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1. KoppeJsaTHbIii c10c00 YpAaBHUBAHUS
3agaum 1 MeTOABI YPABHUBAHHUA

]_IJISI OJHO3HAYHOI'O OIIPCACIICHUA 3HAYEeHUN K HEM3BECTHBIX [mapamMcTpoOB HEO0O-
X0AuMO U OOCTATOYHO H3MCPHUTH K BemuuuH. HOCKOJII)Ky B IrcoAc3nun CymecCTBYCT
IMPUHIUII N30BITOYHOCTH HSMGPGHHﬁ, TO yuCjIo I = N - k, rac N - 4ucjao BCEX HU3ME-
PCHHBIX BCIIMYUH, ABJIACTCA N30BITOYHBIM. HpI/I 9TOM HU30BLITOYHBIE HU3MCPCHHUA OOJIK-
Hbl HaXOAWTHCA C HEOOXOIMMBIMH B (PYHKIIMOHANbHOW 3aBHCHMMOCTH. Hammyuree
pereHne B Tporecce oOpabOTKH pPe3yNbTaTOB W3MEPEHUU TIOMYydYar0T COTJIACHO
IIPUHLNIY HAMMEHBIINX KBaAPATOB, KOTOPBIA COCTOUT U3 CIEAYIOLIEr0 YCIOBHUS

[pw]=min, (1.1)

T7I€ p - BECA U3MEPEHHBIX BEJINYUH;
V - IONIPaBKU B U3MEPEHHbBIC 3HAUCHUSI.

OnpeneneHue OKOHYATEIbHBIX 3HