system coefficients.

Without such a check a solution in SLAE cannot be considered to be reliable and
authentical. An uncritical attitude to solutions absence during a careful check of a value of
unavoidable errors will lead to (and have already led to) wreckages and even catastrophes.
In [6], [10] examples of catastrophes are given.

Depending on sensibility of solutions of coefficients variations in equations systems we
traditionally divide these systems into well — conditioned ones in which small changes in
coefficients lead to small changes in solutions and systems that are "ill-conditioned- in
which during same small changes in coefficients changes in solutions can be large.

In order that such division of systems can be really realized it must be determined (in
addition) what changes of coefficients and solutions can be considered "small".

Let us propose the following definition. We shall call such coefficients "small- (or
variations) that do not exceed a real inevitable indifference in values of coefficients in
a real object. It arises due to a finite exactness of "small- variations of coefficients in the
causes of exploitation and due to other such causes. We shall call such changes in solutions
"small- that do not lead to the violation of a normal work of an examined construction.
If during "small- changes in coefficients that have been defined in such a way changes in
solutions will be "small- (in a sense of an above given definition) such solutions (numbers
x;) will be called reliable. But if during the same "small- changes of coefficients changes of
solutions will not be "small- (in a sense of an above definition) then such solutions will be
considered unreliable. Introduced definitions make more precise widely applied but rather
dim definitions of "well-conditioned- and "ill-conditioned- systems of equations and their
solutions.

Later we shall say that there exist such SLAE in which during small changes of
coefficients solutions can become as positive as negative and they also can be infinitely
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large in absolute values. Such systems will be called very "ill-conditioned". Solutions of
such SLAE are very unreliable. It is necessary to find such SLAE and it is necessary to
avoid them.
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§3. Estimates of errors in solutions by means of "number of
condition".

In a theory of systems of linear algebraic equations by means of a value in matrix 7 A”
— determinant and well — known and are widely applied. Let us consider (in short) the
worth and backgrounds of these estimates. And later in next sections we shall turn to a
more detailed statement of a methodics of an exact calculation of a possible error. This
methodics has been earlier proposed by the author which was given [6] (in short).

Due to inevitable inexactness in setting coefficients in a system (13) in relation to its
coefficients we can only state that they are in the interior of some intervals:

aij(1 = leig] < @iy < aij(1+e44)) (18)

bi(1—16;]) < bi < b;(1+6)) (19)

where a;; and b; — true not known to us coefficients in system (13). But a;; and b; —
values that were admitted during the calculation (usually they are called rating values),
leij| and |d;] — numbers that are small in comparison with 1. They characterize a relative
error of rating values.

If there is an estimate of absolute but not a relative error then in this case true
values of coefficients are in the interior of intervals which are determined by the following
inequalities.

aij — leig] < @iy < aij + eyl (20)

bi — |6;] < by < b + |04 (21)

where in this case |¢;;| and |J;| — measured values whose measure coincides with the
measure of coefficients themselves. More often we have to deal with inequalities (18)—(19),
i.e. relative errors.

Estimates of solutions errors in SLAE are naturally carried out by two steps. The first
one is an estimate of the largest possible coefficients errors, i.e. — an estimate of values
gi; and 6; in equalities (18)—(21). On the second stage on the base of estimates ¢;; and 0;
errors in solutions are calculated.

The first stage is a purely engineering problem. Value ¢;; and ¢; are estimated for
each separate case — object — on the basis of a deep knowledge of its properties and its
particularies. Therefore the first stage of this general problem of estimating errors it this
general problem of estimating errors it this book will not be considered. We shall suppose
that values ¢;; and 9; are known and are assumed.
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The second step — with the help of known ¢;; and d; — is to estimate errors in solutions
— is a typical problem of applied mathematics. The author has developed a methodics of
its solution (which will later be stated). It can be used in computing any objects whose
mathematical model is SLAE. The second stage has the following difficulty: a solution
error depends not only on absolute values €;; and b; but on their signs and a number
of possible combinations of signs in coefficients variations is very large. In matrix A of
a measure nxn a number of possible combinations is equal to 27°. Even if n = 10 it is
equal to 219 > 10%°. Therefore a direct computation of errors in all possible combinations
of signs most often can not be carried out even for the most modern quick operating
machines. It is necessary to apply indirect methods.

The most simple method of a primary estimate of a possible error in solving SLAE
AX = B is a computation of a determinant in matrix A:

a1 a12 ... Qip
a1 A92 ... Q2

detA = " (22)
Ap1 Ap2 ... QApp

If detA is much less than coefficients a;; this means that even during small variations
of coefficients in a solution errors can be large. If we return to earlier considered system
(16) we can note that for it

10,02 1

detA = 10 1

= 0,02 (23)

is by 50 times less than the least of coefficients in matrix A. Then we shall not wonder

1
that a change of a coefficient 10,02 leads to only 1000 leads to a serious changes in

solutions of system (16).

The computation of determinants is not a difficult operation. In order to compute
determinants of an order equal to higher than three usually the reduction of a determinant
is used — to a "triangular"form — since such a determinant is equal to a product of its
elements that are on a main diagonal. In order to reducing to a "triangular"form by means
of successive multiplications and additions all elements that are situated lower than the
main diagonal turn to zero. Such a reduction requires approximately n® multiplications,
i.e. we can compare the calculation of a determinant of order "n” and a calculation of a
solution in SLAE by their labove consuming character.

But the smallness of a determinant allows us to speak only about possible large errors in
solutions. But in order to estimate their value we must use a methodics based on applying
"numbers of condition". Primarily a conception of such a matrix that is increase to matrix
A (it is denoted by A~!) is introduced. Besides a determination of a multiplication of
matrix A by an inverse matrix A~! is carried out. It is equal to a unity matrix E, i.e.:

A-A'=E (24)

where E — matrix in which a unity is on the main diagonal. And all other elements are
Z€eros, i.e.:
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01 0 .. 00

E=|.. . . . . . (25)
00 0 .. 10
00 0 .. 0 1

From equality (24) in linear algebraic equations a formula for elements of an inverse
matrix is formed:

Ay Ay o A
detA

Ay, Agn o A
where A;; — algebraic additions of elements a;; matrix A.

An inverse matrix can be applied for the calculation of solution X in a system AX = B
according to the formula
X=A"'B (27)

i.e. in order to calculate X it is sufficient to multiply matrix A=! by a vector of a
right side B. But formula (27) is ravely used. More often a method of Gauss is applied
or iteration methods since a calculation of an inverse matrix is labour consuming. Really,
while, for example, we apply a formula (26) in order to compute A~! it is necessary to
compute n? algebraic additions, i.e. determinants of the order n — 1. The calculation of
each determinant requires approximately (n — 1)® multiplications. In order to calculate all
determinants it is required n?(n — 1)® multiplications. And this is more than it is required
during the application of a Gauss method.

For matrix of the second order having a measure 2x2

A= <G11 al2> (28)
Q21 Q22

There will be an inverse matrix:

P 1 ( Qoo —a12> (29)

11022 — G12G21 \ 421 Q11

i.e. elements ay; and asy that are on a main diagonal are shifted and elements ao
and as; remain in their places but they change their signs and then they all divid by
detA = ai; + a2 + ajg + asy.

An important conception of linear algebra is a conception of matrix A norm and of a
vector. A norm of a matrix (vector) is a number calculated according to a certain rule by
means of elements in a matrix or vector. Most often Euclid (or spherical) norm calculated
by a rule is applied:

1Bl = /63 + B3 4 .. +82 = (30)

20



for a vector and according to a rule:

1Al = (31)

for a matrix.

Other norms are used. So, for example, a cubical norm of a vector (according to a
terminology in a text-book [8] is determined by a formula

||1Bllkup = maz|bi] (32)

and its octahedric norm — by a formula:

1Blloke = > _ [bi] (33)
i=1
Note

We must especially note that the designation of matrixes and their norm has not been
stated finally. In different books and articles we can meet with different designation. Let us
recall that we shall design matrixes by vertical lines with roundings from above and from
below (formulas (25)—(29)). A determinant of matrix A is designed by detA or vertical
lines from the left and from the right (formula (22)). Norms of a matrix and a vector are
designated by double vertical lines from the right and the left (formula (30) and (31)). In
the names of Euclid, cubical and octahedrical norms we follow a known text-book [8].

Properties of Euclid norm:

1AXT] < [[A]]- 11X (34)
i.e. a norm of a product is not larger than products of norms similarily.

Al -+ 1Bl < [|All + | Bl| (35)

i.e. a norm of a sum is not larger than a sum of items norm.
From a property (34) it follows:

Al [[AH = 12]) =1 (36)

i.e. products of norms in direct and inverse matrixes is always more than 1. By using
properties of matrixes a norm of a solution error is calculated. We must take into account
that if, for example, in equation AX = B coefficients in the right side have changed and
instead of vector B a vector B + AB appeared then a solution has also changed and
instead of equation

AX =B (37)

an equality will appear:
AX+AX)=B+AB (38)
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or —that is the same:

AX + AAX = B+ AB (39)
If we substract from (39) an equality (37) by members we shall obtain

AAX = AB (40)
Hence it follows
AX = A'AB (41)
If we turn to norms we have
IAX]|| < ||A7Y]- []AB| (42)
Hence it follows that
[JAX]]| 1 |JAB]|
i <Al A = (43)
|1.X1] ||B]|

A product ||A]]-]]A7!]| is called "a number of condition". And formula (43) shows that
a relative change of the right side satisfies inequalities (19) then formula (43) will become:

|AX]| 1
< [[A[[-[lA7] -0 (44)
|1 X1]

Example 2. Let us consider a simple system:

2$1+£L'2:2

oyt g = 1 (45)

whose solution will be: 71 = 1; x5 = 0. For this system ||A|| = V22 + 1+ 1+ 1 =+/7,

Lo (1 -1
=)
And thus, ||A7Y|] = V1 + 1+ 1+ 22 = /7 and a number of condition
1A |A7H =7
On the basis of formula (44) we can state that since || X|| = 1, then

|AX||=T7-0
and if, for example, 6 = 0,1 then

IAX|| = /A2 + A22 < 0,7 (46)

If the right side in the first of equations (45) has changed by 10% and has become
equal to 2,2 and the right side of the second of equations (45) has become 1,1 then the
solutions of systems (45) will become z1 = 1,1, x5 = 0. This means that Az; = 0,1, z; =
0, ||AX]| = 0,1 and inequality (46) is satisfied.

If 6 = 0,1 to the largest changes in solutions will a lead a value of the right side in
equations (45) equal to 2,2 and 0,9 as it was shown in [6]. System (45) will become
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2Ty + o = 2,2
I2+$3:0,9

and it will obtain solutions: x1 = 1,3; o = —0,4.

In this case a value | A X| becomes the maximal possible one and equal to 1/0, 32 + 0,42 =
0,5 and inequality (46) is satisfied.

This simple example at once shows that an estimate by means of a "number of
condition"most often is not exact even for maximally possible solution errors. Although
in formula (43) these is a sign "<"that means that an equality of the left and right sides
of formula (43) is possible (that corresponds to an exact estimate) but in practice sign of
equality can appear only for some matrixes A and a vector B. For a majority of SLAE a
number of condition gives only an approximated estimate for a norm of errors in solutions.

If it is necessary to take into account as variations of coefficients in the right side of
a system of equations AX = B as variations of coefficients in matrix A then instead of
formula in matrix A then instead of formula (43) a following formula — its generalization
1s:

1AX]| 1AB| HAAH) )

<[IA][ - IA7H] - +
[1X1] 1Bl {14l

If coefficients in matrix A and vector B satisfy inequalities (18) and (19) then formula
(47) becomes:

[AX]]
[1X1]

A detailed analysis of formulas (43), (44), (47), (48) is given, for example, in [9], [10]
and in many other text-book and handbooks.

<[IA]l- IA7H](6 +¢) (48)

Note. In publications [13|, [14] estimates by a number of condition that make more
precise a formula (48) are given. But they do not change the essence. Estimates by
a "number of condition"remain approximated estimates and they possess a series of
drawbacks about which we shall speak in next section.
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§4. Drawbacks in estimates by means of a "number of condition".

The main drawback of estimates of SLAE solutions by "a number of condition"is that
only a norm ||AX|| of all components in solutions X is estimated — from z; up to x,. This
can be compared with the expression — "something is middling in a hospital". In practice
most often it is necessary to estimate an error of a certain component x; since often a
large error in errors of other components of a solution X and with it a norm |[|AX]|| can
at this time remain in admissible limits.

Example Ne3.

Let us consider a simple system:

31‘1+21’2 =23
I —I—I‘Q =11

with a solution z; = 1; x5 = 10. For it a matrix

()
=49

Therefore ||A|| = V32 +22+1+1 =15 [|[A7Y| = V1 +22+1+32 = /15 and a
"number of condition"is ||A|| - [|A7!|] = 15.

and an inverse matrix

Now let coefficients in matrix A in system (49) underwent variations and system (49)
has turned into

3(1— &)y + 2(1 + )z = 23
(1 + 8)1’1 + (1 — 6)1‘2 =11
By using known Cramer formulas according to which systems of equations AX = B
will become:
D;

where D — determinant of matrix A (i.e. — detA) and D; — a determinant of the same
matrix. But in it the ¢-th line has been changed by a vector—line B of the right side. It is
not difficult to compute:

3(1—¢) 2(1+¢)

_ 1 2
D_‘(l—i—a) (1—e) =1—10e+¢
123 2(1+¢)|
Dl—'ll (1—5) =1—4be
_13(1—¢) 23]
DQ—'(1+€> 11‘—10—568
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Dl 1 —45¢
==
"TD T 1—10e 4 ¢2

D, 10 — 56¢
T9g — —— =

D 1—10e +¢2
Formulas for x; and x5 at once show that even in the most simple systems consisting
of two equations of dependence x1; x5 and thus — and ||[AX]|| on e are mainly nonlinear.

Now let us form a table of dependence of z; and x5 on &.

Table 1.
1 € 0,001 0,01 0,02 0,05 0,1 | 0,10102 0,15 0,2
2 D 0,99 0,9001 | 0,3004 | 0,5025 | 0,01 0 -0,4775 | -0,96
3 1 0,965 | 0,6111 | 0,125 | -2,49 | -350 Foo 12,04 | 8,333
4 T 10,05 | 10,499 | 11,1 14,32 | 440 +00 -3,35 1,25
5 Axy 0,035 0,389 | 0,875 | -3,49 |-349 Foo 11,04 | 7,333
6 Axy 0,044 0,499 1,1 4,32 430 +o00 13,35 8,75
7 [|AX]| 0,0565 | 0,635 | 1,405 5,55 555 00 18,12 1,19
AX
8 % 0,00562 | 0,0625 | 0,1398 | 0,552 | 55,1 00 1,7237 | 1,136
91 ||A]l - ||A_1|| -e | 0,015 0,15 0,3 0,75 1,5 | 1,1515 2,25 3

A considered simple example at once shows the main drawback of estimating errors in
solutions by a number of condition. Let us take the second line of a table 1. If ¢ = 0,01
an estimate by a number of condition says that a relative norm in an error of solutions x;
and x5 does not exceed 15 - 0,001 = 15% form a norm of x; and x5. In fact this estimate
is very rough and a real norm of an error is much less and it is equal to only 6,3% from
a norm of x; and z,. It seems that everything is well. In fact a relative error z; is equal
to 38,9% and a relative error in x5 is equal to 4, 99%.

This simple example already shows that an estimate by a "number of condition"is not
perfect and its application can become a cause of catastrophes and wreckages.

Note that a hope of these who think that although a "number of condition"gives a
rough estimate (rather excessive) but that is a (guaranteering) estimate of a relative
norm of an error in a vector of solutions X is justifved. The comparison of the eighth and
the nineth lines in table 1 shows that if ¢ < 0,05 an estimate by a number of condition
really gives for a relative error an estimate from above. But when a value € approaches to
a such one at which D = 0 a value of errors x; and x, swiftly increases and when ¢ = 0, 1
an estimate by a "number of condition"already does not guarantee anything.

In [6] additional drawbacks of estimates by a "number of condition- have been noted
that were not earlier taken into account. Let us enumerate them:

1. a dependence of a "number of condition- on equivalent transformations of equations.

Let us consider a quite simple system:
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21’1 + 19 = 1 (51)

with a solution x1 = 0; x5 = 1. Let us multiply all members of the second equation by
a number K. After multiplication it will become

k:xl + ]CJJQ =k (53)

and we shall have to deal with a system of equations (51)—(53). This system has the
same solution z; = 0; zo = 1 as system (51)—(52). This must be so since a multiplication of
all members by a constant K which is equal to zero is an equivalent transformation. Note
that in this case this equivalent transformation does not change a degree of conditioning
of solutions. Really, equation (53) for any K remains an equation of the same straight
line on a plane with axes Ox1; Ozy. And an angle between straight lines (51) and (53)
for any K # 0 remains the same. This means that a degree of conditioning of solutions
during multiplications by K # 0 does not change.

Now let us compute for a system (51)—(53) "number of condition". For this example

matrix A is equal
2 1
A= (K K) (54)

a matrix determinant is:

2 1
detA_‘K K’

=g (43 2

|1A|| = v/5 + 2K?

The same norm for an inverse matrix

1
1471 = V5 +2K?

an inverse matrix is:

Euclid norm of matrix A is:

and a number of condition:

5
Al |ATY| = = +2K
HA[- AT = 5 +
turns out to be dependent on K.

We have following dependence of a number condition on K (table 2).

Table 2. The dependence of a "number of condition"on K.
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K |01 |1] 15[ 1 | 10 | 100
[JA]] - [JA7H] | 50,2 | 7] 0,33 | 8,5 | 20,5 | 200,05
This means that while dealing with equation (53) for different coefficients K we must
make quite different conclusions about a "number of condition- of solutions of system
(51)—(53). If K = 1,5 solutions will seem to be well — conditioned but when K = 100 they
will seem to be ill-conditioned. In fact the dependence of systems (51)—(53) solutions on
K does not depend — Just the same conditioning of solutions in any system AX = B will

not depend on the multiplication of all members in any of equations of a system by any
number K # 0.

The methodics of estimating an error in solutions by "a number of condition"can lead
us to a wrong way and — to incorrect conclusions.

The dependence of the product (||A]| - [|[A7!|] on multiplication of all numbers in
any of system equations by a constant has been noted in (|9],p. 212). The influence of
this dependence on the correctness of estimating an error by means of a "number of
condition"in [9] was not considered and it was considered in [6] and [11].

Besides a "number of condition- a determinant of a system equations AX — B also
greatly depends on such an equivalent transformation as a multiplication of all members
2 1
K k|=F
and in dependence on number K it can become large and small as well. This fact stresses
the nonreliability of estimating a degree of condition in solutions by a determinant value
of a system. Often we can hear the following statement: if a system determinant is small
(in comparison with a norm of matrix A) then a system is ill-conditioned. If a determinant
is not small the system is well-conditioned. In fact such a statement is very unreliable
since detA depends on equivalent transformations. In [9] about it was already spoken.

by a number K # 0. So a determinant in system (51)—(55) is equal to detA =

Note that in [6] and earlier in [5] and (11) examples were given when equivalent
transformations that did not change solutions themselves really had changed correctness
and conditioning of solutions and it was shown that these phenomena (that rarely occur)
but a possible change of a series of properties of solutions played a very important role
during equivalent transformations were causes as for wreckages and catastrophes and also
in their prevention. Now we see that an inverse case can occur when some of calculation
methods for the errors in solutions lead to false conclusions about the dependence of these
errors on equivalent transformations.

2. A false dependence of "number of condition- on the scale of measuring equations
coeflicients.

One more important drawback of "numbers of condition- is their dependence on the
choice of units of measure of rated coefficients in equations.

Example Ne4.

Let us examine a simple construction. A beam AB lies on two supports at it is seen
on figure 1.
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fig. 1

The length of a beam is more left than the left support and it is equal to /; meters
with a specific loading on a unit of a length ¢;kN/m (kilonewtons/metre). The length of a
place between supports is equal to [y meters with specific loading gokN/m. The length of
a beam that is more right than a right support is equal to I3 meters with specific loading
g3kN/m. A loading on a left support we denote by x; — on a right one — by z5 . Supports
are supported to be not holded. This means that if, for example, a loading x; turned out
to be negative than a beam looses static stability, it will slide from the right support and
fall. In order to find x; and x5 we can form equations of equilibrium of forces moments in
relation to points A and B. In relation to:

hay+ (h+)re = (lhgy + lage + 13g3) - (L + 1o +13) - = (57)
In relation to B we have:
1
(lo +l)xy + lszo = (lhn + laga + 13g3) - (L + 12+ 13) - = (58)

2
Any of equations of equilibrium of moments can be changed by an equation of forces
equilibrium in order to compute x; and xs:

Ty + T2 = liqr + l2q2 + [3¢3 (59)

If lengths are measured in meters, special loadings ¢;; ¢o; g3 in kilonewtons (meter,

and 5 — in kilonewtons and [; = [y = 2 meters, I3 = 3,8 in ¢; = ¢2 = g3 = 1kN/m then
equations (58) and (59) became:

(60)

5,8ZE1 + 3,8ZE2 = 30,42
T+ Ty = 7,8

If lengths are measured in millimeters (as in a technical draft) and loadings —
correspondingly — 0,001 kN/m them equations (2) and (12) became:
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(61)

580021 4+ 3800xz9 = 304200
T1+ Ty = 7, 8

We see that the change of measurement units turned out to be equivalent to multiplying
all members of the first of equations (60) by 1000. Therefore solutions z; and x5 in systems
(60) and (61) will be the same but "numbers of condition- change, as we have already
seen, while multiplying all members of one of equations of a system by a constant value
"numbers of condition- can change. This circumstance, certainly, speaks about serious (as
it was shown in [6] can be removed) drawbacks in estimates by "numbers of condition".
But it is necessary to note that the dependence of a "number of condition- on a choice of
measurement units will appear only when equations of an examined system have different
measurement. Thus all members of equations (59) in a system (59)-(60) have a moment
measurement (a force multiplied by length) and all members of equation (60) have force
measurement.

3. False opinions about an influence of system parameters on condition of solutions.

Simplicity and universality of computing "numbers of condition- allows us to apply
them for an estimate of influencing some parameters of an object on the condition of
solutions and thus — on the reliability of work of an object itself as well. But here false
opinions can be possible. This is especially important in the course of projecting when
it is necessary to quickly estimate many possible projection variants and to choose from
them such one that will secure the least change of solutions (and thus — the least change
of properties in a projected object) and with inevitable successive changes of parameters
in an examined object in the course of exploitation.

Example Neb

Let us consider a simple system.

(14+m)xy + 29 =2
ZL‘l—I—I'Q:l

(62)
: : m—1 : :
with solutions 1 = —; 9 = ——. Let us suppose that coefficients in a system (62)

m m
can undergo variations and let us follow a dependence of a condition degree of solution
on parameter m.

For system (62) we have:

A= (1—Em 1) s detA = m; ||A|| = sqrt(1 +m)* +3 (63)

4
IA[[-[JA7H] = — +m +2
m

The dependence of "number of condition"on m is seen on table:

m | 01 [1]2] 10 | 100
JA[]- [JATH] [ 42,1 ] 7| 6] 12,4 | 102,04
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According to formula (63) there follows that during the growth of parameter m when
m = 2 conditioning of a system worsenes and, for example, if m changes from m = 2 up
to m = 10 also worsen more than by two times.

In fact, surely, nothing occurs of the kind. Really, equation in a system (62) — an
equation of a straight line on a plane ¢ with axes Ox; Oxs. A tangent of an angle between
straight lines can be computed and is equal to:

m

tgp = —— 64
90 =" (64)

From formula (64) it follows that an angle between straight lines monotonously

increases with the growth of m and thus a degree of conditioning of solutions also increases
with the increase of m. A methodics based on "numbers of condition"gives a false answer.

This can be affirmed by a direct calculation as well. Let us consider the most
unfavourable combination of signs in coefficients of system (62) when it turns into a
system:

(1+m)(1 =)o + (1 +e)az =2 } (65)

(14+e)z+(1—e)ze =1

when m = 2 and € = 0 solutions of a system (65) will be z; = 29 = 0,5 and if ¢ = 0, 1
solutions will be x1 = 0,574; x5 = 0,41. A relative variation of x is:

Az, 0,574—0,5

— 0,148 = 1,48
o 0.5 ’ 08
A 41—
For 2 we shall have ~22 = 241705 500 4 g
T2 0,5
If m = 4 we obtain:
for ¢ = 0 a solution will be ;1 = 0,25; x5 = 0,75. For ¢ = 0,1 a solution is:
A 0,247 — 0,25 A
@1 = 0,247 25 = 0,81. Thus —2% = = 20,12 = 1,2 o2 =
= 0,25 s
0,8 —0,75
28750 0,08 =0, 8.
0,75 ! 1 OF

This calculation affirms that when m = 4 the influence of coefficients variations on
a value of solutions variations is really less than when m = 2. Besides this calculation
shows in what way a rough approximation secures the calculation by means of "numbers
of condition" in relation to real changes in solutions during coefficients variations of a
system.

Example 6. Let us consider a system of three equations:

$1+2$2+3$3:1
2:L’1 + 2o + 3373 =2 (66)
31+ 22+ 223 =3

with solution: 1 = 1; x5 = 0; 23 = 0.

For a system (66) we have:

30



-1 -1 3

1
cdetA=6; A== 2 -7 3
6\-1 5 -3

W N =
[ )
N W W

|A|] = 6,48; ||A7Y] = 1,732; [|A]| - ||A7Y| = 11,225

Let us add to the right side, to a vector B, a variation §B. We shall increase each
component of vector B by 0,1 from an initial value. Here we shall have:

1aB)_
1Bl
According to the main formula (35) the following inequality must be fulfilled:
|AX]| |AB|
N221 <11 205. 1220 _ 4 1195
[1X1] 1Bl

At the same time by directly solving a system (66) while taking into account variations
in the right side, i.e. while solving a system

14+ 2x9+3x3=1,1
21’1 + o + 3LL’3 = 2,2 (67)
31+ a0+ 223 =3,3

we shall obtain a solution: 1 = 1,1; 29 = 3 = 0 and thus
IAX]|
|1 X1]

Therefore an estimate by a "number of condition"turned out in this case to be by
11,225 times more than a true error.

0,1 (68)
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§5. The calculation of solutions errors during variations of a right
side.

The most simple error in solving equations system AX = B is calculated in such
a way when not only coefficients of the right side are changed, coefficients of vector B
and coefficients of matrix A remain unchanged or their change is so small that we can
ignore them. Such cases can be often met in practice. In construction mechanics it is
such a case when a construction mechanics it is such a case when a construction remains
unchanged but loading are changed while computing electric chains — it is such a case
when electromotive forces change but resistance does not change etc.

On an example of a system of the third order it is convenient to explain the methodics
of computing solutions errors.

Example Ne7. Let us consider system:

I1+22L’2+3$3:7
21‘1 + X9 +3173 =38 (69)
3[L‘1+JZ2+21’3:9

and let us estimate a value of solutions errors during variations of a right side when
system (69) becomes:

T+ 2272 + 3$3 = 7(1 + 51)
2:E1 + o + 31’3 = 8(1 + 52) (70)
3x1 + w9 + 223 = 9(1 + 03)

A value and numbers signs d1; d9; 03 can be any. It is clear that a value of solutions
errors depends on a combination of signs is coefficients variations, on combinations of
values signs 01; do; 03. For a system of the third order (70) a number of a possible
combination of signs is equal to 23 = 8, for a system of the nth order a number of
signs combination is equal to 2" and it quickly increases with the increases of n.

A number of necessary computations can be greatly lessened if we apply Cramer
formula (50) reasonably.

For a system (69) a determinant D is equal to

1 2 3
D=2 1 3/=6 (71)
3 1 2
a determinant D, is equal to:
7T 2 3
D=8 1 3 :7‘} 2‘—8'% ;"+9E 2‘27.(—1>—8.1+9.3:12 (72)
9 1 2

D
(we have decomposed a determinant D; by the first column) and therefore z; = 31 =2
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For system (70) a determinant D does not depend on §; and it remains the same: D = 6
but determinant D; depends on ¢; and is equal to:

7+ 76,
Dis = |8+ 83| = 124 (=78; — 96, + 2765) (73)
9+ 9

From formula (73) it is at once seen that the change of determinant D; (and thus —
a change of solution x1) will be the largest. If d3 is positive and d; and Jy are negative.
If 61; 09; 03 are equal to each other by an absolute value, i.e. |6;] = |d2] = |03] = & then
D5 = 12 + 426 and thus

D

If variations d1; d9; 03 have inverse signs, i.e. if §; and d — positive and d3 — negative
then in this case if |§;| = § will be D15 = 12 — 426 and thus

Similarly determinants Dys and D35 are computed and by them — solutions x95 and
T3s. We obtain:

1 3
Dys=[2 (8+80,) 3| =6+ 350, — 560 + 2705 (75)
3 2

and thus: 295 = 1 + (%51 — %(52 + —03)

Here variations in solution xs will be the largest if §; and 03 are positive and o —
negative. If 1; 09 and 3 are equal to each other by an absolute value, i.e. |6;| = |d2| = |d],
then x95 = 1+ 180. If signs of variations of § are inverse, i.e. if §; and d3 are negative and
09 is positive we shall have zq5 = 1 — 180.

Analogically we obtain:

1 3 (T+75)
Dys =12 3 (8+488,)| = 6 — 70, + 408, — 2765 (76)
3 2 (9+96;)
and thus
D 7 40 27
T35 — ng =1- 661 + EéQ - 553 (77)

if [01] = [d2] = |03] = ¢ then z35 = 1+ 12,330 but if signs J; be inverse we shall have
a5 = 1 — 12, 335.

This example at once shows an order of computing solutions errors of a system of
equations AX = B of an arbitrary order when a vector—column of the right side is of the
form:

by + 01by
by + 02by



In this case in order to calculate, for example, values x; we use Cramer formulas and
decompose a determinant D; by elements of the first column, i.e. in this case — a column

(78). We obtain

Dlg (bl + 51b1)M1 — (bg + 52172) + ...+ (—1)n(bn + 6nbn)Mn

where My; Ms; ...; M, — minors that correspond to elements of the first column. From
(79) it follows that:

1 = T1,6=0 -+ Aﬂfl (80)

where xs—g — value x1; corresponding to 6 = 0 and computed with nominal values of
coefficients b;, and Ax; — an increase xp, that has occurred due to variations of these
coefficients. From (79) it follows that

1 <& : 1 «
i=1 i=1

From formula (81) at once it is seen that variations of solution x; will be the largest
in case when signs of variations d;b; coincide with signs of a product (—1)*M;. Note that
variations of solutions linearely depend on variations of the right side. This allows us — if,
for example, variation of solution x; (if |§;| = 0,01) easily to compute a value of solution
variation for any other value |d;].

By applying formula (81) we ca, for example, casily compute the largest possible change
of solution z; in system of equations (66) from example Ne6 for a case when |§| = 0, 1].
Since for system (66) we have

2 3 2 3
1 2 1 3

then the largest change in x; will be if §; = —0,1; 0 = —0,1; 3 =0, 1.
And here we have

1
Az = £(0,140,240,9) = 0,2 (83)

by directly computing a determinant D; while coefficients of the right side have changed
and a new value x; has occurred:

1(1-0,1) 2 3
Dy;=121-0,1) 1 3|=7,2 (84)
3(1+0,1) 1 2
Dqs 7,2
=0 _22"_19 85
) D 6 ) ( )

we see that the change of z; really is equal to 20% from an initial value. If all variations
of the right side have similar signs then a change of x; as it has already been calculated
in §7 will be by two times less if there are the same |0;].

We see that if only coefficients of the right side in a system of equations AX = B
change then changes of a solution z; and if there are maximally possible changes it is not
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difficult to compute. And what is the most important — they are computed exactly (if d;
are known). Much more difficult it is to compute changes of solutions during variations
of coefficients in matrix A. Here a quite new approach is necessary about which we shall
speak in the next section
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§6. A new approach to the problem of estimating errors: an
approach by means of differentials of determinants and by "table
of signs".

In this section we shall pass to the solution of the most general (and the most complex)
problem of estimating errors of each component of a vector of solutions X in system
AX = B during possible variations of coefficients in a matrix A and vector of the right
side B.

In difference to an approach by "numbers of condition"||Al|| - |[|A™t|| we shall apply
Cramer formulas:

and we shall start from the estimate of possible variations of determinants D and D;
that took place due to variations of their coefficients.

Let us consider a determinant of matrix A:

ay; a2 ... Qaip
91 A92 ... Q2

D =detA= " (87)
Ap1 Ap2 ... QApp

and let us take into account that about each of coefficients only an interval (18) is
known in the interior of which are its possible values. Taking into account inequalities
(18) a determinant (87) can be written in the form:

CL11(1—|—€11) a12(1+512) aln(l—l—gln)
D= det A — an(l+¢e21) an(l+ea) ... a(l+e) (88)
an1<1 + 8n1> (lng(l + 6112) ann(l + Enn)

and consider it as a function n? of variables £;; that are subjected to (88). It occurs
due to variations of its coefficients. First of all let us compute a partial derivative of a
determinant (88), i.e. a value

oD
852-]-

and then — a total differential, i.e. the main linear part of a determinant change.

(89)

If we decompose determinant (88) by minors of such a line in which enters a member
a;j + €;5a;; we shall see that the only member of the decomposition that depends on ¢;; is
a member

€ijij Aij (90)
where A;; — an algebraic addition of element a;;, i.e. a determinant of an order n — 1

which is formed from a determinant A by excluding the ith line and jth column and
by multiplying by (—1)""/. Hence it follows that a partial derivative (89) will be equal
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to a product A;ja;; and a total differential — i.e. the main linear part of a determinant
D = det A will be equal to

Ajin = E?:l;jzlaiinjAgij (91)

where Ag;; — a change of a variable ¢;; that does not go out of the limits given by
inequalities (18).

From formula (91) it follows that the largest change of determinant (88) in the direction
of an increase (in a linear approach) will be in a case when for all i and j we shall have
leij| = €ijmar and a sign of €;; coincides with a sign of a product of element a;; by its
algebraic addition A;;.

For a convenient computation of determinant variations it is useful to form the so
called "table of signs". It can be also called "a matrix of signs- whose elements are signs
— "plus-, "minus- and "zero". "A table of signs"is formed according to the following rule.
Each its element ("plus- or "minus") coincides with a sign of a product A;;a;; and is equal
to zero if this product is equal to zero. These "table of signs- have been formed for the
first time in [6].

Example Ne8§

For a determinant

2 1
‘1 1' (92)

algebraic additions are equal to A;; = a; Ajp = —1; Ay = —1; Asy and thus "a table
of signs"is of the form:

(93)

Note that for any determinant of the second order in which all elements are positive
it will always be that: Ay > 0; Ao < 0; Ay; < 0; Aye > 0 and therefore a table of signs
always has a form (93).

Example N¢9

For a determinant

1 2 3
4 1 2/=8 (94)
345
we have:
1 2 4 2
T T -

and similarly
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Az = 13; Ao = 2; Agy = —1 } (96)

Ags =2; At = 1; Ayp = 10; Agg = =7
a table of signs in determinant (94) follows from inequalities (95)—(96) and is of the
form:

_|__
+ +

(97)

|+ +

If algebraic additions have been calculated then it is not difficult to compute the largest
(in a linear approach) increase of a determinant as well. It is equal to:

n

Alinmaac: Z |aiinjA5ij| (98>

i=1lij=1
If for all ¢ and j there is |Ag;;| = €o then a formula (98) can be simplified:

Alinmaa:: Z ’aiinj‘EO (99>
i=1;5=1

so for a determinant (92) we shall have:

Atinmaz = (2-1+1-141-1+1-2)gy = 6g (100)

and for a determinant (94):

Atinmas =1-342-1443-134+4-241-142-2+3-14+4-10+5-7)z = 1612, (101)
A relative increase of a determinant (94) is:

Alinmaz 161
= —¢p = 1 1
det A 3 o 20, 2580 ( 02)

or more than by 20 times more than an increase of each of coefficients. The largest
possible decrease of a determinant (in a linear approach) can also be easily computed.
It will be the largest if signs in Ag;; be inverse to signs of products a;;A;;. Thus to the
largest decrease of a determinant, to the largest decrease of a determinant to a the largest
change in the direction of decrease will lead the so called "an inverse table of signs- whose
signs are inverse to signs of a main table. For determinant (92) "an inverse table of signs-
is of the form:

(103)

and the same form it will have for all determinants of the second order with positive
elements. And for determinant (94) "an inverse table of signs"will be:

+ 4+ -

-+ - (104)
- - +
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The value of the largest (in a linear approach) change of a determinant and in the
direction of increase and decrease is similar and it is computed according to formula (99).

"Tables of signs" can be applied not only for computing differentials of determinants
but also for the computation of determinants in a linear approximation. Besides they can
be applied for exact estimates of determinants changes that occur due to the change of
their coefficients. In order to pass to exact estimates it is necessary to take into account
that in practical problems.

1. Algebraic additions equal to zero occur very seldom.

2. During variations of coefficients ¢;; that are small in comparison with 1 signs in
algebraic additions change rarely.

Therefore we shall apply two approaches to the estimate of possible errors of solutions.

The first approach is: we suppose that for our system that we are examining the
following conditions are fulfilled:

1. Not any of algebraic additions is equal to zero.

2. Not any of algebraic additions does not change its sign for variations of coefficients
of an examined determinant when numbers ¢;; are small in comparison with 1.

While fulfilling these conditions we can easily calculate (as it will be shown later) a
variation of a determinant not only in a linear approach but exactly as well — for any
values of variations of coefficients ¢;; that interest us.

If any of these two conditions is not fulfilled then an examined determinant is named a
special one. And in order to compute its variations it is necessary to apply more complex
algorithm which will be given in next sections.

If these conditions are fulfilled then for an exact computation the largest possible
variation of a determinant it is sufficient to compute a determinant with changed
coefficients a;; + €;5a;;. And here signs ¢;; are chosen in accordance with "table of
signs"which has been earlier computed — of the type of table (97).

Example Ne10. Let us again consider a simple determinant (94) for which the most
unfavourable combination of signs e;; corresponds to "table of signs"(97) as has been
already shown. If for all ¢ and j |g;;| = 0,01 then if there is the most unfavourable
combination of signs ¢;; determinant (94) will become:

0,99 1,98 3,03
4,04 0,99 2,02| =9, 6604
3,03 4,04 4,95

Thus variations of elements in determinant (94) if each value is £1% and if there
is the most unfavourable combination of their signs can lead to a change of determinant
value by A, = 1,6604 or by 420, 76%. We can also compute the largest possible change of
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determinant value to a negative direction. For this it is necessary to change signs "plus"by
"minus"and "minus"by "plus"in a "table of signs"(97). Then — if for all ¢ and j we have
leij| = 0,01 — determinant (94) will become:

1,01 2,02 2,97
3,96 1,01 1,98| =6,3804
2,97 3,96 5,05
and in this case the determinant will decrease by A_ = —1,6196 or by -20,24%. A small

diversion between A, and A_ can be explained by a nonlinear character of a dependence
of determinant value on ¢;;.

Thus possible changes of determinant (94) (we shall denote them by Ag) are during
variations of its elements by £0,01 are subjected to the inequality:

—1,6196 < Age < 1,66 (105)

or in relative units:

det
et

and here estimate of value (105) is exact — i.e. there exist such combinations of elements
variations at which inequalities (105) turn into exact equalities.

10,2024 < Ad <0,2076

So in this example the largest variation of determinant (94) turns out to be by 20,76
times more than the largest variation of each of its elements.

A given mathodics can be used when some of elements in a determinant are exactly
known (their variations e;;a;; are equal to zero) or when signs of variations of some
elements are known. In this case only a part of "table of signs- is used. For example, let
it be known about a determinant (94) that only variations of elements of its first line are
different from zero also for the first line |¢;;| = 0,01 and for other lines ¢;; = 0. In this
case let us apply only the first line of "table of signs"(97). If there is the most infavourable
combination of signs of variations in elements of the first line the determinant becomes:

0,99 1,98 3,03
4 1 2 | =8,7
3 4 5
i.e. in this case variations of three elements in a determinant change its value by

0,7 or by 8,75% from its rating value. This methodics can be applied during the
investigation of an influencs of not only relative variations of determinant elements but
also "absolute'"variations when after variations element a;; turns into element a;; + €;;.
And here a sign in number ¢;; can be any.

So a determinant of a general form (87) will turn into the following determinant after
such variations:

a1 +€11 aig+€12 ... a1p + E1n
Q21+ €21 G2+ €22 ... Q2+ E2p (106)
an1 + Enl  Ap2 + €n2 .. Qpnp + Enn
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and determinant (94) will turn into

1—|—811 2+812 3+€13
4+ €921 1+ €929 2+ €923 (107)
3+€31 4+532 5+533

For "absolute- variations as well as for relative variations its own "table of signs- is
formed — for the most unfavorable combination of signs of coefficients ¢;; variations that
lead to the largest variation of a determinant.

We, as earlier, decompose determinant (106) by minors of a line containing element
a;j +¢;; and then if we compute, as before, a partial derivative and a total differential. We
see that the main linear part of the increase of a determinant (107) is its total differential.
In this case it is

Apin = Z Ay Agg; (108)
i=1;j=1
and it reminds us (as expected) of formula (91). It differs from it only by an absence
of a multiplier a;;. If all £;; by an absolute value are equal to the same number ¢;; then
formula (108) will become

Alinmaz = Z = ‘Aij|€0 (109)
i=1;j=1

(it is an analogue of the formula (99)).

For a determinant (107) "a table of signs- remains as (97). If for all ¢;; we shall have
leij| = 0,01 then if there is the most unfavorable combination of signs a determinant (107)
will become:

0,99 1,99 3,01
4,01 0,99 2,01|=8,5628
3,01 4,01 4,99

i.e. a value of a determinant will increase by 0,5628 or by 7,06%.
Here it is not difficult to compute the largest deviation of a determinant to a negative

direction. If we change "pluses- into "minuses- in "table of signs- (97) we shall have the
following "table of signs":

+

|+ +

+

and — a determinant:

1,01 2,01 2,99
3,99 1,01 1,99| = 17,4428
2,99 3,99 5,01

i.e. a determinant (94) will decrease by 0,5572 or by 6,96%. For a determinant (107)
when |g;;] < 0,01 the following inequalities are satisfied:
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det,om — 0,5572 < detye, < detpom 40,5628

It is important to note that in the theory of determinants and in the theory of
linear algebraic equations as well we can consider variations that are different from zero
coefficients by a unique methodics . Besides by this methodics we can investigate variations
(absolute variations) whose rating value is equal to zero, thus — to examine "variations of
a zero". Recollect that in a theory of differential equations an investigation of "variations
of a zero- in higher coefficients requires a special mathematical apparatus that has been
developed in a theory of "singularly perturbing equations" (also see [5], pp.67-68 and [11],
pp.18-19).

For systems of algebraic equations everything is more simple although here "variations
of zero- can also lead to different results. Sometimes a small "variation of a zero- can lead
to great changes in solutions.

Let us examine a simple equations system:

111 + A91T9 = 1
211 + Q92T9 = 1

(110)

when a1 = 1; a2 = 0; as; = 0; ass = 0. In this case 1 = 1 and x5 does not exist. Let
a zero coefficient ags undergo a variation and became asy = € where 0 < ¢ < 0,01. In this
case

D= ,DQZ

1 0 1 0 11 € 1
0 6‘—8,D1— 1 ¢ 0 1‘—1,1‘1———1,1‘2—2 (111)

€
Thus "variations of a zero- have led in this case to the fact that determinants D and D,
have changed by small values (from a value zero up to ). A solution z; has not changed

but now solution x5 is now included in the limits of from x5 = — up to o — +o0, or in

1
other words, a solution x5 is now included into an unlimited open interval (- + 00).
€

Oftener small changes of a zero element of a determinant do not lead to essential
changes of its value. So, for example, a determinant

2 01
21 11=1 (112)
111
during variations of its zero element turns a into a determinant
2 1
21 2(=1-c¢ (113)
111

and a variation of a determinant value if ¢ — 0 is infinitely small.
If an estimate of determinants variations that enter into Cramer formulas have been

carried out it is already not difficult to estimate possible variations of each of solutions
T1; T2} . T
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The appearance of a methodics of an exact estimate of a possible variation of each of
solutions in system AX = B that are due to coefficients variations, of an exact estimate
of an interval in which a solution can appear due to variations of coefficients is a large
step forward. Now as we surely possess estimates of exactness in coefficients, estimates
of their possible variations — can be exactly estimated — in which systems of equations
solutions are reliable, in which they are apriori not reliable. They can be unreliable during
any calculation methods.

Variations of coefficients, errors in their definition is certainly the only cause of errors
in the results of computation. There exist some errors in computation methods such as
errors from rounding off in intermediate results, errors from a finite number of iterations
in iteration methods etc.

Often the most attention is paid to the decrease of these errors. But nobody paid
any attention to the fact that an error that is due to parameters variations can not
be removed during any modernizing of computation methods. If, for example, when
leij| < 0,01 in determinant (94) its possible error only due to coefficients variations is
subjected to inequalities (105) then it is not possible to improve these inequalities during
any modernizing computation methods.

If for example, due to coefficients variations an interval in the interior of which there is
a solution z; of system AX = B is equal to £0, 1 it is not rational to compute a solution
with essentially larger exactness.

Note that during these same estimates with relative (or absolute) variations of
coeflicients |¢;;| < ¢;; a variation of a determinant value increases with the growth of
its order.

This circumstance can be easily explained on an example of the so called "triangle
determinants"

a1 0 0
G21 Qg2 0
Ap1 Ap2 ... QApp

in which all elements that lie higher than a main diagonal (or vice verse — lower than
a main diagonal) are equal to zero. Such determinants are equal to a product of their
diagonal elements. If we ignore degrees that are higher than the first of a number ¢;; that
us small in comparison with 1 we obtain the following estimate:

det‘gij|:50 - detﬂj:o = (an +€0a11)(a22 +€0a22) ot (a,m —i—goam) —a1a93...Qpy, > ne’fodetsijzo

which increases with the growth of an order in a determinant n.

An interesting question arises. The largest possible variation of a determinant value and
with it — variation of solutions x; in a system of equations AX = B if there is the largest
unfavourable combination of signs in variations of determinant elements increase with
the growth of n. But possibility of realizing just the largest unfavourable combination of

1
signs in elements variations of a determinant is small and it is equal to o and it quickly
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decreases with the growth of n. It is cvident that it is necessary to take into account a
value of determinant variations with not only one and the smallest probable combination
of signs in variations of elements but during all such combinations of signs that lead to
variations of a value in a determinant that is near to maximal values. This question will
be later discussed in §7.
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§7.Results of a numerical experiment.

Besides computing the largest variations of determinants due to variations of their
elements it is interesting to estimate with what probability one or another variation can
appear.

In order to understand what probabilites there are of different variations it is convenient
to use a numerical experiment that has carried out M.V.Voloshin. A determinant of
the third order contains nine elements. Therefore for it there are possible 27 = 512
combinations of positive and negative variations =+¢;;. By posing |e;;| = 0,01 all 512
determinants of the form (114) have been computed for a;; = 1; ajs = 2; ai3; as =
4y a0 = 1; a03 = 2;a31 = 3; aza = 4; azz = 5 and all possible combinations of signs
in numbers g;;. If £;;; = 0 we shall have det,,, = 8. For this determinant the most
unfavourable will be the following combination of variations signs: €17 = —0,01; €15 =
—0,01; €13 = +O, 01, €21 = +0,01; E99 — —0,01; €23 = +0,01; €31 = +0, 01, €32 —
+0,01; e33 = —0,01;. During this combination of signs in elements variations an examined
determinant will become:

0,99 1,98 3,03
det = 4,04 0,99 2,02 (114)
3,03 4,04 4,95

If we denote by + ((conditionally) elements with a positive variation and elements with
a negative variation by — then a determinant can be conditionally denoted in this way:

- -+
+ - + (115)
+ + -

Such a picture obviously shows what combination of signs in variations in thus case is
the most dangerous.

A direct computation while computing between themselves all 512 determinants
assertains that the worst combination of variations signs in elements really corresponds
to determinant (114) and the largest value of variations value of an initial determinant is
really equal to 1,6604.

The analysis of all 512 computed variations (i.e. all possible variants) shows that 16
from them — i.e. 3,12% lie in the limits of from A,,.. up to 0,9A,,4..

For a determinant with variations of elements a determinant

1 2 4 1—|—€11 2+2612 4+4€13

d6t€:0 =1 3 4| = —3; d€t€ =1+ €921 3+ 3522 4+ 4823

2 3 5 2+2831 3+3€32 5+5€33
an analogous numerical experiment has shown that if |g;;|] = 0,01 the largest
determinant variation is equal to |A,,..| = 0,503. It really is achieved if there is the

following combination of signs of variations in determinant elements:
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+ + -

which earlier was predicted on the base of a theory given in a previous section. Here
a direct computations has shown that only in two determinants from 512 their variations
are in the limits from A, up to 0,9A,,., and in eight determinants their variations are
from A4 up to 0,844z

If we take into account that not always a variation of any element of a determinant
reaches its higher (by modulus) value it must be said that a variation of a determinant
very rarely reaches values that are close to maximal ones. But if such a rare combination
of values and signs in variations of a determinant elements is possible it is necessary to
take it into account.

From this circumstance there are important consequences. For example, let efforts in
some knot of our objects is equal numerically to a solution z; of a system with three
equations and each of coefficients in this system is measured with the exactness up to
40, 01. Let 999 objects be manufactured and they all work well. Sorry, this fact does not
guarantee that the 1000-th manufactured object will not break and it will not lead to a
wreckage. It can break not at once, not during tests but after some period of exploitation
in the course of which parameters of an object and coefficients in its mathematical model
undergo inevitable small variations. The cause of a wreckage can turn out to be the
following: in previous manufactured 999 objects not once a dangerous combination of
values and variations signs was realized but on the 1000-th it was realized.

A guarantee from the most dangerous wreckages and breakages, a guarantee from
people’s death can only give a good reliable and truthful computation.

For illustration let us give some calculated values of a determinant:

W = =
B~ =N

3
2| =8
)

1
during variations of its elements by 100 from rating values, i.e. if |¢;;| = 0,01. We shall

give "tables of signs"and corresponding to these tables values of determinants:

+ + + + o+ + + + +
+ o+ | —8,242408; [+ + —|—8,1608; |+ — +|— 8,32401;
+ + + + o+ + + 4+ +
— - + o+ + + 4+ +
+ = 4= 9,0401; |+ — 4| —7,44309; [+ + —|— 7,28513;
+ + - - - 4+ + - +
+ + + + + + + + -
— 4 4| = 8,01798; |[— + —|—=7,99758; [+ + +|— 6,65004;
-+ + + o+ + + - 4+
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+ + o+ + o+ - + + -
— — | = 7,21928; |— + +|—8,00081; |- + —|— 6,38039;
- -+ + o+ - - -+
+ - + + + - + - +
+ o= = 9,5952;  |— — —| —=6,4548; [+ — +|— 8,0192;
+ + - - -+ - -+
+ -+ + - - + - -
— = 4294 + o= | = T7,20027; [+ — +| = 7,9992;
+ + - + - + + - -
-+ - -+ - - - +
— 4+ 47,9992, |~ + +|—6,51835; |+ — +| —9,6604;
-+ - - -+ + + -

These examples show that a value of a determinant can greatly change if there occur
quite small changes in "tables of signs", i.e. during changes of variations signs of only
several elements of a determinant.

It would be very desirable to be able to compute probabilities to obtain variations into
intervals from A,,.. up to 0,9A,,:,, from 0,9A,,.. up to 0,8A,,.. etc. This would greatly
facilitate technical computations. Sorry to say, computation methods of these probabilities
has not been as get developed. Let us present (in addition) on fig.2 and fig.3 computed
dependences of a determinant (94) values by ¢ if we made a choice of signs variations of
their coefficients in correspondence with a table of signs (97) (it’s a higher curve) and in
accordance with an "inverse table of signs"(104) (the lower curve). We can conclude that
up to g9 = 0,07 the dependence of the largest and the smallest values of a determinant by
g0 almost cannot be distanguished from linear ones (fig.2) and only if € are large (fig.3)
there appears nonlinearity.

Note that if absolute and relative values of variations in all elements of a determinant of
nth order are equal between themselves and are equal to ¢y then variations of determinant
values in any "table of signs"are polynomials of the nth degree on variable ¢y. This at once
follows from the conception of a determinant as a sum of n! products formed (each) from
n elements. Since into an each element of determinants of a general type (88) and (106)
enters gq in the first degree then each from n! products — and thus their sum as well-will
be a polynomial of the nth degree on ¢(. If ¢y are small in comparison withs for relative
variations that correspond to determinant (88) or if £y are small in comparison a;; that
correspond to determinant (106) in a variation of a determinant value a member with a;;
that correspond to determinant (106) in a variation of a determinant value a member with
a;; that correspond to determinant (106) in a variation of a determinant value a member
with the first degree ¢3 will dominate and therefore it will approximally proportional to
€o- This will allow us to easily estimate the value of a determinant variations value when
g0 = 0,001, g9 = 0,005 etc if, for example, we have computed a variation of a determinant
when g9 = 0, 01.
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det

fig. 2

det

0,2—-0,3 0,4 0,5 =0,6 -0.,7

fig. 3

Note that fig.3 shows that a dependence of a determinant variation on € can be not
only nonlinear but not monotonous as well.

As to "table of signs"for determinants of higher orders they can be rather odd. So for
a determinant of the fourth order it can be:
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~-3,8 0,7 -3,7
2,1 —-2,6 —2,8

8,1 1,7 —4,9
—4,3 —4,9 —4,7

=N o =
© W~ o

— 616, 9496 (116)

it is of a form:

_I_
+

+_

+ 4+ + +

If for all 7 and j we shall have |e;; = 0,01 then a determinant (116) will turn into the
following determinant if there is the most unfavourable combination of signs in variations
of its elements:

1,8(1—0,01) —3,8(1+0,01) 0,7(1+0,01) —3,7(1+0,01)
0,7(1-0,01)  2,1(1+0,01) =2,6(1—0,01) —2,8(1+0,01)| _ . o
7.3(14+0,01) 8,1(1+0,01) 1,7(1—0,01) —4,9(1—0,01)] >
1,9(140,01) —4,3(1+0,01) —4,9(140,01) —4,7(1—0,01)

whose value is equal to 108,1% from a value of a determinant if £;; =0
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§8. Applications in practice. How to find unreliable and dangerous
objects by means of their mathematical models.

We have obtained computation methods of the largest possible variations of determinants
in the direction of the increase and decrease. They can be applied for finding unreliable
and dangerous objects on the basis of investigating their mathematical models. Surely, for
unreliable and dangerous objects that are able to essentially change their properties and
thus lead to wreckaging situation. These objects by all means will be met in the course of
exploitation.

As we have shown before the first step in solving a problem of a dependence in
coefficients variations on properties of solutions is an estimate of possible values of
coefficients variations. This is a purely engineering problem since a possible value of
variations wholly depends on properties of some certain object of investigation. Therefore
we shall not examine this problem. But we shall give examples of computing for values
ei; = £0,01 and ¢; = +0, 01 as we know it is not difficult to compute for any other values
of €ij and (51

The most unreliable are objects in whose mathematical models in the form of a system
AX = B adeterminant of matrix A can turn into zero in the course of normal exploitation
during variations of their coefficients.

The main step in reliable discovery of dangerous systems is the forming of an "inverse
table signs"for matrix A. If this "table of signs"is formed it is not difficult to calculate at
which value of € a determinant of a matrix will turn into zero. For this it is sufficient to
calculate detA for a series of values .

Let us return to an example in §4 example Ne3 and let us once more consider a system
of equations (49) for which matrix A is equal to:

A= (:13 f) , (117)

3 2

detA = '1 1

‘ =1 (118)

since in this case an inverse matrix is:

A = (_11 _32) (119)

- (120)
and "an inverse table of signs correspondingly:
‘_ +‘ (121)
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Hence it follows that determinant (118) will decrease most quickly in such a case if
signs of variations of its coefficients corresponds to "table of signs"(121) and determinant
(118) will become:

3(1—¢) 2(1+¢)

_ 1 2
detA. = 11+ 1(1-g)= 1—-10e+¢ (122)

and it will turn into zero if
€12 =5EV25—-1=5=%4,89898 (123)

i.e. already when ¢ = 0,10102.

When variations have come up to a critical value ¢ = 0,10102 solutions x; and z-
quickly increase (in an absolute value). So if when ¢ = 0 system (49) had solutions
x1 = 1; x5 = 10 then when € = 0, 1 we shall have x; = —350, x5 = 440, i.e. 1 and x5 will
already have nothing in common with their values if € = 0.

Value € at which a determinant of matrix A turns into zero we shall call "a natural
boundary of variations".

Another source of unreliability in solutions is a change of a sign in any of components
of x; in a vector of solutions X. According to Cramer formulas a change of sign in z;
occurs first of all due to the change of a sign in determinant D;.

When we return to system (49) and supposing that variations undergo not only
coefficients of matrix A and right sides remain unchanged we shell obtain in this case:

23 2(1+e)

11 1+e (124)

D~ |

By putting signs in ¢ according to an inverse table of signs of a determinant (124) we
obtain

23 2(1+¢)

Di=11 1.

—1—45¢ (125)

This means that already when ¢ = 0,0222 determinant D; and with it a solution x;
changes a sign. Thus solution z; is not reliable.

Got a preliminary choosing dangerous systems we can apply a formula for the main
linear part of the increase in a determinant — formula (91).

Examples of using this formula will be given in next section.
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§9. Analysis of computing one of constructions.

In this section we shall aplly a mathodics of disclosing unreliable and dangerous objects
for the analysis of computing one of certain constructions loaded by a concentrated force.

Let us consider an example (example Nell) of calculating efforts in one of simple

constructions considered in a well-known text-book [12], p.205. There a loaded frame
shown on fog.4 where |; = [, = I3 = [ is observed:

IJ

Iy

fig. 4

when the ends of a frame are closed up there is a force P that is applied to the middle
of a horizontal part. It is necessary to compute a horizontal force z; that acts in the lower
closure, a vertical force x5 and a bending moment x3.

We have chosen this example as it has been given in a known text-book [12]| that
has been many times republished surely because its author and many teachers that have
used this test-book considered the calculation of forces x; and x5 and of moment x5 —
sufficiently trustworthy and demonstrative.

In a text—book [12] on p.205-206 in order to define z1; xo; x3 a system of three equations
was formed:

12121 + 16lxy + 1225 = 5Pl = Pl (126)
5lzy + 4lxy + 623
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1 7 1
that has the followi lution: vy = —=P; 19 = —; 13 = —P.
at has the following solution: z; TR AT e
The trustworthiness and reliability of this solution in [12] was not checked although
all coefficients entering into system (126) can undergo some changes due to inexact
accordance of real lengths [y; lo; I3 with projected ones, due to inexact knowledge of an

elasticity module on different parts of a frame.

The estimate of reliability of solutions of a system (126) by means of "a number of
condition"does not make us cautions for system (126) if we suppose that P =7 and [ = 1
we have.

14 12 15 48 —12 —-96
12 16 12| ; detA =48, A™! = =29 12 (127)
5 4 6 S\-32 4 %0

Euclid norm of matrix A is equal to ||A|| = 34,438 and the same norm of an inverse

matrix is ||[A7!| = 2,907 and a number of condition ||A[| - |[A7!|| = 100, 111 means that
system (126) is sufficiently well-conditioned.

Let us make a preliminary deck while using formulas for the variations of a determinant
in a linear approximation — formulas (98) and (99) that have been earlier published in [6].

For a system — of equations (126) we suppose that for convenience of further
computations P = 1 and [ = 1 it is not difficult to compute algebraic additions for
all elements of determinants:

14 12 15
D=[12 16 12| =48 (128)
5 4 6
3 12 15
D=5 16 12| =12 (129)
1 4 6
14 3 15
Dy= (12 5 12] =21 (130)
5 1 6
14 12 3
D;=[12 16 5| =4 (131)
5 4 1

and their differentials. If we apply formulas (98) and (99) shall obtain that for a
determinant (128) we shall have

that in relation to a rating value of a determinant will be 55¢.

For a determinant (129)
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For a determinant (130)

Alin = 98450 (134)

for a determinant (131)

An = —6182, (135)

Ao
or in relation to a nominal value of a determinant — = 154, 5¢,.
3

Now it is at once seen that the most sensible to a value of an unremovable error is
a component xs of vector in solutions X. Really if we compute according to a linear

approximation then when already ¢y = = 0,0065 a determinant D3 and with it a

154, 5
solution z3 will turn into zero but if g > 0, 0065 a solution x3 will change a sign (but, for

1
example, if determinant D turns into zero only when ¢q = = 0,0182). Investigation of

determinants D, D; and D, will be continued in §11.

A combination of values of solutions (z; and z5 that is more than z3) and their errors
that has been met in this example just leads us to the conclusion that a norm of relative
errors of all solutions (z1; z2; z3) is rather small although in a solution x3 an error is
large. We have already said — that "a number of condition"allows us to estimate only a
norm for all components from x; up to x,, — of a vector of solutions but not an error in a
certain solution z;. Just because of this a test by "a number of condition"does not allow
us (in this example) to disclose a bad condition for a solution 3.

Passing from a preliminary estimate (in a linear approach) to an exact solution we
shall compute "an inverse table of signs"of this form a determinant (131):

and computing in accordance with it values of a determinant (131) during the variation
of its elements a determinant (131) turns into:

14(1 + 60) 12(1 — Eo) 3(1 + 60)
12(1 — 50) 16(1 + 50) 5(1 — 80) (136)
5(1 - 60) 4(1 + 80) 1(1 - 60)
we obtain (by making precise a linear approximation) a value g9 when gy = 0,0075
at which a determinant (131) and with it but a solution z3 turns into zero but when
g9 = 0,0075 a solution x3 will change its sign. The fact that a sign in a solution x5 can
change while there are infinitely small variations of a system coefficients mean that a
solution x3 is very unreliable.

An investigation that has taken place earlier in a work [11] has shown that even if

not all twelve coefficients of a system of equations (126) but only three coefficients of a
determinant D3 change and it will become

54



14(1—¢) 12(14¢) 3(1—¢)
D3 = 12 16 ) =4 — 3008¢e (137)
5 4 1

then when even € > 1,3% a determinant D3 and with it a moment x3 can essentially
change. They can change a sign and become negative. Therefore solution x5 is not at all
reliable and has no practical sense. Inevitable in the course of exploitation small changes
of parameters in a construction can lead to its destruction if a sign of a moment x5 changes.

It is interesting that a text—book [12] only up to 1979 has undergone right editions
and had a large circulation. An investigated example with a simple construction shown
in fig.4 and given in [12],p.205 have read and solved tens of thousands of undergraduates.
Thousands of teachers checked their solutions. But nobody paid any attention to the fact
that solution x3 given in [12] is not reliable.
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§10. An investigation of particular special cases.

In previous sections we have examined the most often occuring general case when
during variations of coefficients signs of algebraic additions do not change. In this section
we shall investigate rather seldom occuring but at the same time possible special cases
when some algebraic additions can change their sign during variations of a determinant
coefficients. And we shall also investigate a special case when some algebraic additions
are equal to zero.

During the forming of "table of signs"a special particular case is an equality to zero
of one or several algebraic additions A;;. In this special case a methodics described in a
previous section does not allow us to choose in a corresponding place of a "table of signs"a
sign "plus"or "minus".

Example Nel12.

The following simple determinant can serve as an example:

(138)

— =N
— N
—_

in which A1; =1; A1 =0; Ajg = —1; Agy = —1; Ago =1; Ags = —1; Az1 = —1; Asa =
—1, A33 = 3

Let us suggest that in places corresponding to zero algebraic additions in "table of
signs"is put a number "zero". Then a "table of signs"will become:

+ 0 -
- 4 - (139)

The main linear part of a determinant (138) increase will not depend on value of
variations of element a2 and on its sign since in this case (we examine "absolute"
variations a;j. = a;; + £;;)

we have:

Alin = 611'1+€'0+€13'(—1)+521'(—1)+522'1+523'(—1)+€31'(—1)+€32'(—1)+€33'3 (140)

If all |e;; < 0,01 then the largest growth of a determinant (139) in a linear
approximation is equal to:

Atinmaz =0,01(1+0+1+1+1+14+141+3)=0,11 (141)

and doest not depend on £15. But a total growth of a determinant owing to nonlinear
effects can depend on e15. If in "table of signs"(139) instead of a zero we put "plus" then
if |¢;;] = 0,01 and instead of determinant (138) we obtain the following determinant:

2,01 1,01 0,99
0,99 2,01 0,99|=1,1308 (142)
0,99 0,99 1,01
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and thus A, = 0,1308 but if in "table of signs"(139) instead of a zero we put a sign
"minus"then we obtain a determinant:

2,01 0,99 0,99
0,99 2,01 0,99| = 1,1204 (143)
0,99 0,99 1,01

and A, = 0,1204.

Thus if we take into account nonlinear but a change of a determinant depends on a
sign corresponding to A;; = 0 and in a "table of sign"instead of a zero it is make correct
to put a double signs — i.e., for example, a table (139) is written in the form:

+ + -
-+ - (144)

and to compute a determinant as for one and so for the other sign as well that lies in
the table.
Example Nel13. Let us examine a determinant:

1 2 3
—2 —4 —5/=1 (145)
3 5 6

at which Ay = 1; Ajg = —=3; A3 = 3; Agg = 3; Ago = —3; Agg = 1; A3y = 2; Agy =
—1, A33 = 0.

If for all ¢ and j we shall have |g;;| < 0,01 then the largest growth of a determinant in
a linear approximation is:

Aimas = 0,01(1+2-3+3-24+2-3+4-345-1+3-2)+5-1+6-0=0,47 (146)
A "table of signs"for determinant (145) is of the form.

+ - 4
- + - (147)
+ -+
Let us compute a variated determinant during a choice of a sign "plus"in a "table of
signs"(147) when it becomes:

(148)

+ 1+
|+
+ 1+

and a variated determinant is equal to:

1,01 1,98 3,03
—1,98 —4,04 —4,95| = 1,4749
3,03 4,95 6,06
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We see that the growth of a determinant in this case will achieve 0,4749 or 47,49%
from a rating one. If in a "table of signs"(147) a sign "minus"is chosen it will become

-+ -, (149)

then a determinant (145) will become

1,01 1,98 3,03
—1,98 —4,04 —4,95| = 1,4934
3,03 4,95 5,94

and a growth will become equal to 0,4903 or 49,34% from its nominal value and 105%
of its maximal change in a linear approximations.

A choice of a sign "minus"in a "table of signs"(147) leads to the largest change of a
determinant in this case and a variation of a determinant turns out to be in this case by
49,34 times more than the largest variation of its each elements.

With other combinations of variations in determinant elements its variation can be

much less. So if |g;;| = 0,01 and when a combination of variations signs that corresponds
to "table of signs":

(150)

F+
|
|+ +

when determinant (145) turns into

1,01 1,98 3,03
—2,02 —3,96 —5,05| = 1,099 (151)
3,03 4,95 5,94

a change of a determinant will only be 9,9% from its rating values.
Note that if in a determinant there are many additions equal to zero (or close to zero)
then a value of variations will be in general and as a whole less than during not equal to

zero algebraic additions.

Example Nel4. As an example let us examine a determinant
2 21
2 1 1] =-1 (152)
1 11

iIlWhiChAn: 1 } :O, Algz—'? 1

1; Aoz = 0; Azy = 1; Azg = 0; Agg = —2.

‘ =0 and similarly A13 = 1, A21 = —]_, AQQ =

If for all 7 and j we have €;; = 9 = F0,01 then the largest variation of a determinant
in a linear approximation will be equal to

58



Atinmaz = 0,01(0+24+1+2+140+1+0+2) =0,09 (153)

i.e. variation in a linear approximation will be only by 9 times more than variations of
its elements.

"Tables of signs"with possible variations in this case are of the form:

+ - +
-+ + (154)
+ o+ -

A direct computation of a determinant for all 2° = 512 combinations of positive and
negative variations of its nine elements leads to an interesting result: to a similar (with
the exactness of the sixth sign) value of a determinant equal to -0,911897 (and thus — to
the largest variation of a determinant in the direction of an increase A, = 0,088103) they
lead to different "tables of signs" | i.e.

- - 4 - -+ - - 4

the first: |— + —|, the second |— + +|, thethird: |— + +|,
+ + + +o- (155)
+ - + + - + + - 4+

the fourth |— + +|, the fifth |— + —|, the sizth |— + —|.
+ - - + - - + + -

They all are variations of table (154) and lead to the one and the same value of a
determinant: -0,911897.

It is curious to note that to the largest negative value of a determinant. to a value

-1,092695 and thus — to the largest variation in the direction of a decrease, to A_ =
—0,092695 leads only one "table of signs" | i.e. to a table:

T (156)

which is inverse in relation to one of variations of table (154) but (what is surprising)
are not inverse to any of tables (155).

For determinant (152) if |e;;| < 0,01 the largest variation of a determinant is by 9,2695
times more than each of its elements.

For order "table of signs"different from tables (155) and (156) determinant variations
will be less.

So for "table of signs"

F+ F
+ + +
+ 4+ +
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we shall have det = —1,030301 and a variation of a determinant is equal to 0,030301.

For tables
+ o+ o+ + o+ +
+ — +| and |+ — +
- + + - — +
we shall equally have det = —1,0715009.
For a table
+ + +
+ + +
we have det = —1,009899, i.e. determinant variation in this case will be very small —

even more small than variation of each of elements of a determinant. More less variation
of a determinant will be with "tables of signs":

for which analogically det = —1, 0095.

To tables
- 4+ +|and |- + -
+ -+ + - +
corresponds det = —0,98109 and a similar small variation of a determinant in the

direction of an increase, so A, = 0,010891.

Example Ne15. Now let us examine the most exotic object — a determinant

(157)

—
—
—
Il
o

in which all algebraic additions are equal to zero. In such determinants during variations
of their elements the main linear part of a determinant growth is equal to zero and a value
of the growth will depend only on members of higher orders.

For such an exotic object as determinant (157) a general theory of forming "tables of
signs"for the calculation of the largest deviation of a determinant from its rating value
does not work. A direct consideration has shown that in this case there exists not one but
several "tables of sings"that lead (if for all ¢ and j we shall have |¢;;| = 0,01) to similar
maximal variations of a determinant with the exactness of up to the fourth sign.

So to the largest deviation in the direction of an increase equal (with exactness up to
the fourth sign we have 0,0012) leads the following "table of sings"
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(158)

+ 1
|+ +
+ + |
:
I+ +
+ + |
+ 1+

and to the largest deviation in the direction of a decrease equal to -0,0012 lead "tables
of signs"

and

+ 1
+ + |
|+ +
I+ +
+ 1+
+ + |

=

Thus for determinant (157) its largest variation
variation of each of elements of a determinant.

ill not exceed 0,12 from the largest

Let us consider the first of "table of signs"(158) when determinant (157) if |e;; = €
will be of the form:

1+50 1+60 1—50
l—egy l4e 1+eg|=12e] + 4ep.
1—|—€0 1—50 1—|—E()

This formula quite obviously shows that a variation of a determinant wholly depends
on nonlinear members.

If we investigate the second of "tables of signs"when determinant (157) after variations
of its elements has become:

1+€0 1—80 1+€0
l4+e 1+e 1—ego| =122+ 4ed
1—80 1—|—80 1+€0

we see that for the first and the second of "tables of signs"(158) as well variations of
determinants are exactly equal to each other. The dependence of determinants value on
o is shown in figure 5.
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0.04 —0,02 | 0,02 0,04 0,06 0,08

fig. 5
Similarly while forming variations of elements of elements in determinant (157) in
accordance with the first and the second of "tables of signs"we see that

l4+eg 1—¢9 1+4+¢g 1+eg 14+e9 1—¢g
l—ey 14+e l4e|=|1+e0 1—ey 1+eo|=—12¢]— 4ep.
1—|—€0 1+€0 1—60 1—80 1+€0 1+€0

Surely, determinants in which all algebraic additions are equal to zero in practice almost
never occur but as a special an exotic object they are interesting.

The above material allows as to give additional basement of trustworthiness in
estimating a determinant during small but final variations of its elements. Strictly speaking
a "table of signs"is formed for infinitely small variations e;;. Will it not change if variations
ei; are small but finite? A sign that is in a "table of signs"on the crossing of the ith line
and jth column can change in such a case if an algebraic addition A;; is very small and can
change a sign during the pass from rating values of determinants elements to variated ones.
In order to obtain an exact value of a maximal variation of determinant it is necessary to
watch possible change of signs in algebraic additions.

Example Ne16. Let us examine instead of determinant (145) a determinant that is close
to it:

1 2+m 3
-2 —4 —=5|=1-3m
3 5 6
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where m — positive number that is small in comparison with 1. Algebraic additions
of elements of this determinant are equal to: A;; = 1; A = —3; Ai3 = 2; Ay = 3 —
6m; Aoy = —3; Ao =1+ 3m; Az1 =2 — dm; Azs = —1; Azz = 2m > 0 and therefore its
"table of signs"is of the form:

_|_

I+

_l’_
+ - 4

If all elements of a determinant have obtained small changes 4+¢ whose signs correspond
to a written table then a determinant will become:

I+ 2+m)(1—¢) 3(1+¢)
—2(1—¢) —4(1+¢) —-5(1—-¢)|.
3(1+e¢) 5(1 —¢) 6(1 +¢)

For e that are small in comparison with 1 signs in algebraic additions from A;; up to
Ass do not change but an addition Asz that is equal to the following determinant

1+e (24+m)(l—¢)
—2(1+¢e) —4(1+¢)

can easily change a sign if € increases from an initial value ¢ = 0. If, for example,
m = 0,01 then a sign of As3 will change when € > 0,0124 but when m = 0,1 a sign of
Aszz will change when ¢ > 0,122. Therefore if, for example, m = 0,01 then during the
calculation of a determinant variations if € > 0,0124 it is necessary to take into account
that "table of signs"has changed and corresponds to Aszz < 0.

Asy = = 2m — 16¢ — 4me + 2me>

It is also necessary to note that small algebraic additions hardly influence the variation
of an examined determinant and therefore we can consider signs of additions unchangable
with a sufficient for practical aims exactness and in order to compute variations of
determinants it is necessary to apply a simple algorithm given in §6 as values of variations
in coefficients in equations systems which is a mathematical model of a real object almost
always can be estimated only approximately.
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§11. Computation of exact values of variations of each of
components in solutions vector.

Methods of computing determinants variations given in previous sections allows us to
obtain exact variations of all components z1; x»;...; x,, in solutions vector based on the
following Cramer formula:

But here there are some special traits. In general and as a whole variation z; will be
the largest (in the direction of the increase) in such a case if a determinant D obtains
the largest possible variation in the direction of a decrease of determinant value. But
determinant D; undergoes the largest possible variation in the direction of an increase.

In the first approximation variation x;, a variation of a quotidien due to the division of
determinant D; by a determinant D is a sum of variations D and D;. But in fact variation
of x; is less than a sum of variations of D and D; since it is necessary to take into account
that variations of elements in determinants D and D; are not independent since n — 1
columns in determinants D and D, coincide.

Example Nel17. Let us explain the above problems on a simple example of a system:

233'1—1}2:1
x1+x2:2} (159)
For this system
2 —1 1 -1 2 1
D-’l 1‘3,D1—‘2 1',D2‘1 2’—3 (160)
3 3
andthus:m:g:l;xg:g:l.

Let us speak about the computation of a variation of xo supposing that relative
variations of all six coefficients in system (159) do not exceed (by a module) a value
0,01 but their signs can be any.

For determinant D the largest variation in the direction of a decrease will be when
signs of elements variations defined by its inverse "table of signs"which for a determinant
D is of the form:

1(1-0,01) 1(1—0,01)

(here and later computations have been carried out with the exactness of the third
sign). For determinant Dj the largest variation in the direction of an increase will be with
the following "table of signs"

- (161)
and here determinant itself turns into a determinant:
‘2(1—0,01) —1(1+0,01)‘ _2.96 (162)
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(163)
when determinant D, becomes:

‘2(1 +0,01) 1(1-0,01)

1(1-0,01) 2(1+0, 01)‘ = 3,00 (164)

variation of determinant D, is equal to 0,06 or 2% from its rating value.

Variation of x5 in the first approach is equal to a sum of variations Dy and D is equal
in the first approach to three percents.

But elements variations of the first column of determinants D and D, are the same
(these are variations of elements aq; and aj. They are the same in D and Ds). Therefore
two variants of computation are possible.

The first variant: we shall base ourselves in general on "table of signs"of determinant
D. In it and as well in the first column of determinant Dy we choose signs in coordination
with "tables of signs"(161). And only in the second column of determinant Dy we put

signs of variations in accordance with its "table of signs" ;| i.e. in accordance with table
(163). We obtain:

2(1—0,01) 1( 1—0 01)
1(1-0,01) 2(1+0,01)| 3,02

2 ~ 2,96

— 1,020270 165
2(1—0,01) —1(1+0 01) (165)

1(1—0,01) 1(1—0,01)

i.e. variation of xs (in the direction of an increase) is equal to 0,02.

The second variant. Let us base ourselves on a numerator, on determinant Ds. In it
and in the first column of a determinant D as well we shall choose signs in accordance
with "tables of signs"for a determinant Dy, i.e. with a table (163). And only in the second
column of determinant D we choose signs in accordance with an inverse "table of signs"of
determinant D, i.e. accordance with table (161).

We obtain:
2(1+0,01) 1(1-0,01)
1(1-0,01) 2(1+0,01) 3 06
3

=1,02 166
2(1+0,01) —1(140,01) (166)

1(1-0,01) 1(1-0,01)
i.e. variation of z5 in the second variant in a combination of signs of variations of matrix
A elements and vector B in system (159) is equal to 0,02 or 2% of its rating values.

IQ—‘

In this case the first and the second variants of computation have led to the same result
in practice.

65



Let us explain. In the first variant we take into consideration the largest possible (in
the direction of a decrease) variation of determinant D. Variation of determinant D; can
turn out to be not maximally possible in this variant.

In the second variant we take into consideration a computation of maximally possible
(in the direction of an increase) variation of determinant Ds. Here variation of determinant
D can turn out to be not maximally possible. Now we can form a general rule of computing
the largest variation of any component of z; in a vector of solutions .

A general rule. An initial material for the calculation serve estimates of maximal
absolute values of variations of elements a; and b; in the form of the following inequalities:

lei| < €ijo; [bil < big (167)

and computed "tables of signs"in determinants D and D; in Cramer formulas.

Let us take two variants of computations. The first variant is based on determinant D

D; : .
in a formula r; = —. We must compute the least possible value of determinant D by

means of its "inverse table of signs". After this we must calculate a value of determinant
D; while taking into account variations of its elements. Here signs of elements variations
in all columns of a determinant excluding the ith column of a determinant (recall that
this column coincides with a column by; be; ...; b, in the right side) then we must choose
a determinant D in accordance with a "table of signs". Later we divide values of D and
D; by each other that have been obtained while taking into account variations and as a
result we obtain — a value z;.

The second variant. It is oriented on determinant D;. Signs in variations of all elements
of determinant are chosen in accordance with its "table of signs". After this we must
calculate a determinant D; and obtain its largest possible value (while setting this value
of coefficients variations). After this we start calculating determinant D while taking into
account variations of its elements. Here signs in elements variations of all columns of
determinant D except the ith column we choose in accordance with "table of signs"of a

determinant D;. Later when determinants have been calculated we calculate x; = 51 and

compare it with the result of computing x; by the first variant.

Note that by applying this rule we compute the largest possible variation of x; in the
direction of an increase — in a positive direction. If it is necessary to compute the largest
possible variation of z; in the negative direction, in the direction of a decrease then it
is necessary to take into account that this variation will be the largest if variation of
determinant D; is largest in the direction of a decrease (i.e. signs in elements variations
corresponds to "inverse table of signs"of determinant D;). But variation of determinant
D will be the largest in the direction of an increase (i.e. signs in elements variations will
correspond to a direct "table of signs"of determinant D). Since determinants D and D
have n — 1 general columns it is impossible to combine these contradictable requirements
and it is necessary (as earlier) to apply two variants of computing for the least possible
value of x;.

The first variant. As earlier it is oriented on determinant D. In determinant D we
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choose signs for all its "table of signs"after which we compute a determinant while we take
into account variations. Later we put (in determinant D) signs in variations of elements of
all columns except the ith column in correspondence with "table of signs"of determinant
D. And we put signs of variations of the ith column into correspondence with "an inverse
table of signs"of determinant D;. Then we compute a determinant D; while taking into
account variations of its elements and divide D; by D.

The second variant. As before it is oriented on determinant D;. We choose signs of
variations in all elements according to "inverse table of signs"and then we calculate
determinant D while taking into account variations of its elements. In determinant D
signs of variations of all its columns except the ¢th we put in accordance with "inverse
table of signs"of determinant D; and we put signs of variations of the ith column in
accordance with "table of signs"of determinant . Then we compute determinant D
taking into account variations of its elements and we divide D; by D. Later we compare
in what variant of computing variation of x; is larger.

As a whole a general rule of computing variations of x; in the direction of an increase
and a decrease while taking into account two variants of computing has become rather
cumbersome. For a real application of this rule it is necessary of form a program for
computing on an electronic machine.

the continuation of example Ne7.

Let us consider the same system (159) and calculate the largest possible variation of
T in the direction of its decrease.

The first variant. While taking into account "table of signs"(161) and (162) we shall
obtain that for the first variant when a "table of signs"is a base in determinant D and only
in the second column of determinant D, signs of variations are given in an accordance
with its "inverse table of signs"will become:

2(1+0,01) 1(1+0,01)
|1t +0,01) 201-0,01)

2T (11 0,00) —1(L—0,01) 303
1(140,01) 1(1+0,01)

The second variant. In the second variant for a basis a determinant D5 is taken in which
signs of variations are put in accordance with its "inverse table of signs". In correspondence
with this same table we have to put variations signs in the first column of determinant D
as well.

And only in its second column signs of variations are put in accordance with "table of
signs"of determinant D, i.e. the table:
+ —
168
- (168)
Thus
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2(1—-0,01) 1(140,01)
~J1(1+0,01) 2(1—0,01)
~]2(1=0,01) —1(1-0,01)
1(1+0,01) 1(140,01)

In this case to the largest value of variation of x5 in the direction of a decrease leads the
second variant and a combination of variations signs in elements ai1; ai2; ao1; as9; by; by
shown in formula (169), i.e. variation ay; has a sign "minus a5 — a sign "plus asy — a sign
"plus b; — a sign "plus by — a sign "minus".

= 0,967 (169)

Finally we conclude that a component x5 in a vector of solutions of a simple system
of equations (159) (due to variations in system coefficients do not exceed 0,01 from its
rating values) is subjected to the inequalities

0,967 < 25 < 1,02 (170)

Here an estimate (170) is exact since we can show such a certain combination of signs
of variations in coefficients of system (159) at which inequalities (170) turn into exact
equalities.

This example shows that an exact estimate of an error in solutions of a system of linear
algebraic equations is in some degree a more complex problem than a computation of a
solution itself.

Example Ne18.

Let us return once more to a system of equations (126). Earlier it has been shown that a
component in solution x3 is not at all reliable. This fact has already become evident during
the investigation of determinant D3 since during vary small variations in coefficients of
determinant Dj if €9 > 0,0065 determinant D3 and with it z3 as well (i.e. a moment
applied to the end of a frame) changes a sign.

Now let us examine z; and z,.

Components of a solution z; and xy defined by Cramer formulas by means of
determinants D; Dy and D are equal to:

3 12 15 14 3 15
5 16 12 12 5 12
D, |1 4 6 12 Dy 5 1 6] 21
PO RO LS B ~0,25; x S e — 10,4375
WD T4 12 15 48 =D " 14 12 15| 48
12 16 12 12 16 12
5 4 6 5 4 6

(171)

For preliminary estimate of possible variations of a component of a vector in solutions

x1 and x5 let us compute variations of determinants that enter into formula (171) in a
linear approach.
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While computing algebraic additions for determinant D we shall obtain:

16 12
4 6

12 11
5 6

12 16

‘411::’ 5 4

and similarly A1z = —12; Agy = 9; Aoz = 4; Az1 = —96; A3z = 4; A3z = 80.

"Table of signs"of determinant D becomes:

+__
- + 4+ (173)
-+ 4+

If absolute values in variations of all elements in a determinant D are equal to |e;;| <
€o then the largest variation of a determinant if combinations of variations signs of its
elements are the most unfavourable (in a linear approach) is equal to:

An = £0(14-48412-12+15-32412-12416-9412-4+5-96+4-1246-80) = 2630z, (174)

and determinant D satisfies (in a linear approximation) inequalities:

Dy —2630eg < D < Dy + 2630¢

or in relative units:

D
1 — 54,790 < — < 1+ 54, 79, (175)
Dy

where Dy — a rating value of determinant D.

In order to take into account a weak nonlinear dependence of determinant variation
on a variation of its elements it is necessary to compute determinant D with variated
elements. Here signs of variations correspond to "table of signs"(173). If for all 7 and j we
have |e;;| = 0,01 then determinant D turns into:

14(140,01) 12(1—0,01) 15(1—0,01
Diae = [12(1 =0,01) 16(1+0,01) 12(1+0,01)| =
5(1—0,01) 4(1+0,01) 6(1+0,01)
14,14 11,88 14,85
= |11,88 16,16 12,12| = 74,665 = Dy + 26,605
4,95 4,04 6,06

Formula (176) shows that for determinant D we shall have A = 26,665 and it differs
very little from Ay, since if eg = 0,01 we shall have A, = 26, 3.

(176)

In order to compute the largest variation of determinant D in the direction of a decrease
signs in elements variations must be chosen in accordance with such "table of signs"that
is inverse in relation to table (173), i.e. table

+ + -
- - - (177)
+__
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when determinant D turns into a determinant

13,86 12,12 15,15
Dopin = 12,12 15,84 11,88] = 21,863 (178)
5,05 3,96 5,94

We again see that A, =48 — 21,863 = 27,173. It little differs from Ay,.

The same computations must be carried out for determinant Dy for which

5 12 12 12 12 5
All—‘l 6’_187 A12__ 5 6 __127 A13_'5 1 __137

Aoy = —=3; Ao = 9; Agg = 1; Agy = —39; Az = 12; Ag3 = 34

"table of signs"is of the form:

(179)

+

+ 4
+ + |

and thus if for all ¢ and j we shall have |¢;;| < gy then the largest possible variation of
determinant D in a linear approach is equal to

Ay = £0(14-18+3-12+415-13412-3+5-9+12-145-39+1-9+6-34) = 9845, (180)

and thus determinant D5 in a linear approach satisfies the following inequalities:

DQN — 98460 S DQ S D2N + 98460 (181)
or in relative units:
D,
1—47¢9 < <1+447¢q (182)
oN

From formulas (175) and (182) a simple "estimate from above"follows in a linear
approach for the variations of xs:

1 — 4720 — 49, Teg < —2 < 1+ 4720 + 49, T2y (183)
ToN
and thus:
1— 96,720 < —2- < 1+ 96,7z,
ToN

x
but to achieve the highest and lowest borders of this estimate a relation 2 can be
Ton
only if variations of determinants are independent.

In fact these variations are dependent and this allows us to give a more exact estimate.
Inequalities (175) and (182) show that the investigation of determinant Dy does not

allow to male a final conclusion about the reliability or nonreliability of a solution
component xy and it is necessary to make a more detailed investigation of variation of
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2o while taking into account possible combinations of variations in determinants D and Ds.

Variation of x5 in the direction of an increase will be the largest in such a case if
determinant D, that stands in a numerator will greatly increase and determinant D in a
denominator will in a greater degree decrease. A value of a component of a solution x5 in
a greater degree will decrease if determinant D increases in a possibly large degree during
variations of its elements. But variations of D and D, are not independent and therefore
it is necessary (as we have already said before) it is necessary to take into account two
variants of combining elements variations of determinants D and Ds.

The first variant of computation.

We orient ourselve on a denominator, on the largest (in the direction of an increase
and decrease) variation of determinant D. In a linear approximation (as formula (175)
shows) is equal to £2630e( and it corresponds to either direct or inverse "table of signs"of
determinant D, i.e. either to table (173) or inverse — to the table (177).

In determinant Dy the first and the third columns in the first variant of computing
coincide with corresponding columns of determinant D. Therefore signs of their variations
are not arbitrary and they must correspond to "table of signs"of determinant D. Signs
of elements variations of the second column of determinant D, are arbitrary and to
the largest increase of Dy will lead such variations whose signs correspond to "table of
signs"(180). As whole "table of signs"of determinant D, that secures its largest increase
during the choice of the first variant of computing will become:

- -+
+ + - (184)
+ o+ -
while computing determinant Dy if |g9| = 0,01 and "table of signs"(184) in this case
we obtain:

13,86 2,97 15,15
Dy = [12,12 5,05 11,88] = 12,91 (185)
505 1,01 5,04

By dividing Dy by determinant (178) we obtain:
12,91

Tomaxr =
21,863

It is a maximal value of x, that is obtained by combining signs of variations
corresponding to the firest variant of computing.

= 0,5905 (186)

Now let us start computing the change of x5 in the direction of a decrease. This change
will be the largest if determinant Dy becomes possibly very small and determinant D that
is in a denominator — as much as larger. Thus the change of x5 in the direction a decrease
will be the largest if signs of elements variations in determinant D and the first and the
third columns of determinant Dy as well will correspond to "table of signs"(173), and
signs in variations of the second column of determinant D, will correspond to "inverse
table of signs"for D,. As a whole "tables of signs"for a fraction are:
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Dy
>
that secure the largest change of x5 in the direction of a decrease are of the form:

(187)

+ + -
- - 1
- - 4
- (185)
- + +
- + +
while calculating determinants D and D, if variations are |¢;;| = 0,01 and if we use

"tables of signs"of variations given in formula (188) we obtain:

14,14 3,03 14,85
11,88 4,95 12,12
4,95 0,99 6,06 28,93
14,14 11,88 14,85 74,665

11,88 16,16 12,12
4,95 4,04 6,06

=0, 38746 (189)

Tomin =

It is the least value of x, that is achieved while combining signs in variations that
corresponds to the one shown in formula (188). Now let us pass to the second variant of
computing.

The second variant of computing

In this variant we base ourselves on a numerator, on determinant D, and taking into
account that variation of x5 in the direction of an increase will be largest when Dy takes
the largest value but determinant D — the least in the possible ones. Determinant Dy —
the largest if there are signs of variations in its elements that correspond to "table of
signs"(180). In determinant D signs of variations of the first and third columns must
correspond to that same table (180) and only in the second column signs of variations are
not connected with this condition and to a minimal value of D lead signs corresponding
to "inverse table of signs"for D, i.e. — to table (177).

As a whole "table of signs"for computing 2,4, can be written in the form:

+

+ +

, (190)

To =

[
[+

+ +

and then
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14,14 2,97 14,85

11,88 5,05 12,12

LTomax = (191>
14,14 12,12 14,85

11,88 15,84 12,12
4,95 3,96 6,06

while calculating a determinant we obtain:

30, 878
maxr — , = 74 192
23 7 a1 = 0 4576 (192)

while passing to calculate the least possible value of x5 (during the second variation
of computation) we must note that this least value will be achieved if a nominator Dy be
minimal and denominator D — maximal. Since during the second variant of computation
we start from a nominator, D then for D; we take into account its "inverse table of
signsi.e. a table:

+ +
- - (193)

+ + |

that is inverse to table (180).

In a "table of signs" for a denominator, for determinant D the first and the third
columns coincide with corresponding columns of table (193) and only the second column
can be chosen as such that secures the largest possible value of D. This value will secure
a column that coincides with the second column of table (173). As a whole "table of
signs"for a denominator, for determinant D is of the form:

- -+
+ + - (194)
+ + -

By computing determinants D and D, with variations in which |&;;| = 0, 01 and having
such signs that correspond to tables (193) and (194) we obtain:

13,86 3,03 15,15
12,12 4,95 11,88
5,05 0,99 5,94 11,23
13,86 11,88 15,15 28,124

12,12 16,16 11,88
5,05 4,04 5,94

By computing inequalities (186), (189), (193) and (195) finally we find an interval in
the interior of which a component of x5 of a solutions X vector in a system of equations
(126) can be:

Tomin =

=0, 39766 (195)

0,38746 < x5 < 0,5905 (196)
or in relative units:
T2
0,886 < — < 1,3497 (197)
ToN
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and here estimates (196) and (197) are exact estimates, i.e. we can always indicate
such a combination of coefficients variations in an examined system of equations at which
the left or the right inequality of a form (196) is satisfied with a sign of an equality.

So, for example, an equality:

vy = 0, 38746 (198)

is satisfied if variations of a matrix in coefficients of equations system (126) (if |g;;| =
0,01) correspond to the following table of signs:

+__
- + + (199)
- 4+ +

and variations of coefficients in a vector—column of the right side satisfy "table of signs"

_I_
- (200)

Note. Formulas (179) show that in Dy algebraic additions As; and A,z are small
therefore in order to take into account the change of their signs if ¢g = 0,01 (about
which we spoke in §10) we can slightly make more exact values of Zg,,4, and Tomiy.
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§12. A general algorithm for an exact estimate of errors in each
of components of solutions vector.

The material of a previous section shows that an exact estimate of a possible error of
each of components x1; xo; ...; x, of vector X requires rather cumbersome computations.

First of all in order to form a table of signs it is necessary to compute algebraic additions
of determinants D and D; in Cramer formulas. Each of algebraic additions in a system
consisting of n equations is a determinant of the n — 1th degree. As is known from [9,
10] its computation requires approximately (n — 1) multiplications. In all computation
of all n? algebraic additions requires approximately n° multiplications. But in order to
form a "table of signs"we can manage without direct computation of algebraic additions
but to apply an inverse matrix A~! for whose computation there exists convenient and
well-develop programs since each of elements in an inverse matrix is a quotient of the
division of a corresponding algebraic addition by matrix determinant.

Besides not in all cases it is necessary to use all computations described in a previous
section. We can start with computing variations of determinants D and D; in a linear
approximation. If these variations are large in comparison with their rating values this
means that an examined system is ill-conditioned if they are small — they are well-
conditioned.

We can also compute "a natural limit of variationsi.e. variations of matrix A whose
signs correspond to an "inverse table of signs"and their absolute values are such that a
determinant of matrix A turns into zero.

Later if in the course of computations of determinants Dy; Ds; ...; D,, it turns out that
for a component (that interests as) of a solution x; vector a determinant D; (while there
are such variations of its elements which can be really met during its exploitation) changes
its sign and determinant D does not change a sign then x; will change a sign. This means
that a solution is not reliable and we can finish our calculations at this moment. So, in §9
during the examination of example Nel1 the investigation of a variation in determinant
D3 has already shown that the computation of a component x3 of a vector of solution X
in a system of equations (126) is apriori not reliable.

If the examination of determinants D; does not at once mean the reliability or
nonreliability of a solution then it is necessary to carry out an investigation of exact
intervals in the interior of which are components that interest us: z1; x»; ...; x,, of a vector
of solution X by applying a methodics given in §11.

Note that although in examples investigated in §11 we have limited ourselves by
computing variations of components of vector of solution X when ¢y = 0,01 this fact
does not lower the universality of an investigation. Really earlier it has been shown that
if g¢ is small the dependence of determinant variations on ¢y with a very good degree of
exactness is close to a linear one (figures Ne2 and Ne3 can serve as examples). Therefore
when, for example, it has been computed that when ¢y = 0 we shall have xy = 0,4375
but when g9 = 0,01 we have x5 = 0,6824 = 0,4375 + 0, 2449 then we can state that with
good exactness if g = 0,01 we shall have x5 < 0,4375 + 0,02449 = 0, 462 etc...
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Later it must be noted that although in these examples during variations of coefficients
a;; satisfying inequalities |¢;;| < ¢ the calculation has been carried out for a limited the
worst variant when for all < and j we had €;; = #£¢y. It is not difficult to compute variations
of determinants for any certain values ¢;; surely if these values are known to us. The main
difficulty is in forming "table of signs". If it is formed then a variation of a determinant
for any €;; can be easily computed.

Let us return to example Ne17 where a system (159) was considered with a determinant

’ =3 (201)

(202)

For a determinant (201) and |e;;| = 0,01 according to formula (162) the least possible
value equal to 2,96 has been computed. If it is known that for element ay; will be |g;;| = 0
and for other ¢ and j remains |g;;| = 0,01 then the least possible value for determinant
D can be computed according to formula (similar to formula (162)):

2 —1,01
0,99 0,99

Known additional difficulties are the presence of "agreed" signs of variations of some
coefficients. Let us suppose that a beam has moved a little to the right in comparison with
its projected accomodation. In this case parameter I3 (a length of a beam that is more
right than a right support) will obtain a variation with a positive sign but then parameter
[ (a length of a beam that is more left than the left support) will have a variation with
(by all means) a negative sign.

D. = ‘ = 2,08. (203)

The presence of "agreed"variations decreases a value of determinants variations and
containing x1; xs; ...; x, vector of solutions X in comparison with a case of completely
independent variations.

Let us return to example Ne17 in which a system of equations (159) is examined and
let us consider determinant Ds:

Dy = 'f =3 (204)
for which "table of signs"is of a form:
‘f . (205)

If for all 7 and j we have |&;;| = 0,01 but signs of variations ¢;; do not depend on each
other and can be any then the largest possible value of a determinant (as it has already
been calculated in example Ne17) is equal to:
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2,02 0,99
0,99 2,02

Now let us suppose that coefficients variations of the second column depend on each
other and can be either both positive or both — negative (recall that coefficients of
the second column in determinant (204) are coefficients of a right side of a system of
equations (159) so that such dependence between variations is possible). If both variations
of elements of the second column are positive then a determinant becomes:

= 3,06 (206)

2,02 1,01

0,99 2,02 =304 (207)

If both variations are negative then a determinant will be equal to

2,02 0,99

0,09 1,08 = 302 (208)

In both cases variations of a determinant (as it will be expected) are smaller than
during independent variations of elements.

Thus if we take into account the dependence between themselves of variations in a
system of equations coefficients then such variations can decrease that enter into Cramer
formulas determinants and at the end they can narrow intervals in the interior of which
are intervals of examined equations systems.

But there is an important special case that must be investigated — it is a case of
symmetric matrixes A in equations systems AX — B. Very often we had to meet with
problems of construction mechanics but it does not bring any new difficulties into a general
algorithm.

A special case of symmetrical matrixes.

In construction mechanics a lot of computation problems can be reduced to the
computation of solutions of such systems of algebraic equations AX = B in which a
matrix of coefficients A is symmetrical, i.e. a;; = aj;.
Example Ne19. A system of equations

3x1 + 29 + 73 =4
$1+25E2—|—LE3:2
x1+w2+2$3:1

has a symmetrical matrix since a;s = as1; @13 = az1; ao3 = ass.

A determinant of a system

D=

— = w
—_ N =
[N
I
N

naturally is also symmetrical but, for example, a determinant D, is:
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D, =

— N
— N =
N — =
Il
Nej

already is not symmetrical as ajs # a9;.

A component of z; of a vector of solutions X is equal to

Dy 9

7D 7
In order to compute variations of z; that occur due to variations of coefficients a;; and
b;; we can apply a methodics given earlier. Its first step is the forming of "tables of signs"for
determinants D and D;. In determinant D the formation of "tables of signs"faciliates the
symmetry of a determinant. It is sufficient to compute the most unfavourable signs of
variations not for nine but here only for six elements — for elements that are on a main
diagonal and that lie higher than it. For elements that are lower than a main diagonal
signs are put according to symmetry principle — really if, for example, a5 = a9, then

€12 = €21.

As in determinant D we shall have:

A =3; Ap=-1; Ap=-1
Agy =5y Agg = —2;
A33 = 5

then its "table of signs"will be.

For determinant D; we have:

and its "table of signs"is

Dl%—‘i‘_
- -+

By using "table of signs"we can find an interval in the interior of which is z; when
variations of €;; and b; are any. Here we must apply the above methodics. In order not to
repeat rather cumbersome computing variations of D and D; (in a linear approximation)
for |e;j| = €;; = 0,01. For determinant D we shall have:

Alm = Z|6Liinj|60 = 0, 37

For D; we have:
Alin - 0, 49
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These data are sufficient to conclude that variations of z; will be small and that an
equations system examined in example N°19 is well-conditioned. Surely we can compute
an exact value of the largest variations of z; and find an interval in the interior of which
is 1 during some variations of coefficients.
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§13. The application of estimating variations during the computation
of solutions of ordinary differential equations.

In previous sections estimates of solving variations in systems of linear algebraic
equations were illustrated by examples from construction mechanics, from resistance of
materials. Here everything is simple. Problems of computing enforcements and loads
in some constructions can be directly reduced to the calculation of components of
T1; X9 ...; T, in a vector of solution X of algebraic equations systems of the for m,

AX = B.

But the necessity to solve such equations also arises in other problems of physics and
technique as one of necessary steps of solving a problem as a whole. And in these cases
the knowledge of possible variations of each of components of vector X in a system of the
form AX = B is a necessary precondition of reliability during the solving of the problem
as a whole.

An important example is a problem of computing solutions of ordinary differential
equations of different degrees or systems of such equations. One of steps in computing a
solution often is a definition of integration constants that enter into a general solution
of a differential equation or into the solution of equations system. But in order to define
integration constants we usually have to form and solve a system of algebraic equations.

Example Ne20. It is necessary to find a solution z(t) of a differential equation:

F—3i4+2=0 (209)

that satisfies initial conditions: z(0) = 1; #(0) = 0. A characteristic polynomial of
equation (209) is:

A — 3\ +2 (210)

has roots: Ay = 1; Ay = 2. Therefore a general solution is of the form:

l’(t) = C’let + 026215 (211)
and thus @(t) = Cre’ + Cye®.

From an initial condition z(0) = 1 it follows that

Ci+Cy=1 (212)

From the second initial condition z = 0 it follows that

Cy+2C, =0 (213)

Equalities (212) and (213) form a system of two equations for the definition of two
integration constants C and Cs.

For large systems of differential equations a degree of a system of algebraic equations
which satisfy integration constants C; can be very large.
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So in a text—book [11], p.83 equations of a system of control of a frequency of rotation
in an electrodrive were examined. The behaviour of two variables x; and x5 are described
by two systems of equations one of which is of a third and another — of a first (in relation
to xz3) order. Here x; is a deviation of rotation frequency from a rating one and x5 —
deviation of a rating moment from a rating value. General solutions of such a system, z;
and x5 are of the form:

[L‘l(t) = CleAlt + 026)\2t + Cg@ABt + C4€A4t (214)

where A1; Ag; A3; Ay —roots of a characteristic polynomial — of the fourth degree. Similar
form has a solution zo(t) as well.

In order to define arbitrary constants from initial conditions here we must find a
solution of a system consisting of four equations for the unknowns: C7; Cy; Cs; Cy. It
is necessary to take into account that roots of a characteristic polynomial in any system
can be calculated only with finite limited exactness and therefore all coefficients of the
system of equations from which integration constants have in themselves inevitable errors.
In order that a computed solution of differential equations system be reliable it is necessary
to conclude (by all means) in what way inevitable errors of computation of integration
constants are connected with errors of system coefficients to which these constants satisfy.

This can be done by methods described in previous sections. Since there exist many
examples (given in previous sections) when small errors in coefficients lead to large errors
in components of a solution x1; xs; ...; z, (and thus — in integration constants as well —
Cy; Csy; .5 Cy) then in order to obtain a reliable solution of a differential equations system
it is necessary to apply a computations a computation methodics of passible variations in
components of a solution stated in previous sections.

Note that if an examined system is turned into a normal Cauchy form — i.e. a system
of n equations of the first order

x"l = f1<x1; T2y ...y Tp; t)
By = fo(@1; @a; s T3 1) (215)
Tn = fn(xly 25 wees s t>

then on the first sight it seems that we can avoid difficulties in the definition of
integration constants. Really, if initial conditions are known for all variables in system
(215) values z(0) are known then solutions of system (215) can be directly obtained by
one of numerical methods including the use of computational technique. But as it has
been shown in [5] if initial differential equations of a mathematical model equations of a
mathematical model of an examined object do not have forms of a system consisting of
n equations of the first degree but consisted of a system of several equations of different
degrees then a fact of turning of such a system to a rating form of Cauchy, to a form
of equations (215) can completely misrepresent a real dependence of solutions in an
object mathematical model on coefficients variations, to misrepresent a real dependence
of examined object behaviour on variations of its parameters. Therefore in order to obtain
a reliable solution that correctly reflects a real behaviour of an examined object, to
transformations of a mathematical model including to a mathematical model including
to a transformation it to a normal form of Cauchy, it is necessary to be careful, to check
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its lawfulness, to check whether the influence of variations of object parameters has not
been distorted on its true behaviour. About all this it is in details given in [5]. Let us
also note that the necessity of composing systems of algebraic equations, to solve and
estimate solution errors arises during solving boundary problems when conditions for
sought functions and their derivatives are set not in one but in several points (boundary
conditions).

When we must form and solve a system of algebraic equations and during the solution
of differential equations it is necessary to apply methods of operational computation.
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§14. Application to the solution of integral equations.

It is well-known (see,for example, [2]) that a solution of many problems in technique
and physics can be reduced to computing solutions of interval equations of different types
(equations of Fredholm of the first and second type, Volterra equations of the first and
second type, singular equations, equations with a degenerated kernel etc.)

In interval equations a sought function is under an interval. So, in Fredholm equations
of the second type

b
e = [ Kais)yl)ds = kia) (216)

a sought function will be y(z). A function f(x) is a known function (the right side),
function K (z;1) of two variables x and s is called a kernel but a constant A — parameter
of an equation.

The main method of solving integral equations is based on the change of the integral
by a finite sum with the help of one of quadrature formulas (formulas of an approximated
integration), i.e. on the change

b n
/ Fla)ds ~ Y A;F () (217)
a i=1
where z; — abscissas of points in a segment [a; b|, A; (j = 1,2,...,n) — coefficients of
a quadrature formula (rectangle, trapeziums or others). By approximately changing an
integral in equation (216) according to formula (217) we obtain:

vi— XY ARy =k (218)
j=1
where y; = y(x;); K(z;;y;); fi = f(x;) —i.e. we shall obtain a system of linear algebraic
equations in relation to y;. By solving this system we shall obtain a table of approximated
values y; in points x;. This will allow to write an approximated solution of equation (216)
in the form:

y(x) = k(x) + A Z A K (x;x)) -y, (219)
j=1
Let us give an example (taken from [2], page 294) by using Simpson quadrature formula
when n = 2 we shall find an approximated solution for an equation:

y(x) + /0 xe™y(s)ds = e”. (220)

1 2
E;Alzg;kozo;%:
0,5; x9 = 1 then for equation (220) (while using Simpson formula) we can write:

Solution: since for Simpson quadrature formula Ag = Ay =

1
y(z) + é(xeo'””yg + dxe®Ty; + zetTyy) = € (221)
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Supposing that in this equality in succession x = x; = 0,5;2 = 5 = 1 we obtain a
system of three equations for yo; y1; ¥

yo =1

0,5
Y1+ 7(3/0 + 4e%2Py; + ePPyy) = e70°

1 0,5
y2+8(3/0+46’yl+€y2=€

when we have solved it we find that: yo = 1;y; = 1,0002; yo = 0,9995. After this an
approximated solution of equation (220) can be written in the form:

x
y(z) =e" — %(1 + 4, 00le2 + e”)

Other examples of turning integral equations into systems of algebraic equations are
given in [2], p.205-303.

So the reliability of solutions in integral equations depends on the reliability of solutions
of algebraic equations systems whose all coefficients due to approximation of a change of
an integral by a finite sum are known only with finite limited exactness. As now we
possess a methodics of an exact estimate of an error (variation) of each of components
T1; X9 ...; r, of a vector in solutions X of system AX = B in dependence on errors
(variations) of coefficients this allows us to greatly increase the reliability of computing
solutions of integral equations and thus — the reliability of solutions of many problems in
technique and physics that can be reduced to integral equations.

Not more often numerical methods of solving partial differential equations lead to
systems of linear algebraic equations. To them a separate section will be dedicated.
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§15. Other criteria of estimating condition degree in systems of
linear algebraic equations.

Besides of an algorithm of computing an exact value of an inavoidable error in solving
systems of linear algebraic equations stated in previous sections it is useful to have
simple criteria for the distinguishing well-conditioned and ill-conditioned systems from
each other.

Up to recent years as such a oriterimn "a number of condition" has been used
||A]| - [|JA7Y||, i.e. a product of norms of a direct and inverse matrix of a system AX = B.
A lot of drawbacks of this criterium were considered in §4 and — in more details — in [6].

Therefore let us examine other criteria of a condition degree and, in particular a value
of "a natural boundary of variations", i.e. such a value of variations in elements of a
matrix A at which its determinant is equal to zero and thus — a value of any components
of z; of solutions X vector can be (in correspondence to a module) infinitely large.

If "a natural boundary of variations" is less than such variations that can appear
in the course of exploitation of an object whose mathematical model (in the form of a
system AX = B) we investigate this means that an examined system is ill-conditioned.
Values of any z; in such a system can be any and an object whose mathematical model in
this system is highly unreliable. If there is a possible combination of signs in coefficients
variations (if there is a combination of corresponding to "inverse table of signs" matrix
A when detA > 0 and "a direct table of signs" if detA < 0) values x; can be any. This
means that an examined object can break, warp etc. i.e. it can form a dangerous wreckage
situation.

If "natural boundary of variations" is a little bigger than such variations that can
appear in the course of exploitation such system can be considered ill-conditioned and
dangerous since estimates of coefficients variations of a system which can occur in the
course of exploitation of an examined object are approximated.

And at last if "a natural boundary of variations" is greatly (by a degree) larger than
variations that can occur in the course of exploitation then such a system can be usually
considered well-conditioned especially if components of x; in a vector of solutions X differ
from each other in a small degree. A particular case when one or several of components
in solutions X vector in much less than others. It requires a separate investigation which
will be later given.

The computation of "a natural boundary of variations" is rather cumbersome. First
of all it is necessary to form "an inverse table of signs" for matrix A if detA > 0 and
"a direct table of signs" if detA < 0 and then we must find values € that turn a matrix
determinant into zero by using a corresponding to a sign A a table.

For an approximated estimate of "a natural boundary of variations" (estimates in a

linear approach) we can apply a formula for the largest value of a main linear part of the
growth (decrease) of a determinant:
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i=n;j=n

Alinmaz = Z ’@iinj‘EO (222)
i=1;j=1
In paragraph 6 you can see how formula (222) can be found. From formula (222) it
follows that an examined determinant will turn into zero when

detA
doicti—r laigAjl
Example Ne21 Let us compute gy, for an earlier examined determinant (94) for which

Ay = =35 Ajg = —14; A3 =135 Ayy = 2; Agg = —1; Aoz = 2; Ay = 1; Azp = 10; Ags =

—7 since

E0lin = (223)

i=3;j=3
> JayAyl =161
i=1;j=1
and thus,

8
in = T = 74 .
ol 61 0, 0496

An earlier computed value ¢y is equal to 0,0525 if we take into account nonlinear
members (with the exactness of three significant numbers). The divergence is small.

This computation shows that for all equations AX = B in which a determinant of
matrix A coincides with determinant (94) (if for all ¢ and j we have (¢;; < €9) a number
0,0525 will be "a natural boundary of variations".

When ¢y = 0,01 the most possible decrease of determinant (94) (as it has been
computed earlier — in §6) will be equal to 20,29% of a rating value.

An approximated value of "a natural boundary of variations" can be easily computed
according to formula (223). It can be applied for a preliminary estimate of condition
degree of different equations systems in order to compare them between themselves etc.
— for the same aims for which up to now "a number of condition" was used.

In order to obtain the best analogy with a usual "number of condition" we can apply
1
a number —— that is inverse to "a natural boundary of variations" in order to estimate

0l
the conditionlinng of systems. Then everything will be as usual. The less is a number the
better is the conditioning of an examined system. It is just the same when we use usual
numbers of condition: the less they are then better is the conditioning.

But an estimate by "a natural boundary of variations" better reflects real qualities of
the system than when we apply a usual estimate by means of "a number of condition".

Let us return to system, earlier examined system (62) for which in §4 it has been shown

that "numbers of condition" falsely reflect a real dependence of a system on a coefficient
m.
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For a determinant of matrix A in system (62), i.e. for a determinant

Lo =m (224)

we have: All = 1;A12 == —11,1421 = —1;1422 =14+ m.

‘1+m 1‘

Thus,
1=2;5=2
i=1;5=1
1
Eolin = = -mm + 2 (226)

2

i.e. "a natural boundary of variations" in a linear approximation, a value £q;, is equal
to a half of a tangent of an angle ¢ between straight lines whose equations have been
written in the form of a system (62). While there is the growth of an angle a degree of
condition monotonously grows. In the same way ¢, also monotonously grows. Therefore
a criterium eqy,, (in difference from "number of condition") it correctly reflects a real
dependence of a degree of conditioning on coefficient m. And as it has been shown in §4
estimates by a number of condition gives for m > 2 an incorrect answer.

For system (62) it is not difficult to compute an exact value of gg,. It is

1
Eop = E(m+2—2\/m+1)

and it monotonously increases as well with the increase of m. The dependence of ¢,
and (g4, are reflected in table 4.

Table 4.

m | 05 1 2 1 10
e 10,101 | 0,172 1 0,268 | 0,382 | 0,5366
coiim | 0,1 10,166 | 0,25 | 0,333 | 0,418

E0lin 0799 07972 0,934 0,875 0,774

Eqb

One more drawback of "numbers of condition" is their dependence on a multiplication
of any of equations in a system by a constant number. Such a multiplication does not
change solutions and is often applied for the simplification of the system. In §4 on an
example of a simple system

(227)

2$1+.T2:1
k‘l’l—Fka:k

it has been shown that a "number of condition" for it is

5
A IA7H] = - + 2k

for it greatly depends on k.

At the same time "a natural boundary of variations" — as an exact one or — in a linear
approximation — does not depend on k£ and therefore it is much a better way characterizes
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a degree of condition of real systems.

Really, for systems (227) we shall have: detA = k; Ajy = k; Ajg = —k; Aoy = —1; Agy =
2 and thus

k 1
Qk+k+k+2k 6

an exact value of "natural boundary of variations" is equal to eg, = 3 — v/8 = 0,172
for all k.

E0lin = =0, 166

Neither an exact nor an approximated (in linear approximation) values in "natural
boundary of variations" (in difference with "number of condition") do not depend on
equivalent transformations of any equations in an examined system. Neither they depend
on the choice of measurement units. It has already been said in §4 about this dependence
for "numbers of condition" which can lead to the delusion.

As a whole we can draw the following conclusion. "A natural boundary of variations"
— it is a number which is a good simple criterium for estimating conditioning of
linear algebraic equations systems (SLAE). This criterium is free from many drawbacks
characteristic of known "members of condition".

Although we need not refuse from computing an exact value of errors of solutions in
linear algebraic equations systems we can use this criterium for preliminary estimates of
conditioning of SLAE. It is convenient.

In order to compute "a natural boundary of variations" in a linear approximation it
is sufficient to compute algebraic additions of elements in matrix A vector and then we
can use formula (223). In order to carry out an exact computation of this boundary (in a
linear approach) it is sufficient to form "a table of signs" of determinant D on the basis
of computed values of algebraic additions A;; of elements of a determinant D if D > 0
and "an inverse table of signs"if D > 0. With the help of these tables an exact value of
"a natural boundary of variations" is computed, i.e. a value gy at which for the first time
determinant D turns into zero.

"A natural boundary of variations" can be computed (as in previous sections) as for
independent from each other elements of variations in determinant as for variations in
determinant as for variations that are connected by dependencies as well — for example,
for symmetrical matrixes A in equations AX = B.

Addition

Besides "natural boundary of variations" it is useful to compute a value of variations
that change a sign of a component x; of solutions X vector in a system AX = B. Surely
you can do this if these variations are less than "a natural boundary of variations". In
many SLAE sensibility to variations of elements of matrix A in system AX = B for
different x; is different. Usually such x; are especially sensible which are smaller than
others by an absolute value. It is not difficult also to compute a value of variations by
the same method as the "natural boundary of variations" has been computed. Then a
solution that interests us z; changes in such a way that it turns into zero. And if variations
of coefficients in system AX = B later grows a solution z; changes its sign. For this it is
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sufficient to compute a "table of signs" for determinant D; in Cramer formulas (if D; < 0)
or — to compute "an inverse table of signs" if D; > 0. After this we can easily compute
variations that turn D, into zero.

If we return to system (49) that has been considered earlier in §4 we see that although
"a natural boundary of variations" for system (49) is equal to €4 = 0,10102 but when
e = 0, 0222 solution x; turns out into zero. But if ¢ > 0,0222 it changes a sign. A solution
To in comparison with x; is less sensible to variations of matrix A elements. At the same
time if 0,0222 < ¢ < 0,10102 we see that solution z; will greatly change by more than
100%. Therefore all characteristics of an examined object that depend on z; can turn out
to be quite different than if ¢ = 0.

Taking into account the above said we can recommend to use as the first step the
investigation of "a natural boundary of variations" of determinants D and D;. This
method will allow us to depict very ill-conditioned dangerous systems and then it would
not be necessary to take unnecessary computations.

At the same time it is necessary to note that if components of z; in solutions A
vector greatly differ from each other then "a natural boundary of variations" (as well
as "a number of condition") do not allow to estimate "a degree of condition" of each of
components of x; in solutions X vector and especially — for such x; that are smaller than
others.

Let us consider a system of equations:

2$1+I2:2

T1+ To = 1,5 (228>

with solutions z; = 0,5; x5 = 1.

In this system a determinant of matrix A is equal to:

21
11

-

its "inverse table of signs" is:

and in order to compute "a natural boundary of variations" it is sufficient to compute
at what value ¢ the following determinant will turn into zero:

=1—6e+¢° (229)

2(1—¢) 1+¢
I+ 1-—c¢

By computing the smallest of solutions £1; 5 of an obtaibed square equation we shall
find that "a natural boundary of variations" is equal to: gy = 3 — /8 = 0,172.

If we examine solutions of an investigated system when || = 0,01 that is by 17,2 times
less than "a natural boundary of variations" we can expect that components of x; and
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xo in solutions X vector will change little. In fact if ¢ = 0,01 an examined system will
become:

1,982; + 1,012y = 2 }

1,01zy + 0,992, = 1,5 (230)

and it has the following solutions:

x1 = 0,4947; x5 = 1,009564
Thus a solution x; has decreased by 1,06% and a solution x5 has increased by 0,9564%.

Now let us examine (for comparison) an analogous system of equations (the same
matrix A but right sides are different) — a system

2x1 + 29 = 1,02
T1+ To = 1, 01 } (231)
with solutions z; = 0,01; 29 = 1.
With the same value of € = 0,01 this system turns into a system:
1, 985(71 + 17 01ZE2
1,01z, + 0,99z } (232)

Thus if ¢ = 0,01 already a solution x; has changed by 214% and has even changed a
sign. If for an object whose mathematical mode; is system (231) variations of coefficients
corresponding to € = £0, 01 are possible such an object (and a system (230) that describes
it as well) must be attributed to an il-conditioned one.

Note that "a number of condition" ||A]|-||A™!|| in system (231) is equal to seven.

Thus a traditional estimate by means of "a number of condition" would attribute
system (231) to a well-conditioned system. Surely it is not correct.

Therefore although an estimate by "a natural boundary of variations" is free from
drawbacks of "numbers of condition" it shares with "numbers of condition" such a
drawback as the possibility of incorrect estimate of some components of z; in a vector
of solutions X. Therefore an algorithm for computing an inavoidable error in each of
components of x; of vector X (given in §12 and earlier in publications [6] and [22]) is so
important.

One more method of estimating a degree of condition is a "method of modular
determinants" (see [6] and [21]). It is known that any determinant of an order n can
be presented in the form of a sum n! of products of n elements in a determinant taken in
a certain order. So a determinant of the second order

a1x a2

= a11G22 — Q12421
Q21 A2

is a sum a! = 2 of products of two elements, and a determinant of the third order
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11 daiz2 A3
Q21 Q22 Q23| = A11A22033 + (12023031 1 A13G21G32 — A13A22G31 — A11023032 — Q12021033
a31 dazz G33

is equal to a sum of six products (since 3! = 6) from the elements. A determinant of
the fourth order is equal to a sum of 24 products (since 4! = 24) from four elements each
etc.

Naturally signs of products depend on signs of elements. If these signs have not been
taken into account and if we think that a determinant is a sum of products modules then
such a determinant has been proposed to be called a modular determinant (see [6]). So a
modular determinant of the second order is of the form:

lai1a9a] + a1z + ag |

and a modular determinant of the third order is equal to

|a11a92a33| + |a12a23a31| + |a13a21a32| + |arza02as1| + |a11a23a32] + |a12a21 ass| (233)

In an anologous way modular determinants of the fourth, fifth and other degrees are
written.

With the help of modular determinant conditioning of equations systems and a value of
inavoidable errors has been carried out (see [6] and [22]). For systems of linear equations
of a moderated order a method of modular determinants works well but for systems
consisting of a large number of equation computing difficulties occur. A value of n!
very quickly (as n™) grows with the increase of n. If n = 10 we shall already have
10! = 3628800 > 3 - 10° and when n = 20 we shall have 20! > 2 - 10'8.

Therefore in order to compute determinants (if n > 7) we do not say that a determinant
is a sum of n! products consisting of n elements but Gauss method is applied. It is similar
to computation method of solving SLAE, i.e. a method of successive multiplications and
additions leads to a determinant of "a triangular type" after which it is computed as a
product of elements that are on a main diagonal. In order to compute a determinant of
an order n it approximately requires n® multiplications.

But to modular determinants Gauss method cannot be directly applied and a direct
computation of n! is too cumbersome. While making the first acquaintance with "modular
determinants" in 2007 mathematicians — people that make computations suppose that
they can quickly develop an analogue of Gauss method for their computation. But these
problems have turned up to be more difficult than it was before supposed. And up to now
this problem has not been solved.

Therefore in this book we do not give a methodics for modular determinants. If a
convenient method of their computation will be developed then they will find a wide
application. And then it will be possible to make acquaintance with the method of modular
determinants in publications [6] and [21].
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Now let us examine an estimate of a degree of condition for such systems AX = B in
which it is necessary to take into account only variations of a right side coefficients. And
variations of coefficients in matrix A can be thought to be equal to zero. Then we can
write the system in the form:

aj1a1 + a0 + ... + a1y, = bl(l + (51)

Q2101 + Q2202 + ... + A2y = 52(1 =+ 52) (234)

An1a1 + Ap2ag + ... + Qppy, = by (1 £ 0,)

As it has been shown in $5 in such systems any component of x; of solutions X vector
can be computed by means of a formula

v =Y Kb, (235)
j=1

where K is a quotient as a result of dividing algebraic addition A;; by a determinant of
matrix A. At the same time we can compute a maximally possible value of an inavoidable
error by means of a formula:

Az; = ||Kb;d;| (236)
j=1
and in relation to §; only general estimate is known:

651 < o

then according to the formula we have:

Az; = [|Kib;| (237)
j=1

Since there are possible combinations of coefficients signs and algebraic additions
A;; then in a sum (235) a compensation of positive and negative members is possible.
Therefore an absolute value x; can be very small-small in such a way that an inavoidable
error Az (even if §; is small) can be compared with and it can be even larger than x;.
Here a probability of such a combination of signs will not be a very small value.

Hence an important conclusion can be drawn. Even if we take into account only
variations (or errors) in the right side of system AX = B errors 0; of coefficients b;
then there is always a possibility that we meet with very ill-conditioned systems in which
an inavidable error of separate components in z; of solutions X vector can be compared
(or even it can be larger) with a component itself of x;.

It is clear that a conventional estimate by means of "a number of condition"
[|A]| - []A7Y|| will not point nothing about the meeting of such type of ill-conditioned
systems. The test by means of "number of condition" can note that the system is well—
conditioned, that "everything is well". But at the same time some of x; can turn out to
be completely unreliable.
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At the same time an ill-condition of solutions in system AX = B that is due to
variations (errors) of their right side can be easily found as a value itself z; and a value
of its inavotable error as well are computed by simple formulas. It is sufficient to test
whether there exists in an examined system AX = B such x; for which a value |0x;| can
be compared (or larger than) with |z;|. We can compute it while computing z; and dx;.

A generalization to a general case. We have considered a particular case of checking a
degree of condition while supposing that variations (errors) of coefficients in matrix A
of a system AX = B are equal to zero. But since the account of coefficients variations
in matrix A can only worsen a degree of condition this conclusion remains effective in a
general case as well. If among components of x; in vectors of solutions X we shall find
such z; for which a value |Az;| that is calculated by means of formulas (236) or (237)
turns out to be comparable or larger than |z;| itself then such x; is ill-conditioned and is
quite unreliable.
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§16. An estimate of difficulties in computing algorithms for
an exact value of an inavoidable error in SLAE. Examples of
computations.

In this section we shall estimate a difficulty in computing of a proposed algorithm
for the computing of an inavoidable error, i.e. we shall estimate a quantity of operations
necessary for computing an error in SLAE in dependence on n where n is a number of
equations in a system. The first step in an algorithm of computing an error in solution x;
is the forming of "a table of signs" for determinants D and D; in formulas by Cramer. In
order to form "a table of signs" it is necessary to compute (or in the least — to estimate
signs) of all algebraic additions A;; in two determinants — D and D;. A number of these
additions is equal to 2n? and each of them is a determinant of the order n — 1.

It is well-known that when n < 4 determinants are most often computed by means
of reducing to a triangular form. This computation requires (approximately, we drop
a numerical coefficient) n® operations of multiplication (where n is an order of a
determinant). Therefore the formation of "table of signs" for determinants D and D;
in Cramer formulas requires 2n*(n — 1)? operations.

Later in order to noice the change of z; (if € is set) in the direction of an increase
it is necessary to twice compute variated determinants D and D; (according to the first
and the second variant of computation) and then it is necessary to carry out the same
operation for the estimate of a change in x; in the direction of a decrease. In all it is
necessary to carry out approximately

2n*(n — 1)* + 8n® (238)

operations. If it is necessary to carry out estimates of all components of z; in vector of
solutions X from ¢ =1 up to ¢ = n then a number of operations will increase up to

2n?(n — 1) + 8n* (239)

Formulas (238) and (239) show that a number of computation operations with the
increase of a number of equations in a system increase not very quickly. It is proportional to
a polynomial in a variable n. It is a very favourable circumstance for a practical application
of a proposed algorithm, especially, in comparison with many other algorithms in which a
number of computing operations increases exponentially, proportional to 2", 4™ and even
27*+n  About these algorithms see [16], p.106.

Note that for a particular case when variations of matrix A elements in system AX = B
are equal to zero or are so small in such a way that can be ignored then an important
role play variations in the right side and variations of vector B and a number of necessary
computing operations greatly reduces. In this particular case it is necessary to compute
only n algebraic additions (or minors) that will approximately require

n(n —1)* (240)

operations.
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A number of necessary computing operations also decreases when variations of
coefficients in SLAE are not independent (symmetrical matrixes A that are considered in
§11) etc.

Note that from formulas (239) and (240) it follows that the computing of exact values
of errors in all components of a vector solutions X in system AX = B requires much more
computing operations than the computation of a vector itself X if values of coefficients
in matrix A and vector B are nominal (if we do not take into account their errors).
But we must not be surprised by this fact since the computation of errors in a solution
almost always turns out to be more complex than the computation of a solution itself.
There is a following general rule. Problems in "mathematics—2" are always more complex
than analogical problems in "mathematics—1" . Just because of this "mathematics—2" has
developed later and more slowly than "mathematics—1". A lot of its sections up to now
has not been developed or were not sufficiently developed.

Examples of computing an inavoidable error

Example Ne22

For one of known systems by A.Newmair i.e. a system AX = B in which

85 1 1 1 1 1
1 85 1 1 1 1
A=|1 1 85 1 1 1 (241)
1 1 1 1385 1
1 1 1 1 1 85
1
1
1
B=|; (242)
1
1

the computation of an error of a solution during variations of all coefficients in the
limits of +0, 01 from their rating values has been carried out by V.V.Lapitzki on a personal
computer, a language C++ in a medium Visual Studio 2010 Express. Note that A.Neumair
systems of different orders has been repeatedly used as tests problems. They have been
examined in [16], p.105.

It has been stated that due to a system symmetry all z;y are equal to each other and
we have if there are rating values: between themselves and when we have rating values of
coefficients we have x;ny = 0,0741. But at the same time when 9 = 40,01 we shall have
ZTimaz = 0,0741 4 0,0032; 2,5, = 0,0741 — 0, 0032 or

Timax -1 + O, 0432’ Limin
TiN TiN

i.e. if coefficients have changed by 1% solutions have changed by 4,32%. The time of

computing ,,;, and X, is less than 1 second.

= 1—0,0432 (243)
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"Table of signs" of matrix (241) determinant is diagonal one:

(244)

A determinant of matrix A is equal to detA = 320361. Algebraic additions of matrix
A are equal to: A;; = 39550 if ¢« = j and A;; = —3164 if ¢ # j. A natural boundary of
variations (in a linear approximation) is equal to:

detA 320361
S=6=0 0 T 334990

i=1yj=1

oy = — 0,959

This means that system (241)-(242) is well-conditioned during variations of coefficients
that do not exceed ¢y = 0,01 = 0,01043¢,, variations of solutions will not be large
(although they are by 4,32 times more than coefficients variations)

By computing Euclid norms of matrix A and an inverse matrix A~! we shall obtain "a
number of condition" ||Al[-||A7!|| = 20, 4. By using formula (48) from §3 we shall obtain
an estimate by "a number of condition"

AX
H =20,4-(0,0140,01) = 0,408 (245)
AX
But in fact M < 0,0432 so that an estimate by a "number of condition" turns

out to be rough.
Example Ne23

As an example Ne23 Neumair system of the 10th order has been considered, i.e. system
AX = B in which

11,7 1 1 1 1 1 1 1 1 1
1 11,7 1 1 1 1 1 1 1 1
1 1 11,7 1 1 1 1 1 1 1
1 1 1 11,7 1 1 1 1 1 1
1 1 1 1 11,7 1 1 1 1 1

A= 1 1 1 1 1 11,7 1 1 1 1 (246)

1 1 1 1 1 1 11,7 1 1 1
1 1 1 1 1 1 1 11,7 1 1
1 1 1 1 1 1 1 1 11,7 1
1 1 1 1 1 1 1 1 1 11,7
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(247)

SO oo oo o0 oo
Q0 00 G0 OO CO CO 0O OGO O

=
(08

With the help of the same computer V.V.Lapitzki has computed a solution z; for
rating values of coefficient in matrix (246) and vector (247) for system (246)—(247). Due
to system symmetry all x; were equal to x;y = 0,0386. If there were relative variations
of all system coefficients equal to 40,01 a computed maximal error in solutions in the
direction of an increase has been 0,018 and in the direction of a decrease — 0,0019. Thus

0,0386 — 0,0019 < z; < 0,0386 + 0,0018

1—0,0494 < — < 140,0467 (248)

Ly
Computations have taken not less than three minutes. "A table of signs" in system
(246)—(247) turned out to be a diagonal one:

+_________
_+________

(249)

Algebraic additions to matrix (246) turned out to be equal A4;; = 3,38 - 109 if
i =j;Aij = —0,171-10° if i # j. Determinant of matrix A has turned out to be equal to
detA = 38,056 - 10°.

A natural boundary of variations (in a linear approach) is

det A 38,056 - 10°

Eob = Zz‘:m;j:m
i=13j=1

1
Examined variations of coefficients in system (246)—(247) that are equal to 100 of their

rating values (¢ = 0,01) have turned out to be by almost a degree less than a natural
boundary of variations. Therefore system (246)—(247) in relation to variations € = 0,01
turns out to be well-conditioned. As formula (248) shows that errors in solutions are
not large (but at the same time variations of solutions turn out to be much larger than
variations of system coefficients by 4,5 times).
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By computing Euclid norms of matrix A:

||A|| = v/10- 11,82+ 90 - 1 = 38,2 and an inverse to it matrix A~! : [|[A7!|| = 2,82 we
find a "number of condition" is ||A]| - [|[A7!|| = 108. By using formula (48) from §3 we
obtain an estimate:

|AX]|
[1X1]

In fact if we take into account inequality (248) we have:

< 108- (0,01 +0,01) = 2,16 (251)

[loX1]
[1X]]

i.e. an estimate by a "number of condition" turns out (as expected) to be very rough.

< 0,0494, (252)

Example Ne24

A system is considered:

20, 9&31 + 1, QIQ + 2, 133‘3 + O, 91’4 = 21, 7
1, 2LL’1 + 21, 21’2 + 1, 51’3 + 2, 5.734 = 27, 46
2, 1ZL'1 + 1, 51’2 + 19, 81‘3 + 1, 3ZE4 = 28, 76
O, 9[L’1 + 2, 51’2 + ]_, 35(]3 + 32, ].IL‘4 = 49, 72

(253)

The solution of this system by iteration method has been examined earlier in [2], p. 80
(without computing an inavoidable error).

Here are components of solutions vector in system (243): xz; = 0,8047;x,
1,0171; 23 = 1,2082; x4 = 1, 2478.

Determinant of matrix A in system (253) is:

detA = 271554, 18

An inverse matrix A~! in system (253) is:

0,0488 —0,0023 —0,0049 —0,0010
—0,0012 0,0479 —0,0033 —0,0036 (254)
~0,0102 —0,0031 —0,0008 0,0317

Euclid norm of matrix A is equal to:

Al = \Ja?, +a, + ...+ a2, = 48,88 (255)

Euclid norm of an inverse matrix is:

I|A7Y| = 0,0923 (256)

A number of condition is:

1] - [|A7H] = 4,51 (257)

(computations have been carried out by Voloshin M.V.)
Table of signs in matrix A is:
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+ — — —
— _|_ — —
2
o (258)
- - - +
An inverse table of signs is:
-+ + +
+ -+ +
v o+ o 4 (259)
+ + + -

Basing ourselves on "tables of signs" (258) and (259) and while using an algorithm
for computing an exact value of an inavoidable error given in §12 and supposing that
relative variations of all coefficients in system (253) do not exceed values of +¢ it has
been computed that

for e = 0,01:
According to the first variant of computation we have obtained: 1,5, = 0, 8052; Z9,nin =

According to the second variant of computing we have: x1,;, = 0,8044; o =
1, 0169; Z3min = 1,2079; Zgpmin = 1,2441.

Therefore for a system (243) if ¢ = 0,001 minimal values of all four components of
solutions vector are achieved in the second variant of computing which finally defines
minimal values of all ;.

In a similar way maximal values of z; are computed as well if ¢ = 0,001 (they again
are achieved in the second variant of computation).

If we repeat computations for ¢ = 0,001;e = 0,002;e = 0,01;¢ = 0,02 we finally
obtain a summary table of value x;,,;, and X, for different e:

Table 5.

= 0 0,001 | 0,002 | 0,005 | 0,01 | 0,02
Zimin | 0,8047 | 0,8044 | 0,8041 | 0,8030 | 0,8012 | 0,7977
Zomim | 1,0171 | 1,0169 | 1,0168 | 1,0163 | 1,0155 | 1,0139
Zamim | 1,2082 | 1,2079 | 1,2076 | 1,2067 | 1,2053 | 1,2033
Tamin | 12478 | 1,2441 | 1,2404 | 1,2293 | 1,2109 | 1,1746
Z1mas | 0,8047 | 0,8051 | 0,8054 | 0,8065 | 0,3082 | 0,8116
Toman | 1,0171 | 1,0173 | 1,0174 | 1,0179 | 1,0187 | 1,0203
Tamas | 1,2082 | 1,2085 | 1,2088 | 1,2006 | 1,2111 | 1,2139
Taman | 1,2478 | 1,2515 | 1,2552 | 1,2664 | 1,2852 | 1,3232

Let us also give values of absolute and relative errors of different components in

. . Limaz — Limin
solutions vector, i.e. values x,,42 — Tmin and ——  for € = 0, 001:
Tie=0

Timaxr — Limin 0, 007
max — Llmin — 07 0077 = = 0, 87 260
Fmaz = 1o 0,8047 i’ (260)
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— T 0,0032

Lomax
maz — L2min — 07 0032) = = 0, 315 261
w2 2 Tae—g 1,0171 % (261)
L3maz — L3min 0, 0058
maz — L3min — 07 00587 = = O, 47T% 262
3 3 Tamo 1,2082 ’ (262)
maxr ~ min O, 0743
Lamaz — Lamin = 07 07435 - = - = 6% (26?))

Tae—o 11,2478
Given numbers once more show that absolute and relative variations of different

components x; of solutions X vector can greatly differ from each other and therefore

often an applied estimate by means of "a number of condition" and according to a value
|AX]]

[1X]
variation of x; is by 6,92 times more than the largest of variations of z1; x5 or xs.

in relation can give incorrect recommendations. So for system (243) if e = 0,01 a

All this is clearly seen in fig.6 where the dependences 1,az; T1min and also Tamaz; Tamin
on coefficients variations in system e are shown.

For any system AX = B dependences of Z;,,q, and x;,i, on € functions of a "rational"
fraction — i.e. a quotient of two polynomials. And here a numeral and a denominator as
well are polynomials of a degree n of a variable . But this is true if all coefficients of
matrix A and vector B have relative or absolute variations equal to +e. If variations of
some coefficients are equal to zero then degrees of polynomials in variable € in a numerator
and denominator can be less than n. Dependences of x,,,, and x,,;, on ¢ are continuous
functions except such values of ¢ at which a denominator — i.e. a determinant of matrix
A if we take into account variations of its coefficients — turns out into zero.

If a maximal value of € for which dependences x,,,, and x,,;, on € are formed is small

in comparison with "a natural boundary of variations" then dependences ,,,, and ,,;,
on ¢ are near to straight lines (Fig. 6 reflects it):
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1,4 1 Limar

1,2 |
Edmin

Iimar

0.8 T

Timin

0,67

0.4 7

.2 -

0 0,0025 0,005 0,0075 0,01 0,0125 0,0150,0175 0,02

fig. 6

If a maximal value of £ for which dependences z,,,, and x,,;,, on € are formed, i.e. it
can be in accordance with "a natural boundary of variations" (and this means that the
system is ill-conditioned) then dependence of x4, and Z,,;, on € can be more complex.

Example Ne25

Let us consider a system:

14$1 + 12.1'2 + 155[)3 =3
1221 + 1629 + 1225 =5 (264)
5561 +4LE2 + 6253 =1

that earlier has been examined in §9 where it is stated that for it a number of condition

1
||A]|-]]A™Y| = 100, 12 is a natural boundary of variations e,, = 0, 018525 and — = 53, 98.
€ob
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Dependences of x3,,4; and x3,,;, on € are shown on figure 7. Here it is at once seen
that already for ¢ = 0,01 system (264) is very ill-conditioned in relation to a component
of solutions xs vector. Tz, (if € = 0,01) is by six times more than an initial value of
T3maz if € = 0 and x3,,;, has altogether changed its sign and has become negative. The
computation of values of 3,,,, and x3,,;, when € > 0,01 has already no practical sense.

0,61
Iimar
0,41
0,21
a ’ E
0,01 Z3min

fig. 7

At the same time a component of a vector of solutions x5 (if € = 0,01) is conditioned
much better. As shows the computation that has been earlier carried out in [6], p. 122-126
(when e = 0,01) a value of Zg,,4, is only by 34,97% more than an initial value if € = 0

and a value of ,,;,, is only by 11,4% less than an initial value computed for rating values
of coefficients in (264).
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§17. Comparison with a methodics of interval analysis.

In books dedicated to interval analysis (see, for example, [3,4,15]) it is stated that
there is a possibility of applying this methodics in order to find an inavoidable error in
solutions of linear algebraic equations systems that occurs due to variations of system
coefficients. The statement of solving a problem little differs from the one examined by us
in previous sections. In interval analysis such intervals are set in the interior of which are
coefficients of matrix A and vector B of system AX = B and such intervals are searched
in the interior of which are components of x; of solutions X vector. If these intervals are
computed then thus a value of an inavoidable error is also computed.

But in practice of engineering computations of errors in SLAE by methods of interval
analysis are not applied in practice. The main cause of this is the complexity in methods
of interval analysis, its inaccessability for a wide circle of engineers and those who
applies computers. Inspite of this although methods of interval analysis have started
developing at the sixties of the 20th century it has not been included into the program
of teaching not only in technical high schools but in the majority of mathematical
departments of universities. So, for example, at St. Petersburg state university, department
of mathematics — mechanics an interval analysis is not taught and at the department of
applied mathematics — control processes an interval analysis has been taught up to 2006
but then it has been excluded from an obligatory program and it was transferred into
a subject to be investigated by undergraduates as an elective course — if they wished to
known the problem. An exception is, probably, university in Novosibirsk (Russia). But as
we know an exception confirms the rule.

Sometimes there is such an opinion that since programs for computers have been
developed that allow us to compute intervals (on the basis of interval analysis) intervals
in the interior of which are solutions of SLAE then we can apply these programs without
knowing anything about the interval analysis. We cannot agree with such an opinion.
Certainly for the most simple systems of equations we can obtain a correct answer without
knowing an interval analysis. But in more complex cases a formal application of ready
programmes if there is no understanding the essence of a sought problem and methods of
its solution can lead to an incorrect results and errors in computing real objects inevitably
lead to wreckages and catastrophes. The possibility of a fatal mistake is quite probable
since in an interval analysis serious drawbacks have been found. One of them was found
already in 1979 by Raihman and was stated in [4], p.29-30 as a Raihman example. It is
an example of linear algebraic equations system for which methods of interval analysis
do not lead to obtaining a correct solution. The existence of such an example means
that there exists a series of equations system that is up to the end undefined. For them
interval analysis does not allow to obtain a solution. And since a sphere of such systems
has not been determined a person who uses routines for interval analysis can meet with
impossibility of a solution and will not know what to do.

One more drawback has been found quite recently in the course of investigating "a
natural boundary for variations" about which we spoke in precious sections. From these
investigations it follows that if a system of equations AX = B is investigated in which
coefficients of matrix A are set by its intervals and these intervals are out of "natural
boundaries for variations" then there are no finite intervals for solutions, they do not
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exist. Solutions can be (in an absolute value) infinitely large. But this is not all. If for
such a system we seek intervals in solutions by methods of intervals analysis we can obtain
for them finite values (even small ones) but these values will be apriori false ones. As a
result a false conclusion will be made about a system conditioning. And such a conclusion
can become a cause for catastrophes during the realization of examined system "in metal".

Note that in very seldom examples which are given in courses on interval analysis
[3,4,15] only such intervals are considered that do not "go" out of "natural boundarics
for variations". Therefore in these examples everything is correct. But if a person that
uses these programs written on the basis of interval analysis meets with such a system of
equations in which "a natural boundary for variations" lies in the interior of an examined
interval of coefficients (and there is a lot of such systems) then such a person can obtain
a quite incorrect, false answer which can lead to wreckages if computation results will be
applied during the projection of a real object of industry or transport. We can avoid this
mistake if before calculating intervals in the interior of which lie solutions of an examined
system of equations by given intervals of coefficients in a system if we compute beforehand
a "natural boundary for variations" and see whether an examined interval of coefficients
values goes out of its limits. But for this investigation it is necessary to apply methods
described in §15 and first of all it is necessary to compute "an inverse table of signs" of
matrix A in system AX = B. In interval analysis of such methods that allow to compute
there is probably a "natural boundary for variations" or "an inverse table of signs".

As to methods and algorithms for computations such as "a natural boundary for
variations" and an exact value of inavoidable error in each of components of x; of solutions
X vector in system AX = B then for their application it is not necessary to know even
matrixes theory.

In fact only theory of determinants is applied. As it is known they are investigated in
all technical high schools. This allows different circles of engineers to easily use methods
described in the book and thus — to heighten the reliability of a lot of computations used
— as a necessary step — the solution of systems of linear algebraic equations.

One more serious defect of methods of computing an inavoidable error based on interval
analysis is a very great volume of necessary computations. In interval analysis (as applied
to linear algebraic equations systems) a very wide, extremely wide problem is investigated.
Variations of solutions are examined — not only when coefficients variations are small but
even when large. Therefore the possibility of simplifying computations is not applied. It
is connected with the smallness of coefficients variations in a system in real practical
problems.

If coefficients variations are not small (if, for example, variations are not small and
with coefficients themselves) then we can at once say without any computations that in
this case solutions will essentially change and properties of the object will also essentially
change. Mathematical model of an object is an examined system of equations. Therefore
almost always an investigated object will not carry out its aim.

So in a book example of computing analysis [4], p.25, an example of computing intervals
of solutions for system AX = B is given in which
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_ (23] [0;1]\ . 5 _ ( [0;120]
A‘([l;z] [2;3])’3 ‘<[6o;240}) (265)

It is a known example by Hansen. We can write system (265) in a from:

(2,5 % &)ay + (0,5 & &)z = (60 £ 6y) } (266)

(1,54 &)ay + (2,5 + )zs = (150 & &)
where ¢ = 0, 5;9; = 60; 05 = 90.

For this system a rating vector of solutions (if ¢ = 0;0; = d2 = 0) will be equal to
r1 = 13,6;29 = 51, 8.

If we even do not take into account variations of right sides (if §; = do = 0)
but only take into account variations of coefficients in matrix A then we shall obtain:
Limin = _67 LTimax = 45a LTomin = _10a Tomaxr = 90.

It is clear that an object with such variations of values in x; and x5 by no means is
not able to be applied in practice.

In answer to such examples we hear such objections. If an interval analysis is able
to compute solutions variations then it is able to compute during small variations. And
an increase of computations volume in comparison with a methodics based on "table of
signs" for modern quick operating computers is not dangerous.

In fact it is not so. A volume of computations often turns out to be a critical factor
and an investigation of this question was devnoted in a large article by an outstanding
expect on interval analysis S.P.Shariy [15,16].

Conclusions to which S.P.Shariy comes are: the search of exact intervals for solutions of
linear algebraic equations systems (according to terminology of [15] of optimal estimating
interval vector) is a difficult problem for solutions. Its labour consuming factor increase
proportional to an exponent in a number of equations. Often it exceeds the possibilities
of quickly operating computers. Thus (says S.P.Shariy in [15]) a theoretical basement has
been obtained that during recent thirty — fourty years (during which an interval analysis
has developed rather in the direction of a width but not into the (depth) achievements in
creating algorithms of exact computing of searched intervals have been modest.

Inspite of a lot of fruitful applications of interval methods in modern natural sciences
and in mathematics algorithms for optimal (i.e. "exact" — Petrov Yu.P.) solutions of many
interval problems are either not found or they are extremely labour consuming. And they
are hardly better than complete excessive ones (see [15].p.95).

In an article [16] S.P.Shairy continues his conclusions — "all approaches developed up
to now for optimal (i.e. — "exact") estimates of united a set of solutions in interval systems
of linear algebraic equations have exponential difficulty in the worst as it has been already
stated this fact is not a consequence of "bad" proposed algorithms but it reflects deep
properties of united and other sets of interval linear systems.
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Therefore a difficulty with exponents of all examined algorithms is essential and cannot
be removed (see [16], p.102-103). "Thus, says S.P.Shary — if a measure (i.e. — a number of
equations) of an interval linear system is sufficiently large (more than several dozens) then
a number of arithmetics and logical operations exceeds a number of operations carried
out on the most powerful computer during any reasonable period of time (an hour a year
or even a century) — see [16], p.103.

As an example in [16], p.102 an estimate of complexity (a number of necessary
operations) for one of algorithms equal to a number for one of algorithms equal to a
number 27+t where n is a number of equations in a system. Already if n = 10 this
number is equal to 2% > 1036 that surely exceeds possibilities not of all contemporary
but other possible ones in near ten years period computers.

Note that all this discussion does not deny possibilities of an interval analysis. Its
methods are constantly modernized and will be modernized in future.

But an interval analysis has inavoidable drawbacks:

1. The complexity of statement and investigation. Everybody can be convinced,
everybody — if he got to know with rather simply stated works (see [3],[4],[15],[16] and
[17],[18],[13] and others). The complexity of statement in a great degree is connected with
the following. Interval analysis bases itself on sufficiently complex interval arithmetics in
which (this at once makes more complex everything for the future) a law of distribution
— which is especially important for conventional arithmetics — is not fulfilled.

2. An interval analysis for linear algebraic equations systems computes intervals in the
interior of which are solutions for any (not, surely, small) intervals in the interior of which
are system coefficients. Here we do not apply such simplifications that bring the smallness
of these intervals that is characteristic of almost all practical problems. As a result for
algorithms based on interval analysis a very quick exponential growth is characteristic of
a number of necessary operations with the increase of a number of equations in a system.
At the same time for a method of computing an inavoidable error based on "tables of
signs" a less slow gradual increase of solution complexity is characteristic (as in §16). This
increase is dependent on a number of equations in a system. This essentially simplifys all
computations.

3. While applying methods of interval analysis it is necessary to check whether
investigated intervals of matrix A coefficients in equations systems AX = B exceed the
limits of "natural boundaries of variations" . If they do it is useless to search intervals of
solutions since in this case solutions intervals are infinitely large. At the same time all the
same we have to compute "a natural boundary of variations" all the same by means of
forming an "inverse table of signs" for a matrix by using an algorithm proposed earlier in
a monograph [6] and stated in more detouls in this book.

106



§18. Recommedations for practical application.

Let us at once note that the first step in the solution of a problem concerning the
computation of an inavoidable error in SLAE is surely an estimate of a value in possible
changes (variations) of object parameters whose mathematics model is an examined SLAE

and an estimate of depending on the scope of changing these parameters during a change
of coefficients in SLAE.

Note that the first step is a typical engineering problem and for its solution it is
necessary to know quite well properties and characteristics of investigated objects. We
cannot give any general recommendations suitable for any objects. Therefore in this book
this first step of investigations is not considered. And variations of coefficients in SLAE
are supposed to be known. But it is necessary to always remember that the first step is
not only the first but it is the most important one. Without computing depending on
parameters objects of coefficients variations in SLAE or even without a good estimate of
possible limits of their change all the most important computations have no sense.

Subsequent steps of computing an inavoidable error is the forming of "tables of signs" ,
the computation of a natural boundary of variations of matrix A and so on — these are
typical problems of applied mathematics. They can be solved without the knowledge of
a peculiarity of an examined object. They can be solved without the knowledge of a
peculiarity of an examined object. They can be solved by a unique methodics for all
SLAE. But during the computing of determinant s variations in Cramer formulas it is
necessary to take into account possible dependences between determinants elements. In
§12 we have already spoken about it. It is necessary to take into account that the presence
of dependences between elements of determinant (for example, in a case of symmetric
matrixes) decreases the value of determinants variations. And thus it decreases a value
of an inavoidable error and increases "a natural boundary of variations". Therefore in
a majority of investigated cases of examples, in cases of similar (in absolute value)
of coefficients variations give the most possible limited values of variations in possible
components of x; of solutions X vector of system AX = B.

As we have noted earlier the possibility of realization of this the most dangerous
combinations of variations of system coefficients is very small. Computed by an algorithm
(described in the book) values x;nq, and ', must be considered as an exact higher order
of x; — a order that is achieved very seldom, but sometimes it can be achieved. At the
same time values z; are less than x;,., and a little more than x;,;, and there is a more
essential probability as it is shown in an example in [6], p.86.

For practical aims it would be very useful to be able to have computed probabilities of
different variations of x; that are less than z;,,.,, and more than z;,,,.

For example, it is useful to have computed probabilities of getting x; into an interval
from x; = 0,920z UP tO Timae and into any other interval.

The first steps in this direction of investigations have been made in [6], p.85-89 and
also in a report by Shariy S.P. [20].
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But up to our days we have not secceeded in solving the main problem — to compute or
estimate the law of distributing probabilities of different value of inavoidable error — from
TiN Up t0 Zjmae and from x;,,;, up to z;n. Here there is a wide field for a good interesting
scientific work.

A small probability of dangerous combinations of signs in variations of different
construction elements (and thus — a small probability of dangerous combinations of signs
in coefficients variations of equations system that is a mathematical model of such a
construction) leads to important consequences. Let us suppose that some constauction
has been computed and projected without computing an inavoidable error. Suppose that
a thousand of products that apply such a construction has been manufactured. And during
ten years they have worked in good working order. This means that inevitable in the course
of exploitation variations of parameters in articles of manufacture have not gone above
admissible limits. Are we sure that at the eleventh year of work one of these articles will
not lead to dangerous wreckage even if the article is perfectly exploited? Sorry to say, we
have no such a guarantee. The absence of wreckages during ten years only means that
during these years not one of articles has realized a dangerous combination of variations
in signs. But on the eleventh year it can realize. A true guarantee of a reliable work of
any article gives only a computation, only such a computation that contains in itself as a
step — the computation of a value of an inavoidable error.

The computation of an inavoidable error is advised to begin from the computation of
"a natural boundary of variations" . If this boundary is less than such variations that are
characteristic of an examined article that means that there is a possibility of very large
variations of solutions. Further computation is of no sense as an examined article is not
reliable and must be replaced.

Before computing "a natural boundary of variations" it is useful to check whether
some of components of x; in solutions X vector in system AX = B are unreliable only
due to variations of right sides, variations of coefficients b; with unchangeable matrix A,
i.e. when there is an absence of variations in coefficients a;;.

Such a primary check is not at all complex. As it is said in §15 it is only sufficient to
check — has it not turned out that an inavoidable error x; that is computed in this case
with the help of formulas (236) or (237) can be compared with (or larger) than a solution
itself x; computed by a formula (235).

Note that we have spoken all the time about computing an inavoidable error in solutions
of linear algebraic equations system. This does not mean that we have not estimated
different mathods of decreasing avoidable errors that are due, for example, to errors during
rounding off, a finite number of iterations during applying iteration methods of computing
solutions etc. A lot of publications — such as [1,2,29,30,31] and recent works — [32] (to which
the reader can apply) are devoted to methods of decreasing inavoidable errors.

We advise to start computing inavoidable errors. If it, for example, is such that we can
guarantee only the third sign of a solution then it is useless to apply methods of decreasing
avoidable errors in a solution then it is useless to apply methods of a decrease avoidable
errors for the computation of the fourth and successive signs of solution.
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§19.Application to computation of an inavoidable error in
solutions of partial differential equations.

The investigation of solutions error of partial differential equations has its peculiarity,
therefore we speak about it in a separate section.

As it is well-known many problems of physics and technique lead to the possibility
of computing solutions of partial differential equations such as, for example, Laplace
equations:

0?U  0*U
—+—=——==0 267
ox? * Oy? (267)
Poisson equations:
0*U  0?U
Gzt g = Fw) (268)

and many others that usually are called equations of mathematical physics. One of modern
examples of practical problems that leads to the necessity of computing such equations
and give an estimate of inavoidable error in solutions is a problem investigated at the
chair of M ECS® of St.Petersurg state University under the head of professor Yegorov
N.N. a problem of computing electrostatic potential during the emission of electrons from
cathodes of different forms (the computation of "electron guns", emission in electro-
optical systems, systems of forming electron and ionnic pencils etc. [23,24,25,26]. Since
an analytical solution of partial differential equations can be obtained only in separate
exclusive cases then numerical methods are applied. One of basic methods is a method of
nets or a method of finite difference that uses an approximated change of derivatives by
finite — differences relations and turning the solution of partial differential equations to
the solution of systems of linear algebraic equations (see the book "How to make reliable
solutions of equations systems" by Yu. Petrov).

If equations with two independent variables x and y are considered then the solution
is a function u(z;y) which in the interior of some sphere G with a boundary I' on a space
xOy (fig.7) corresponds to partial differential equations and on a boundary I' it satisfies
boundary conditions.

) MECS is a chair of modeling electromechanical and computing systems
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In a method of nets on a space Oy two families of parallel straight lines are formed.
T = Xo + Zh(l = 07 1,27 )

y=yo £ ki(k=0,1,2,..)

Points of crossing these straight lines are called knots. Values of a searched functions
in knots of a net are denoted by U;x = u(xo+1H;yo+kl) and in each interior knot partial
derivatives are approximately changed by difference relations:

(269)

PU Uik = 2Uik + Uik

7~ 2
(0;1:2 iK h? (270)
0*U Uit1.xk — 2Uik + Ui,k
o 0™ z o

After such a change an initial partial differential equation turns into a system of linear
algebraic equations for values Uk — i.e. values of a function U(z;y) in knots of nets (here
they play the role of components of x; in solutions X vector in systems that we have
earlier considered).

110



Later we first of all shall limit ourselves by Laplace equations set on an isolated square

1
of the size [0, 1]x[0, 1] cut by a net with a discretization step h = lﬁ'
m
Laplace differential equation in interior knots of a net are approximated by finite
differences:

Uis1;j + Uity + Ugjr + Uiy — AU = WP Fy (272)

where Fj; depends on boundary conditions.

There are m? interior knots in a square on the whole. Therefore an investigated Laplace
equation on a square will be approximated by a system of m? equations for m? unknowns
(values of a function U(z;y) in knots) from Uy up to U,y,,. Usually this system is written
in a matrix form:

AU =F (273)

where U — vector—column of unknowns that must be computed of a measure 1xm?,
F — vector—column of right sides, A — matrix of a measure x?xz?%. It is a five diagonals
undegenerated symmetric matrix. The majority of coefficients of a matrix are equal to
zero. See properties of a matrix are equal to zero. And properties of this matrix in details
in [13].

For m = 2 matrix A is of the form:

14 -1 0
A=y 1 4 o (274)
1 0 -1 4

For m = 3 this matrix becomes:

4 -1 0 -1 0 O O
-1 4 -1 0 -1 0 O
0o -1 4 0 0 -1 0
-1 0 0 4 -1 0 -1
-1 0 0 4 -1 0 -1
o -1 0 0 4 -1 0 -1
o 0 -1 0 0 4 -1 0
o o0 o0 -1 0 0 4 -1
o o0 o o o0 -1 0 0 4

(275)

o O OO

Matrix A in a net is chosen and a chosen value of m? turns out to be unchanged values
of knots U;; only depend on right sides, on values of functions U(z;y), on a boundary of
a sphere.

An inavoidable error in computing a value of knots depends on errors obtained during

the setting of these values. They cannot be set idially exact. Later we shall estimate a
value of this inavoidable error.
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By later applying Cramer formulas and decomposing determinants D in numerators
of Cramer formulas by elements of the ith column we obtain a formula for the computing
of a value of any knots. So for U;; we have

F, (276)
i=1
where A;,,, — algebraic additions of elements of the column.

Since algebraic additions of elements in any column depend on right sides we can write:

Ui = Z KiF; (277)

A
here K; = =L
where Dz

So, for example, for m = 2 a determinant D in Cramer formulas will be equal to

D= =175 (278)

determinant D;:

D; = (279)

and thus
1
U = E(Fy‘ln + A1 F3 A3 FyAyy) (280)
where
All = 12, Alg = 12, A13 = 81 A15
and thus

4
U =Y FF,=0,16F +0,16F; + 0, 107F; + 0, 2F, (281)
=1

Therefore for a given measure of a net a value of any of knots U;; only depends on
right sides.

A value of right sides can be known to us only with inevitable error:

F,=Fn(1+46) (282)

where F;y — a rating value — applied for the computation of knots values.
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The presence of an error can either increase or decrease a value of U;; in comparison
with its rating value corresponding to §; = 0. An increase of U;; will be the largest if a

sign g; coincides with a sign of a product F;y by fl = K. The change of value U;; in the

direction of a decrease will be the largest of a sign ¢; is opposite to a sign of a product
D;
Fin by D = K;.

Now it is possible to answer the main question: by how many times can a value of any
knot U;; change due to the presence of an error in a right side?

Answer: by any times. All depends on right sides. If they are with variable signs than
even if algebraic additions A;; have one sign then a value U;; can be near to zero and then
an inavoidable error is equal to

AU; = | |KiFid) (283)

i=1
even if 9; is small can be by any times more than a rating value of a knot equal to:

z:m2

Uijnv = Y KiFiy (284)
i=1

Example: for m = 2 computed values k; for knot Uy; (formula (281)) are: Ky =

0,16;K2 = 0716;K3 = 0,0107,K4 = 0,2 If F1 = 5;F2 = O;Fg = 0;F4 = —3,99

then Uy = 0,16 -5 —0,2-3,99 = 0,002. If §; = 0,01;64 = —0,01 then AU;; =
0,01(0,16-5+0,2-3,99) = 0,01598, i.e. even if an error in value of a right side does not
exceed — then an inavoidable error in the value of a knot Uy, is by 8 times more than

~ 100
a rating value Uq;.

Hence it follows an important conclusion: during a numerical computation of partial
differential equations (while reducing them to systems of linear algebraic equations) it is by
all means necessary that a step of solutions must be computation of inavoidable errors in
a solution that depends on inavitable errors while right sides are set. Without computing
a possible value of inavoidable error the solution cannot by no means be reliable since
there exist such right sides for which an inavoidable error can be larger than a solution
itself by any number of times.

All this, surely, is true for problems of computing electrostatic potential while emissing
electons from cathods of different forms, systems of forming electronic and ionnic pencils,
emission electron — optical systems etc. investigated at a chair MECS in St.Petersburg
state university (a chair of modelling of electromechanical and computer systems).

At the same time the existence of such boundary conditions for which their small
error leads to large inavoidable errors in solutions, surely does not mean that for all other
boundary conditions we shall have the same picture. There exist such boundary conditions
for which an error while setting them do not greatly influence the solutions. Everything
depends on certain boundary conditions.
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Therefore the computation of an inavoidable error in value of knots U;; for certain
boundary conditions by a methodics given in this section makes computing results reliable.

There is not an essential difference between computing a maximal value of inavoidable
error for a case when it depends on variations of coefficients in matrix A and vector B
in a system of equations AX = B and a particular case considered in this section when
an inavoidable error only depends on variations of boundary conditions, i.e. finally — on
variations of components of vector B. While taking into account variations of matrix A a
combination of variations leading not to the largest value of inavoidable error of solutions
but to values that are near to maximal one has a very small probability. Probabilities
of variations combinations that lead not to a maximal value of inavoidable error but to
values near to a maximal one already have a more essential probability but computing
methods of probability of different values of an inavoidable error of solutions in SLAE up
to now have not been developed.

For a peculiar case when an inavoidable error only depends on variations of a vector
B in a system everything is simplier. A comparison of formulas (283) and (284) at once
shows that if Fy are such that a value of a knot Uy is small when F;y is not very small
then many such combinations of signs ¢; be found in which an inavitable error in a value of
knot U;; will be very large even if |¢;| is small in absolute value of variations in boundary
conditions and right sides in system AX = B. Therefore a probability of a substantial
change in a value of any of knots U;; will not be small even if variations of boundary
conditions are small.

Surely, it would be advisable to compute an exact value of this probability but this
is a rather difficult problem and it has not as yet been solved. Now let us consider a
question of labour consuming computation of an inavoidable error of solutions of partial
differential equations. We shall use known relations: for the computing by Gauss method of
all components of vector X in solving system AX = B whose matrix A is of a measure nxn
require approximately n? multiplications. How many multiplications it is approximately
required for computing a determinant in matrix A if we apply Gauss method as well.

During the computation of an inavoidable error for each of knots U;; in system of
algebraic equations that approximate (in a square net) a solution of Laplace equation
it is required (according to formula (283)) to compute a determinant D and its all
algebraic additions that enter into formula (276) and (277). In all it is required (if we
take into account formula (283)) approximately n® + n?(n — 1) + n? multiplications.
Thus a number of necessary multiplications (with the growth of a number of equations)
increases approximately proportional to the fifth degree from a number of equations n.
And since n = m? (where m? — a a number of knots) then if, for example, m = 30 (i.e.
when a net is 30x30) a number of equations will reach 900 but a necessary number of
multiplications will be near 6 - 10°.

But a number of necessary computing operations can be greatly reduced. We can
apply the fact that coefficients K; in formulas (282) and (283) do not depend on boundary

conditions, we can compute them beforehand and introduce them into a machine memory.

Then for computing an inavoidable error during a partial differential equation
approximation from a system of n algebraic equations a necessary number of multiplications
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for computing all n knots U;; will be equal to only n? (according to formula (283)) after
computing coefficients k;. But while using Gauss method in a general case it would be
necessary to have n® multiplications.

Therefore we can draw the following conclusions of a general character. They are
true during the computation of solutions of partial differential equations by means of
approximating them by systems of linear algebraic equations systems:

1.Without computing an inavoidable error which is due to inevitable inexactnesses and
variations of boundary conditions solutions cannot be considered reliable (by no means)
since such (not known earlier) combinations of boundary conditions and their variations
are possible in which even small (in absolute value) errors can lead to large (and even
essential) changes in solutions;

2. The calculation of an inavoidable error can be carried out if there is a moderate
number of necessary computing operations — even for systems with a large number of
equations if there is a sufficiently useful net of approximation.

Since conclusions about possible large inaboidable error in solutions of SLAE even if
right sides have small errors (and thus — for SLAE that approximate solutions of partial
differential equations considered in [23;24;25]) have been published in 2009 [6] we can
hope that works presented, for example, in 2011 that contain numerical solutions of
partial differential equations will be rejected. Here an inavoidable error in solutions is
not computed.

At the same time it is not at all difficult to compute an avoidable error and the presence
of such a computation will restore the reliability of an obtained result.
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§20. Wreckages that occur due to inexactnesses in methods of
computing and projection.

As all previous sections have shown conventional and widely applied computation
methods are far from being always perfect.

So up to 2009 methods of computing an inavoidable error in solutions of systems
of linear algebraic equations were far from being perfect. This position has been partly
improved by publication [6].

But as it was shown in [7] computations connected with systems of algebraic equations
contained up to 70% of all computations.

Therefore drawbacks and inexactnesses in computations have inevitably become
a source of wreckages and catastrophes. We know little about these wreckages and
catastrophes since organizations that realize projection and computation are not interested
in making known drawbacks of applied by them conventional computation methods. And
when wreckages are investigated they are not in a hurry to apply new more advanced
methods and represent causes for wreckages such as bad manufacture, "people’s errors"
etc. So they mention every cause but the true one — they do not aknowledge the necessity
of improving computing and projection methods.

The most known and dreadful catastrophe whose cause we do not succeeded in
completely discovering was a catastrophe of aquapark ("a water" park) "Transvaal" that
occured on the 14th of February, 2004 in Moscow when twenty seven persons perished
including children and 113 persons received different traumas.

Aquapark "Transvaal" situated in the suburbs of Moscow was one of the favourite
places of Moscovites rest. Swimming pools, different shows, water small hills, ponds with
arificial sea waves etc. — everything made people comfortable, be healthy and light —
hearted. The building of the aquapark was beautiful and original. The roof of a pool was
supported by a series of columns situated as a half circle between which there was a place
for large windows.

Therefore on that fatal day — the 14th of February 2004 the aquapark was full of light
— hearted and gay grown ups and children.

And suddenly one of columns on which a roof was based crushed due to its weight
and then other columns due to the influence of additional weight also began crushing.
The roof crushed on the heads of swimming people. Cries of crushed people arose, the
electric light went out and in a complete darkness these who survived tried to get out
from fragments that had crushed on them.

Then rescuers appeared. For several hours they dissembled obstructions they saved
those who were alive. Then bitter conclusions must be drawn: twenty seven persons
perished, 113 persons were injured among those who perished and was injured were
children.
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Surely such a catastrophes was carefully investigated. The first version was — as usual
— about terrorists who supposedly have put an explosive into one of columns on which
a roof stood. But on a place where an explosive must have small marks of an exposive
or products of their decomposition must be found. They are closely absorbed into the
pores of concrete by a large pressure of an explosion. This reaction can be easily found by
methods of modern exact chemical analysis. These exact analysis have ascertained that
there are no traces of explosives.

Later a version about a terrorist act has been wholly rejected. A quality of the
construction has been checked — whether non qualitative and substructive materials has
been applied, whether a real construction corresponded to projection requirements etc.
The check has shown that there was no deviation from the project.

After all investigations and experts have drawn the conclusion that a single cause
of a catastrophe is errors during a computations and projection of aquapark. A well-
known architects burean — ZAO "K" has projected it at the head of an experienced
and respected architect Nodar Vahtangovitch Kancheli. Before this catastrophe he was
the head in projecting many unique buildings in Moscow. On the first of April, 2005 N.
Kancheli was charged with two serious articles of Criminal Code of the Russian Federation:
article 109, part 3 (to cause death due to imprudence that has led to death to two or
more persons) and article 118 part 2 (to cause a gross harm to the health of people due
to unreliable relization of professional duties). Moscow procurator undertook a criminal
affair against N.V.Kanchelli.

But N.V.Kanchelli and achitects that have worked under his guidance are experienced
experts. Therefore the possibility of elementary errors in projection and computation (not
necessary coefficient was taken, not a necessary formula was applied etc.) were by all means
excluded. Another problem is the computation of an inavoidable error for a mathematical
model of a building. But in 2004 and earlier when "Transvaal" was projected there did not
exist reliable methods of computing an inavoidable error. Only approximated estimates
were applied by means of "a number of condition" ||A||-||A7!||. But these estimates (as we
know from previous section) can easily lead to false projection solutions and catastrophes.

It is quite possible and probable that a cause of a catastrophe in the aquapark
"Transvaal" has become an inexact estimate of an inavoidable error during the computation
of a mathematical model of a building. Sorry to say, we cannot state this with an absolute
certainity. The investigation of this criminal affair in the course of which a complete
answer would have been given — was on the fifth of August, 2006 was stopped by amnisty.
As in 1906 in Russia the first "Duma" has started working (as a nundred years clasped)
an amnesty for all convicted and accused whose age is more than 60 years was declared.
N.V.Kancheli received the amnesty and this fact finally prevented to be sure in finding a
cause for the catastrophe of aquapark "Transvaal" . If this cause (asseredly — almost) is an
inexactness in the estimate of inavoidable error then N.V.Kancheli is not guilty since in
these years when an aquapark was projected there were no reliable methods of computing
an inavoidable error. In more details about the catastrophes of "Transvaal" and other
technogene catastrophes you can read in the book [39].

Much worse is a position that appeared later, in 2010. In 2009 in a monograph [6] a
methodics of an exact computation of a value of inavoidable error was published that
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allowed to substentially decrease the wreckages probability. This methodics has been
stated together with associated questions. The book has been reviewed by doctors of
physico-mathematics sciences, professors Blekhman J.J., Ignatiev M.B., Ushakov A.V. A
short story of problems discussed in the book was given in an article [21] published in a
respectable scientific magazine "Vestnik grazdanski enzinierov" .

It seems that if a methodics of computing an exact value of inavoidable error that allows
to essentially decrease the probability of wreckages has been published and recognized
by authorative experts then it must be quickly applied by organizations that carry
out computation and by projecting developments in order to increase the reliability of
computation results, for the decrease of a probability of catastrophes.

Not to say that the application of more well-grounded new computation methods
— "coefficients of a reserve" can greatly reduce the cost of construction — and this
is a very large sum of money. Since a methodics of computing an inavoidable error
has been developed at St.Petersburg state university (St.PSU), the chair of modelling
electromechanical and computer systems (at the head of profeccor N.V.Yegorov) St.P.S.U.
— addressed itself to a series of firms that carry out computations and projections to apply
published results and programs developed at SPbSU in order to work with electronic
machines. In 2009 they have obtained a state registration certificate N2009613251 on the
23th of June, 2009.

Sorry to say once again words by our President Miedvedev D.A. have been conferred
that Russian companies, Russian businessmen are extremely slow in applying any scientific
advancements and they do not like to use something new and modern.

Then St.P.S.U. (by a pro-vector for scientific work N.G.Skvortzov) addressed a service
of state construction inspection and Expertize to the head of this service A.S.Ort (a letter
Ne01-115 on the 19.07.2010). The address of St.P.S.U. supported by the Russian academy
of sciences (RAS) under the head of the scientific union of RAS Ya.B.Danielievitch. After
he has become acquainted with results of St.P.S.U. investigations Ya.Danilievitch wrote
to A.J.Ort urgently recommended to take into consideration and further to realize an
innovation methodics and algorithms of computations developed at St.P.S.U. under the
head of professor Petrov Yu.P. since this methodics is formed on mathematical analysis
that allows to guarantee the reliability and safery of building constructions and prevent
wreckages that occur in modern practice of construction. He stresses that this methodics
possessed great exactness in comparison with contemprary estimates methods.

To this adress of St.P.S.U. and the Russian academy of sciences a service of a
State construction Inspection and Expertize received the answer that the Service is
not authorized to carry out an examination for the estimating of construction objects
condition. It is interesting to know to what is the Service authorised?

It is clear that to take part in innovations, in applying more advanced methods this
Service does not wish. It is sad since the main problem of the Service is, surely, to secure
safety of construction by means of revealing dangerous and ill-computed projects and the
Service can carry out this aim only if advancements of science be applied but the Service
does not want to apply them.

118



Too much wreckages and catastrophes occur due to errors and inexactnesses during
the projection and computation. Exact numbers were given in the "Conclusion" of one
of scientific instructions (TZNII Psk, N.P.Melnikov). This conclusion was formed with
Moscow "City centre of expertizes". In this "Conclusion" (published in 2006) it is
said that 9,8% of buildings crushes that have occured during recent years were due to
inexactnesses and errors of projection and computation. It is a very large number. Science
can decrease a number of wreckages but in order to achieve this aim it is necessary to use
its advancements.
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Part II. Systems of differential equations
and equivalent transformations

§21. Examples of equations systems and equivalent transformations.

One more interesting section of "Mathematics—2"turns out to be a theory of differential
equations. Here quite recently (published in [36] then [37], [38], [5]) it has turned out that
during small changes of coefficients such an important property of equations as stability
of solutions has changed. This change itself is closely connected with everywhere applied
equivalent transformations of equations.

Let us recall that such equations are called differential into which derivative of searched
functions enter. And we call solutions of different equations such functions that turn an
equations into an identity. The most simple and at the same time the most often occuring
in practice are linear differential equations with constant coefficients, such as, for example,

X .
a1— + apxr = sint

dt
equations of the first order or
d*x n dx n 0
a9—— +a1— +ag =
Zaez g T

Later we shall examine a change in solutions in differential equations during variations
of their coefficients. i.e. we shall take into account that real coefficients almost always are
known only with limited exactness and they satisfy inequalities:

(ZZ<1 — 81‘) S a; S az(l -+ 61'), (1)

where a@; — unknown to us true values, a; — rating values that are used during
computations, €;a; — coefficients variations.

It is important that in differential equations (as earlier shown in [6], [11]) we
consider only relative variations if a; = 0 then e;a; = 0, i.e. "a zero is not variated".
Thus automatically the so called "singularly perturbing equations"are excluded from
examination. These equations have small coefficients at higher derivatives as equations:

d’z dx
€E+G1E+a0:f<t> (2)

where £ — small parameter or systems of similar equations.

To singularly perturbing equations a wide of literature is devoted (see, for example,
[45]) but this is quite another area of examination. And in this book singularly perturbing
equations are not considered (i.e. in the second part of the book — where in the second
part — in difference with the first — a zero is not variated). The cause of this is that in
singularly perturbing problems the change of coefficients in higher derivative from a zero
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up to infinitely small value surely leads to essential changes in solutions. It is at once
clear. In difference of this we consider less evident but earlier not noted such cases when
small changes of large coefficients can lead to substantial changes of solutions.

d
If differentiation operator ¥ is denoted by D (i.e. d—f = Dx and, correspondingly.

d"x
i D"z) then a linear differential equation with constant coefficients of any order —

an equation

dx dar—! dx
anﬁ+an_1m+...+ala+aox—f(t) (3)

can be written in the form:

(D" + ap D"+ ..+ a1 D+ ag)xr = f(2)

or

AD)x = f(t) (4)
i.e. in the form of a product of a sought function z(t) by polynomial A(D) =

d
a, D" + ... + aq of differential operator p7i D
Systems of linear differential equations with constant coefficients are called the
following systems:

....................... e (5)
Ani(D)zy + Ape(D)xs + ... + A (D), = fi (1)

i.e. systems that consist (in a general case) of n equations that include in themselves n
unknown functions z1; x; ...; ¥, and n? polynomial A;; of different degrees of a differention
operator D = —.

P dt

Thus systems of linear differential equations are a generalization of systems of linear
algebraic equations (SLAE) examined in the first part. If in polynomials A;;(D) all
members except members with a zero degree in differentiation operator D are equal to
zero and functions F;(t) in the right sides of system (5) turn to constant numbers then
system (5) transforms into a system of linear algebraic equations (SLAE) that is one of
such systems that have been examined in the first part of the book.

Thus problems considered in the second part of the book that have been more complex
than in the first part but while solving them we shall base our selveves (mainly) on results
obtained in the first part. See in publications [5], [11], [22] and others.

One of examples of systems of differential equations that is a mathematical model of a
real object is a system that is describing transient processes that take place in a system

of regulating a frequency of rotation in an electrodrive of a constant current that work on
a mechanism with a variable resistance moment. This system is of a form:

(D* +4D* 4+ 5D + 2)x; — (D* +2D + 1)ay = 0 (6)
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(D*+4D +5)21 — (D + 1)z =0 (7)

and in it a variable x; — a frequency of rotation of an electrodrive (to be more exact
— its deviation from a rating value) variable x5 — current of an anchor that plays the role
of the control equation (6) - an equation of the control object — electrodrive equations
(7) — an equation for a regulator reflecting processes that occur in a chain of an inverse
connection. The later we shall speak in more details how to obtain equations (6) and (7).

Now let us speak about equivalent transformations. We call equivalent transformations
of equations such transformations that do not change solutions of equations (or systems
of equations). A set of solutions in a transformed equations system must be identical with
each other. Here are examples of equivalent transformations:

1. the reduction of similar members

2. the transfer of members from the left side of an equation into a right side and vice
versa with the change of a sign

3. the multiplication of all members in an equation by one and the same number that
is not equal zero.

4. substitution — i.e. a change of any of equation members by a member equal to it.

5. Differentiation (by members) of all members of equation.

The first four examples of equivalent transformations are related with transformations
studied even in secondary school and they do not arise any doubts.

It is clear that equation

3r+4r =14
after the reduction of similar members will become equivalent to an equation
Tr = 14,
1
which in its turn is equivalent to equation (after have been multiplied by ?:

T =2.

The fifth example of equivalent transformations (differentiation by members), possibly,
will require explanations. So, for example, equation of the first order

T+x=0 (8)
with an initial condition:

2(0) =0 9)

has a solution = = 0. After a differentiation by members equation (8) turns out into
an equation of the second order:

F4i=0 (10)

and in order that it has a definite solution it is necessary to one initial condition (9) to
add the second initial condition for # when ¢ = 0. But this second initial condition is not
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arbitrary but it wholly results from initial equation (8) with initial condition (9). From
(8) and (9) it really follows that when ¢t = 0 we shall have:

#(0) =0 (11)

and just this equality is a necessary second condition for equation (10). If we take in to
account equation (10) we shall have a solution x = 0. Therefore if we set additional initial
conditions the differentiation by members will not change solutions and it is an equivalent
transformation. Hence it follows that the multiplication of all equation members by any
operator polynomial A(D) is also (if we have set additional initial conditions correctly)
an equivalent transformation.

Sometimes we hear an objection against this statement connected with a conception
of a general solution of a differential equation — i.e. a solution that contains integration
constants that later will be defined from initial (or boundary conditions).

A general solution of equation (8) is of the form:

z=Cre

with one integration constant C and a general solution of equation (10) obtained from
equation (8) by means of members differentiation is of the form:

r=C5+ Coe? (12)

and it does not coincide with a general solution of (8). Hence a false conclusion is
sometimes drawn: since a general solution has changed the members differentiation is not
an equivalent transformation. A mistake occurs from a false understanding of a term "a
general solution" that has been created even since the XVIIIth century [46], [47]. In the
essence instead "a general solutions" , it is more correct to call a family of functions that
depend on integration constants which in their turn depend on initial conditions. Therefore
there is nothing surprising that during equivalent transformations of families of solutions
(conventionally called "general solutions") can change its form but certain solutions that
satisfy certain initial conditions during members differentiation do not change.

So if we should like to define integration constant in solution (11) from an initial
condition z(0) = 0 we shall obtain: C) = 0 and x(t) = 0. If we define integration constants
C} and Cy from initial conditions x(0) = 0 and #(0) = 0 we shall obtain C), = 0;Cy =0
and therefore we again have z(t) = 0. Equivalentness of such a transformation as members
differentiation in this example is confirmed. The same is true in a general case.

By using equivalent transformations linear differential equations with constant coefficients
of any order (equation (4)) and also any system of such equations (system (5)) can be
reduced to the so called Cauchy normal form (Cauchy, 1789-1857), i.e. to a system of n
equations of the first order:

I"l = a1121 + a19T9 + ... + A1nTn
............................................. (13)
Tp = Ap1T1 + Apa®o + ... + ATy
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(later we shall limit ourselves by a case f(t) = 0) while considering the transformation
of a system of a general type (5) into a form (13).

If into a normal Cauchy form an equation of the n-th order is transformed then a
number of equations in system (13) is equal to an order of an equation and the system
itself (13) for, example, equation

as® + ar & + apr =0 (14)

becomes (if we suppose that © = x;):

i‘l = T2
. Qo ay (15)
Tg = ——X1 — — T2
p) a2

If a system of several differential equations of different orders (of a type (5)) is reduced
to a normal Cauchy form then a number of equations of the first order in a normal form
in a general care is equal to a sum of orders of differential equations for each of variables.

In special cases (if there is the so called degenerated system) a number of equations of
the first order in an equivalent normal Cauchy form can be even less.

Example: a system of equations (6) and (7) has in equation (6) the third order in
relation to x; but in equation (7) in relation to variable x5 it has the first order. Therefore
a normal Cauchy form for a system (6)-(7) must contain four equations of the first order
for four variables x1; x9; x3; 4. Variables x1 and x5 are such ones that already are present
in equations (6) and (7) but x3 and x4 — are additional variables. Since, really, a system
(6)-(7) is degenerated (as we shall show it in the next section) then for it one of four
differential equations degenerates into a finite equation that does not contain derivatives
(or — just the same — it contains derivatives of a zero order, i.e. functions zy, xs, etc.).
And a normal Cauchy form for system (6)—(7) consists of three equations of the first order.

For systems of linear differential equations with constant coefficients equations in the
normal Cauchy form (13) can be usually written in a vector-matrix form:

X = AX (16)

where X —n-measured vector whose components are sought functions x(t); x2(t); ...; x,(t),
A — matrix of coefficients a;;.

Note that since transformations that have turned equations system of a general type
(5) into a normal Cauchy form is an equivalent transformation then in the limits of
"Mathematics — 1"(that supposes that we exactly know equations coefficients and that
they are unchanged) mathematical models of examined objects and processes in the form
of equations systems (5) and (16) are similar.

And since a form (16) is more simple then just form (16) prevales in discussions in

modern text-book on the theory of differential equations (see, for example, [33], [34] and
in computation practice).
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In particular package of applied programs used during a numerical solution of
differential equations systems and while checking stability of solutions (packages MATLAB,
MathCad etc.) have been formed for systems in a normal form while admitting that
transformation of an initial system into a normal form does not change anything. In fact
— as we shall see in next section — it is not always so. There exist special cases when
equivalent transformations of equations systems of different orders into a normal form —
can change some important properties of equations.

These special cases must be attentively taken into account and investigated thoroughly
since they can become (and have not once become! See, for example, [39]) — a cause for
error in computation and thus a cause for wreckages and catastrophes. It is not (at all)
permissible to apply programs from packages MATLAB, MathCad and any others without
taking into account assumptions applied during the formation of these programs that are
not always clearly formulated.

This simple but important notice stated already in 1994 [37] and for many times
repeated later in [38], [5], [52] and others — was not at once introduced into the practice
of technical computations.

In fact it was for the first time applied in 2007-2010 at Moscow state technical
University (MSTU) named after Bauman N.E. and at this university scientifico-production
unions. The account of special cases in equivalent transformations allowed scientifico-
production union at MSTU to sufficiently reduce a number of wreckages. They have
developed a complex equipment.

In 2011 on the site of MSTU on the 30.01.11 blog V.B.Manichev applied to all high
schools and scientific organizations of Russia to widely apply in their computations
and projections to carry out a check for having "special" systems and equivalent
transformations that change parametric stability. In order to realize such checks that
would essentially reduce wreckages and catastrophes at MSTU good programs provision
(a programs complex FMS PA10 and programs blocks SADEL as seen in publication [32])
have been developed.
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§22. Characteristic polynomials and a check of stability.

It is known that a solution of a linear differential equations with constant coefficients
(4) is a sum of a quotient solution that depends on the right side of equation (4), on
function f(t) and a general solution of a homogeneous equation:

(anD™ + ap D" ' + ...+ ag)r = A(D)x =0 (17)

whose solution is of the form:

l’(t) = Cleht + 02€>\2t 4o+ C«ne)\nt (18)

where Ai; Ao; ...; A, — roots of a characteristic polynomial in equation (17), a polynomial

A" + A A" ag = A(N) (19)
A characteristic polynomial (19) is formed from equation (17) by a simple exchange of

d
differentiation operator D = 7 by any variated value which conventionally is denoted as
A

If among roots of a characteristic polynomial (19) there are complex ones then they
can enter only by connected with each other pairs:

Aiip1 = a £ jf8 (20)
In formula (20) and later we shall adopt that j = +/—1, i.e. an imaginary unity we

shall denote by a letter j (often a designation v/—1 = i is used) but in electrotechnique
electric current is denoted by ¢. In order to avoid errors it is better to use a designation

V-1=7j.

To each pair of complex roots in a general solution of equation (17) (to be more exact
—in a family of its solutions) will correspond a member of a form:

e~ (CysinBt + Cycosfit) (21)

If all roots in a characteristic polynomial have negative real parts then any solution of
a homogeneous equation during any initial conditions in the course of time will speed to
zero. On this conclusion does not influence the presence of multiple roots — their preseace
leads to the fact that in a general solution can appear the following members:

CitmeM! (22)

But if only all roots A\; have negative real parts then any solutions — including solutions
of the form (22) — tends to zero when t — 0.

For systems of linear differential equations their characteristic polynomial is equal

to a determinant of equations system in which a differentiation operator D = 7 is

changed by a letter A (certainly, you can change operator D by any other letter as well
but conventionally — a letter A is used).
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So, for example, for system of equations (6)-(7) its characteristic polynomial is equal
to a determinant:

N HAN +50+2 —(A24+20+1)]
A+ 4X+5 —(A+1) |

=M+ 6N+ 14N+ 14N +5 - A —5X —9\? —TA —2 = (23)
=M4+BXN+TA+3=A+3)(A+1)?
(members with the fourth degree A are mutually reduced).
A characteristic polynomial (23) has roots \; = —3; Ay = A3 = —1 and therefore a
general solution of system (6)-(7) is of the form:
[L’(t) = 016_3t + (Ogt + Cg)G_t (24)

Equality (23) shows that members with the fourth degree A in a characteristic
polynomial mutually are reduced. Therefore its degree turns out to be not the fourth
but the third degree. This means that system (6)-(7) is degenerated.

For systems of differential equations with constant coefficients the same real negative
partes preserves force. Then all solutions of a system tends to zero if ¢ — oo and such
solutions are called stable (to be more exact — asymptotically stable).

If only one root a characteristic polynomial in a system (or only one pair of complexly
connected roots) has a positive real root then solutions of a system can increase without
any boundaries when ¢ — oo.

If all roots of a characteristic polynomial in system with constant coefficients have
negative real parts then all solutions of a system are stable. Therefore we often hear not
about stability of solutions but about stability of some system. So, for example, a system
of equations (6)-(7) is called a stable system since all its solutions are stable (and all
solutions that form its family (24) are stable. Conventionally this family of solutions are
called "general solutions").

Let us note that for nonlinear differential equations and systems of such equations
everything is more complex. There one solution can be stable and another one — unstable.
Therefore there we cannot speak about stability of a system of equations but only — about
stability of some solution.

In an a theory of linear systems of differential equations criteria that allow us to judge
about stability or instability directly by coefficients of a characteristic polynomials without
computing its roots has for a long period of time been developed. The most simple — and
the most important — criterium is Stodola criterium (Stodola, 1859-1942) for the stability
of a system it is necessary (but not sufficient) that all coefficients of a characteristic
polynomial have one and the same (for example, positive) sign and that among them
there were no zero coefficients.

Sufficient conditions for stability have been found by a German mathematician A
Hurwitz (Hurwitz, 1859-1919) already in 1895. In honour of A. Hurwitz polynomials in
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which real parts of all roots are negative are called Hurwitz polynomials. As it is known
a necessary and sufficient condition of negation in real parts of all roots in polynomial:

a, D™ + a, 1D '+ ...+ ag (25)

consist in positivity of all diagonal minors of the next matrix (Hurwitz matrix)
cousisting of coefficients of polynomial (25) and containing n lines and n columns:

Ap—1 Ap—3 Ap_5 ... 0 0
ap QAp—o Gp_yg ... 0 0
0 Ap—1 Ap—3 ... 0 0 (26)
0 0 0 .. a O
0 0 0 .. a O

Here is a rule for forming Hurwitz matrix on a main diagonal: coefficients of a
polynomials (25) from a,_; up to ap are written out. Each column is then added in
such a way that indexes of coefficients decrease by a unity from below to up during the
transfer from one line to the other line. Coefficients whose indexes are less than a zero
and that are larger than n are changed by zeros.

While consequently writing out diagonal minors of matrix (26) we see that for Hurwitz
polynomials of the first and the second degree positivity of their all coefficients (coefficients
a; and ay) is necessary and sufficient.

For Hurwitz polynomial of the third degree

a3>\3 —f- CLQ)\2 + al)\ + Qo

besides positivity of all coefficients the fulfillment of the following additional conditions
are necessary and sufficient:

Aot > a3Qg

i.e. a product of middle coefficients must be more large than a product of extreme
coefficients.

On the whole a theory of stability of linear systems with constant coefficients (in the
limits of "Mathematics — 1") is for a long period of time been well developed. And in
previous statement we have only recallected these main positions that will later be used.

But in practice it is not at all sufficient that an examined object be stable. It is also
necessary that its stability was preserved during if only small — and thus inevitable in
practice — deviations of object parameters from computed values occur.

Definition

The property of preserving stability during parameters deviations of an object
from computed values during infinitely small changes of parameters and generated by
parameters variations changes of coefficients in mathematical model of an object can be
in short called parametric stability.
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Quite recently during the investigation of parametric stability unexpected and
paradoxical phenomena have be found about which we shall speak more details in next
sections.

Note that only parametric stability can be considered a true real stability. Systems that
are stable during rating values of parameters but which loose stability during infinitely
small values and thus — inevitable in practice — parameters variations are not at all better
than — and even they are more dangerous if the loss of stability occurs — as we shall see
later — occurs only during variations of a certain sign.
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§23. The change of parametric stability during equivalent transformations.

A system of differential equations (6)-(7) is a stable system. Its characteristic
polynomial equal to determinant (23) has all roots with negative real parts. Really, as
shows formula (24) all solutions of system (6)-(7) tends to zero if t — 0.

But system (6)-(7) is not parametrically stable. In fact if we change by infinitely small
value € some coefficients in the system, for example, a coefficient in Dz, in equation (7)
— and system (6)-(7) will become:

(D*+4D* + 5D + 2)x; — (D* + 2D + 1)z9 = 0 (27)

(D* +4D +5)z; — [(1 +&)D + 1]zg =0 (28)

then its characteristic polynomial will be equal to:

N AN +50+2 —(A2+20+1)|

A2+ 4\ +5 —[(T4+e)A+1] (29)
=—eM4+(1-4e)+(5-5e)N+ (T—2)A+3

and thus during infinitely small positive ¢ polynomial (29) will not already be Hurwitz
since a necessary Stodola condition has been broken. And during infinitely infinitely small
e > 0 system (26)—(27) will not already be stable.

In a family of its solutions besides three exponentially decreasing members reflected in
formula (24) the fourth exponentially increasing members (during small €) approximately
equal to Cye and increasing more quickly than e is smaller.

It is important that during small negative € system (27)-(28) remains stable.
Thus system of equations (6)-(7) does not possess parametric stability.

Now let us transform system (6)-(7) into a normal Cauchy form by introducing, for
example, additional variables z3 and z, determined by equalities:

T3 :Zfl —21'1 —ZL’Q} (30)
g = T3
As to new variables equation (6) will turn into the following system of three equations

of the first order:

T = =211 + T2 + T3
[tg = T4 (31)
ji‘4 = —T3 — 2334

and equation (7) in new variables will become degenerated, it will turn into an equation
of a zero order that does not contain derivatives. Really, equation (7) can be written in
the form:

[(D? 4 2D)x; — Do) + [(2D + 4)zy — 225] + 21 + 29 =0 (32)
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Now while comparing (32) with equalities (30) we see that to the first square bracket
corresponds variable x4, to the second square bracket corresponds 2x3 and as a whole
equation (32), i.e. equation (7) introduce an expression xs by means of ay;xs; x4 into
(31) and we can obtain a system of three equations of the first order in relation to three
variables x1;x3 and xy4:

To = —T1 — 21’3 — X4 (33)

i.e. in new variables it degenerates, it stops to be a differential equation (or — which is
the same) — it becomes a differential equation of a zero order, an equation that does not
have derivatives.

We can easily see that a characteristic polynomial in system (31)-(33) equal to a
determinant

24X -1 -1 0
0 0 X -1
0 0o 1 A
1 1 2 1

=N+ 5N+ TA+3 (34)

coincides with polynomial (23) and polynomial (34) and a general solution of system
(31)-(33) in relation to, for example, variable x; preserves a form of (24). Thus systems
(6)-(7) and (31)-(33) are equivalent between themselves.

It can surely put an expression xs by means of 1; x3; x4 into (31) while using equation
(33). Then we shall obtain a system of three equations of the first order in relation to
three variables x1; x3; x4:

Ty = =331 — T3 — Ty
T3 = Ty; 35
Ty = —x3 — 2l‘4.

We can easily see that a characteristic polynomial of system (35) equal to a determinant

A+3 11 N
0 X -1 :()\+3)-‘1 )\+2':(A+3)(>\+1)2:)\3+5/\2+7)\+3 (36)
0 1 A+2

coincides with polynomial (23) and polynomial (34) and a general solution of system
(35), in example, relative with variable x; preserves a form (24). Thus systems (6)—(7),
(31)-(33) and (35) are equivalent between themselves.

But (it can be easily checked) systems (31)-(33) and (35) in difference from system
(6)-(7) are parametrically stable, i.e. they remain stable during sufficiently small changes

of their any coefficients.

Thus a transformation of system (6)-(7) into a system (31)-(33) or into a system (35)
is an example of equivalent transformation that changes parametric stability.

Inverse transformations — transformations of system (31)-(33) or system (35) into a
system (6)-(7) are also examples of equivalent transformations that change parametric
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stability (in initial systems it has but in system (6)-(7) it has not).

A lot of example of such equivalent transformations that change parametric stability
and other properties of transformed systems have been earlier given in [5].

Note that the existence of such examples is quite natural although for a long
period of time nobody paid any attention to it. Really in determination itself of
equivalent transformation only contains a requirement of preserving unchanged solutions
of transformed systems but nothing is said that unchanged remain all properties of
solutions (including such an important property as parametric stability).

But the appearance of publications [36], [37], [38] where for the first time it has
been shown that equivalent transformations can change many important properties
of transformed systems at first led to amazment and sharp discussions. A lot of
mathematicians and engineers became accustomed that "equivalent transformations are
those that "do not change anything" and it was very difficult to refuse this presentation
at once as has become a custom. Examples given in [36], [37], [38] seemed to be strange
to manu people and they (seemed) even — paradoxial. They often arose bewilderment
and even unacception of published results. Recognition appeared not at once. Partly the
cause has been that according to conventional "Mathematics — 1" that dealt only with
fixed values of equations coefficients equivalent transformations really "do not change
anything". Besides this they simplify equations and make more easy their investigation.
In the limits of "Mathematics — 2" that takes into account inevitable small variations
of coefficients and parameters (and thus — it is better than in "Mathematics — 1"),
taking into account specification of applied problems everything has changed essentially.
In "Mathematics — 2" we can apply equivalent transformations with great caution.
Incautions use of equivalent transformation can lead (and has led many times) to
wreckages and catastrophes some of which were described, for example, in publication

[39].

The appearance in publications [36], [37], [38] and in [5] examples of equivalent
transformations that change many important properties of solutions helped of depicting
"Mathematics — 2" into a separate direction of investigations, into a separate subregion
of since. It has become clear that "Mathematics 2" differs from "Mathematics — 1" not
only in sphere of examined objects but in methoddogy. In particular it differs in a more
cautious applications of equivalent transformations which in "Mathematics — 1"are widely
used and without any limits. Somelimes it leads to mistakes during the solution of practical
problems which usually can be described by "Mathematics — 2"than "Mathematics — 1".

In order to avoid mistakes and inadmission of new results of investigations (and
sometimes — even hostile to them) it is necessary to — once more — stress the existence of
"Mathematics — 2"and its difference from conventional "Mathematics — 1". It is necessary
to stress that "Mathematics —2" better reflect peculiarities of computing certain objects
in technique and physics.
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§24. Changes during equivalent transformations in Lyapunov stability.

Note that during equivalent transformation not only parametric stability can change
but also — Lyapunov classical stability formulated by a great Russian scientist A.M.Lyapunov
(1856-1918) already in 1892. Recollect that a solution of a system of differential equations:

dl’i
— = filt;x1; 200 ), 0 =1,2, .00
di filt; z1; 22 )

with initial conditions: y;(0) = y;o is called stability by Lyapunov if small changes o
initial conditions can not arise large changes of solutions. A strict definition of Lyapunov
stability is given, for example, in [33], pp. 316-327; in [34], pp. 138-142 and in other
publications.

Let us return to equation (8) wuth an initial condition (0) = 0 and a solution z(t) = 0.
For an initial condition z(0) = ¢ a solution will become z(t) = de* which means that
there is Lyapunov stability of a solution x(t) = 0. Let us multiply the left and right sides
of equation (8) by an operator polynomial D = 1. After this multiplication equation (8)
will turn into equation.

(D+1)(D -1z =3—2=0 (37)

i.e. — into an equation of the second order. In order to obtain a definite solution of an
equation we must take into account the second initial condition for equation (37) — i.e.
besides already posed the first initial condition x(0)=0 it is necessary to find the second
initial condition, a condition for #(0), From already earlier obtained solution of equation
(8) solution z(t) = 0 it follows that the second initial condition for equation (37) can only
be a condition #(0) = 0.

A general solution of equation (37) — if we use a more precise definition — not a "general
solution" but a family of solutions that depends on integration constants — will be of the
form:

Ji(t) = Cle*t + Czet (38)

While defining integration constants Cy and Cy from initial conditions z(0) = 0; £(0) =
0 we obtain that C; = C5 = 0 and a single solution that satisfies initial conditions is a
solution z(t) = 0 that coincides with earlier obtained solution of equation (8). Thus
equation (8) and equation (37) are equivalent but a solution z = 0 of equation (8) is
stable by Lyaounov but the same solution x = 0 of equation (37) is unstable (unstable in
a classical sense, by Lyapunov). Really, if there are zero initial conditions z(0) — 0 then
#(0) = 0 will be z(t) = 0 but if initial conditions will deviate from zero ones even by
infinitely small values ¢; and &5 and instead of 2(0) = 0 we shall have z(0) = ¢; instead
of 2(0) = 0 we shall have &(0) = d; then

x(t) = 0,5(0; — 8z)e " +0,5(5; + &)e’ (39)

and a difference between solution (39) and solution z(¢) = 0 will increase without any
limits in the course of time.
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Thus some of equivalent transformations can change not only parametric stability but
a classical stability by Lyapunov.

But this phenomenon (found already in the 30-ths of the XX-th century) did not
pick up one’s care from investigators. Multiplication by non Hurwitz operator polynomial
was recommended not to apply. It was called an unequivalent transformation (although
in fact it is not so) and everybody continued to think that equivalent transformations
"do not change anything". This old prejudice later has lead — already in the 60ths of
the XXth century - to a series of wreckages during the realization of a methodics of
"analytical construction of optimal regulators" that has been proposed by a well-known
Russian scientist A.M.Lyetov (1911-1974). It was published in a series of articles [48] and
then in a monograph [49]. In more details in publication [39] about these wreckages (and
well-known other wreckages and catastrophes) you can find in a publication (39). One of
sections of which is called "a tragedy of A.M.Lyetov".

Note that a possible change of stability by Lyapunov during equivalent transformations
is connected with the fact that A.M.Lyapunov in his investigations considered the
behaviour of solutions of differential equations not only during rigidly put initial conditions
but during small changes in these conditions as well, i.e. we can consider Lyapunov A.M.
one of those who in fact has already come to problems of "Mathematics — 2". But at
that time this fact was not realized. And later findings out of examples of changing
stability by A.M.Lyapunov during equivalent transformations has not picked up the ears
of investigators as we have already noted.

A calm relation to the change of Lyapunov stability while the right and left sides of an
equation are multiplied by non Hurwitz polynomial was due to the fact that this change
can be easily found out and do not lead to hostiles. They can be easily avoided by a
simple forbiddence of multiplying by non Hurwitz operator polynomial. At the same time
changes in parametric stability during equivalent transformations about which we have
spoken in previous section is much more dangerous and it has led (not once) to wreckages
and catastrophes (see [5], pp. 27-29; [11], p.8892 and pp. 139-148; [39], pp. 30-48 etc.)
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§25. The change of correctness during equivalent transformations. The third
class of mathematical models — that are intermediate between correct and
incorrect ones.

Earlier (in the first part of the book) ill-conditioned systems of equations have been
considered. Their solutions were essentially changed during small (but by all means-finite!)
changes of coefficients.

But system of equations (6)-(7) can greatly change their solutions (as we have seen
in this in recent section) — not only during small finite but also during infinitely small
variations of some coeflicients.

Systems of differential equations that are able during infinitely small relative variations
to change (variations) of coefficients into solutions by finite values (or even to change them
essentially) we shall call incorrect (recall that "variations of zero" is excluded). In such
systems a continuous dependence of solutions on coefficients can be absent.

Systems of equations in which solutions depend on coefficients (or on parameters
on which in their turn depend coefficients) and depend continuously are called correct
correctly posed systems.

The existence of a class of correct and a class of incorrect systems of equations has been
known for a long period of time. First of all French mathematician Hadamar (Hadamar,
1865-1963) introduced a conception of correct and incorrect equations in mathematical
physics even in 1902 and later it turned out to be a very important mathematical
conception. See, for, example, a known publication [40] and a large bibliography to it.

In 1998 (publication [41]) an existence of one more — third class of problems in physics
and technique was found. It is an intermediate class between these problems third class in
physics and technique. Really, a system of equations (6)-(7) is incorrect. But if a solution
of this system is solved by preliminary transformation to a normal Cauchy form — to a
system (35) it turns out that this transformed system is correct.

Thus a problem of computing a solution of a system of equations (6)—(7) can be
attributed to the third class — to a class of problems that changes its correctness in
the course of equivalent transformations applied during their solution.

The discovery of the third class in problems of physics and technique (see in more
details [42]) that is an intermediate between earlier known classes — correct and incorrect
— besides theoretical interest turned out to have a large practical value since it allowed to
find a method of discovering very dangerous "special" objects which repeatedly become
(and, sorry to say has became) causes of wreckages and catastrophes.

Besides incorrect systems of equations naturally there exist incorrect objects (whose
mathematical models are these systems).

A solid body in which a mass center lies exactly above an edge of a support is an
example of an incorrect object. During infinitely small change of coordinates in a center
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of masses such a body can fall.

Here is another example: a system of automatic control that is described by means of
a system of differential equations whose characteristic polynomial has besides roots with
negative real parts if only one zero root. Such system is theoretically stable by Lyapunov
but it is incorrect as infinitely small change of coefficients can make it unstable. This is
due to an infinitely small and thus inevitable — in practice change of some coefficients can
turn a zero root of a characteristics can turn a zero root of a characteristic polynomial
into a root with positive real part.

Surely, incorrect objects are dangerous and they must, not be allowed to realize in
order to avoid almost inevitable wreckages and catastrophes. On a step of projection and
computation incorrect objects are eliminated on the basis of analizing their mathematical
model of a projected object is incorrect then it is necessary to eliminate this object and
we must not permit to realize it "in metal" by no means. If on a step of projecting an
incorrect object has been allowed to use this fact almost inevitably leads to later wreckage
since already "realized in metal" incorrect (or "ill-conditioned") object is very difficult
to pick out an object during tests. And in the course of exploitation (later) it will bring
a lot of disorders and troubles.

But if an incorrect object is of the third order then an analysis of its mathematical
model is not able to discover its incorrectness and then later a wreckage is almost
inevitable.

A characteristic example: a system of controlling an electrodrive whose mathematical
models can serve both—equations (6)—(7) and equations (31)—(33) that have one and the
same characteristic polunomial. If we judge by equations (31)—(33) then a system of control
is parametrically stable and correct but if we judge by equations (6)—(7) it is incorrect and
parametrically instable. Will an object be correct whose mathematical models can have
both-equations (6)—(7) and equations (31)—(33). We cannot determine by these equations.
It is necessary to examine more delicate properties of a projected object later we shall
speak about their account.

On the basis of such examples already in 1994 in an article [37] the main conclusion was
published: neither any investigation of a characteristic polynomial in equations systems
nor examining of coefficients matrix if we write of an electrodrive whose mathematical
models are equations (31) a controlling interaction z, can be formed by good transient
processes in correspondence with recommendations from "analytical constructioning of
optimal regulators" — in the form of a linear combination of variables x1;xo;x3 with
constant coefficients of strengthening, i.e. — in the form:

To = —k'll’g - kg.%'g — k?g.’L’g (40)

If we pose that k1 = 1; ky = 2; k3 = 1 then equation (40) becomes (33) and in this case
a structural scheme of a control system will become (shown on figure 11) a real behavior
of a projected system of control in this case reflects a parametrically stable mathematical
model in the form of equations (31)—(33). "A realized in model" projected system with a
structural scheme (shown in fig.11) will also be parametrically stable.
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T1 = —371 — T3+ 2u i
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Io = —&l)] T U T3
Ts=—T1 —2T9 — T3+ u
U=—Tr] —Tyg— Ty
fig. 11

But the forming of an inverse connection in the form of a combination of all variables is
often difficult (as it is well-known not all variables can be easily measured). And therefore
often an inverse connection is modified by means of changing variables that are difficult
to measure by combinations of variables that are easily measured — variables and their
derivatives (by means of surely equivalent transformation).

Especially, for an examined electrodrive it is difficult to measure variables x3 and
x4. By excluding them (with the help of equivalent transformations) we shall obtain a
dependence between a control o and a rotation frequency x; in the form of equation (7).
And equations of an electrodrive (31) in variables z; and x5 will turn into equation (6). A
structural scheme of the system in this case will turn into a form given in figure 12 (and
different from a scheme shown in figure 11). And a real behavior of a control system during
variations of its parameters will better reflect equations (6)—(7) than equations (31)—(33).
Although equations (6)—(7) have the same characteristic polynome as equations (31)-
(33) they have the same solutions but parametric stability of these solutions (as it has
been earlier shown) is different. This means that in real conditions of exploitation during
inevitable small variations of parameters the behavior of objects described by equations
(6)—(7) and (31)—(33) will be quite different. It can be easily checked during practical
tests.
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But from the paint of vien of "Mathematics—1" that defines the behavior of objects
during inevitable set values of coefficients and parameters (or posed laws of their
change) mathematical models in the form of equations (6)—(7) and (31)—(33) cannot be
distinguished.

We once more see that "Mathematics—2" better reflects a real behavior of investigated
objects and practical requirements to them than "Mathematics—1".

As a conclusion let us note that is a known publication [40] and in many others a
somewhat other approach to a problem of incorrectness is used. There the foundation of
it lies not in the definition of incorrect mathematical model but in the definition of an
incorrect problem.

In these publications incorrect (or — incorrectly posed) problems are called such ones
which do not satisfy even one of three conditions:

1. a solution exists
2. the solution is a single one
3. the solution depends on initial data in a conditions way.

This definition cannot be called successful since it "dissolves" real incorrect problems
in an immense sea of problems that do not have solutions or that have not a single solution.
Equation 22+ 1 = 0 has no solution in the field of real numbers. Equation sinz = 0 has a
countless set of solutions xy = nmw, where n = 0; +1; ...; £n but a problem of computing its
solutions cannot be attributed as an incorrect one. In order to avoid contradictions with
already a conventional definition applied in [40] we base ourselves — as already we have
shown — not on the definition of an incorrect problem but on the definition of an incorrect
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mathematical model. In more details you can find this material and its foundation in
publication [11].
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§26. The existence of Lyapunov function does not guarantee stability.

In this section stability and parametrical stability of both linear and nonlinear
equations systems will be examined.

In difference with linear equations with constant coefficients that has been considered
in previous sections it is more difficult to check stability (or instability) of solutions of
nonlinear equations systems.

The most reliable method of checking stability of solutions in nonlinear equations
systems is the forming of the so called "Lyapunov functions". The construction of these
functions is very complex, it requiers a large investigation work. But earlier it has been
thought that if after great work Lyapunov function is constructed it guarantees stability
of an examined solution. In the limits of "Mathematics—1"this point of veiw is quite true.
But investigations that has been carried out in the limits of "Mathematics—2"that in a
more complete way take into account real requirements to examined objects has shown
that in fact everything is not so. In publication [5] it was shown that a system for which
Lyapunov function had been constructed could loose stability during infinitely small (and
thus — inevitable in practice) variations of coefficients and parameters. Surely, for practical
applications stability which looses stability during infinitely small parameters variations is
identical to instability. Therefore the existence of Lyapunov function does not guarantee
real stability.

Since Lyapunov function (called in nonour of a great Russian mathematican A.M.Lyapunov)
who introduced them in his known publication in 1892 and reedited in 1959 (see [50]) is
devoted to a very large quanties of investigations and publications. A lot of people are
sure that the existence of Lyapunov function guarantees stability. Let us give you some
explanations.

Let us consider a system of nonlinear differential equations of the form:

dx
d_tl = f($1;902, Jn)
............................ (41)
dzx,,
— = flz; 295 .. 20)

where f(x1;x9;...x,) — functions of arguments xi; zs;...; z, in a general case they are
nonlinear. It is known that by corresponding the change of variables we can reduce a
question of stability of any solution of system (41) to the investigation of a zero solution:
Ty =Ty = ..;x,(t) = 0.

Let us introduce into consideration function V' of variables xy; zs; ...; x,, which is equal
to zero only when all variables are equal to zero. It is positive if variables have all other
values of variables. For example, such a function can serve as:

Vi=ot+as+.. +22 (42)
Now let us compute a total derivative of function V' in time in relation to solutions of
system (41). In order to compute this derivative (due to system (41)) a known formula
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for total derivative is used:

&V _ OV dn OV dvy OV dt,
dt  Oxy dt  Ory dt T Oz, dt

(43)

d
And instead of each of derivatives — we introduce their values from system (41). After

this introduction for a derivative "due" to a system a formula is obtained:

v v av ov

d 0wy Ji(zy; s en) + T fo(zyy s an) + .+ or, fo(21;..) (44)

Now let function V' be such that derivative (44) for all x; # 0 is negative. Such a
function is accepted to call Lyapunov function. In 1892 A.M.Lyapunov had proved that
if such a function existed then a zero solution of system (41) is stable.

The proof by A.M.Lyapunov admits an obvious interpretation ¢ if a derivative (due to
system (44)) is negative then function V' can only decrease tending to its smallest value
equal to zero and it achieves it if 1 = 9 = ...x,, = 0. But this means that all variables
x1(t) if t — oo will tend to zero. And thus a difference between any solution of system
(41) and its zero solution (if ¢ — 0o) will tend to zero and this fact proves that a zero
solution is stable.

Here is a simple example for a system of equations:

.I"l = —I
i’g = —ZEQ} <45>
as Lyapunov function we can try to apply the function:

1
V= 5(:15% + x%) (46)

(it is a particular case of square form of variables x; and )

Its total derivative is:

dV d[L‘l deg
== - 4
at " ae T (47)
"due" to system (45) it becomes:
av
i — (1 + 3) (48)

and for any variables x; and xo besides value 1 = 0;x5, = 0 it is negative. So it is
proved that function (46) is really Lyapunov for system (45). And thus its zero solution
is stable.

For such a simple system as (45) we can directly find solutions: 21 = Cie™"; x9 = Coe™
and see that solution z; = 0;x5 = 0 is really stable. And this fact coincides with the

conclusion obtained on the basis of Lyapunov function.

This material is the most simple part of A.M.Lyapunov theory. More delicate methods
have been developed, for example, using Lyapunov function whose derivatives "due to the
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system" not without fault will be negative — but only not positive. All these — and many
other questions have been considered in a lot of hundred of works devoted to Lyapunov
theory (see, for example, publications [43;44] and a wide bibliography in these works).

Note that it is most often very difficult to find Lyapunov function for a certain system.
But efforts of hundreds of investigators for a period of tens of years have been directed
to finding these functions since it was thought that if Lyapunov function was found then
the problem of stability would be solved.

Sorry, all this is only in the limits of "Mathematics—1". More detailed investigations
that apply results of "Mathematics—2" at once have shown (see publication [5]) that the
existence of Lyapunov function does not guarantee from loosing stability during infinitely
small variations of parameters. Really it has been proved for a long period of time that any
system of linear differential equations with constant coefficients and Hurwitz characteristic
polynomial has Lyapunov function. Thus system (35) also has it. It has been obtained
by equivalent transformations from system (6)—(7) which does not possess parametric
stability. But if the existence of Lyapunov function does not possess parametric stability.
But if the existence of Lyapunov function does not guarantee a real (i.e. parametric)
stability even for linear systems and the more its existence cannot guarantee anything for
systems of nonlinear differential equations.

Surely, the above said does not discredit outstanding results of A.M.Lyapunov. If
coefficients values are not changed in considered systems of equations (i.e. in the limits
of "Mathematics—1"), all his results are by all means correct. But if we wish to apply
Lyapunov results for the solution of practical problems where small (and also infinitely
small, really) variations of coefficients are inevitable then for a reliable judgement about
real stability it is necessary to additionally check such equivalent transformations that were
used during the finding of Lyapunov function. If we have not carried out such check then
while constructing Lyapunov function we obtain false judgements about a real stability
of an examined object. Here is an example: during the investigation of an electrodrive
whose structural scheme is given in fig. 12. And a mathematical model is a system of
equations (6)—(7) we can reduce this system to a system of equations (31) by means of
equivalent transformations and we can construct for it Lyapunov function — for system
(31) then (by all means) Lyapunov function exists. But the judgement about stability of
an examined electrodrive on the basis of existence of this function will be false — as it
was shown — system (6)—(7) could loose stability during inevitable in practice infinitely
during inevitable in practice infinitely small variations of some its coefficients and such a
system is equivalent to instable system — and there is not real stability. The judgement
about stability on the basis of Lyapunov function existence in this case is a mistake. The
cause is that equivalent transformations of system (6)—(7) into system (31) have changed
a parametrical stability of an examined system.
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§27. Is a theorem about continuous dependence of solutions of differential
equations systems on parameters always true?

A theorem on a continuous dependence of solutions of differential equations and
systems of differential equations on parameters is considered to be one of the most
important theorems in the theory of differential equations. It is on the basis of all
practical applications of the theory since, surely, coefficients and parameters of their
different objects and thus parameters of their mathematical models as well-cannot in
details correspond to calculated values. They almost always do not remain ideally canstant
in the course of exploitation. Variations of parameters, their small changes are inevitable
and if there is no continuous dependence of solutions on parameters then their infinitely
small variations can lead to large change in solutions and calculation results can turn out
to be not at all authentic and unreliable.

In text-book on ordinary differential equations proofs of a theorem about continuous
dependence of solutions on parameters are given. Therefore the theorem is considered
proved and just for all systems of equations satisfying conditions used during its proof.
These conditions in [33] and in other text—books are formulated in the following way. A
system of differential equations in a normal Cauchy form (in a form of n equations of the
first order) is considered and it is written as:

dx i
dt

where A — parameter, and it is proved that if functions f;(t;21;xe;... 005 \) are
continuous and limited — i.e.

= filt;x1; w05 .52y), (0 =1,2,...,n) (49)

\fit;z1s s N)| < M (50)

where M does not depend on parameter A and satisfies known Lipshitz conditions
(Lipshitz 1832-1903) then all solutions x(t) depend on parameters A in a continuous way.
There also exists a proof for one differential equation of the nth order.

It is important to note that for systems of equations consisting of equations of different
orders proofs on continuous dependences of solutions on parameters of solutions on
parameters was not given and was not published.

Probably the authors of such text—books thought that such proofs were excessif
since a system consisting of equations of different orders can be turned (by equivalent
transformations) to normal Cauchy form (without changing solutions) for which everything
had been already proved.

But in [5] it was shown that equivalent transformations although they did not change
solutions themselves as such could change many properties of investigated systems
including a property of a continuous dependence of solutions on parameters.

For example, let us examine a differential equation for a regulated electrodrive. A main

equation for an electrodrive — an equation of moments equilibrium on a roller — can be
written in the form:
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dv
Ty— = M,, — M, 51

where M -dV —moment in an electrodrive, M. —a moment of resistance in an excecutive
mechanism, v — rotation frequency, 7,, — mechanical constant of time in an electrodrive
equal to the time of speeding up of an engine from a zero rotation frequency up to a rating
one when an engine moment is equal to a rating one and when a resistance moment is
equal to zero.

Usually an equation for regulated electrodrives are written in deviations from rating
values and time is measured in fractions from 7,,,. Then equation (51) will become:

m:isl = —kol’l + Zo + X3 (52)

where m — parameter that is a proportional mechanical time constant for electrodrive
and in a rating regime it is equiqual to 1. But in the course of exploitation due to small
tensuon oscillation and other causes this parameter can deviate from value m = 1 and it
can be equal to m = 1+ ¢ where € — can be a small number, x; — a deviation of oscillation
rotation from rating one, x5 — a deviation of engine moment, it plays the role of control,
x3 — deviation of resistance moment from rating value, kg — coefficient of viscons friction.

If resistance moment is a stationary arbitrary process and a spectral density of power
of variable z3 can be written in the form:

1
(W2 — 02 — B2)2 — 402w?

where w — variable that has a frequency measure 1/sec and « and [ — parameters of a
stationary processes then equation (52), as in known, can be supplemented by equations:

.ig = T4 (54)

iy = —(a® + B3 — 2014 (55)

but in order to decrease oscillation in rotation frequency a regulator that works, for
example, according to the law is set:

To = —k’ll‘l — ]{?3333 — k‘4ZE4 (56)

At the expense of a choice of coefficients k1; k3; k4 — regulator "intesity coefficients" a

good quality of regulation is acheived.

A system of four equations (52), (54), (55), (56) which (by excluding one of variables
by means of relation (56)) can be reduced to three differential equations of the first order
— describes transient processes that occur in an electrodrive.

Solutions of systems of equations (52), (54), (55), (56) depend on any of parameters in
a continuous way since the limit of right sides and Lipshitz conditions were satisfied.

In order to simply further work let us consider a special case when kg = 2;2 =1;3 =
0;k1 = 1; ke = 2; k4 = 1 and a system of equations becomes:
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mx, = —2x1 + To + T3
Ty = —X1 — 203 — T4
jl'g = T4
56:4 = —X3 — 25134

(57)

In system (57) the second equations is a differential equation of a zero order that does
not contain derivatives.

A characteristic polynomial (57) is equal to determinant:

mA+2 1 1 0
1 1 2 1
0 0o x -1
0 01 XA+2

= (mA+3)(\ + 1) (58)

and when a rating value of parameter m = 1 a characteristic polynomial is equal to:

N A5+ TA+3=(A+3)(A+1) (59)
and a general solution of system (57) becomes:
3
——t
xi(t)C'le m 4+ Cgteit + C3€7t (60)

where C; Cy; C'3 — integration constants that depend on initial conditions.

Equations (56) shows that a controlling interaction of a regulator (variable ) is formed
in the functions of variables x1;xs;x4. But the application of variables x3 and x4 in a
regulator is difficult and therefore by means of equivalent transformations usually it is
transformed (system (57)) into a system consisting of two equations:

[mD? + (24 2m)D* + (4 + m)D + 2)x; = (D + 1)%z (61)

(D +1)ay = (D* 4+ 4D + 5)1; (62)

Equation (62) shows that now a controlling interaction x5 is formed in relation to a
function of one available variable x;. It is formed as a solution of equation (62). And this
solution is easily realized technically z;. A characteristic polynomial of system (61)—(62)
is equal to a determinant:

mA? 4+ (24 2m)N + (A +m)A+2 —(A+1)?] _

A +4XN+5 —(A+1) (63)
=1 =mM+(4-=3m)A>+ (8 —=3m)A2+ (8 —m)A+ 3

when m = 1, i.e. if a parameter has a rating value m a characteristic polynomial (63)
will be equal to polynomial:
N+ 5N +TA+3 (64)

and it will coincide with polynomial (59). This means that a transformation of system
(57) into system (61)—(62) was an equivalent transformation. A general solution of system
(61)—(62) if m = 1 will become:
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z;(t) = Cre ™ + Cote™ + Cye™ (65)

Surely, we can propose that m = 1 in system (57) and by means of equivalent
transformations turn it into a system of two equations with two variable x; and x».
We shall obtain a system:

(D®+4D? +5D + 2)x; = (D + 1)2:(;2}

(D +1)xy = (D* + 4D + 5)a, (66)

with a characteristic polynomial (59) that once more will ascertain the equivalence of
a transformation.

Now let us put a main question: if parameter m deviates from a rating value m =1
by infinitely small value € and has become equal to 1 + ¢ then will solutions of a system
(61)—(62) depend on parameter m in a continuous way everywhere including if m = 1
as well? If we introduce a value m = 1 + ¢ into equations (61)-(62) and after having
computed a characteristic polynomial we shall obtain:

—eX + (1 =3e)A* + (5 —3e)A\ + (T — 3)\ + 3. (67)
A polynomial (67) if e is small, first of all, will have three negative roots that differ
from roots \; = —3; Ay = A\3 = —1 not much of polynomial (64) and secondly, it will have

a very large positive (if € > 0) and negative (when ¢ < 0) root that approximately (for
1

1 —
small €) equal to —. If it is equal to Cye€ where Cy — the fourth integration constant but

if £ < 0 this fourth member will very quickly decrease.

A a result system (61)—(62) will have a break if m = 1 in dependence of solutions on
parameter m. Then there will be no continuous dependence of solutions on parameters.

We have carried out a detailed conclusion: systems of equations (61)—(62) that describe
processes that occur in a regulated electrodrive so as to show that systems of differential
equations in which there is no continuous dependence of solutions on parameters are not
exceptional artifically invented systems. There is a lot of such systems and they describe
a real behavior of many quite real objects.

A possible characteristic simpton in systems of differential equations that have no
continuous dependence of solutions on parameters is in the following. Some of equations
from a system are the so called noncanonic, i.e. — equations in which an order of derivatives
in the right side is equal to or is more large than an order of derivatives in the left side.
In system (61)—(62) equation (61) is canonic and equation (62) — noncanonic.

In text-books published in Russian noncanonic equations were considered probably
even in 1927 in a book V.A.Stekhlov [51] (Stekhlov V.A. 1864-1926). Later almost
exclusively systems of equations in a normal. Cauchy form, in the form of n canonic
equations of the first order in which in the left side are derivatives of the first order and
in the right side — derivatives of a zero order that is by a unity less were considered.
Noncanonic equations were in the most forgotten and probably, in vain. They appear in
applications and for nothing an outstanding Russian mathematician A. Stekhlov (who
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was an academician) paid them serious attention.

Note that these facts do not refute any proved theorems. They sooner indicate
prejudicies that exist oven in mathematics, sorry to say. The fact that in a system
consisting of n differential equations of the first order (and also in differential equations
of the nth order) solutions depend on parameters in a continuous way — is a proved
theorem and its proof does not arise any dobts. But a wide belief (it is not rejected
in text-book) that in any system consisting of equations of different orders (if, surely,
limitation conditions and Lipshitz conditions are satisfied) solutions by all means depend
on parameters in a continuous way — this belief is not ascertained by a proof. It is not
proved and it is false. It is only a widely admitted prejudice (a false statement) based
on other prejudice — on a statement that equivalent transformations of equations systems
as if "do not change anything". In fact these transformations do not change solutions of
equations but they can change many important properties of solutions — such as stability,
correctness, continuous dependence of solutions on coefficients and parameters. In [5] we
spoke about this earlier.

Note that a prejudice about a continuous dependence of solutions on parameters in
any systems of differential equations (as many other prejudices) are not at all harmless.
An engineer or a man using computers that has met with a mathematical model of an
object in the course of his work in which these is no continuous dependence of solutions
on parameters and who has not checked this fact this man can obtain false results in
his computations that can later become a cause of wreckages and even catastrophes. We
must also note that popular packages of applied programs that include the solution of
differential equations — such as MATLAB, Mathcad etc. — do not isolate such systems
in which there is no continuous dependence of solutions on parameters. And therefore
a practical application of these programs without additional investigation can lead to
mistaken results in computations with all cosequences that follow. They are gross. Already
in [52] and [39] we have spoken about them.

Often mathematics is considered (and without sufficient base) consider it erreproachably
a strict science all assertions of which are strictly proved and true in fact this is not
so. There were many false statements and falsely proved theorems in the history of
mathematics. A lot of examples, can be found in, for example, in [47], [54].

In the course of historic development its conceprions were made more precise. Such
theorems that were said (falsely) to be proved were rejected. It is, surely, so. But we
cannot (by no means) confirm that up to now this process is finished and there no
prejudices remained in mathematics and that there is no mistaken statements. The process
of development including making it more precise of mathematics continues and we must
not be surprised at it. Rather we are surprised at something different — that not sufficient
attention is paid during last tens of years to "contre-examples" , i.e. examples that are
rejecting theorems that were considered proved but in fact that they are false.

Here is an example from history of mathematics. In 1821 in his "course of analysis"
a great French mathematics O.Cauchy has given a proof of a theorem: "A sum of
connected row of continuous functions is continuous". With the Cauchy proof his colleages
mathematics agreed. But in 1826 N.Abel (N.Abel, 1802-1829) formed a contre-example.
He gave the following example:
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1 1
S:sinoz—§sin2a+§sin3a—... (68)

which was a meeting one and consisted of continuous functions but its sum had
breakings. Note that N.Able did not try to find a mistake in Cauchy-proof. He only
constructed a contre example and besides all authority of great O.Cauchy his theorem
was at once recognized to be false.

And only after many years clasped the theorem has received a more precised (and
this time a correct one) formulation. "A sum of an uniformly meeting rows of continuous
functions is continuous". In this formulation this theorem is given in text-books see,
for example, [53], pp.442-449. If there is no uniform meeting a sum of the row can be
continuous but it can also not be. Contre-examples play a very large role in applied
mathematics that has allowed us to clear it from false and thus dangerous theorems for
their practical usage. It is very difficult to find a mistake in the proof of some theorem.
Really mathematics clears itself from false and thus dangerous most often by means of
contre-examples. Not for nothing a Hungarian mathematician D.Polia (D.Polia 1887-1985)
thought that mathematics consists of two parts — theorems and contre-examples. In more
details about contre-examples and their role your can see in [47], pp. 123-125 and in [54].

But contre-example can play their important (and very important!) role where after
the publication of a contre-example a theorem is recognized as a false one and it is changed
into a correct theorem. Up to recent ten years of the X Xth century in Russia it was a
way — and it was one of necessary components of its successful development. But starting
from approximately 1990 much has changed. Financing of science was reduced, many
outstanding scientists went abroad to foreign countries and a hard material position of
those who remained in Russian - all this led to a wish to make easier for a part of scientists
their life. And as a result — not to attentively follow now current publications, not to react
to published contre-examples and even-not to discuss them. As a result — association has
been broken, many scientific achievements were not applied and the development of science
stopped (in details — see in [55]).

A characteristic example — there are a lot of many statements given in this book that
have already been published eartier even in 1991-99 it was stated and published that:

1. There are no such investigations of a characteristic polynomial or coefficients
matrixes in equations systems that cannot guarantee a correct conclusion about stability
of a system without the analysis of equivalent transformations by the help of which they
were obtained.

2. The presence of Lyapunov function does not guarantee its stability (a real stability
that is inevitable — during infinitely small deviations of their parameters from, calculated
values)

3. Not in all systems of differential equations (that even satisfy boundary conditions and
Lipshitz conditions) solutions depend in a continuous way on parameters (see publications
[5], [36], [37], [38]). A little later the same problems were discussed (in details) in [41],
[42], [55], [56], [11], [57], [58].
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But up to 2011 only very few firms have applied published results, others continued
to make computations and to project "as of old" without taking into account these
(publications and as a result wreckages (and even catastrophes!) account these publications
and as a result wreckages occured which could be easily avoided. These wreckages have
been considered in more details in [39].

This sad fact in great degree is due to a system of scientific information has been
broken in Russia beginning from 1990. The circulation of scientific magazines has lowered
by ten and more times. Therefore even undisputed successes of Russian scientists are in
practice almost is out of reach for the majoruty of engineers and thus they remain not
realiazed.

In this book we once more tried to return to problems which had been partly considered
in previous publications. But now we consider them according to a unique methodics, as
components of "Mathematics—2".

By presenting contre-examples that prove faultness of some popular theorems or
conventional computation methods it is advisable to indicate how it is necessary to change
incorrect theorems or computation methods in order that they become correct and reliable.
This will be carried out in next sections.

Besides we must pick out a theorem about a continuous dependence of solutions of
systems of differential equations on parameters. In text-book [33], [34] etc. it is stated
that solutions depend on parameters in a continuous way if right sides are continuous,
limited and satisfied Lipshitz conditions. Our contre-example (earlier published in [5])
has shown that in such a formulation this theorem is false and therefore it is necessary to
introduce additional conditions to which examined systems of differential equations must
satisfy that in a general case consist of equations of different orders.

Probably, a theorem will become correct if to conditions of continnity and limitation
and Lipshitz conditions we add the following condition: a system of equations must be
canonic in a sense of academician V.A.Stekhlov given in [51], i.e. — in an examined system
a degree of derivatives that are in a right side of each equation in a system must be lower
than a degree in derivatives of the left side.

But in such a question as an exact formulation of one of the most important theorem
in the theory of differential equations the author refrains from unquestionable judgement.
It is advisable if a final formulation of the theorem be coordinated with specialists after
the discussion among many interested experts.
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§28. The dependence between object parameters and coefficients in its
mathematical model.

In previous sections we have considered equations systems that are mathematical
models of real objects. We also picked out such systems of equations that loose stability
during infinitely small variations of some of coefficients.

It real techniqual objects in the course of their exploitation undergo variations of
parameters in an object and as a result of parameters variations appear variations of
coefficients in a mathematical model.

The dependences of coefficients variations on variations of parameters can be rather
strange. In a previous section on an example of equations (57) and (61)—(62) we can see
dependences of coefficients in mathematic models of an electrodrive on one of parameters
of an examined object — on a mechanical time constant m. We can follow coefficients of a
mathematical model if we take into account other parameters of a regulated electrodrive
— their dependence on coefficients of a viscous friction ky in equation (52) — coefficients
k1; ks; k4 in equation (56).

If we take into account these parameters a mathematical model of an electrodrive has
become equations (52), (54), (55), (56). Supposing (as earlier) that & = 1; 5 = 0 we obtain
that a system characteristic polynomial has become equal to a determinant

m/\+]€0 -1 -1 0
0 0 A -1
i 0 1 artol= (mA + ko + k1)(A +1)° (69)
ks 1 ky ks

From (69) it is at once seen that if coefficients m, k;;, k; are any and positive all roots
of a characteristic polynomial are real and negative. This means that a system is stable
and preserves stability during variations of parameters — a mechanical time constant m,
coefficients k;;, k;. Thus the system possesses a parametric stability (recall that we call
parametrically stable systems of differential equations — and objects that they describe —
which preserve stability during variations of parameters). Note that coefficients ko and k3
do not influence system stability.

Quite another picture is obtained after equivalent transformations when there is
unmeasurable variables x3 and x4 they are changed by variables i,z and their
derivatives. The change of variables is carried out in this way from equation (52) follows

d
(where D = pr is a differentiation operator):

I3 = (mD + k‘o)xl — T2 (70)

If we take into account equation (54) we have:

Ty = (mD2 + ]{?()D)lel - Dl’g (71)

If we put (70) and (71) into equations (52) and (56) we shall obtain an equivalent to
system (57) system of equations:

150



[mD? + (2m + ko) D? + (m + 2ko) D + kolzy = (D? +2D + 1) (72)

[ksmD? 4 (kom + ksko) D + kaoko + ki)zy = (k3D + ky — 1), (73)

In system (72)—(73) equation (72) is an equation of a control object, an equation of an
electrodrive and equation (73) is an equation of a regulator.

It is important that parameters of electrodrive in the course of its exploitation can
change indipendenly from a regulator parameters since they are two different techniqual
mechanisms.

It is advised to start from considering the most simple case. Let us suppose that
parameters of a regulator have remained unchanged and are equal to their rating values
(for rating values of parameters let us suppose that: m = 1; kg = 2;k; = 1;ky = 2, k3 = 1)
and parameters of an electrodrive have changed and have become m =1+ ¢;kg =2+ 0
where € and § — number that are small in comparison with a unity. If for this the simpliest
but possible combination of parameters variations of a control object and a regulator
stability disappears then this means that system (72)—(73) apriori does not possess a
parametric stability. Recall that parametrically stable is called such a system in which
any possible combination of coefficients and parameters variations does not lead to the
loss of stability.

We can check a parametric stability for a particular case by computing a characteristic
polynomial of system (72)—(73) if parameters m; ko; ki; ko; k3 in equation (73) remain
equal to their rating values. In this case a characteristic polynomial will be equal to a
determinant

mA\ 4+ (2m 4 ko)A + (m + ko)A + ko A2 +2X+ 1|
N +4X+5 A1 | (74)

If m=1+¢ and kg = 2 + 0 then a characteristic polynomial (74) becomes:

M+ (1 =3 —HN+(5-3-30)N +(T—e—30)A+3—-90 (75)

and this ascertains that during infinitely small variations of parameter m stability of
the system can disappear since if € > 0 a necessary condition of stability is broken — a
positivity of all coefficients of a characteristic polynomial (Stodola condition).

When € > 0 (i.e. if m > 1) in solutions of equations (72)—(73) there appeared swiftly
increasing exponential members of the form C)ef%. Deviations of rotation frequences and
engine movement from rating value (variables z; and xs) increase very quickly.

At the same time if ¢ = § = 0 a polynomial (75) is Hurwitz and it coincides with
polynomial (69). This fact once more ascertains that systems of equations (52), (54),
(55), (56) and (72)—(73) are equivalent between themselves (in a classical sense) and they
are obtained one from the other by equivalent transformations.
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At the same time a problem of checking stability for systems (52), (54), (55), (56)
is correct. But for equivalent to it system (72)—(73) it is incorrect. Really if in system
(72)—(74) will be m = 1+ ¢ then if € < 0 the system is stable but during infinitely small
€ > 0 it is unstable. Thus equivalent transformations have changed the correctness of a
solved problem.

This example (and in publication [41] many other similar examples are given) at
once has shown that an existing up to 1998 division of all problems in mathematics,
physics and technique into two classes — into a class of correct and a class of incorrect
problems is insufficient. There exists one more (a very cruel class) — third class — a class of
problems that changes its correctness in the course of equivalent transformations during
their solution.

Cruelty (and a practical importance) of the third class of problems is that for
them conventional methods of solution that do not take into account recently found
at St.Petersburg State University new properties of equivalent transformations almost
always lead to mistaken results. And due to mistakes in computations wreckages and
even catastrophes can become (and have become).

Really, let us consider a system of control for an electrodrive whose mathematical model
are equations (72)—(73). In order to investigate stability (and parametric stability) of this
system it is recommended (and is realized in packages of applied programs MATLAB,
Mathcad and others) to use the following approach: to reduce a system to a normal
form and investigate its parametric stability by checking signs of real parts of roots of
a characteristic polynomial (69) during the "swimming" of parameters of an examined
object or — coefficients of a characteristic polynomial. During such checking method (we
recommend it!) during any investigation of polynomial (69) inevitably a conclusion will be
made about a good parametric stability of a computed system and it will be recommended
to make it "in metal". In fact a reserve of stability of this system (a reserve in parameters
variations) will be every small. It will be determined only by small deviations of real
values of parameters from computed ones (if there are no deviations then a reserve of
stability turns into zero). In the course of exploitation if there is inevitable small wear out
of all details that have led to small changes of coefficients in a mathematical model an
electrodrive can loose stability in an unexpected time moment and it can break out such an
object and can lead to wreckages and even catastrophes an which it has been mounted.
As we know electrodrives are mounted on quite different, sometimes very responsible
objects — on aeroplanes, vessels, atomic electrostations etc. Therefore the security of
reliability in calculations on computers and reliability of technical computations as a whole
is an important practical problem if we take into account new properties of equivalent
transformations that have been recently found at St.Petersburg State University. This
fact will help avoid dangerous wreckages and catastrophes.

Note at once that technological objects during whose computation conventional
computation methods (that do not take into account recently found new properties of
equivalent transformations) lead to mistakes. They rarely occur. They were proposed to
be called "peculiar" objects (not for nothing). For the majority of objects conventional
computations give true results. This fact is ascertained by practice during many years.
Just the same can be said about equivalent transformations that are everywhere applied
during computations. Only in rare cases they change correctness of a solved problem.
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Therefore "peculiar" objects and new properties of equivalent transformations have been
found so late — only at the end of the X Xth century. The first book on this question is
in [35], pp. 220-230 published in 1987.

Rarity of "peculiar" objects makes it difficult to install modernized computation
methods which take into account new recently found properties of equivalent transformations
and do not lead to mistakes while meeting with "peculiar" objects.

The majority of engineers and investigates have not met with "particular" objects
during their whole life. They sincerely do not understand what for they must investigate
modernized calculation methods that take into account the possibility of such a meeting.
But during recent tens of years optimization methods of technical objects are applied
more widely. While using them "peculiar" objects occur more and more often. In [39] it
was already said about many wreckages that had occured during the application of one
the first optimization methods — "analytical construction of optimal regulators" proposed

by A.M.Lietov in 1960 (articles [48]).

A little later wonderful optimal regulators that allow to substantially improve the
quality of work of many objects were proposed in works by V.B.Larin, V.J.Naumenko,
V.N.Suntzev (see [58]). But a direct realization of these regulators turned out to be
impossible since they often led to the appearance of "peculiar" systems with unexpected
loss of stability and other drawbacks. And thus — to wreckages and in themselves they have
for a long period of time harmed the reputation of optimal control in the eyes of engineers.

I think that it is not necessary to refuse from optimizing technical objects by no means.
Optimization allows us to create technical objects with the best possible quality of their
work. Difficulties that are connected with the fact that among optimal systems most often
occur "peculiar" objects we must overcome on the basis of methods proposed in this book
and in earlier publications [5; 11; 35-38; 41; 42; 55; 57]. Note that if earlier intuition helped
to discover "peculiar" objects for experienced engineers then after calculations started
by means of computers meeting with "peculiar" objects became the most dangerous.
"Peculiar" objects occur rarely but almost each unexpected meeting with such object
leads to wreckage or even to catastrophes. Wreckages and catastrophes also occur not
very rarely, not each day. But we must not reconcile with them. And especially — when
the cause has been found and it can be easily removed. Just in this way it is with wreckages
that occur due to errors in projection and in computation.

In order to remove them it is sufficient to apply modernized computation methods.
They do not require substantial financial losses. But modernized methods at present are
applied much more rare than it is necessary. Although at Moscow technical university
named after N.E.Bauman (MTU) they are widely applied and they are succesful. We
hope that other universities and scientific unions will take an example from them.

The possibility of correctness checking by coefficients of a mathematical model

The most reliable method of checking correctness is to analysize the influence of
parameters in an examined object on a solution. For an examined example with control
system for an electrodrive parameters are a mechanical time constant m and coefficients
of intensifying a regulator ki;ks;ky. But coefficients of a finally choiced mathematical
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model model calculated on a computer can in a rather complex way depend on these
parameters. Here is an example: the dependence of coefficients in equations (72)—(73) of
a mathematical model for an electrodrive on parameters m, ko, k1, k3, ky4.

Therefore the following question arises: whether it is not possible to carry out the
check of correctness simply — to check the influence on a solution by already not by
parameters variations of an object but by a variation of coefficients of a mathematical
model. Let the behavior of an examined object depend on [ parameters (mq;ms;...;m;)
and equations for a mathematical model are reduced to the form that depends on k&
coefficients (n;ns9;...;nk). An example: the behavior of a control system considered in
previous section of an electrodrive depends on five parameters: m, ko, k1, k2, ks but in
an equation of its mathematical model — equation (72)—(73) thirteen coefficients enter.
Each of coefficients ny, ns, ..., n; can turn out to be a function — in relation to all object
parameters:

n; = fr(my, ma,...,my) (76)
By differentiating any of equalities (76) we obtain an equality for the first differentials

= Z di m;. (77)

If all functions (76) are continuous in relation to all variables then from equations
(76) it follows that to infinitely small variations of parameters correspond infinitely small
variations of coefficients n; (the same is true for a particular case when d—g; = 0 and
coefficient n does not depend on parameters. In this case its variation and a differential
dn is equal to zero. Therefore if during infinitely small change of only one of coefficients a
solution will change by a finite (or even by infinitely large) value then a solution is almost
(for certain) incorrect. In order to secure the more reliability, surely, it is useful to check
the behavior of the solution during variations of parameters of an object. If only one of
function f; is not continuous and during infinitely small changes of an argument changes
by a finite or infinitely large value then this means that to infinitely small changes of object
parameters correspond finite (or infinitely large) changes of coefficients in a mathematical
model. This once again speaks about an incorrectness of a solution.

Thus correctness of a solution can be checked by means of mathematical model
coefficients. It is more difficult to check the good or bad stiputaion of a solution since
relative changes of coefficients can be greater (or less) of changes in object parameters.
Here is an example. During the change of coefficients m in a control system for an
electrodrive from a value m = 1 up to m = 1,01 — i.e. by one percent — the first coefficient
in equation (73) will change from value k3 up to k3 + 0,01k, i.e. by k3% or by ks times
more than the change of parameter m.

154



§29. Wreckages and catastrophes connected with the unperfection of
computation methods. Their peculiarities.

There are lots of causes for wreckages. One of causes (as it was already said) are
mistakes and inexactnesses during projection and computation. What is the share of
wreckages that occur due to this cause in a general quantity of all wreckages? Sorry
to say, this most important question has been investigated in a bad way. Only recently
experts from TZNII named after N.P.Mielnikov and Moscow "City centre of experts" have
carried out such investigation in the sphere of construction. They have established that
9,3% of all fall-down buildings were due to mistakes in projection and computations (this
fact was published in "Izvestiya" , its application, Ne192, 17.10.06) 9,3% from all number
of wreckages is not at all little. Note that this takes place in the field of civil construction
where all constructions are comparatively simple and computation methods have been
developed long ago. In the field of automatics and also in aviation a share of wreckages
that occur due to mistakes and inexactnesses of computation methods is much higher.
Since now the majority of calculations is carried out by computers then in this book we
first of all speak about mistakes and errors in computer calculations and about securing
their reliability.

One of the source of mistakes during computer calculations is that a possibility of an
essential change in reserves of solutions stability has not been valued during equivalent
transformations. Up to now a prendice has been widely distributed that "equivalent
transformations do not change anything". It is not based on any proofs.

Therefore a mathematical model of a projected object is calmly reduced (by means
of equivalent transformations) to the most convenient for investigation form and thus by
it they compute stability reserves and secure work of an object during inevitable in the
course of exploitation small deviations of its parameters from computed ones. During such
an approach mistaken estimates of admissible deviations of parameters appeared. We have
already spoken about this in previous sections And later these mistaken estimates have
led to wreckages and catastrophes.
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Let us analyze characteristic traits of such wreckages. For example, let us consider a
particular case — the influence of two parameters on the work of an examined object — a;
and ao. For an electrodrive it can, for example, be a mechanical time constant m and a
coefficients of intensifying a regulator k; in equations (72) and (73). Let us consider a plane
of coordinates where on axises Ox and Oy are put deviations of these parameters ca; and
eay from their rating values (figure 13). Since deviations of real parameters of rating ones
are inevitable and in the course of exploitation they in the course of time usually gradually
increase then the behavior of an object on fig.13 will be expressed by a trajectory that
will go out from the beginning of coordinates — from a point ea; = 0;cas = 0 but which
in the course of time it will gradually "untwist" and more and more it will move away
from the beginning of coordinates. Therefore during the projection and computation of any
responsible object a space of admissible deviations of parameters a; and as are calculated.
These deviations do not still lead to violation of a normal work of the object during a
standard time of its exploitation. On figure 13 this space is outlined by a hatch-dotted
curve. The magnitude of this space is computed in such a way that during standard
time of the object work (for, example, during thirty years) deviations a; — a0, and
(s — Gporm apriori have not gone away from the limits of this space. But if recently
found new properties of equivalent transformations have not been taken into account the
computation can turn out to be mistaken i(n previous sections see examples) and a real
space of a reliable work of a projected object can turn out to be much less than a computed
one. On figure 13 a real space is outlined by a dotted line. Since a trajectory representling
in figure 13 a behavior of an object in the course of time will come out of the boundaries
of real space during a normal work outlined by a dotted line a wreckage will occur. If this
wreckage will not outgrow into a catasrophe (for example, a defence will switch it off) an
object continues to work then at the moment of a check of an object after the wreckage it
can turn out that the trajectory during this time will again return to a safe space outlined
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(on figure 4) by a dotted line and then a check will show that an object is in good repair
and works well?

Thus there exists a very characteristic peculiarity that help to isolate such wreckages
that occur due to the fact that recently found new properties of equivalent transformations
were not taken into account from wreckages that occur due to other causes.

Another characteristic peculiarity in the loss of stability of "peculiar" objecs is
accomplished by a very quick swift deviation of regulated values from their rating values.
During the analysis of equations (72)—(73) that are mathematical models of one of
"peculiar" objects we have already noted that after the loss of stability in solutions

1 and x5 appeared members of the form Cle; that are swiftly increasing.

While taking into account these peculiarities let us consider known wreckages in
aerobuses of the type A — 310. These are large passangers aeroplanes manufactured at
Franco-German united company for constructing aeroplanes whose office is situated in
Tuluza (France).

One of the most known wreckages of aeroplanes accurred on the 22nd of March, 1994
near Miezduriechinsk (Russia) where all passangers and the crew perished. The so called
"black boxes" (a self recording board mechanism) in which parameters of a flight and
talks of the crew are registered were found and deciphered. This allowed to find out that
before a wreckage and during it the plane flew in an automatic regime under the control
of an autopilot. Suddenly very quickly deviation of a crepe and tangage from rating values
occurred. While the crew tried to turn from an automatic regime to a hand control the
deviation have increased in such a way that it was impossible to return them into normal
forms at all. The aerobus has fallen and perished.

After several months passed another aerobus A — 310 flew near Buhkarest also in an
automatic regime under the control of an autopilot. But in this case a pilot was able to
correctly react. He quickly switched off an autopilot and in a regime of a hand control
succeeded in levelling the plane. When after happy landing autopilot and control system
has been checked then it turned out that they were in perfect order and that they work
well.

Comparison of these facts allows us to make the following conclusion. A system of
automatic control at the flight of aerobus — A—310 turns out to be a "peailiar" system that
possesses small stability resaurces in variations of parameter of an autopilot. And these
variations became a cause of two losses of stability one of which (near Miezduriechinsk)
finished by the perish of passengers and the crew. It seems to me that the computation of
autopilot and system of control has been carried out on computers with transformations of
equations in its mathematical model to a normal Cauchy form. This fact has not allowed
to disclose dangerous properties of a projected system.

The investigation of a cause of a catastrophe (near Miezduriechinsk) was carried
out by Interstate aviation commetee (MAC) commission since the aeroplane had been
constructed by France-German company but in that fatal flight a Russian crew led it. On
the conclusion of MAC depended who would pay a large financial sum of compensations
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to relatives of the perished (that is — approximately, 70 millions of dollars). If Mac would
acknowledged that the cause of a wreckage were mistakes in the aeroplane systems then
Franco-German firm must pay. But if the cause of the wreckage will be declazed mistakes
of the crew then Russia would have to pay. Therefore the investigation of this catastrophe
(and the investigation of all other catastrophes and wreckages — see the book [39]) has
been complicated by a mercenary interest of influenced organizations and persons who
had made a serious influence on those who investigated — including even large bribes.
Therefore in the course of investigations often no truth is sought but — wham it is more
convenient to accure. Most often they try to put an accusation on pilots especially if
they had perished and could not object to it. In such a way has been carried out the
investigation of the catastrophe of A — 310 near Miezduriechinsk. The investigators have
found falt with the information obtained from the "black box". It was known that the
crew had permitted children to come into the cabin and supposedly "their playing with
the steering control" had become the cause of the catastrophe. But it can be known from
board selfrecorders that the plane before the wreckage and during it was flying under the
autopilot and only due to this fact the crew had let children be at the cabin and allowed
them "to play" with the inactive steering control. This fact could not be the cause of
the catastrophe by no means though the instructions for flying rules have been broken.
But MAC has made the conclusion that the crew is to blame as they have allowed to
come children into the cabin. So Russia had to pay more than 70 millions of dollars. The
main problem does not lie in finances but that methods of modernizing computations of
aeroplanes systems were neglected not using already found new properties of equivalent
transformations and all the guilt for the wreckage of a plane had been placed on perished
pilots. This has led to a series of wreckages of aeroplanes A — 310 and A — 320. These
wreckages and catastrophes are in detail described in [5], p. 28-29. These were catastrophes
that could have been avoided, much people could be saved.

Later after in 1999 has been published the first edition of a book [5] in which a true
cause of the catastrophe near Miezduriechinsk has been in details and with proofs given
MAC have changed its conclusion. As they could not dispute with the argumentation in
the book and at the same time they do not wish to be a too partial organization MAC
took off the guilt from pilots. MAC has recognized that the cause of the catastrophe was
defects in aeroplane systems, small resources of stability in planes. But this recognition
MAC have secreted from everybody and made it a mystery up to 2006. This mystery
has been made known by journalists (I don’t known how they have dove this) and the
statement about a changed solution of MAC has been published in a newspaper "lzvestya"
Ne139, 03, VIII — 2006. But since a new "conclusion" of MAC has been thoroughly hided
at their time it has not shown any influence on the computation and projection methodics
and catastrophes of aeroplanes continued.

The author has spoken so much about the investigation of catastrophes (and in many
details) because those who wold hear over the television about different "conclusions"
(not once) it is necessary to remember about their partiarity , "one-sidedness" of their
conclusions about causes of catastrophes. It is necessary to remember what powerful
forces presses on experts that investigate wreckages, how difficult it is for experienced and
litterate specialists to preserve impartiality. Therefore usually true causes of wreckages
and catastrophes became known only after several years have passed, and sometimes—
even during many years.
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There is a characteristic example — the perish of a supersonic passager aeroplane Tu—
144 on the 3d of June, 1973. This plane has been a pride of USSR leaders. It had to
be compared with French plane "Concorde" and be acknowledged as the best one. The
plane Tu-144 was sent to demonstrate its possibilities to the largest aviasalon near Paris.
But during the first demonstrative flight from an aerodrom in Le Burge it has lost its
stability and crushed. How many causes for this catastrophe has been given in these
years! And only after 34 years elapsed N. Uprov and A. Burtzev who have worked at
KB of Tupolev for many years told us about a true cause — the losses in the work of an
aeroplane automatics. As a plane A — 310 (near Miezduriechinsl) has come into a sharp
peak and while coming out of it has obtained a critical overload and has crushed in the
air. Their text has been published in the newspaper "Izvestiya" on the 6th of July, 2002.
Again the cause of the crush was the knock down (a false work) in control systems. It
is probable that for Tu-144 these systems were projected on the basis of a methodics of
"analytical constructioning" by A. M. Lyetov that had been very popular in these years.
As we have already said in publication [39] especially often "peculiar" systems occured
with small reserves of stability that could not be discovered during computations since
new properties of equivalent transformations, and in partial ar, their ability for changing
stability reseves of solutions and reserves of stability in aeroplanes systems were not found
at that time.
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§30. The explanation of difficulties during the exposing new properties of
equivalent transformations and the existence of "peculiar" systems.

It seems strange to understand why new properties of equivalent transformations, the
possibilities of changing important properties of solutions during these transformations
were discovered so late — only at the end of the XXth century. The main cause of this
phenomenon although mathematicians had been using equivalent transformations since
the IXth century (yes, already since the IXth century, since the time of Al Horesnei (787—
850) it was for a long period of time only stressed that at that time it was considered that
equivalent transformations "did not change anything". Therefore you can apply them
without any restrictions. For a long period of time — up to recent time — up to recent
decade of the XXth century nobody noticed that equivalent transformations although
they do not change solutions as such they can change a lot of important properties of
solutions — such as correctness, parametric stability, reserves of stability etc.

The cause of the fact that for so a long period of time nobody noticed this because
most often equivalent transformations really "do not change" anything. To put together
the facts is difficult and there arose a belief in this. And as we known transformations
that change correctness, parametric stability etc. occur rarely. Just because of this they
have not been noticed for such a long period of time.

Later dangerous wreckages occured in the 60th of the XXth century — with objects
"analytically constructed" regulators were set. These facts made it necessary to investigate
more attentively phenomena that occurred during such equivalent transformations as
a change of unmeasured variation in control systems by a combination of measured
variables. Difficulties that have occured during these transformations can be explained
by the following example of a control system of the third order:

.i'l = a1121 + aj9x2 + a13x3 + blu

j?z = A12%1 + G292 + A23T3 + bQU

T3 = az1T1 + az2T2 + azzxr3 + bzu
u = —k’lxl — ]{521’2 — k?gl’g

(78)

In system (78) the first three equations are equations for a control object, the favith
equation is an equation for a regulator that was chosen due to the method of "analytical
construction" as a linear function of all three variables x1; z9; x5 that describe a state of
an object of control. Certain values of coefficients k1; ko; k3 have been given according to
a methodics proposed by A.M.Lietov in his work [49].

If not all variables x1;x5;x3 could be available for measuring and were applied in
a regulator they were (as have already said) excluded from equations (78) by means
of equivalent transformations and we received such regulators that used only available
variables.

Unexpectebly it turns out that different equivalent transformations, different ways
of excluding variables lead to such control systems that differ by stability reserves
during parameters variations. In it there is no contradictions as different equivalent
transformations lead to equivalent control systems, to systems with the same characteristic
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polynomial, with the same solutiones 1 (t); x2(t); x3(t); u(t). This is indisupable. But these
equivalent systems that have been obtained by different equivalent transformations can
differ between themselves in properties of solutions and in particular — in parametric
stability in stability reserves during parameters variations. This circumstance greatly
made it difficult the investigation of properties of equivalent transformations and the
acknownledgement of these investigations resilts.

Often the following situation occured: when one investigator applied some method of
excluding inmeasurable variables and has come to such a control system that does not
possess a parametric stability. The second investigator while examining the same technical
object has applied another exclusion method of unmeasured variables and has obtained
such a control system that possessed a wonderful parametric stability and he said that the
first one has made a mistake. And the first investigator said that the second investigator
had made a mistake but not he himself. A confusion has arisen and to make everything
clear was rather difficult. Besides it turns out that there exist such control systems of
a type (78) in which most different methods of excluding variables have not influenced
a final result and always have led to closed systems. They (at the same time) do not
possess a parametric stability as everything depends on a value of coefficients a;; and
b; in equations (78). In book [5], pp. 88-111 are given (in more details) these delicate
questions. They for a long period of time hampered in obtaining clear and not difficult in
understanding results of investigations.

One more essential difficulty has arisen during the analysis of the influence of
parameters changes of different mathematical models on their stability. In §8 during
the examining of parameters influence in electrodrives on its parametric stability has
been evidently established that this formal mathematical investigation of equivalent
transformation (excluding variables x5 and x;) and its influence on parametric stability
leads to a completely false conclusion. In order to obtain a correct result it is necessary
to take into account (truely) mutucal relations in possible coefficients variations of
mathematical models in different parts and elements of a considered technical object.
In a particular case (see §8) it must be taken into account a possible independence of
variations of such elements as an executive electrodrive and its regulator.

Thus although the investigation of equivalent transformations properties is a theme of
an applied mathematics. Its solution first of all requires a mathematical the knowledge.
Besides it also requires the knowledge of technique. Usually mathematicians do not possess
knownledge in technique. Probably this is due to such a late discovery of new properties
of equivalent transformations.

One more difficult problem is a confusion with the so called "singular perturbing"
equations. Let us return (once more) to equations (72)—(73). Recall that equation (72)
describes an electrodrive and an equation (73) is its regulator. As earlier let us consider
a quite possible case when parameters in a regulator remained equal to its calculated
values (i.e. — k; = 1;m = 1; k3 = 2; k4 = 1) but in electrodrive equation (72) a coefficient
ko remained unchanged (ko = 2) but a parameter m (a mechanical time constant) has
changed by a small value ¢ and it has become equal to 1 + . By excluding variable x,
from system (72)—(73) we shall obtain the following differential equation of the fourth
order:
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[—eD* 4+ (1 — 36)D? + (5 — 36)D* + (T4 &)D + 3|z, = 0 (79)

i.e. we shall obtain an equation with a small coefficient in the higher derivative. In the
course of intermediate transformations and for many other "peculiar" objects we often
come. But equations with small coefficients (small parameters) if derivatives are higher
have been examined for a long period of time and they have obtained a special name —
"singular-perturbing differential equations".

This circumstance has led a lot of investigators to a false way. Solutions of singular-
perturbing equations that correspond to ¢ = 0 and ¢ # 0 (however small be ) often
differ and very much. This is clear since the transfer from a zero value of a coefficient
in a higher derivative to value ¢ # 0 will change the order of an equation of different
orders and solutions of equations of different orders most often differ from one another
sufficiently. This fact can be understood and does not arise any doubts.

The most simple example: an equation:

et —x =0 (80)
is an equation of the first order and it has a solution:
t
x = Cye€ (81)

If ¢ is small this solution is a quickly increasing function. At the same time if ¢ = 0
equation (80) transfers into a differential equation of a zero order. It does not contain
derivations and it can be named an equation of a zero order ant it transfers into equation

—x =0 (82)

and naturally solution z = 0 in equation (82) has nothing in common with a solution
(81) of equation (80) if parameter ¢ has the most small values. The same can be also said
about a solution of a solution of an equation of the second order:

ei+it+x=0 (83)

and when ¢ # 0 they have little in common with solutions of an equation of the first
order:

i+x=0 (34)

however small is a value .
At the same time solutions of an equation

(14+e)t+2z=0
that is not "singular-perturbing" are of the form:

t
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and when ¢ are small they differ very little (for any t) they differ from solutions that
correspond to € = 0.

In order to evade misunderstanding it is necessary to clearly differentiate small absolute
variations and small relative variations, i.e. variations that are small in relation to an initial
value of a coefficient or a parameter. So, for example, variation e = —9 - 1078 is small
in comparison with a unity but if an initial value of a unity but if an initial value of a
coefficient is ag = 1077 then variation ¢ = —9 - 10~® will change this coefficient by ten
times in relation to ag. This will be not a small but a large change.

If an initial value of a coefficient is equal to zero then an addition to it a small (by
an absolute value) variation in € would change a coefficient (not in a literal sense) by an
infinitely large number of times.

The absence of an accurate difference between relative and absolute variations leads to a
confusion (which has clearely manifested itself during the first discussions of a publication
[5]). Therefore because of this from the very beginning — in §1 of the second part it was
strictly noted that in a later statement "variations of a zero"would not be considered, i.e.
such objects in which some coefficient of an initial mathematical model was equal to zero
but after variations it would take although small but not equal to zero value. Such objects
exist but in this book they are not considered. Only relative variations are considered.
Only relative variations are considered, only such objects in a mathematical model if an
initial value of some coefficient or a parameter in which is equal to, for example, its value
after variation is equal to a;(1+¢; where &; — a number that is small in comparison with a
unity. Such a limitation in an investigation object is connected with a fact when some zero
coefficient of a mathematical model of an object will become nonzero (let it be even small)
then properties and a behavior of an object (as already we have said) can change greatly
essentially. In this there is nothing surprising. This fact has been known long ago and
it has been investigated (in particular) on the basis of a theory of singularly perturbing
equations as well. At the same time during a relative variation while we transfer from
values of coefficients a; to values a;(1 + €;) we can expect that during small &; properties
of an object will change little. Most often it is so. Strictly speaking all modern technique is
based on this since a transfer from object values and of parameters a; to value a;(1+¢;) in
the course of exploitation of an object is almost always inevitable. If during such transfers
properties of many objects change substantially all modern technique would be pulled
down. But dangerous objects that during small relative variations of parameters (namely,
relative but not absolute!) during a transfer from a value a; to a value a; (if €;) change
substantially their properties but they exist although we can meet them not often. In fact
their behavior that us similar to the behavior of "singularly perturbing" systems although
"singularly perturbing" they are not. And the fact that similar to "singularly perturbing"
equations appear in the course of intermediate transformations of mathematical models
of "special" objects must not mislead us.

Besides in such objects their properties that has been described cannot be revealed
by conventional computation methods. Such objects that first of all can substantionally
change their behavior during small relative variations and secondly, this dangerous
property cannot be revealed by conventional computation methods that do not take into
account new properties of equivalent transformations (that have been recently discovered)
— were called "special" objects.

163



These objects do not occur very often. Therefore they were discovered very late. But
they must be very seriously examined and investigated since each unexpected meeting
with such an object can become — and has already become — a cause of wreckages and
catastrophes. In [5] we can find a more detailed investigation of the problem.

A detailed investigation and a clear understanding of essential differences between
relative and absolute variations of coefficients and parameters is also important because
even in serious and argumented books and test—books devoted to the exactness and
reliability of computations relative and abstract variations are sometimes not distinguished
(and thus we have a confusion) they must be by all means distinguished. Mathematical
models in which "variations of a zero" are possible and models where "variations of
a zero" are not possible describe different classes of objects. These classes of objects
possess essentially different properties. Therefore investigation methods do not coincide
and cannot coincide. The mixing of these quite different objects and their mathematical
models has delayed a discovery of "special" objects greatly and it has delayed the discovery
of new properties of equivalent transformations for a long period of time.
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§31. Inexactnesses in stability computations in relation to a part of
variables.

By completing the analysis of errors and inexactnesses in computing stability let us
consider a stability problem in relation to a part of variables. Many investigators devoted
their works to this problem [59], [60] etc. The importance of this problem is due to the
fact that not always stability is required in relation to all variables. And in these cases
a possibility appears to project a more simple system that is stable not in relation to all
variables but only in relation to a part of them. As an example a movement of a rocket
that is symmetrical in relation to a longtudinal axis can serve. A vast movement of a
rocket as well as any other solid body is described in relation to six variables — to three
coordinates of a mass centre and to three angles of a mutual perpendicular axises that
of a rocket in relation to three mutually perpendicular axises that pass through a mass
centre. One of these axises can be combined with a longitudinal axis of symmetry. Then
stability of one of variables — an angle of a turn in relation to this axis is not important
while the rocket has hit a target.

Let us show a method of checking stability in relation to a part of variables on an
example of equations system:

j,’l = -2+ X9 — 21’3
.’1‘?2 = 41’1 + ) (85)
T3 =2x1 + T2 — T3

which has been earlier examined in a work [59].

A characteristic polynomial of system (85)

A1 -2 2
—4 A=1 0 [=X+XN-A-1=A+1*0-1) (86)
-2 -1 A+1

It has both positive an negative roots. Therefore all solutions of system (85) can not
be stable. In order to judge about, for example, variable x; we can apply a known method
of "u — transformations". This method is: a part of old variable in a system is changed by
new ones (by using equivalent transformations) which according to a tradition are denoted
by "u". Hence — the name of the method. We try to make this change in such a way that a
new system consisting of a part of old variables x; and new variables p; be stable in relation
to all variables. This will mean that variables z; have been stable even in an initial system.

For system (85) in a well known monograph [59] a new variable yu = xo — 2x3 was
proposed to introduce. And then since i1 = &5 — 23 then from the second and a third

equation from system (85) it follows that ft = —pu. Finilly for variables x; and p we obtain
equations:
Ty +x =4
fit =0 } (87)

system (87) has the following characteristic polynomial:
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A+1 1
0 Ax+1

’ = A+ 1) (88)

with roots A\; = Ay = —1. Therefore solutions x;(t) and pu(t) are stable for any initial
conditions. And since transformations that have turn system (85) into system (87) are
equivalent (in a classical sense) in relation to variable z; this means that variable z; is
stable in an initial system (85) as well.

In this case this conclusion can be directly tested by the integration of system (85)
with initial conditions z1(0) = x19; x2(0) = x20; 23(0) = x30. We shall obtain:

ZEl(t) = l’loe_t + (1'20 — 21’30)t€_t (89)

.%‘Q(t) = 2(1’10 + Tog — 21‘30)€t + (4ZL’30 - 2$20)t€_t + (21’30 — To0 — 2$10)€_t (90)
l’g(t) = (CClO + Zog — l'goet + (2%30 — ‘CCQ())teit + (2%30 — 10 — 3720)67t (91)

/L(t) = X9 — 2%3 = (l’gg — 2203,0)6715 (92)

Formulas (89) and (92) confirm that solutions x; and p(t) are stable but z,(t) and
x3(t) are not stable.

If a direct integration of some system is difficult then a conclusion about stability of
some variable can be carried out on the basis of methodics of "u — transformations".

But this conclusion and its particular case — a conclusion about stability of variable x;
in system (85) on the basis of an investigation of system (87) stability will be incomplete.
In fact variable x; stability in system (85) can be lost if there are infinitely small — and
thus — inevitable in practice — variations of parameters in system (85). Variable x; in
system (85) does not possess parametric stability although in system (87) solution z;
that is equivalent in relation to variable x; in system (87) possesses parametric stability.
Note that on monograph [59] — from which an example with system (85) has been taken
— the loss of stability in z; during infinitely small variations of parameters the cause
of this phenomenon has not been explained correctly. The author of a monograph [59]
explained it in such away: "a property of asymptotic stability in relation to a part of
variables possesses an increased sensibility in relation to variations of coefficients". In fact
"an increased sensibility" here has no senses. Simply speaking p — transformation as well
as any other transformation that is equivalent in a classical sense (but not in a widened
sense) to transformation can change a property of parametric stability of solutions both
in all variables and in a part of them.

Since the system is stable but can loose it even when infinitely small (and thus
inevitable in practice) variations of parameters occur the system is not better than
an unstable system. In practice only such systems that are equivalent not only in
classical but in a widened sense are of any practical sense. More details about equivalent
transformations in a widened sense can be found in the next section. If there is no
equivalence in a widened sense then a judgement about stability of some system of
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equations in a part of variables on the base of "; — transformations" can lead to mistakes.

The investigation of stability problem "in relation to a part of variables" once more
stresses differences of approaches and results in "Mathematics — 1" and "Mathematics —
2",

In the frame of "Mathematics — 1" that supposes that exact assumed coeflicients are
unchanged a conclusion about a stability of a solution z; in system (85) has any sense
and it is of importance.

But in "Mathematics — 2" that reflects practical requirements to results of mathematical
investigations more exactly at once discovers that a conclusion about stability of x; has
no practical sense as stability that looses during infinitely small — and thus inevitable in
practice — variations of parameters is not (by all means) better than instability.

But this means that the majority of stability investigations in relation to a part
of variables has no sense in practice. But so much labour has been spent on these
investigations! (see publications [59] and [60]). It is only a small part of a lot of works
devoted to stability in relation to a part of variables!

An example of system (85) has shown — besides other things — that a change of
stability during equivalent transformations can take place not only in degenerated systems.
And this fact makes us especially cautious to the question of a security of technical
computations and computational algorithms to which the next section will be devoted.

Among many systems that are stable by a part of variables it is necessary to depict
such systems in which stability by a part of variables is preserved only during infinitely
small coefficients variations. Only such systems (if they exist) have a practical sense. But
in systems in which stability by a part of variables can disappear during infinitely small
coefficients variations (as it occurs in system (85)) have no practical sense. They are not
better than systems that are unstable by all variables.
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§32. The provision of security of computing algorithms.

The discovery of equivalent transformations that are able of change many important
properties of transformed systems — such as parametric stability, correctness etc. make us
to be especially attention to providing security of different computing algorithms.

Without applying equivalent transformations we cannot get without them. Therefore it
is necessary to watch that applied equivalent transformations would not lead to calculation
mistakes.

In a work [5] for the first time has been made an attempt to pick out two classes of
equivalent transformation:

1. Transformations that are equivalent in a classical sense as they do not change
solutions of transformed systems.

2. Transformations that are equivalent in a widened sense — which first of all are
equivalent in a classical sense and secondly, do not change correctness of a solved problem.

If we have succeeded in picking out the second class of equivalent transformations and
applying only them then we could have made a great step to the problem of security of
computations.

But it turned out that depending on solved problems and considered mathematical
models even the most simple and "innocent" transformations can turn out to be equivalent
in a classical but not in a widened sense.

Here is a simple example: a system of equations:

(D? +4D* + 5D + 2)z; = (D* + 2D + 1)1, (93)

(D?* +4D +5)X; = (D + 1)zy (94)

describes (as it has been shown earlier) transient processes in a system of control
rotation frequency of an electrodrive. Here x; is a deviation of frequency of rotation from
a rating one and x5 — a deviation of a rotating moment from a nonrating one.

Now let us introduce new variables defining them by equalities:
T3 = T+ 2T — Ty (95)

Ty = .Z.‘g (96)

In relation to new variables equation (93) will turn into a system of three equations of
the first order:

Ztl = —21’1 + T + T3
Zi’3 = T4 (97)

1.'4 = —T3 — 2ZE4
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Now let us transform equation (94). Transformations will only be breaking into a sum:
2Dz; + 2Dx;. And by transform to members from one part of equality into another with
the change of a sign.

Equivalence of these most simple transformations does not lead to any doubts. After
having done them we shall transform equations (94) into:

[(D? +2D)x; — Do) + [2D + 4 — 2x5] + 71 = —29 (98)

Now while comparing (98) with equalities (95) and (96) we see that those that stand
in the first square bracket corresponds to variable x; and the second square bracket
corresponds to 2z; and as a whole equation (98) can be written in the form:

Ty = —T] — 2T3 — T4 (99)

i.e. it transfer into a differential equation of a zero order, into a relation between
variables that do not contain derivatives.

If we put a value x; from (99) into the first of equation (97) we obtain for variables
x1,r3 and x4 a normal Cauchy form:

il = —32131 — T3 — T4
Gy =14 (100)
iil'4 = —X3 — 2£C4

i.e. a system of three equations of the first order for three variables x, x3 and x4.

Thus equations of a system controlling an electrodrive can be written either in the form
of a system of equations (93)—(94) or in the form of equivalent to it system of equations
(97)—(98) or in the form of system (100) that is equivalent to any at these systems. All
three systems of equations have the same characteristic polynomial. Really, for system
(93)—(94) it will be a polynomial

AN+ AN2 BN +2 N 420+1
A2+ AN+ 2 A+1

For system (97)—(99) it will be the same polynomial:

=N+ +TA+3=(A+3)- (A +1)?

A+2 -1 -1 —
O 0 )\ —]_ ~ \3 2 o 2
0 0 1 apal=ANHINEIALI=(A+3)(A+1)
11 2 1

but for system (100) we again have the same characteristic polynomial:

A+3 1 1
0 A =1 |=Q+3)A+1)*=N+52+71+3
0 1 A42

We can also directly check that, for example solution z;(t) for system (93)-(94) and
of system (97)—(99) and of system (100) all are of the similar form:

r1 = Cre™ 3 4 (Cot + C3)e™,
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where integration constants C', Cy, C's depend on initial conditions and are defined by
them. But solutions of system (93)—(94) — as has already been shown — are incorrect but
solutions of system (97)-(99) — correct.

Therefore we can say that very elementary, by all, means, equivalent (in a classical
sense) and such that do not present any doubts —the most simple transformations (the
division a member 4Dz into a sum 2Dx+2Dx, the transfer of members from the left side
of an equation to the right side with the change of a sign) can change the correctness of a
solution and they can be attributed to transformations that are equivalent in a classical
sense but not in a widened one.

Therefore we doubt that could find a simple criterium for the discovery of transformations
that are equivalent in a widened sense. Great efforts that have been undertaken in 1994-
2003 have not led to success.

In order to guarantee security of computer calculation it is necessary to check the
correctness of solutions in a mathematical model that has been reduced to the most
correspondent (to a physical sense of a solved problem. The correctness check be means of
a mathematical model transfered (by equivalent transformations) to the most convenient
for investigation form can give a false answer even if this form has been obtained from an
initial one by quite equivalent ( in a classical sense) transformations.

So, for example, the correctness of a problem solution about stability of a frequency of
solution x1(¢) in system of control of an electrodrive must be investigated by means of a
mathematical model in the form of a system of equations (93)—(94). The investigation by
means of a mathematical model in the form of a system of equations (100) does not give a
correct answer although systems (93)—(94) and (100) are equivalent (in a classical sense) in
relation to variable 1 (t) and a solution z(¢) in systems (93)—(94) and (100) — are identical.

This circumstance is important and it must be stressed that up to now it was not
reserved in text-books devoted to engineering computing and calculations on computers.
It is also not applied while constructing computing programs and packages of programs.
The correctness of solutions are checked (if they in general check them) according to the
most convenient for investigation form of a mathematic model. And this method can lead
to false conclusions.

A direct check of correctness of a solution of a certain system of equations can require
(as we have already mentioed in chapter 1) a large volume of calculations. Therefore it
is advisable to pick out such classes of problems for which correctness has already been
tested and therefore correctness of each separate certain problem need not require testing.

This can be carried out in the form of "triads". A "triade" will be named a combination
of the following three elements (as it was proposed earlier in [11])

1. Investigated mathematical
2. A posed problem during its investigation

3. The used method of solution.

We shall call "a diad" such a combination of a mathematical model and a problem
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posed for its solution (for such when a solution method can not be taken into account)

The first triade of testing stability

Elements of a triade:
1. An investigated mathematical model: a system of linear differential equations of
different order with constant variables.

2. A problem is posed: to check stability of this system

3. A method of solving: a characteristic polynomial of a system and its roots is
computed. If all roots of real parts are negative then conventionally we make a conclusion
about the system of a stability.

In this triad the conclusion will be reliable and trustworthy not always, not for all
systems since there exist (as it has already been mentioned) special systems in which
all roots have negative real parts and which besides this have became unstable during
infinitely small, inevitable (in practice) deviations of coefficients from ealculated values.

Note that in a formal way from a purely mathematical point of view conclusion about
stability will be true always: negative real parts all roots tells us that if coefficients
in a system idially and exactly are equal to their computed values then solutions are
stable. But a system can loose stability during infinitely small and thus — inevitable in
practice variations of parameters is not at all better than unstable one and it is even more
dangerous than it.

The second triad the check of stability by another method

Mathematical model and a posed problem: the same as in the first triade.

Method of solution: computation of a characteristic polynomial and its roots must
be added by checks: 1. either a degree of a characteristic polynomial is lower than
an order of a system (its a check of degeneration). 2. whether some coefficients of a
characteristic polynomial a small difference between large numbers — small in such a way
that during inevitable in practice values of variations of these large numbers a coefficient
of a characteristic polynomial can change its sign. Only in such a way if both checks
have given a negative answer then a computer calculation of a characteristic polynomial
leads to a secure conclusion about the stability of a system. Conventional methods of
calculating stability without the above additional checks do not secure trustworthiness of
computer calculations.

The third triade: the application of Lyapunov functions

A mathematical model: system of nonlinear differential equations of different orders.

A posed problem: to define whether solutions of this system are stable? Solution
method: by transforming a system to a normal form of Cauchy we try to construct
Lyapunov function for this system. If Lyapunov function has been constructed then
conventionally we make a conclusion about stability of a zero solution of a system and
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the investigation of any solution can be reduced to the investigation of stability in a zero
solution.

In this triad a conventional conclusion about stability of a zero solution (as it has been
earlier shown) is secure for all systems and not always since there exist systems for which
Lyapunov function has been constructed but which has become unstable during infinitely
small, inevitable in practice variations of coefficients in equation systems or an object
parameters whose mathematical model is investigated.

The fourth triade: the calculation of principal value.

A problem of computing principal values is one of important problems in computer
mathematics. Its solution has been given in many text-book but remain inattended such
systems for which a problem of computing principal values is incorrect.

So, during the calculation of principal values (as well as roots of a characteristic
polynomial) for a system of differential equations are limited by a particular case when
an investigated system is reduced to a system of n equations of the first order. In this
case principal values can be determined from an equation:

det(A — \E) = 0

where A is a matrix of coefficients in an investigated system, F — a unity matrix and
a solution of this equation will be correct.

But for systems consisting of equations of different orders, for example, for system
(93)—(94) principal values will be roots of a determinant:

AN HAN2 BN +2 N 4+20 41
A 4+4N+5 A+1

but a problem of computing its roots is incorrect.

The reduction of an investigated system to a system of n equations of the first order
camouflages a possible incorrectness but it does not abolish it and unnoticed incorrectness
leads to mistakes in computations.

One more example of incorrectness is a case that often meet with — when a part of
equations contains a parameter A\ and a part of them — does not. Here an investigated
mathematical model is of the form:

1121 + 122 + ... + Q1pXn = ATy
a91T1 -+ 92T + ...+ ALy = )\33'2 (101>

Ap1T1 + ApaZo + ... + apnty, = 0

Note that in system (101) enters n —r equations with right sides containing parameter
A and it also contains r equations that do not contain parameter A and their right sides
are equal to zero.
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While investigating differential equations such systems appear when investigated
variables satisfy both linear differential equations and algebraic equations that do not
contain derivatives.

In vector-matrix forms we can write a system of equalities (101) in the following form:

(A—AE)X =0 (102)

where X — vector of variables z1, z, ..., z,, A — a square matrix of coefficients, £ — a
quasi unity matrix, i.e. a matrix in which all elements except those that lay on a main
diagonal — zeroes but on the main diagonal there are n — r unities and r zeroes. If r =0
matrix £ turns into a known unity matrix E.

A posed problem: is to find principal values of a parameter A, i.e. values at which
system (101) has nonzero solutions ;.

Method of solution: a successive exclusion of variables from system (101) up to when
the last equation for variable z,, remains:

M\)z, =0 (103)

where M (A) — polynomial among whose roots are principal values.

This triad leads (as shown in [51]) to incorrect conclusions about principal values in
system (101).

If we change the third point of a triad, change a method of solution, i.e. by using
equations that do not contain ), if we express some variables by means of others and
come as a result to a system that has less number of equations but in which already each
of equations contains parameter A\ and only then start successive exclusion of variables
then in this case principal values will be (as seen in [5]) correct.

This example shows that it is necessary to making precise used algorithms during
the transfer to computer calculations. During the area of "hand calculation" during the
meeting with systems of the type (101) we started, surely, from equations that did not
contain parameter \. By applying them we decreased a number of variables, we came to
a system of lesser number of equation in which entered parameter A and only then we
started to successively exclude variables. Such a method of calculation was convenient
during a hand calculation and it did not lead to incorrectnesses. Therefore a problem of
computing principal values conventionally was considered correct.

But during machine computation this method is not very convenient since it requires
the application of two different programs. For a computer it is more convenient to exclude
variables one by one from an initial system by one program. Not at once it was noted
that this convenient for a computer algorithm led to incorrect principal values as it was
in details considered in [5].

Note that if parameter A enter into each of equations of a system then a problem of

finding principal value A is called a classical problem about principal values but if in some
of equations parameter A does not enter then this same problem is called a generalized
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problem of finding principal values. A classical as well as generalized problem about
principal values can often be found in applications. Even in the XIXth century they have
been investigated. An incorrectness of a solution in a generalized problem while directly
applying computers in order to successfully exclude variables from an initial system was
noted quite recently in [5]. In order to guarantee reliability of computer calculations in this
case it is sufficient to reduce a generalized problem about principal values to a classical
one. If we investigate a system of n linear homogeneous algebraic equations from which
n — r equations contain a parameter A and r equations do not contain it is necessary
to transform this system into a system of n — r equations each of which contains .
Thus we have come to a classical problem about principal values which can be solved
by using successive exclusion of variables. While applying such a method of computing
incorrectness of solutions (as is shown in [5]) will not be.

The fifth triade: a numerical solution of a system of differential equations

Mathematical model: a system of ordinary differential equations of different orders and
in a general case-nonlinear ones. A posed problem: to find a numerical solution of a system
if initial conditions are posed.

Method of solving: after a system has been reduced to a normal Cauchy form ready
programs of a numerical solution given in MATLAB, Mathcad or in other packages are
applied.

A solution obtained by this method will not always be correct. For some (that
apriori have not been known) systems a real behavior of an investigation object can
essentially differ from calculated one during infinitely small (that are inevitable in practice)
deviations of coefficients of a system from admitted ones during calculations. In order to
guarantee security of calculations it is necessary to previously check whether solutions of
an investigated system are incorrect or ill-conditioned.

The sixth triad: a solution with additional checks.

A mathematical model and a posed problem remain the same as for the fifth triade. A
solution method is added by checks: 1. whether an investigated system is degenerated. 2.
whether a determinant consists of higher members of a system equations a small value —
is small in such a way that it can change a sign during possible variations of coefficients.
Such a check essentially decreases a possibility of appearing unexpected correct solutions.

The seventh triad: differential equations, particular cases.

Mathematical model: systems consisting of n equations of the first order or one equation
of the nth order. Right sides are continuous and they satisfy Liepshitz conditions.

A posed problem: to find a numerical solution if initial conditions are posed.
Solution method: applying routine programs for computers.

In this particular case solutions are correct, they depend on coefficients and parameters
in a continuous way.
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At the same time for a more general mathematical model — a system consisting of n
equations of different orders (an example — system (91)-(92)) the application of routine
computer programs can lead to white incorrect results in computer calculations.

The eighth triad: Integral equations

Mathematical model: integral Volterra equations of the first type, i.e. an equation:

/ " K (o 9)y(s)ds = f(x) (104)

As it is known to a mathematical model in the form of equation (104) many important
problems of physics and technics can be attributed (sometimes).

Posed problem: to solve equation (104), i.e. to find a sought function y(s) by means of
a given right side f(s) and a nucleus K(z;s).

Solution method: a transfer from Volterra equation to a more simple Fredholm equation
by equivalent transformations and then — to solve this equation.

Professor V. S. Sizikov has found (for the first time) that in this triad an incorrect
solution is obtained and that a cause of incorrectness is that a transformation of Volterra
equation into Fredholm equation is a transformation that is equivalent in a classical sense
but not in a widened one. This transformation changes correctness of a solution.

This triad — in more details — and a method of finding a secure result of computer
calculations during the solution of integral equations has been investigated by V. S. Sizikov

in a text—-book [42] on page 145-147.

The first diad, real roots of polynomials

For a series of particular cases correctness or incorrectness of a solution does does not
depend on applied method. In this case it is sufficient to form the investigation result for
a complex of two elements.

1. A mathematical model
2. A problem posed during its solution.

This complex (us was earlier posed in [11]) we shall call a diad.

The first example of a diad:
Mathematical model: a polynomial of n degree with real coefficients.

A posed problem: a calculation of real (and only reall) roots of a polynomial. The
significance of this problem is defined in the following way. For many investigation objects

physical sense has only real roots.

The presence of only complex roots means in this case that a posed problem has no
solution.
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It is not difficult to check that if real roots are not multiple the solution is correct. If
roots are multiple the solution is not correct and most often it does not have any physical
sense during infinitely small variation of coefficients. Any pair of multiple real roots can
disappear and roots will become complex.

It is useful not to forget about thus simple and known eircamstance because often
people forget to mention about in correctness of a solution in case of multiple roots in

even detailed guides on the methodics of computations.

The second diad: complex roots in polynomials

Mathematical model: the same as in the first diad.

A posed problem: the computation of roots that are real or complex.

The solution of this problem is always correct. During small changes of polynomial
coefficients the situation of its roots on a complex espace changes little. We must not

carry out the check of a solution correctness for each separate polynomial.

The third diad: problems of maximum and minimum

Mathematical model: in this case it can be any.
A posed problem: to find the maximum or minimum.

Different problems on maximum and minimum and methods of their solution during
the instruction of undergraduates is paid much attention to (and this is right) but often
it is not indicated that traditional formulas of solutions often do not have any physical
sense and can lead to disconfiture in practice.

Here is a simple example: it is necessary to find the minimum of a length of a fence
in order to enclose a section of an arbitrary form having an areas. It is a known "Didonn
problem" whose solution was known in ancient Grece. Really, from all enclosed curved
lines of a set length the largest area limits a circumference. Therefore if it is required to
enclose a section of an area S then it is best if this section has a form of circumference
and the lowest length of a fence in this case is equal to T, = 2¢/7/s. If S = 100m?,
then z = 35,448ms (if a section is of the form of a square then z,,;, = 40ms).

But this does not at all mean that a minimal element is a fence whose length is
35,448 ms — will give a real solution of a posed problem.

Initial data — in this case S = 100ms? — as in almost all practical problems are known
with a limited exactness. In fact as initial data is a condition S = (1 4 £)100ms?* where a
value € depends on the exactness of a measured area. It can be a small value. But almost
never an exact equality ¢ = 0. A is satisfied if € > 0 then lengths L,,;, = 35,448ms are
not emough for the enclosure of a fence. And a posed problem will not be solved.

In order to obtain a real solution it is necessary to change the formulation of a problem,
for example, in the following way. A section of an arbitrary form is given with an area S
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and it is measured with an exactness ¢. It is necessary to find a minimal length of a fence
that can guarantee to enclose a section with some value of €. The solution is:

Lyar = 2/7 - VSV1 + ¢ (105)
If e = 0,05 then L,,, = 36, 167meters and L.,y — Ly = 0, 727 meters.

An examined simple example is typical for a lot of problems on minimum (maximum).
Since initial conditions of the problem are known almost always but with a limited
exactness then a computed for fixed values of initial data a minimal element in real
conditions turns out to be insufficient. In order to obtain a suitable in practice solution it
is necessary to take into account possible deviations of real initial data of these computed
values. Without taking into accent these possible deviations in problems on minimum and
maximum a computed minimal or maximal element usually gives an incorrect solution
while using any computation method. The account of possible variations of initial data
reconstructs the correctness of a solution and its reliability.

Sometimes we hear: an incorrect problem can be solved by a regularizing method given,
for example in [40]. It is not an exact opinion. In fact incorrect problems in principle cannot
have reliable solutions if we take into account inevitable in practice small deviations of
parameters from calculated values. Regularization is not a method of solution. It is a
change (in fact) of incorrect problem into another one — a correct one but which is in
some way near at an initial one.

Sometimes it is a direct reformulization of an initial problem when, for example, instead
of searching a minimal length of a fence that encloses a section of an area S we search
a length that guarantees a barrier of a section while taking into account estimates of
maximally possible error € in the estimate of its area (formula (105)).

Often regularization is reduced to the application of additional information about a
solution. But the transfer to a problem with additional information it is a transfer from
one problem to another one — from incorrect problem to a correct one.

As a conclusion let us consider an algorithm of a solution of a problem on synthesis
of optimal law of control which in its initial phase is incorrect but can become correct if

initial data change little.

Synthesis of an optimal control law

A control object is considered whose mathematical model is the following differential
equation of an order n

ADz = u+ ¢(t) (106)

d
in which is a polynomial from differential operator D = a0 S — a regulated variable,

a scalar U — a controlled influence, a scalar ¢(t) — perturbing influence, a stationary
arbitrary time function data about its spectral density in power are known, i.e. about
its even function S,(w), variable w that has a physical sense of frequancy. Later these
experimental data are approximated by a rating fraction:
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Y byw? + by w2 4 4 biw? + by

(107)

Degrees p and ¢ and coefficients a; and b; of polynomials entering into the fraction
(107) are picked up in such a way that if p and ¢ are moderate the divergence between
analytical approximation (107) and experimental data is not very large. A regulator which
first of all must secure stability of a closed system is supposed to be linear. The following
equation is its mathematical model:

d
where Wi(D) u Wy(D) are polynomials of a differentiation operator D = e It is

advisable to find such degrees and coefficients of polynomial W7 (D) and W5(D) in formula
(49) that besides stability of a closed system a regulator secured the best of a possible
quality of the control which is estimated by a value of an integral:

R
J—Tlglgo?/o (m*x® +u”)dt (109)

If polynomials Wy (D) and W5(D) have been computed then a problem of a technical
realization of a regulator by its mathematical model in the form of equation (106) will
describe well many important objects in industry and transport.

In order to compute polynomials Wi(D) and W5(D) a rather simple algorithm has
been developed that is in details described in publications [35] and [61]. The main steps
of an algorithm are:

1. In analytical approximation (107) a change is carried out: jw = s after which a
spectral density is factorized:

Suls) = Si(s) - Si(—s) (110)

i.e. it is decomposed into a product of two symmetrical multipliers: S;(s) and S;(—s)
one of which is a function of s and the order — of —s. Since a numerator and a decomposer
of a fraction (107) are even functions they have 2p and 2¢ (correspondindingly) symmetric
roots A\ and —A;; Ay and — )\, etc.

Into a multiplier Si(s) all roots with negative real parts will enter and into multiplier
S1(—s) will enter all roots with positive real parts. Thus S;(s) can be computed according
to formula:

Vap - (8= Ap) (8= Apy) (s — )‘pp)
\/b_q' (s — )‘q1> (s — )‘qz)-“(s - )\Qq)

Here numerator and denominator of fraction (111) both turn out to be Hurvitz
polynomials.

Sl<8) =

(111)

2. On the second step of an algorithm in equation (106) differential operator D is
changed by a variable s and a factorization of a polynomial A(s)A(—s) + m? is carried
out:
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A(s)A(=s) +m? = G(s)G(—s) (112)

and here G(s) will be Hurwitz polynomial and G(—s) — not Hurwitz one.

3. On the third step the following decomposition (separation) occurs:

A(=s)

G(—s)

where M, — total polynomial, M, — a fraction in which a denominator degree is lager
than numerator degree with poles in the left half space of a complex variable s and M, —

a fraction in which a denominators degree is larger than a numerators degree with poles
in the right half space.

'Sl<8) :M0+M++M_ (113)

4. At the fourth step the following function is formed:

(1)1(5) MO + M+
= 114
B5) A8 Y
with the help of which already directly polynomials W (D) and Ws(D) in optimal
regulator (108) are posed:

Wi(D) dy(D)
=AD) - ——= 115
Wa(D) (D) ®,(D) (115)
A similar but a more complex algorithm has been developed for control objects of the
form:

A(D)x = B(D)u + ¢(t) (116)
where B(D) = b,,D™ + by, 1 D™ ' + ... + b; D + by.

Developed algorithms have provided stability of a closed system but it turned quickly
out that this stability was often broken even during infinitely small variations of
parameters which led to a series of wreckages at the first steps of applying optimal systems
in technique in the 60ths of the XXth century the confidence to optimization methods has
been then undermined and their application has been stopped. In order to successfully
apply optimal regulators it is necessary to solve the following two problems:

1. To find a criterium that allows to depict — for what control objects and perturbing
interactions the loss of stability occurs during parameters variations (in fact — as it turned
out later — it was necessary to develop a method of revealing "special" objects in this
filed of computations).

2. It is necessary to find what changes it is necessary to introduce into an algorithm of
optimal regulators synthesis in order that during parameters variations the loss of stability

did not take place.

Both problem have been successfully solved and their solution was published in [61]
and [35]. It turned out that the main role played an inequality
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p>m+q—1 (117)

where p and ¢ are taken from formula (107) for am analytical approximation of spectral
density of power in perturbing interaction ¢(t) and m — a degree of a polynomial B(D)
in a mathematical model of a control object (116). If inequality (117) is satisfied then a
control system is parametrically stable. If it is not fulfilled then a control system can loose
stability during infinitely small variations of parameters in control object or in a regulator.
Inequality (117) has gradually obtained the name of "inequality of Yu.P.Petrov" or "a
criterium of Yu.P.Petrov". It is widely applied for the check of parametric stability of

optimal control systems.
Let us give a simple example that has been earlier considered in [35].
A mathematical model of control object is of the form:

4Dz = (D + 1)u + ¢(t) (118)

coefficient m? in a quality criterium (109) is equal to m? = 9, a spectral density of
power in a perturbing interaction is approximated by a formula:

2 1
S¢(w):;- 14 w?

After computations necessary for the synthesis of an optimal regulator have been
carried out we shall seel that its mathematical model is of the form:

(119)

12(D+4)x = (3D — b)u (120)

By enclosing a control object (118) by a regulator (120) we shall find an equation for
an enclosed system:

4(20D + 12)z = (3D — 5)p(t) (121)

that confirms that an enclosed system is stable. Regulator (120) secures the quality
criterium (109) a value J,;, = 0,4336 is the smallest from all possible ones. But
Yu.P.Petrov’s criterium (117) for a control object (118) and a spectral density of power
in a perturbing interaction (119) is not satisfied. In this case a degree of a polynomial
B(D) is equal to a unity. Therefore m — 1 from formula (119) it follows that p = 0;¢ =1
and an inequality (117) is not satisfied. This means that stability can disappear during
infinitely small variations of parameters.

Really, if only one of coefficients in control object changes and its mathematical model
will become as:

AD(14+¢e)x = (D + 1)u+ p(t) (122)

then by enclosing an object (122) by a regulator (120) we shall see that a characteristic
polynomial of an enclosed system becomes:

—3eA? + (20 + 5e) A + 12 (123)
Already during infinitely small € > 0 it stops to be Hurvitz one and stability is lost.
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In order to guarantee parametric stability in monograph [35] it has been proposed
to change an analytic approximation of a density spectrum of a power in perturbing
interaction that is applied during the computation of an optimal regulator. It is necessary
to change it in such a way that Yu.P.Petrov inequality (117) turns out to be satisfied. In
an examined example in order to satisfy — an inequality (117) it is sufficient to transfer

from p =0 to p = —1, i.e. to change an approximation (119) into:
2 1+ kw?
S, =—- 124
Sﬂ(w) T 1 —|—W2 ( )

which (if k£ is moderate) differ in a small way from approximated system (117).
By synthesizing an optimal regulator now we obtain the following regulator for already
a control object (122) and a spectral density (124):

12[(1 + 3k)D + 4z = [(3 — 11K)D — (5 + 3k)]u (125)

(compare it with a regulator (120)!) and a characteristic polynomial of a limited system
turns out into a polynomial:

(20k — 3¢ 4 11ek)A? + (20 + 12k + 5 + 3ck)\ + 12 (126)

Compare it with a polynomial (123)! While analysing a polynomial (126) we see that
it remains Hurwitz not only during infinitely small variations but even in finite values of
€. They are as bigger as k is larger. So even when k£ = 0,01 stability is preserved during
all [e| < 0,69 but if £ = 0,1 when |¢ < 1,05.

At the same time when we put a additional requirement to a system — its parametric
stability — we must pay some kind of "a secrifice”" in a value of a quantity criterium (107).
So if £ = 0 we have (as it was already said) j = 0,4336 but if £ = 0,1 we shall have
j =0,4374 or by 0,88% more. Surely such a small increase of quantity criterium will not
be felt in practice.

Thus a problem of securing reliability of computations during the synthesis of optimal
control systems has obtained a full and thorough solution:

1. A simple and easily checked criterium for a possible problem of synthesis incorrectness
— Yu.P.Petrov criterium — in the form of inequality (117).

2. A method of basing and approach to incorrect synthesis problem is proposed — a
change of analytical approximation of experimental data on a spectral density of power
in a perturbing interaction — i.e. only such a change at which inequality (117) has started
to be fulfilled. As this example has shown during such an approach an initial incorrect
problem that has no practical sense is changed by sequence of correct problems which —
in a limit — if & — 0 stop to be correct and coincides with an initial incorrect problem.

The securing of reliability of computation and projection of optimal control systems
allowed us to successfully solve a series of practical optimization problems, of improving
a quality of functioning different technical objects. About this publications [35], [61], [62]
can be found.
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Let us at once note that not for all computational algorithms whose unreliability has
been foud during the investigation of new properties of equivalent transformations recently
found in St.Petersburg State University we had scceeded in thoroughly solving these both
problems:

1. The revealing of a possible incorrect solving problems.

2. The reliability of solving results of computation while taking into account possible
variations of coefficients and parameters.
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§33.Additional examples

In this section additional examples that will allow us to analyse in the methods
of reliable solutions that satisfy standards "Mathematics—2" will be considered. Here
variations of object parameters and coefficients of its mathematical model, their inevitable
deviations from computed values will b considered.

Example Nel. A mathematical model of a peculiar object

It is necessary to find a solution of a family (a family of solutions) of the following
equations system:

(D*+2D + 1)a; + (D + 1)zg =0 (127)

Dxi+x5=0 (128)
For system (127)—(128) a characteristic polynomial can be computed:

AN 4+20+1 A+1
A 1

that has the only one root: \; = —1.

=A+1 (129)

From (129) it follows that a general solution is of the form:

T = Coeit (130)

We can obtain the following equation if we directly introduce into (127) a value x5 =
—Dux; from equation (128):

(D4 1)z, =0 (131)

whose general solution will again be a family of functions (130) that depends on one
integration constant C. Both solution methods lead to one and the same result.

But solution (130) will not be correct. Really if, for example, coefficient in Dzj in
equation (127) instead of a unity will adopt a value (1+¢) then a characteristic polynomial
will be equal to a determinant:

MN42X+1 (14+e)A+1]
A 1 -

and it will have two roots A\; and \,.

—eN 4+ (1—e)A+1 (132)

If ¢ > 0 are small then one of roots turns out to be a large positive and the second
one — near to minus unity. So if ¢ = 0,01 then with the exactness of up to the fourth sign
after a comma \; = 4100, A\, = —1 and a general solution will become:

T = Cle*t + 026100t (133)

In general with the exactness up to members of an order 3 a general solution will be
of the form:
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1
—t
T, = Cle*t -+ 0265 (134)

In this case everything is simple: system (127)-(128) is generated. Its characteristic
polynomial in a general case must have a second order but in certain values of system
coefficients with the second order ) is reciprocally reduced and a characteristic polynomial
becomes a polynomial of the first order. It is clear that such a lowering of a degree
occurs only with coefficients that are exactly equal to calculated ones. Therefore inspite
of the simplicity of a system its solution (130) will be incorrect and it will not have a
practical sense. Already during inevitable in practice infinitely small deviations of system
coefficients from computed ones the solution can change substantially and it can transfer,
for examples, into solution (134) which even with the most small £ has nothing in common
with solution (130).

Mathematical model (127)—(128) describes a "special" object. In order to find a right
approach to finding and investigating a solution it is necessary to check a degeneration of
the system. System (127)-(128) is degenerated and its solution has no practical sense.
Conventional methods of solving a solution that do not suppose the checking of the

degeneration or undegeneration of the system will not secure a right answer about object
behavior that has been described by a system (127)-(128).

In such a simple system as (127)—(128) certainly is everything clear and an investigator
surely will not make a mistake. This example was given in order to show: even in the most
simple systems a change of correctness in the solution is possible while using the most
simple equivalent transformation. Really, solutions of system (127)—(128) are incorrect and
after equivalent transformation — a change in equation (127) of a value x5 by a value Dz
(that is equal to it) from equation (128) we obtain equation (131) whose solution is correct.
An initial incorrectness is a transformed mathematical model disappears. Therefore a man
that carries out computation cannot notice incorrectness, he cannot notice that he has
met with a dangerous "special" object. Certainly, in relation to such a simple system as
(127)—(128) nobody makes any mistakes. But in complex system that consist of many
equations it is very easy to make such mistakes and such mistakes often occurred.

Example 2. The check of stability and its preservation during variation of coefficients

For the same system (127)—(128) it is necessary to check stability and preservation of
stability during variations of coefficients in an examined system.

A conventional method of investigation of roots in a characteristic polynomial (129)
gives the following answer. A system is stable and preserves it not only during small
but also during large variations of coefficients in a characteristic polynomial. Surely this
answer is not true but the authenthity of an investigation result can be easily reestablished
by means of an additional check that has been recommended earlier. But whether an
examined system is a degenerated one? This simple check reconstructs security and
authenthicy of examined results. A true answer does not possess parametric stability
if we take into account the check on a possible degeneration of system (127)—(128). The
system can become unstable during infinitely small variations of parameters.
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Example 3. The check of stability in a nondegenerated system.

Let it be posed that we check parametric stability of a system of equations:
(D? +4D* + 5D + 2)x; = (D* + 2D + 1)a4, (135)

(D? +4D + 5)x; = (0,96D + 1) 5. (136)

A computation of a characteristic polynomial in a system is a conventional method of
checking stability and also — the check of a positivity in diagonal determinant of Hurwirz
matrix.

For system (135)-(136) a characteristic polynomial is equal to:

N HAN +4D +2 —(N2+2)+1)

— 4 3 2
\2 4 ANt 5 10,0601 1) | = 000+ LI6N £5,20% + 7,080 +3  (137)

For polynomial (137) Hurwitz matrix becomes:

1,16 7,08 0 O
0,04 5,2 3 0
0 1,16 7,08 0O (138)
0 0,04 5,2 3
. : . . 7,08 0
While computing diagonal determinants: det; = 3;dety = 59 3 = 21,24; dets =
1,16 7,07 0 O
5,2 3 0 ’ '
’ 5,2 3 0,04 5,2 3 0
1,16 7,08 0| =3-1," ‘ =97,008;dety = | ’ = 106, 5135.
0.04 52 3 1,16 7,08 0 1,16 7,08 0O

0 0,04 52 3
We see that they all are positive and therefore system (135)—(136) is stable.

In order to check a parametric stability conventionally we check a sign of diagonal
determinants of Hurwitz matrix that has been formed while taking into account possible
variations of polynomial (137) coefficients, i.e. signs of the following diagonal determinants
in matrix are checked:

1,16(1 £ 5) 7,07(1 £ &) 0 0

0,04(1+e) 5,2(1+¢;) 3 0 (139)
0 1,16(1 £ &) 7,08(1 & £4) 0
0 0,04(1+e;) 52(14e;) 3(1+es)

In matrix (139) an index of variation € corresponds to an ordinal number of a coefficient
in polynomial (137) and a value of variations ;; e9; ...; €5 are generally speaking, different
and they require a separate investigation. Usually an approximated methodics is applied
considering all modules in variations to be limited from above by one number |e1]| < m.

Another approach is possible to check stability and parametric stability: an examined
system is reduced to a normal form, to a system of n equations of the first order and then
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routine programs for computing roots in a characteristic polynomial are used. They will
coincide with principal values of coefficients matrix.

Equation (135) is similar with equation of electrodrive (72) that has been considered
in §8 and it corresponds to values m = 1; kg = 2 in equality (73). In a normal form this
equation will be of the form:

T1 = =211 + T2 + T3
i’g = T4 (140)
j34 = —I3 — 2.174
Equation (134) corresponds to regulator equation by its structure (formula (73) from
§8) but with changed coefficients. While using in §8 values m = 1;k) = 1;ky = 2;k3 = 1
a regulator equation (73) will become:

(D?> 4+ 4D +5)zy = (D + 1)». (141)

But in a regulator equation (136) coefficient is a unity in Dy let us change by 0,96
which makes system (135)—(136) undegenerated. Therefore if we take into account the
equalities that determine new variable x5 and x4 we have:

T3 = Zt'l + 2[L‘1 — X2 (142)
Ty = Zt3, (143)

and equation (136) becomes:
[(D? +2D)x; — Do) + [(2D + 4)x; — 215) + 0, 0425 + 29 + 21 = 0. (144)

If we take into account equalities (142) and (143) in the first square bracket from
equality (144) we see a variable x4. To the second square bracket corresponds 2x;.
Therefore equation (144) can be written in the form:

0, 04372 = —T1 — T2 — 21’3 — X4 (145)

As a whole a system of equations (135)—(136) is reduced to the following normal form:

T = =271 + T2 + T3
i’z = —251’1 — 251‘2 — 501‘3 — 25!134 (146)
T3 = X4
l"4 = —I3 — 2%4

A normal form (146) that consists of four equations of the first order proves that
an initial system (135)-(136) is not degenerated. While computing a characteristic
polynomial in the system in a normal form (146) equal to a determinant:

A4+2 -1 -1 0

A+25 25 50 25
0 0o x -1
0 0 1 A+2

= 0,04\ +1,160% + 5,20 + 7,08\ + 3 (147)

we see that it coincides with polynomial (137). This fact once more confirms that a
transformation of system (135)—(137) into system (146) was an equivalent (in a classical
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sense) to transformation. Usually about stability and parametric stability of system (146)
we judge in relation to coefficients of a characteristic polynomial. It is convenient to apply
a condition for stability for the following polynomial of the fourth order:

a4)\4 -+ a3>\3 -+ (ZQ)\Z —+ al)\ + ag (148)

which is given in text-books on automatic control and it is formulated as a necessary
and sufficient condition of a system that has a characteristic polynomial (148) and in this
system all its coefficients are positive and the following inequality is satisfied:

Az = ajasas — ajay — agaz > 0 (149)

For system (146) and a characteristic polynomial (147) we shall have:

Ay =7,08-52-1,16—15,22-0,04 —3-1,16> = 41,88 > 0 (150)

For polynomial (147) positive members in inequality (149) are much larger than
negative ones. This means that system (146) is stable and it will preserve stability during
infinitely small deviations of coefficients from computed values. In order to define more
exactly — during what "small" variations the system will preserve stability let us suppose
that variations of all coefficients of polynomial (147) do not exceed a number m by a
module: |e;] < m and its sign can be any.

The most dangerous for the possible loss of stability if a combination of coefficients
variations in inequality (150) is as follows: 7,08;5,2;1,16 in coefficients variations are
negative but in coefficients 0,04 and 3 — they are positive.

If we take into account these variations we obtain:

A3z =7,08-52-1,16(1—m)*—5,2*(1 —m)?-0,04(14+m) —3(1+m)-1,16*(1—m)* (151)

Even when m = 0,5 i.e. when coefficients 7,08;5,2;1,16 decrease by two times we
shall have Az > 0 and stability will be preserved.

We shall come to the same result if we use a methodics based on the results by
Kharitonov V. L [63]|. They have not been used in this example because for systems of the
fourth order the investigation of the influence of coefficients variations of a characteristical
polynomial on stability it is more simple directly not to use results published in [63] which
are useful if n > ¢.

Thus conventional investigation methods that do not take into account possible change
of correctness and conditions during equivalent transformation give the following answer:
system (135)—(136) is stable and is parametrically stable. It preserves stability not only
during small but also large (more than by 50%) deviations of coefficients of a characteristic
polynomial from computed values.

This result is not true. While directly investigating system (135)—(136) without
transforming it to a higher member of a characteristic polynomial in system (135)—(136)
and while taking into account possible variations of coefficients (we shall denote by points
members of lower degree) we have:
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I+ +... —[(1—-e)X2+..]

(1—)X2+ ... —[0,96(1+¢)+..]| [(1—2)*—0,96(14¢)% - X*.. (152)

we see that already when € > 0,011 the highest member of a characteristic polynomial
became negative and a necessary Stodola condition is broken and stability is lost Thus
system (135)—(136) possesses a very small reserve of stability: stability is lost during the
change of some coefficients even by 1,1%. Equivalent transformation of the system to a
normal form raises true reserves by 50 times.

If we have not carried out additional check — a check of a possible change of a
highest member sign in a characteristic polynomial during variations of coefficients of
initial equations — then results of the check in stability by means of coefficients of a
characteristic polynomial or by a matrix of coefficients of a normal form can turn out to
be quite unrealiable and not trustworthy. It would seem (according to computation) that
everything is all right, reserves of stability are sufficient and therefore a projected object
will work well and reliably for many years. Then small reserves will quickly exhaust and
in the most unexpectable time moment wreckage will occur or even a catastrophe. Such
wreckages and catastrophes that have been generated by an insufficient development of
a theory of equivalent transformations have repeatedly occurred in the past and sorry
to say they occur now although they can be easily prevented with the help of not at all
difficult additional checks during our computations. These additional checks restore the
security of computer calculations.

Example 4. The computation of solutions of a system of differential equations

A system of equations (135)—(136) is posed. It has already been considered in previous
example. It is necessary to find its solution x1(¢) and z5(t) that satisfy initial method is:
to introduce new variables x3 and x4 that are determinated by means of formulas (142)
and (143). Here system (135)—(136) is reduced to a normal form (146) in order to find a
numerical solution of which it is sufficient to apply routine computer programs.

But conventional methods do not lead to a reliable result as it has been shown during
the consideration of example 3, during the change of coefficients in a system only by
1,1% in a characteristic polynomial can occur substantional change. Its higher member
can transfer from a positive to a negative one and small in an absolute value. This means
that in a characteristic polynomial a large positive root will appear A4 and in a general
solution of system (135)—(136) we have:

x1(t) = CheMt 4+ Chet?t 4+ Cyest + et (153)

a swiftly increasing fourth member will appear. Thus if € > 0,011 a substantial change
of a solution can occur. A solution that can substantionally change during the change
of initial data by only 1,1% is quite unreliable. The application of such a solution for
some practical aims is very dangerous as it can lead to wreckages and catastrophes. And
the most unpleasant is that we shall not see this danger after the transformation of a
system (135)—(136) into a normal form — into a form of system (146). In system (146)
solutions depend on coefficients continually (according to known theorem on a theory
of differential equations). During the change of any coefficients of system (146) by +2%
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solutions x4 (t), zo(t), x3(t), x4(t) will change very little (you can easily check this). At the
same time an initial system (135)-(136) is one more example of a system in which there
is no such continuous dependence.

All this can be easily noted for a case when in system (135)—(136) one coefficient will
change. Then it will become:

(D*+4D? +5D + 2)x; = (D* +2D + 1),

(D? +4D + 5)ay = [(1+¢) - 0,96D — 15 (154)
and it has a characteristic polynomial:
AP 4+ 4X2 + 55X + 2 —(A2+2X2+1) =
AN +4X+5 —[(1+¢€)-0,96D + 1]’
=[1-0,96(1+¢&)]A*+[5—3,84(1 + &)X+ [10 — 4,8(1 +&)]\* + [9 — 1,92(1 + &)\ + 3
(155)

Now at once it is seen that as soon as value € will exceed ¢ = 0,04166 the higher
member of a polynomial (155) will change a sign and the fourth its root Ay will become
from negative one to a large positive one. And all solution will swiftly and rapturally
change.

For illustration in figure 14 a dependence of a value z; (if ¢ = 1) on ¢ for a case when
integration constants in a solution (153) is equal to 1 (C} = Cy = C3 = Cy = 1) was
shown.

£
+ 1000
T 500

7 100

—0,05 0 0,041

fig. 14

It is at once seen that if € = 0,04166 a solution has a break and a value x;(t) when
e > 0,04166 cannot be placed on the diagram (if e = 0,4167 will be z1(1) > 10°).

In order to secure reliability and authenticy of results of computation it is necessary
(before transformation of equations system into a normal form) to check whether some
coefficient of a characteristic polynomial is a small difference of large coefficients in an
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initial system and whether it changes a sign during possible changes of these coefficients.

On an example of system (135)—(136) we once more can conclude that:

1. There exist systems of differential equations that have no continuous dependence
of solutions on coefficients and parameters. At the same time after the system has been
transformed into a normal form by equivalent transformations these same solutions will
possess a continuous dependence on coefficients in a normal form (146) and this fact can
lead to errors.

2. These exist such systems of differential equations for which a conventional
computation method of solving by means of a transformation into a normal form the
application of routine programs can lead to erroneous conclusions about the behavior of
an object whose mathematical model is an investigated system. In particular a conclusion
about a value of stability resourses in investigated system can be mistaken. These mistaken
conclusions can become (and not once have become) a cause of wreckages and even
catastrophes.

Example 5. Additional checks that restore the reliability and authencity of computer
calculations.

A system of differential equations (135)—(136) once more. On its example we present
additional checks that allow to increase the basis of our judgment about properties of a
system solutions.

1. The first (and the most simple) check consists of: whether the system is degenerated.
For this check it is sufficient to compute a characteristic polynomial (137) and see that
its degree is equal to a degree of system (135)—(136).

The system is nondegenerated and therefore a conclusion about stability will be true
and it will preserve power in the least during an infinitely small variations of coefficients.
The reliability and trustworthiness of the conclusion during finite small variations the first
check does not guarantee.

2. The second check. The presence of coefficient 0,04 in the higher member in a
polynomial (137) that is by more than a degree less than the least of other coefficients —
it is necessary to check. Whether it has become a small difference of not small values and
whether it will not change a sign during such variations of coefficients that are inevitable
in the course of exploitation.

In order to carry out this check it is sufficient to write only these components that
influence the value of a coefficient in a higher member during computation, i.e. it is
sufficient to write a determinant

(1te)A  —(14ey)A2

(14£e3)A? —0,96(1 + &4)\ (156)

Later it sufficient to find the most unfavourable combination of variations signs:

£1;€9; €3; £4. Here we can use results obtained in the first paret of the book. For determinant
(156) it is the most unfavourable when e; and e, are positive and €3 and 4 — negative
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and then — to compute during which value € > |g;| and during the most unfavourable
combination of signs ¢; a determinant (156) will become negative. For this it is sufficient
to solve the following equation:

(1—¢)*>=0,96(1+¢)

After having solved it we shall find € = 0,011. Hence follows (as it was already shown
in example 4) that coefficients variations in the system that exceed 1,1% from rating
values can lead to substantional changes of solutions. Since such values of coefficients
variations (in the course of exploitation) are quite possible then an initial judgement
about stability of the system does not maintain additional changes. After an additional
change it is necessary to make a conclusion about small resources of stability. In the
course of exploitation stability of a system can be lost at any moment that has not been
predicted apriori at a time moment.

This example has shown that an additional check that substantially increases the
reliability of computation results is not complex and it can be reduced to computing
a simple determinant (156).

Example 6. A possible change of a coefficient sign for lower members of a characteristic
polynomial.

A system of equations is posed:

(D+ 1)z + (D +3,98)x2 =0 (157)

Dy + (2D + 2)xy = 0 (158)

It is necessary to check stability and how to preserve stability during possible variations
of coefficients in this system.

With the help of equivalent transformations let us denote x5 by x; with the help of
equation (158) and while introducing it into equation (157) we shall obtain an equivalent
system (157)—(158) in relation to variable x; and the following equation of the second
order:

(D*+0,02D +2)z; =0 (159)

(which means that an initial system (157)—(158) is not degenerated) with the following
characteristic polynomial:

A4 0,02) + 2 (160)

For variable x5 we shall obtain the same equation:

(D*40,02D +2)x5 =0 (161)

By investigating a characteristic polynomial (160) during variations of its coefficients,
i.e. by investigating a polynomial

(14e)A?+0,02(1 &)\ + (1 £e3) -2 (162)
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it is not difficult to conclude that polynomial (162) remains Hurwitz during not only
infinitely small variations of its coefficients but even during large variations — up to
|€1‘ < 1.

But this does not at all mean that stability of an initial system (157)—(158) is preserved
during small variations of its coefficients since an additional check shows that a coefficient
in the first degree A in polynomial (160) turns out to be a difference of numbers each of
which is larger than it by two orders. Therefore if coefficients in an initial system change
only by |e;] < 0,0025 then coefficient in A in a characteristic polynomial (160) can become
negative and the system will loose stability.

A conclusion about parametric stability of system (157)—(158) that has been, for
example, obtained on the basis of a known methodics of investigating a characteristic
polynomial proposed in [63] will not be reliable and trustworthy. An additional check
shows that stability will be preserved only if |¢;| < 0,25%. For the majority of practical
applications a system with so small stability reserve is equal to an unstable system.
To a correct conclusion about stability reserves we can come only on the basis of
initial equations (157)—(158). An equivalent transformation of system (157)—(158) into an
equivalent to it system of equations (159)—(161) (without changing solutions themselves)
strongly changes a value of stability reserves. Really system (157)—(158) looses stability
during the change of coefficients only by 0,25%. But the investigation of transformated
system (159)—(161) speaks about large reserves of stability which is far from reality.

Note that if during coefficients variations of an initial system of equations changes
(becomes negative) any of coefficients in a characteristic polynomial then this fact also
speaks about the loss of solutions stability.

Note that if during variation of coefficients in an initial system of equations changes
(becomes negative) any of coefficients in a characteristic polynomial then this again speaks
about loosing stability of solutions. But processes that occur after the loss of stability
depends on — which of members in a characteristic polynomial has changed a sign. If it
has changed a sign and has become negative and small by an absolute value a higher
member of a characteristic polynomial then solutions of the system start in a very quick
way to strongly increase (in an absolute value). We have already seen this on an example
of system (154) and earlier (in §9) we have spoken about this during the investigation of
a system of equations (27)—(28). If any of lower coefficients in a characteristic polynomial
becomes small and negative then solutions start to increase without any limits (in an
absolute value) but they slowly increase.

So, for example, solutions of equations

(D> —eD+1)x =0 (163)

with a characteristic polynomial

M —ed+1 (164)

are of the form:

192



et
x(t) 5 (Crsiny /(1 — — t + Cycos\[ (1 — — (165)

and if € are small they increase in the course of time without any limit but very slowly.

Example 7. A system of three differential equations with three variables.

A system of three equations is posed:

(D3 +2,15D% +1,23D + 0,98)z; + (1,05D? 4+ 0,95D + 1,12)x9 + (1,08D% + 2, 7D + 3,23)x3 = 0
(1,07D* +2,12D + 3,75)z1 + (1,09D + 2,98) w5 + (2,5D + 2,08)x3 = 0
(1, 16D + 3, 63)I1 + 1, 18%’2 + 1, 151’3 =0
(166)
It is necessary to check stability of this system and the stability preserving during
coefficients variations.

Conventionally — a characteristic polynomial is computed:

A3 42,1502 + 1,230+ 0,98 1,05A% + 0,950+ 1,12 1,08\ + 2,7\ + 3,23
HP=| 1,07\2 42,12\ + 3,75 1,09\ + 2,98 2,0\ +2,08
1,16\ + 3,63 1,18 1,15
(167)
and then its roots. If in all roots their real parts are negative then a system is stable.

But it is more useful to before hand check whether a coefficient in a higher member of
a characteristic polynomial is a zero or a small difference of large numbers. The check is
not very complex since a higher member (a member of the fourth order) will depend only
on higher members of polynomials that are in a determinant (167) and it will be equal to
a determinant:

1 1,05 1,08
1,07 1,09 2,5|=0,01 (168)
1,16 1,18 1,15

An equality (168) at once has shown that already during small variations of coefficients
in system (166) when & < 0,01 the higher coefficient of a charateristic polynomial can
change a sign and at once a necessary stability Stodola condition is broken. Reserves of
stabiliy are small and a conclusion about solutions stability is not reliable.

In a rather simple system (166) this conclusion is at once evident but in more complex
equations systems it is useful to apply results obtained in the first part of a book "Inverse
table of signs" of a determinant that has been there described. Then we shall easily
compute at what variations of coefficients a higher member in a characteristic polynomial
will change a sign and the system will loose stability.

A numerical integration of system (166), computation of its solutions is also not reliable
since during the change of a sign in a higher member a substantional change of all solutions
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can occur as it has been already told during the investigation of example 4.

Example of securing reliability of computing technical objects

We have given a series of example of mathematical models for which computation
results are not reliable and not trusworthy.

Surely in practice it is important not only to simply certify the unreliability of the
computation but to find ways of securing its reliability.

This can be done due to the change of an object mathematical model. It is well known
that one and the same technical object can be described by different mathematical models
with different degree of exactness and detailability of describing processes that occur in
the object. Therefore after the check which has shown that computation results primarily
chosen a mathematical model are not reliable then we can transfer to another model that
will secure reliability.

If the search of a good model have not given a success another way can be used — to
change parameters of a projected technical object. Then automatically its mathematical
model will change as well. This change of parameters (and sometimes — a construction) of
a projected technical object must be carried out in such a way that a mathematical model
of a changed technical object guaranteed the reliability of computations, of coinciding of
computation results with a real behavior of an investigated object during possible small
changes of its parameters.

Example 8. Optimal control for ships (vessels)

For vessels — tankers of the type "Kazbek" (displacement is equal to 16000 tons,
velocity — 14 knots) a mathematical model of movement according to the course under
the action of a rudder and perturbing forces due to the wind and sea roughness is the
following equation of the second order:

(690D* +17,2D)0 = u + ¢(t) (169)

In equation (169) time ¢ is expressed in seconds, f — angle of deviation in a vessel from a
posed course in degrees, u — angle of deviation in a rudder from a diametral in degrees, ¢(t)
— a perturbing interaction from wind and sea roughness, a stationary arbitrary process,
whose spectral density of power (spectrum) can be approximated by different analytical
equations.

Usually it is recommended to approximate the spectrum by Rahman-Firssov formula:

4o a? + 32
S,(w) = * — - 170
@(w) ¥ T 052 +52 +w2) . 452(4)2 ( )
where ©? — a middle square of a perturbing interaction, w — frequency, its measurement,
rad/s, o, — measured coefficients (measure — 1/s). that depend on the intensity of
roughness. For the roughness of a middle intensity usually we pose that 3 = 1c~! and
a=0,21p5.
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As it is known the vessel loss of velocity is proportional to an integral

1 /7
Av = lim —/ (K*0° + u?)dt (171)
T—oo T 0
where k% — unmeasured coefficient that depends on water weight above the vessel corps.
For a tanker "Kazbek" it is equal to 0, 25.

A law of ruddez plant, i.e. a law of the dependence of a rudder deviation wu(t) from a
deviation of a vessel on a given course 6(t) it is advisable to choose in such a way that the
loss of velocity be the minimal one. In order to find an optimal law of control for a rudder
plant and the projection of optimal autosteering that automatically realizing this law we
can apply an optimizations theory of root — mean square functionals that has been given
in books [35], [61].

For tanker "Kazbek" an optimal law of a control of steerage is of the form:

690D? + 61,2D + 2,5
0,973 —0,06D
In a book [35] a method of giving a formula (172) can be found. Here it is shown that
really a control law (172) secures a stable movement of a vessel in its course on condition
that vessel parameters are equal to calculated ones. But a control law (172) does not
secure parametric stability.

u = [690D* 4 17,2D —

16 (172)

Really, suppose that vessel parameters have deviated from computed ones by small
values and its mathematical model (169) has become:

[690(1 + 1) D? +17,2(1 + £2) D)0 = u + ©(t) (173)

If we substitute into formula (173) instead of its expression (172) we shall obtain:

[—41,4, D% + (690 + 690e; + 1,03e4)D + (61,2 4 16, 75)D + 2,5]0 = (0,973 — 0,06D) ¢

(174)

From formula (174) at once follows that already during infinitely small £; > 0 stability

os lost since a necessary Stodola condition of stability. A control law (172) for a practical

use is not suitable. The computation result during rating parameters values for which the

movement of a vessel according to a course is stable and it will substantially differ from

an actual movement. Already during infinitely small ¢ > 0 the movement will become
unstable.

In order to guarantee reliability of results in computationing we can slightly change
parameters of a mathematical model or a spectrum of perturbing interaction. Here,
naturally we shall obtain another control law (here we shall, surely, obtain another law of
control). Such changes are lagimate approximations of experimental data about spectra
of a rough sea with an approximately similar degree of approach describe real perturbing
interactions on sea vessels.

For optimal control a question of securing parametric stability has been in details

developed in [33] and [61] if a control object is posed in the form of the following
mathematical model:
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A(D)x = B(D)u + ¢(t) (175)
where = — controlled value, u — controlling interaction, A(D) and B(D) — arbitrary

polynomials from differentiation operator D = pre Here a degree of polynomial A(D) is

equal to n, a degree of polynomial B(D) is equal to m and a spectrum of perturbing
interaction ¢(t) is approximated by an even rational fraction:

2p 2p—2
AW 4+ Qp_qw + ...+ a
Sp= T ° (176)
byw?P + by w21 4 ...+ by
then a control law that secures a minimum of a root mean square functional will
guarantee parametric stability only in such a case when Yu.Petrov criterium is satisfied.

p>m+q—1 (177)

where m — a degree of polynomial B(D) in a mathematical model of a control object
(175), p — a half part of a numerator in an analytical approximation of spectrum (176), ¢
— a half part of a denominator degree in approximation (176).

For a mathematical model of tanker "Kazbek" (169) we shall have m = 0. For
Rakhman-Firsov spectrum (170) we have: p = 0,g = —2. Since 0 < 04+ 2 = 1 Yu.
Petrov criterium is not satisfied and we can at once say that a control law (172) that
applies a perturbing interaction with spectrum (170) will not apriori secure stability.

In order to secure parametric stability it is conventient to change spectrum in analytical
approximation and thus — a control law. Since frequency characteristic of tanker "Kazbek"
is almost completely in such a part of spectrum (171) where it is as yet almost constant
and where it very slightly depends on frequency w then it is possible (as it was proposed
already in [64]) to approximate a spectrum of perturbing interaction simply by means of
a constant value:

S,(w) = C. (178)

Such an approximation corresponds to p = 0 and ¢ = 0. For these values p and ¢ Yu.
Petrov criterium is satisfied. To spectrum (178) corresponds the following control law:

uy = —[43,6D + 2,5]6 (179)

Surely, the simplifying of analytical approximation in a spectrum can increase the loss
of velocity but not much. In a publication [64] on page 137 a computation has been carried
out that shows that if a true spectrum of a perturbing interaction exactly corresponds to
formula (170) then even in this case during the computation of a regulator the change of
spectrum (170) by spectrum (178) will increase velocity loss only by 9, 7%.

In order to take into account slowly changing components in perturbing interaction ¢(t)
that have not been taken into account spectrum (178) an autosteering has been added by
an integrating link with a small intensivity coefficient. And a control law becomes:

0,005

uy = —[43,6D + 2,5+~ (180)
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On the basis of formula (180) for a long period of time (up to the appearance of digital
control systems) a structure of automatic steering was realized. In its foundation lies a
parallel connection of differentiated, intensifying and integrating link. This structure has
been often used during the projection of automatic steerings. A specific numerical value
of intensification coefficients in automatic steerings depend on a displacement of a vessel.
Its velocity weight of water above courpses. And they have been computed by a methodics
given in [64], pp. 132-149.

Additional materials on projection and computation of automic steerings that secure a
small number of rearrangement of steering, the exactness of looking after the movement
by a river channel etc. and at the same time invariably preserving parametric stability
are given in [62], pp. 215-226 and in [35], pp.243-248. There are also given examples that
guarantee parametric stability and reliability of computing algorithms for many other
optimal control systems.

It is necessary to note that just in the theory of optimal control systems a problem of
securing the reliability of computing algorithms used during projection is sharp. Really,
if we try to secure optimal and the best quantity of work in control systems we inevitable
approach to the limits of stability and about this important problem it is always necessary
not to forget.

The experience in projecting and computing of safely working optimal control systems

can be applied during computing other technical objects as well — and they must not be
(by all means) optimal.
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- 834. The check of stability preservation in system of the type
X = AX during finite variations of elements of coefficients matrix.

In this section we shall turn to the investigation of stability in different objects during
finite (not infinitely small) parameters variations of mathematical models for real objects.
During the analysis of these variations influence on stability we shall widely apply methods
given in the first part of the book and in particular — we shall use "tables of signs" of
determinants. They will allow to establish the largest velocity of increasing or decreasing
of determinants.

It is well-known (see, for example, [66]) that the investigation of stability of the
majority of objects can be reduced to the investigation of their mathematical models
in a linear approach.

The most convenient and the most often used form of writing a system of equations
for an object in a linear approach is a vector-matrix form:

X —AX =0, (181)

where X — a vector of investigated variables xi(t); xo(t);...;x,(t) that describe the
behavior of an object, A — a square coefficients matrix of a system of a measure nxn. Also
often an equivalent form of writing is applied:

X = AX (182)

Elements in matrix A depend on object parameters and are determined by them.
In §7 as an object a regulated electrodrive was considered (equations (52)-(56)) whose
mathematical model in a normal Cauchy form can be written in the form of following
three equations:

. ko + ki ks k4
Ty = — Tl — —Tg— —T3
.’tg = XT3
fg = —(062 + /B2>$2 — 2OéLL’3

where x; — a deviation of rotation frequency in an electrodrive from a rating one, xy
and 3 — auxillary variables that were introduced in order to take into account a spectrum
of perturbing interaction according to formulas (53)-(55) of the first part of the book, kg —
a coefficient of a viscous friction, ki; k2 and ks — coefficients of strengthening of a regulator
(56). In order to reducing to a normal Cauchy form of equations (52)-(56) a variable x,
is excluded that is in equation (56) and variables z3 and x, are transformed into xo and 3.

For system (183) a matrix A is of a form:

kot k ks ks
m m m
0 —(a?+ %) -2«
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and here we clearly see the dependence of matrix elements on object parameters.

Another example (in [65], p. 255) it is shown that equations for an electric chain that
consists of a successive joining of active resistance R, induction L and capacity C' can be
written in the form of equations

) 1

T1 = —=T2
' Lo (185)
Lo = —I1 — E$2

where x; — tension in capacity and xo — flow coupling of induction. In this case matrix
A will become:

1
0 ———
A= O (186)
Lz

Examples of forming equations systems in a normal form and matrixes A for a more
complex systems are given in many other text-books.

As we have already shown in previous sections a normal form of writing equations can
be obtained from different initial equations systems by means of equivalent transformations.
Therefore it is necessary to note whether during equivalent transformations some
important properties of equations have changed and in particular — parametric stability.
Earlier it has been shown that if system (183) was obtained by equivalent transformations
from equations that corresponded structurally to a scheme shown on figure 12 then these
transformations had changed a parametric stability. And an initial system (and thus —
a real object) has lost stability during infinitely small deviations of parameters from
calculated values. But equations (183) do not possess this property and therefore do not
reflect real behavior of an object during infinitely small variations of parameters.

Therefore the first step in investigating a system of the form (181) must become
— to check whether during equivalent transformations have changed a property of its
parametric stability. In previous sections we have in details said about this necessary step
of our investigation.

Now let us suppose that the first step of checking has been carried out and we have
seen that during infinitely small deviations of parameters from calculated values do not
occur and we can turn to the second step of computing stability — the investigation of
preservation (or not preserving) stability of system of the form (181) during small (but
finite) variations of coefficients in matrix A.

These small finite variations are inevitable since due to a finite exactness of manufacturing
any real technical objects their real parameters will inevitably differ from calculated values
by finite values. And in the course of exploitation of an object additional variations will
arise.

The resulting parameters variations in an object (and thus — elements in matrix A) are
different in values and a sign (they can be either positive or negative). An absolute value of
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possible coefficients variations usually can be if only estimated from above while analizing
the exactness of manufacturing an object and possible maximal values of variations of its
parameters in the course of exploitation. At the same time a sign of coefficients variations
most often cannot be at all predicted.

Us a whole we can only state (as a rule) about each of matrix A elements in equations
(181) that they are included in intervals:

aij(1 — i) < @y < ai;(1+ &) (187)
where a;; — a true value of elements a;; that is not known to us; a;; — a value that was
accepted during the calculation ¢;; — a number that is small in comparison to a unity.

Let us start the investigation from the most simple (but the most dangerous) particular
case when all ¢;; are equal in an absolute value (i.e. — for all ¢ and j |e;;| = €) but their
signs do not depend on each other.

Later we shall see that if ¢ is unchanged stability or instability of system (181) it is
necessary to investigate it fundamentally during the most unfavourable combination of
signs €;; which must be first of all be found. It is not easy to find these unfavourable
combinations since a number of possible combinations of variations signs ¢;; increase very
quickly with the increase of an order if n system (181) since a number of combinations
k is equal to 2", When n = 2, k will be 24 = 16, when n = 3, k = 2° = 512; if n = 4,
k=216 =65536,if n=>5,k=2%>3-10" and if n = 6, k = 236 > 10'2.

It is clear that at such orders of n matrix A in system X = AX which occur in
technical problems a direct sorting out is often cannot be carried out even for the most
quickly operating computers.

Therefore instead of investigating matrix A usually we resorted to the investigating of
its characteristic polynomial which as it is known is equal to a determinant:

aip — A 192 A1n
921 99 — Ao a9
n (188)
An1 Ao cee Qpp — A

A characteristic polynomial of matrix A (at the same time it is a determinant of the
form (188)) is a polynomial of an order n whose coefficients are functions of elements
in matrix A. In particular a free member of a characteristic polynomial is equal to a
determinant in matrix A — i.e. a determinant of the n-th order and coefficients before
other members can be expressed by means of determinants of less orders consisting of
elements of matrix A. A characteristic polynomial of a measure 2x2, i.e. a determinant

aj; — A 12
a2 age — A

can be written in the form:

11 Q12

/\2 — (CLH + CLQQ)/\ +
21 A22

a
a
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coeflicients in A can be considered as a sum of determinants of the first order — numbers
aiq and aga.

A characteristic polynomial the nth matrix of a dimension 3x3 — i.e. a determinant

a;; — A ai2 a13
az A — A  ags (189)
a3 a32 asz — A

can be written in the form:

@11 A12 ailp as Q22 A23
—)\3 — (Clll -+ 929 + a33)A2 + ( ))\‘1‘
Q21 A22 a31  a33 a3z 33
ain G2 13 (190)

+ |Q21 Q22 Q23
a31 dazz G33

A characteristic polynomial in matrix (measure — 4x4 can be written in the form:

A — (ay1 + ago + ass + ag) N3 + ( ann Qi ail i3 a1y Qg Q22 Q24 A2
21 G22 az1 ass A41  Gy4 G4 (43
a1 G12 013 G11 G122 A14 ail Ga13 Q14 Q22 (23 (24
—(lag1 aga ass| + a1 e as| 4 |a21 agz Goa| + |azz ass ass|) A+
31 G32 ass a31 a32 (a34 az1 a3z (34 Q42 Q43 Q44

ap; Qi2 a3 a4

4 Q21 Q22 G23 Q24

az1 ag2 az3 a34

Aq1 Q42 Q43 Q44
(191)
Similarilly for matrix of any order (nxn) coefficients in all degrees An — r can be
expressed by determinants. As it is known (see, for example, [70], p. 400) a coefficient
in A"~% is equal to a multiplier (—1)" taken with a sum of main minors of nth order in

determinant of a matrix.

If elements of matrix A undergo variations and they are posed by intervals of their
possible values — i.e. by inequalities (187) then even coefficients of its characteristic
polynomial

(=1)" A" + ap A"+ L+ ag (192)

will also be in some intervals:

a; < a; < a (193)

where a; — is the least possible value of coefficient a; in a characteristic polynomial and
a; — the largest value from possible ones.

The problem of system (181) stability during elements variations of matrix A can be
now reduced to the check of Hurwitz polynomial (192) whose coefficients satisfy conditions
(193). Here we can also act by means of a direct sorting out and carry out a check of all
possible combinations of coefficients a, and a; to be a Hurwitz ones. A number of all
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possible combinations is equal to 2". It’s less than 2" but too much all the same.

A decisive break in simplifying the solution was carried out in 1978 by an employce of
an applied mathematics — control processes department of St.Petersburg state university
V.L.Kharitonov. In [63] he has shown that in order to check stability of an interval
polynomial — and any polynomial of the form a,\" + a,_ A" + ... + a, as well whose
coefficients satisfy conditions (193) it is sufficient to check that only four polynomials —
just polynomials

A"+ a, A" a, AR Gy 3T 4 (194)
A N A Gy AT Ay o N, AT L (195)
A A" + Gy A", DANTE A, AT (196)
A, N+ a, AT Gy o AT A Gy s\ T (197)

are Hurwitz ones. Sometimes they are called "summit" or "angular" polynomials.

An article by V.L.Kharitonov has received a worthy fame. There appeared a lot of works
(see |67, 68, 69]) and many others dedicated to the same subjects that were continuing
and developing results by V.L.Kharitonov.

Great efforts have been turned to try solving a similar problem of checking stability
for systems (181) or (182) during variations of matrix A coefficients (without turning to
the investigation of a characteristic polynomial of a matrix). Coefficients in characteristic
polynomial are connected by such relations with coefficients in a majority of mathematical
models for real objects that are too complex. In systems (181) and (182) these relations
are more simple. Therefore the solution of a problem of checking stability directly for these
systems (if we take into account variations of their parameters) has been during many
years a tempting aim of a lot of investigators. See publication [67; 68; 69] and many others.
But the problem has turned very difficult and a methodics applied by V.L.Kharitonov for
polynomials in this case has not obtained any success.

In order to solve this difficult problem we shall apply results given in the
first part of this book

As it is used in a series of text—books we shall write a characteristic polynomial of
matrix A in system (181) equal to a determinant (188) in such a way that a coefficient in
its higher member, in A\ be equal to +1. For this it is sufficient to multiply a characteristic
polynomial (188) by (—1)™ which will not change neither its roots nor stability conditions.
Then a necessary condition of stability of system (181) with such a form of writing
a characteristic polynomial (Stodola condition) will become the following simple form.
Coefficients in all its members (including its free member — a coefficients in A in a zero
order — equal to a determinant of matrix A multiplied by (—1)") must be positive. If
we use the writing of a characteristic polynomial in the form of a determinant (188) and
without multiplying it by (—1)" then Stodola condition is written in a more complex form
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and undergraduates memorize it in a worse way.

If we apply such a form of writing in a Hurwitz characteristic polynomial its free
member (—1)"ay equal to a determinant:

ay; aip ... Qip
(=1)" - Q21 Q22 ... Qd2p (198)
an1  Ap2 ... Qapp

is by all means positive. During variations of determinant (198) elements stability of
a characteristic polynomial can be lost the more quickly the more quickly will diminish a
free member. As soon as it achieves a value 0 stability will be lost. But in the first part
of the book (and earlier in publication [6]) we have established that if absolute values in
variations are the same a determinant (198) will diminish with the largest velocity in such
a case if signs of variations of its elements correspond to its "inverse table of signs".

Hence at once follows a simple algorithm for checking necessary conditions for stability
of systems (181) and (182) during variations of elements in matrix A. By using estimates
of absolute values of numbers ¢;; (|e;;| < € mae) I equalities (187) we put their signs
in correspondence with "an inverse table of signs" in a determinant (198) and we shall
compute the determinant:

au(ligu) (112(1:&612) aln(]_:l:€1n)
1) (199)

anl(lisnl) ang(lﬂ:c‘fng) a,m(ljzenn)

we must take into account signs of ¢;; that correspond to "inverse table".

If here a determinant (199) turns out to be not positive then system (182) by all means
can loose stability during unfavourable combinations of absolute values (in the limits of
(€ij < €ij maz) and signs of elements matrix A variations.

If determinant (199) is positive it can be advised to additionally investigate determinants
variations that enter into coefficients of other members in a characteristic polynomial —
from a member with the first degree A up to a member with A\*~!. Theoretically it is
possible that in a free positive member of a characteristic polynomial some of its other
members (computed while taking into account variations of elements a;;) will become
not positive — but this fact is rare — since as it has been said in the first part of the
book — during the same absolute values of elements variations a velocity of diminishing a
determinant increases with the increase of its order.

Therefore a free member of a characteristic polynomial is sensible to elements
variations. And in practice often are content with checking the fact that its sign during
parameters variations has not changed.

Examples.

Let us consider a system of equations:
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i’l = —7£C1 — 61’2
jfg = —8$1 — 75(72} (200)
with characteristic polynomial:
2 76 2
A+(7+7)+8 P =AM+ (201)

having negative roots A\; o = =7£+/49 — 1, \; = —0,0718, Ay = —13,422. If coeflicients
in system (200) that have rating values are stable but it can loose stability during their
variations. If variations of all matrix elements do not exceed +¢,, from their rating values
then the most unfavourable combination of their signs will be such that corresponds to
"an inverse table of signs" in a determinant

7 6
’8 7 1' (202)
that is of the form:

(203)

"An inverse table of signs" for determinant (202) as well as a universal one for all
determinants of the second order with positive elements we have already computed in the
first part of own book.

If we compute a determinant with variations
T(1—en) 6(14¢cn)
8(1+em) 7(1—¢en)

we can state that it has for the first time turned into zero when ¢, = 0,005155. This
means that if £,, > 0,005155 a system (200) can already loose stability.

=1 — 194e,, + €2, (204)

By computing a value of the second member of a characteristic polynomial during
variations of parameters we can state that during the most unfavourable combination of
variations signs a coefficient in the second member will be equal to

14 — 2¢,, (205)

and it will change a sign only if €, = 0,1428 that is much more than a variation
that changes a sign of a free member. As said before the most dangerous (in relation to
a possible loss of stability) turn out to be variations of elements in a free member of a
characteristic polynomial.

Thus when ¢, < 0,005155 the system will apriori preserve stability but if ¢, >
0,005155 stability can disappear. If variations have obtained only elements of the high
line in determinant (202) if the same the most dangerous for stability "inverse table of
signs" (203) turns into

T(1—em) 6(1+ey,)

; 2 =1-97e, (206)
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1
then in this case system (200) can loose stability when ¢, > 9 = 0,0103 and it will
preserve stability if €, < 0,0103.

Similarilly we can check stability preservation not during relative but during absolute
variations of elements a;; in matrix A in system (179) when they, for example, are
subjected to inequalities:

CLij — ‘gij| S (_lz’j S CLZ'j -+ |€ij’7 (207)

where @;; are true and not known to us coefficients values, a;; — rating values that are
used during calculations and ¢;; satisfy the inequalities:

leij] < €ijm (208)

where €;;,,, — values that are small in comparison with a;;.

Example 2. For system (200) if inequalities (207) and (208) are taken into account "an
inverse table of signs" will preserve a form (203) and if all elements in matrix A have
obtained variations +¢,, then if a "table of signs" (203) is taken into account a matrix
determinant will become:

7T—éem 6+em|
‘8+€m 7| = 1 —28¢, (209)

1
and the system can loose stability if &,, > 8= 0, 0357.

If a combination of signs is not the most unfavourable for preserving stability and it is
not corresponding to "an inverse table of signs" then during the same absolute values in
variations stability will be preserved. So, for example, if all variations of matrix elements
have one and the same negative sign then a matrix determinant will become:

T—¢em 6—cm

§_e. 7_€m:1 (210)

and it will not depend on ¢, and coefficient in the second member of a characteristic
1

?.

Example 3. Let us consider system (182) with matrix of a size 3x3:

polynomial equal to (7 — e+ 7 — ¢) will change a sign in ¢, =

1 2 3
A=—-1(4 1 2
3 45

(211)

If there are rating values of coefficients a free term of a characteristic polynomial is
equal to:

(212)

w s =

A= N

TN W
Il
[e?
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but during variations of determinant elements it can change a sign. In example 3 we
again consider relative variations subjected to inequalities (187). A determinant (212) has
already been considered in part 1, §6. There its "direct" and "inverse" tables of signs
have been computed. "An inverse table of signs" for determinant (212) is of the form:

+ 4+ -
- + - (213)

- - +
In the same place in the first part of the book, in §7 it has been stated that if all
variations of determinant elements are equal in an absolute value, i.e. - |¢;;| = &, but

their signs correspond to "an inverse table of signs" (213) then determinant (212) will for
the first time turn into zero when ¢, = 0,0515. '

This means that if €,, > 0,0515 stability of system X = AX with matrix (211) can
disappear.

Note that as it has already been shown in part one when ¢, are the same the velocity
of a decrease of a determinant will be the largest if signs of variations in all determinant
elements are independent. If signs of variations are connected between themselves by any
dependences then a determinant decreases more slowly and losses of stability in system
(182) occurs later.

Now let us write (in a complete way) a characteristic polynomial of matrix (211) on
the basis of formula (199) but we must reduce the polynomial (by multiplying by (—1)")
to a form that the higher member remains positive.

We shall obtain

1 2 13 1 2
4 1 3 D 4 5

=M 4+ TN+ 141+ 8

>\3+(1+1+5))\2+(‘ ’+‘ '+‘

1 2 3
A4 1 o2=
‘) 345 (214)

Again it is not difficult to see that the change of a sign in coefficients of A2 and \ can
occur only during much more large (in an absolute value) variations of elements of matrix
(211) in comparison with variations that are able to change a coefficient sign if a degree
of A is zero (of a free member).

As it has been shown in the first part of the book if there are the same absolute
values in variations of determinant elements it changes the quicker the higher is its order.
Therefore (as we have already said) during the check of preserving necessary stability
conditions often we limit ourselvesley by checking a free member although surely it is
advisable to check coefficients in other degrees of A as well.

Let us also note that if variations of elements of matrix A in system (182) are
independent there is very little probability that a combination of signs in variations
corresponding to just "inverse table of signs" is realized. Besides it may also correspond
to the largest possible decrease of a determinant.
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1
This probability is equal to o and it quickly decrease with the growth of n.

Therefore when, for example, during the investigation of example 3 we have established
that if ¢, = 0,0515 a free member of a matrix can be equal to zero and stability is lost

1
but the loss of stability here is improbable (probability is equal to 7 = 5@) But, for

example, when ¢, = 2-0,0515 and in table of signs (213) a determinant (212) will already
obtain a value that is near — 10. This means that such a value of a free member can be
realized not only by one unique combination of possible signs of variations (a combination
that corresponds to a table of signs in (213)). But it may be realized by means of very
many combinations and thus (it’s important!) now the loss of stability will not have a
nonsmall possibility at all.

It would be very useful to compute exact probabilities of stability loss in ¢, that are
by k times such ¢, in which a free member will for the first time reach a value zero. But
this question will be investigated later.

Surely, if during parameters variations any of coefficients in characteristic polynomial
(multiplied by (—1)") of system (182) has become negative or equal to zero this means
that a necessary condition of Stodola has been broken and a system is apriori unstable.
But system (182) (if » > 3) can be unstable in all positive coefficients of a characteristic
polynomial as well (multiplied by (—1)").

In order to obtain a more firm in preserving or not preserving stability in system of
the form (182) during variations elements of matrix A it is adised to check the fulfilment
of necessary and sufficient conditions that a characteristic polynomial is Hurwitz one.
During such a check methods of computing help the largest and the smallest values of
determinants that enter into formulas (190), (191) (and such ones if n > 4) during the
variations of determinants elements. These methods have been stated in the first part of
our book.

Example 4. Let us again examine system (182) with matrix (211). Let us suppose that

all elements of a matrix can undergo variations that are equal to 100 from an initial

value (i.i. g, = 0,01) and let us put a question whether an investigated system preserves
stability during such variations.

By applying a methodics given in the first part and by using there "a direct" and "an
inverse" signs table for a determinant

1 2 3
4 1 2 (215)
3 45
and for determinants
1 2 |11 3| |1 2
‘4 1”3 5" 4 5‘ (216)

that enter into formula (214) we shall easily compute that when ¢, = 0,01 and we
shall obtain:
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1(1£0,01) 2(140,01) 3(1+0,01)
6,3804 < [4(1£0,01) 1(140,01) 2(1+0,01)| < 9,6604 (217)
3(1+0,01) 4(1+0,01) 5(1+0,01)

and similarly

1(1£0,01) 2(1=£0,01)

~T1207< 10 T 0 or) (11 0, 01)| < 068007
- 1(1£0,01) 3(1£0,01)| _

13800 30 0 on) By o on)| < 37204 (218)
B 1(1£0,01) 2(1%0,01)

32003 =141 40,01) 5(1+0,01)] S 27403

and thus a coefficient in the third member of a characteristic polynomial during
parameters variations will be in the limits:

1 2
4 1

1 3
3 5

1 2

13,2614 < (‘ L

|

+ ‘ ‘) < 14,7214. (219)
A coefficient in the second member of a characteristic polynomial (in a member with
A?) will be in the limits of

6,93 <[1-(1£0,01)+1-(14+0,01)+5-(1+0,01)] <7,07 (220)

Thus during parameters variations coefficients in all members of a characteristic
polynomial (multiplied by (—1)™) remain positive and a necessary Stodola condition has
been fulfilled. It remains to check the last condition (which together with Stodola condition
will be necessary and sufficient): the product of middle members of a characteristic
polynomial must be more than a product of extreme members. It is sufficient to also
check such combinations of variations signs at which middle members are the most little
from possible ones but the lost ones — the largest, i.e. it is necessary to check the fulfillment
of inequality:

6,93 - 13,2614 > 19,6604 (221)

Inequality (221) is certainly fulfilled. And this means that system (182) with matrix
(211) when variations of its elements are relative that satisfy a condition |g;;| < 0,01
preserves stability.

Note that carried by us a check is very "strict" as we have supposed the possibility
of such combination of signs variations at which simultancously the second and the third
member of a characteristic polynomial reach minimally possible values and the fourth
member reaches a maximally possible value. But this admission (persistent calculations)
leads to have a reserve for a reliable conclusion about preserving stability.

Making this note we can propose the following algorithm of checking the preservation
of stability in system (182) for matrix A (3z3) during variations of its elements in a
characteristic polynomial (multiplied by (—1)3) and compute during known estimates of
|ij| the largest and the smallest values of determinants that enter into formula (190).
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If the most small values of coefficients in all members of a polynomial are positive and
a product of the least small values of coefficients in middle members of a polynomial is
larger than the most large value of a free member then the system will apriori preserve
stability.

Similar algorithms can be formed also for systems of the type (182) with matrixes
whose measure are more than 3x3.

Let us also note that during the computation of stability it is necessary to take into
account a specification given in the first part of our book: "tables of signs" during
variations of elements in determinants preserve their form up to the time when algebraic
additions of elements do not change their sign. Although for the majority of determinants
algebraic additions preserve their sign during elements variations but there exist special
cases when even during a small increase of variations algebraic additions change signs and
this fact leads to the change in "tables of signs" . Although such special cases occur rarely
it is necessary to take them into account in order to secure that computations be correct.

The above material has shown that "tables of signs" in matrix A of system (182) can
greatly help us in solving the following two problems:

1. to depict such systems which already due to checking results of sign in a determinant
of matrix A can apriori loose stability during some variations of matrix A elements. If
during matrix elements variations it turns out that (—1)"-det A > 0 then the system can
be after variations of elements stable and unstable.

2. it is necessary to depict such systems that during given maximal (in their absolute
value) variation of matrix A elements preserve stability.

The first problem is easily solved the second one — is more difficult. Therefore we can
apply "a table of signs" first of all in order to minimize a value of computations by
applying more complex methods of depicting such systems that preserve stability during
variations of matrix A elements only for systems that have not endured a simple check in
preserving a sign in its determinant.
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§35. The synthesis of control systems with good reserves of
stability.

Recall that we call an optimal system of control such a system that is the best one
from all possible according to some quality criterium. There is a lot of quality criteria.
They can be quick-operating systems, a damping velocity of a transient processes, a small
reregulation etc. All these questions have been in details considered in text-books and
monographs on automatic control, optimal control and in the following books: [35], [42],

149], [58], [61], [62], [64], [65], [67], [68], [69] etc.

Any real control object must, be by all means, satisfy not one but several quality
criteria. Since in practice always an object that is the best from all possible ones cannot
(as we know) cannot be the best according to one quality criterium and at the same
time it cannot be best according to other criterium then usually we act in such a way.
The main, the most important for this object quality criterium is chosen the control is
computed that is sufficiently good (or optimal) in this criterium. And then we look in
what degree this control secure an accepted value of other qualities criteria. If a value
of some criterium turned out to be inacceptable then a control is changed by sacrifying
a part of a value of the main criterium and try to achieve a good compromise between
different quality criteria. In more details this question was examined earlier in [35], p.p.
132-158 and 200-234 and in many other books.

There exist such control objects for which the main (although, surely, not the only
one) quality criterium is a value of stability reserves (to them we can, for example, regard
objects in which their parameters can greatly change in the course of exploitation). We
shall examine such control objects whose mathematical objects are systems of equations
(182)—(183) but to which control interactions have been put. Therefore their mathematical
models have a well-known form in a control theory:

X = AX +BU (222)
where U — vector-column of control, B — vector-column of coefficients for regulators.

These systems in initial state without control can be stable or unstable.

The control must, first of all, secure stability of a system if without control it is unstable
and, secondly, it must secure stability during variations of matrix A parameters

Let us consider control that is formed according to the principle of an inverse connection
and that linearily depends on X:

U=KX, (223)

where K — vector-line of amplification coefficients in each of channels of an inverse
connection. An object whose mathematical model is equation (223) is called a linear
regulator with inverse connection. By closing system (222) by a control (220) we shall
obtain an equation of a closed control system

X = (A+ BK)X, (224)
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where BK — a matrix of dimension nxn (it’s a product of vector-column by vector-line).

Due to the choice of vector K elements undertaken by an engineer and who projects
a control system we can secure any values of matrix BK elements. Thus let us consider
how it is necessary to choose their values in order to secure stability preservation during
variations of parameters that are the largest in an absolute value and during the most
unfavourable combination of their elements.

Let us return to the investigation of system (200) with a characteristic polynomial
(201). In previous section we have already stated that the system is stable but it can
loose stability during variations of elements in matrix A that are only from a part of
0,5155% their rating values.

Surely such stability reserves cannot be considered sufficient. An object whose
mathematical model is of the form (200) will work unreliably. And it is necessary to
greatly increase stability reserves. As we have already said this can be carried out at the
expense of a control with an inverse connection and at the expense of a choice of values in
elements of matrix BK in equations (224). For a system (200) consisting of two equations
this matrix has only four elements:

_(Cu Chy
BK = (021 022) (225)

But already in this the simplest case a choice of values C;; that increase stability is
not at all trivial.

By picking out different values of elements Cjq; Cho; Caq; Cop of matrix (225) at the
expense of a choice of coefficients in amplification regulator (223) we can increase stability
reserves and also — decrease them. And we can (in general) make U projected object of
control unstable.

Example 4
If matrix (225) is chosen in the form:

(_11 _11> (226)

then if we take into account a control object (200) that is closed by a regulator that
secures matrix (226) this object will be described by equations:

i1 = (=T+ 1)z + (=6 — )ay = =621 — Tz (227)
g = (=8+ 1)y + (=74 1)xe = =921 — 6o
with a characteristic polynomial:
M4 (6+6A+|g o =A7+120—27 (228)

and instead of increasing stability it will become unstable.
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Surely, for systems that consist of two equations it is rather easy to find a form of
matrix (225) even ley means of sorting out. This matrix secures the increase of stability
reserves but for systems consisting of three, four or more equations difficulties increase
quickly. Apriori no sorting out we can’t do.

In order to solve this problem the main help will be (described in the first part of
our book) "a direct" and "inverse tables of signs" in determinants that secure the largest
velocities of the increase ("a direct" table) and decrease (an inverse table) of determinants
while they change its elements.

Example 5

In previous section we have established that the most dangerous in the stability loss
factor during parameters variations in control object is the change of a sign in a free
member of its characteristic polynomial — a determinant of matrix A in system (182). Let
us recall — as it is said in a previous section — that we are examining such characteristic
polynomials (that are reduced to a "routine" form) when a coefficient in a higher member
is positive and — thus a necessary condition for stability is a positivity of a free member.
Hence it follows that in order to increase stability reserve it is useful to increase a free
member at the extent of controlling interactions — and from the point of mathematics —
to increase a determinant of matrix A in system (182) at the extent of adding to matrix
A matrix BK — as reflects formula (224). It is only necessary that an addition of matrix
BK in formula (224) by all means has increased a determinant of matrix A + BK in
comparison with a determinant of matrix A. The above example 1 has shown that while
adding matrix BK a determinant cannot increase but even decrease.

In order that the choice of matrix BK be correct note that "a direct table of signs"
for matrix A determinant of system (201)

'_7 _6‘ (229)

-8 =7

is of the form:

(230)

Hence in order to increase a free member it is necessary that in matrix (225) elements
C11 and Cyy be positive and elements C15 and Css — negative. In order that it will be
convenient to compare with the above example 1 let us choose matrix (225) in the form:

(_11 _11> (231)

In this case equations in system (200) (if we take in to account a controlling interaction)
will become:

iy = (=7— 1)z + (=6 + 1)zg = —8z; — 5x2} (239)

o= (=84 1)z + (=7 — 1)zg = =Tz — 819

A characteristic polynomial in system (232) will be equal to:
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8 5
78

which means that system (232) is stable.

)\2+(8+8))\+‘ ':)\2+16)\+29, (233)

Now let us compute its stability reserves during variables of matrix A elements of an
initial system (200). Suppose that relative variations of all its elements by an absolute
value are equal to €.

If we take into account these variations and control equations of system (200) will
become

v1=[=T(1+e) — oy + [-6(1£e) + 1]1’1} (234)

xo = [-8(1xe)+ 1oy + [-T(1 L&) — 1]zs

Now in order to calculate stability reserves it is necessary to find the most unfavourable
combination of variations signs +e in system (231) — it corresponds to a table of signs.

— +

o (235)

at which a free member of a characteristic polynomial in system (234) if there are the
most unfavourable signs of variations in its elements becomes:

8—Te 5+ 6g| 2

‘7+85 g _ 7o =29 194e + &7, (236)
From formula (236) it follows that if

0<e<87—v87—29=0,1688, (237)

a free member will be positive and only when € > 0, 1668 it can become negative and
then stability of system (234) can disappear.

In previous section we have already examined stability reserves in system (199) without
the control and we have seen that without the control stability is preserved only during
coefficients variations satisfy an inequality:

0 <e<0,005155 (238)
Thus a correctly directed controlling interaction of a rather small intensity increased

stability reserves by more than 32 times — from ¢ = 0,5155% up to € = 16, 68%.

By all means it is necessary to check at that € a sign in the second member of a
characteristic polynomial in system (234) can change — at member ¢ with the first degree
A. But this member is equal to

(8 — 7e +8 — Te) = 16 — 14, (239)

and it can change a sign only when € > 1,14 that is much more than a variation that
can change a sign of a free member of a characteristic polynomial and thus — to change the
system stability. In our example — as in all other previous ones the most dangerous source
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of stability loss is a change of a sign in a free member during variations of parameters in
a control object.

Note that in examined examples we have not taken into account variations of
parameters in regulator U = KX. Certainly we can take into account even them
but parameters variations in a regulator almost always are much less than parameters
variations in a control object. And therefore on the first step of investigation we can
suppose that they are equal to zero.

Recommendations on control synthesis that increase stability reserve

A given material allows us to give the following recommendations on the synthesis of
control that secures the increase of stability reserves and improving the safety of objects
work whose parameters can greatly change in the course of exploitation

1. The first step is to form "a direct table of signs" for a determinant of matrix A in a
control object whose mathematical model is of the form: X = AX + BU and to which we
can apply a controlling interaction that a linear regulator has produced with an inverse
connection U = KX where K — vector of control coefficients. After this processes in a
control system will be described by a system of equations: X = (A + BK)X;

2. While taking into account the fact that at the extent of picking out coefficients of
intensification in regulator U = K X we can realize the most different matrixes BK it is
necessary to choose such BK that it will increase elements in matrix A corresponding to
signs "plus" of "a direct table of signs" in matrix A determinant and will decrease such
elements that will correspond to sings "minus" of this table.

Note that if due to matrix BK realization of such elements matrixes A will be increased
that correspond to signs "minus" in "a direct table of signs" in a determinant of matrix
A then stability reserves will decrease and a control object can even loose stability (which
has been illustrated in example 1 of this section).

Therefore the application of "table of signs" that has been in details examined in the
first part of the book plays a big role in control theory as well. These "tables" allow us
to correctly dispose with limited resources of controlling interactions in order to increase
stability reserves.

~ Example 3. Let us consider a control object that is described by a system of equations
X = AX in which a free member of a characteristic polynomial is a determinant of the
third degree and after multiplying by (—1)? is of the form:

14 12 3
12 16 5| =4, (240)
5 4 1

For determinant (237) "an inverse table of signs" is equal to:
+ -+

-+ —. (241)

— _I_ —
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By using a methodics presented in the first part we can calculate that if all elements of a
determinant (240) have the same relative variations ¢ then during the most unfavourable
combination of signs in variations (a combination that corresponds to "inverse table of
signs") a determinant (240) can become negative already if |¢| < 0,0075. This means that
an examined system with a free member of a characteristic polynomial (240) has very
small reserves of stability. Already if € < 0, 75% stability can be lost.

Even if variations undergo not all elements of determinant (240) but only its first line
determinant (240) will become:

4(1+¢e) 12(1—¢) 3(1+¢)
12 16 ) 4 — 308¢. (242)
d 4 1

To a variation of elements of the first line corresponds "an inverse table of signs" then
in this case already when ¢ > 1,3% a determinant can become negative and stability of
an examined object will disappear.

We are sure that stability reserves of an examined system are not sufficient (even if
variations occur only in elements of the first line) and that it is advisable to increase
stability reserves. This can be done if with the help of control — i.e. with the help of
matrix BK — we increase such elements of a determinant which help its increase or — to
decrease such elements which help its diminishing.

It is quite easy to determine what elements of a determinant increases it and what —
decreases. It is sufficient to apply "a direct" or "an inverse table of signs". During the
increase of an element of a determinant that is in the place of a sign "plus" in a direct
table os signs" or during the decrease of an element that stands in the place of a sign
"plus" in an "inverse table of signs" the determinant increases.

Let us use this rule for the increase of stability reserves of a system investigated by
us. From "table of signs" (241) it is at once seen that the decrease of element 14 that
stands on the first place — in the first line of determinant (240) will increase a value of
the determinant and thus — while preserving the same variations of initial elements — will
increase stability reserves.

For example, let us choose such intensification coefficients of a regulator with an inverse
connection U = K X that it will lead to a matrix BK that is of the form:

—a 0 0
BK = 0O 0 0 (243)
0O 00

In this case a free member of a characteristic polynomial in an examined system be
equal to determinant:

4—a 12 3
12 16 5| =4+4a, (244)
5 4 1
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and if we take into account variations of coefficients in the first line of determinant
(240) and there is the most unfavourable combination of signs of these variations that
correspond to "increase table of signs" in determinant (240) a determinant (244) will
become:

14— a4+ 14 12 —-12¢ 3+ 3¢
12 16 5 =4+ 4o — 308¢. (245)
5 4 1

In the next table are given values of absolute values of variations € whose excess can
break stability of an examined system in the following table:
Table 1.

—a | -1 0 1 10
e | 010,013 0,026 | 0,143

We see that due to the choice it is sufficient to have large negative values a in matrix
(243) we can secure any desired value for stability reserve.

At the same time an error in a correct choice of absolute values or signs of matrix BK
is rather dangerous. So in an example that we are investigating a choice of matrix (243)
in which a is positive and it is equal to a = 41 ar once leads an examined system to the
boundary of stability. The reserve of stability is equal to zero but in @ > +1 the system
looses stability even in the absence of parameters variations in a control object.

A correct choice of signs in elements of matrix BK that secures the increase of stability
reserves in control system can be easily accomplished if we use "tables of signs" of a
determinant in matrix A in control system X = AX + BU, U = KX.

Note that in a control theory problems of synthesis systems with good stability reserves
have been repeatedly considered — see publications [67;68;72;73] and many others.

But as in these years there were no methods that allowed to directly synthesis regulators
that were optimal in stability reserves and to correctly choose matrix BK then indirect
methods were applied — to estimate "stability reserves by amplitude, by a phase" etc.
which surely was not at all convenient. The application of signs tables that has been in
details described in the first part of the book allows us in a new and in a much more fruitful
way to come up to the problem of synthesising control systems with good stability reserves.

At the same time it is necessary to take into account that an examined method of
increasing stability reserves works well only in systems of the form X = AX + BU that
most often occur. In them the loss of stability during variations of matrix A parameters
occurs due to the change of a sign in matrix A determinant. (It is also a free member in
a characteristic polynomial of matrix). There are also possible (but they are rare) such
matrixes A in which a sign in a determinant of matrix A + BK does not change during
examined variations of its elements in matrix A. But all the same stability is lost due to
the break of other stability conditions. Therefore it is necessary to additionally check that
a characteristic polynomial in matrix A + BK is Hurwitz one.
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Tables of algebraic additions

Note that just modernized "tables of signs" can help in the choice of matrix BK that
increases the stability reserves in the best way. Recall that in the first part of our book
it has been shown that during the change of element a;; in any determinant by value
a - A;; where A;; — an algebraic addition of element a;;. Since for the best management
of limited stability resources it is important to take into account not only a sign of an
algebraic addition but also its value it is useful to apply besides earlier described "tables
of signs" a table of algebraic additions of determinants.

So, for a determinant (240) we can easily compute that

16 5
4 1

12 5

5 1 = —32

Anz‘ ‘:—4;1412:—‘

5 4
Agy = 0; Agy = —1; Agg = —4; Az = +12; Agy = —34; A3z = 80

and "a table of algebraic additions" will become:

—4 413 —32
0 -1 —4. (246)
+12 —34 480

Hence it follows that if matrix BK is equal to:

Cin Ciz Cis
Co1 Co Cos |, (247)
Cy1 Oz Cis

then as value of elements and their quality limited it is necessary first of all to apply
element Css. If matrix BK consists of one element and is of the form:

00 0
BK=1|00 o0 |, (248)
00 Cs

then the growth of determinant (240) from the addition of matrix (248) to an initial
matrix

14 12 3
12 16 5 (249)
5 4 1
will be equal to 80 - Cs3 but if
0 00
BK=| 0 0 0], (250)
C31 0 0
then the growth will be 12 - C3; — i.e. if values C3; and C33 are the same the growth
12
of determinant will be by 30~ 20 times less and this means that the growth of stability

reserves will be also less.
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If matrix BK is such that in it only one of elements of the first line is different from
zero then it is better to choose it in the form:

0 0 Cis
BK=100 0 |. (251)
00 0

Basing ourselves on "a direct table of signs" in determinant (240) we conclude that in
order to increase a determinant a sign of an element C3 of matrix (251) must be negative.
If Ci3 = —2 then during the most unfavourable combination of signs in elements variations
of the first line of determinant (241) and during such combination of signs that corresponds
to its "inverse table of signs" a determinant (240) will become:

14(1+¢) 12(1—¢) 3(1+4¢)—7
12 16 5 4+ 32y — 308¢. (252)
D 4 1

If, for example, £13 = 1 then a determinant (252) is equal to 36 — 308¢ and stability
reserve in variations of the first line elements will be equal to ¢ = 0,117, i.e. it will increase
by nine times in comparison with v = 0. Earlier we have seen that if the only one element
in matrix BK has the same absolute value in matrix BK that corresponds to matrix
(244) stability reserve will increase only by two times.

Thus "a table of algebraic additions" of a determinant in matrix A of system (222)
allows us to manage in the best way by limited control resources in order to increase
stability reserves.

But it is necessary to take into account that during the addition to matrix A matrix
BK algebraic additions can change and this fact can limit the possibility of increasing a
determinant in matrix A (and a corresponding stability reserve) due to the addition to it
matrix BK.

Example. For matrix

A= (3 §) (253)

with determinant

3 2
det A = | 3’ =5 (254)
a table of algebraic additions is of the form:
+3 -2
-2 +3 (255)

and it shows that the determinant can be increased, for example, at the expense of
adding to matrix A the following matrix

BK = (_OA _OA) (256)
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with negative elements on an auxillary diagonal.

Really, if a = 1 we shall have

det(A+ BK) = | 3| =8
if a = 2 we shall have
30
det(A+ BK) = 0 3 =9,

but if we later increase a, for example, up to a = 3 we shall have:

3 -1

1 3|=8

det(A+ BK) =

i.e. a determinant will decrease. This is due to the fact that when a = 3 a table of
algebraic additions in matrix A + BK will become:
+3 +1
‘+1 +3' : (257)
and it will differ from table (255).
The investigation of dependence signs in algebraic additions of matrix A + BK from
BK has shown that signs of algebraic additions A5 and Az will change if a = 2 but
when a < 2 they are negative, if a > 2 they have become positive.

Hence it follows that we have chosen a regulator U = KX that is such that matrix
BK is of the form (256) then it is not necessary to increase absolute values of elements
a2 and as; in matrix more than up to a value a = 2.

At is also necessary to carry out similar checks whether signs of algebraic additions
in matrix A + BK in comparison with matrix A and also — for matrixes of such more
large dimensions than a simple matrix (253) of dimension 2x2 in an example that we have
investigated.

For matrix A of any dimension nxn in control system of the type X = AX + BU with

a regulator U = K X the application of "tables of algebraic additions" helps us to choose
a control U = K X that secures the best increase of stability reserve in control systems.
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§36. Rude and robust systems. About terms in mathematics —2.

In the first part of the book we have indicated such publicatiens in which earlier
have already investigated systems of linear algebraic equations during variations of their
coefficients. In the field of systems that are described by differential equations with a
mathematical model that is known not in a complete way it is necessary to note as the
first and the most important publication a monograph [74] that was published in 1937
and also — an article [75].

In this monograph beginning from the first pages of its "Introduction" it was stressed
that any theoretical investigation of real objects and processes inevitably requized
idealization, requized throwing of a series of factors which in some sense influenced "in a
small way" on an examined object.

The most simple case is when a mathematic model of an examined object or process
in the form of a differential equations or a system of equations sufficiently well reflects
a character of processes that occur in an examined object. But even in this most simple
case it is necessary to recall that coefficients in equations are determined almost always
from experience and because of this they cannot ideally exactly describe an examined
object. Besides in the course of time object parameters and thus mathematical model
coefficients cannot remain idially exact and unchangable. Small variations of coefficients
are inevitable and they must be taken into account the more that even small changes of
coefficients can lead to large consequences.

In more complex cases it is necessary to take into account that a chosen mathematical
model that has been chosen on the first step of investigation apriori does not exactly
determine an examined object. In these cases it is necessary to check in what measure the
behavior of a mathematical model changes during small change of a type of differential
equations that determine an examined system. Here consequences of "small" changes can
be much more striking.

In 1937 in monograph [74] for the first time put a very important question: by what
properties a mathematical model must possess in order that it can (at least — can!)
correctly reflect the behavior of real object in physics and technics? What mathematical
models must be at once thrown off as such that do not reflect the behavior of real objects?

Here is the answer that gave the anthers of monograph [74]. A real physical interest
have only "rude" systems, i.e. such systems that essentially change their behavior during
that describe the system. Only "rude" systems can serve theoretical models of real systems
(|74], p. 33). But in [74] on the same page 33 an important reservation has been made:
"these small changes will be supposed such ones which do not change an order of a
differential equation (or — just the same — they do not change a number of differential
equations of the first order if a system of n equation of the first order is investigated — i.e.
a "normal" Cauchy system of differential equations is considered.

As it was indicated in §21 an equation
et+t+x=0, (258)
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in which ¢ is small a change of equation

0-é4di+z=0 (259)

can be considered small.

A coefficients 0 in equation (259) in & has changed by a small value . And a system

Eil =T+ X2
o =1 + 2:102} (260)
with small € can be considered as a small change of system
0= T+ X2
1’2 =+ 21]2} (261)
that is equivalent to one equation:
.j?g = T2 (262)

But on the example of equations (258)—(262) that are the simplest linear equations
with constant coefficients at once it is seen that, for example, solutions of equation (258)
even if € is very small are not at all similar to solutions of same equation if ¢ = 0 when it
turns into equation =z + x = 0.

Equations with small coefficients with higher derivatives are called singular — perturbing
equations. Their solutions even if there are small perturbations with small ¢ essentially
differ from solutions of unperturbing equations (or systems). Therefore in this book
singular — perturbing equations are not considered.

It is important to stress that during small variations of large coefficients can appear
such equations that are like singular — perturbing ones. So, for example, in earlier examined
system of equations (27)-(28) while coefficients in Dz, change little in equation (28) equal
to 1 during the transfer from 1 in (1 + ¢) a system with characteristic polynomial (29)
appeared. It is equivalent to a differential equation:

[—eD* + (1 — 46)D? 4 (5 — 56)D? + (7 — 2e)D + 3]z = 0 (263)

that is in fact singular — perturbing in relation to equation

(D*+5D*+ 17D +3)x =0 (264)
but not to system (27)-(28).

This exterior similarity has led to bewilderments during the discussion of the first
publication of the book [5]. Some of participants of discussions thought that answers to
all questions that had arisen could be found in a well investigated sphere of singular-
perturbing equations. In fact there is no place for misunderstanding and confusions. It
is necessary to bear in mind that the subject of examination is not equation (264) but
a system of equations (27)-(28) in which there is not "singularities" or "variations of
zero" as well. And small changes undergoes only a coefficient in Dz5 of equation (28), a
coefficient that is equal to a unity.
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Besides in the theory of singular-perturbing equations surely are investigated only
stable solutions of equations — for equation (264) these are solutions corresponding to
e < 0. Unstable solutions in the essence do not require examination. In them everything
is clear: unstable solutions speedily increase (in an absolute value) and they increase the
more quickly the less is a module of a small value e.

But we are interested just in the possibility of quickly increasing solutions. We
investigate at what conditions and for what systems these speedily increasing solutions
appear. Such systems are not those that have been thrown away on the step of projecting
and "manufactured in metal" lead — and have not once led to wreckages and catastrophes.

The systems that we are investigating can not be called not rude. They are rather called
"a stipulation"given in [74], on page 33. But they are (so much) dangerous as "unrude"
ones since they must be thrown away already at the step of a projection. But systems that
we are considering although they are "not rude" in their time have not become a subject
of many investigations devoted to "rude" and "not rude" systems. These important
investigations first of all have been developed in the USSR after the publications |74] and
[75] and then — they were continued abroad. Investigations from USA instead of terms
rudeness "rude systems" prefored to use "robustness" and "robust systems" — from am
English word "robust" — i.e. — "strong". Later even Russian investigators also started
applying terms "robustness "robust system". See, for example, a book [68] and in many
others. Such a distortion in terms cannot be considered correct. First of all a priority of
Russian scientists is forgotten — the authors of publications [74] and [75] who for the first
time have found a new field in investigations and, secondly, in the definition of a term
"robustness" an important note given in [74| on page 33 has been omitted. The absence
of this note does not help to feel the completeness and clearness in the understanding of
a field of our phenomena we are examining.

Now let us consider a question of lawfulness in introducing a term "mathematics —
2" which in §1 of the first part of our book has been determined as "such sections of
mathematics in which inexactnesses and errors in coefficients and parameters of examined
mathematical models were taken into account". Opposing to "mathematics — 1"into which
it is useful to unite all such sections in which parameters of mathematical models (or laws
of their changes) are known and are unchanged.

Although investigations concerning uncompleteness and errors of mathematical models
have been carried out for a long period of time and especially they have developed after
publications |74], [75] there were no foundations to depict such investigations into a special
section named "mathematics — 2". In mathematics all the time a sphere of investigated
objects and processes widened. This is a usual phenomenon. Persons who investigated
objects and processes while taking into account errors in their description for long period
of time have not understood that the investigation of such objects requires new methods
of investigation that are different from those which so successfully were applied during
the examination of objects whose parameters (or laws of their change) are known and
unchanged.

And only at the end of the 20th century after publications [5], [35], [37] it has

been recognized that new investigation objects (whose coefficients are known only with
inevitable errors) require new (rather — more precise) investigation methods. It was said
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that equivalent transformations that had been so successfully and everywhere applied
earlier could lead to mistaken results and that this most important investigation method
required specifications and must be grounded in order it was possible to be applied.

Therefore a proposal appeared — to depict such sections of mathematics which differed
from other ones not only by a sphere of examined objects but also investigation methods
and it was proposed to call them "mathematics — 2" . Surely this proposal must find a wide
discussion but later it would be possible that it will be recognized and widely applied.
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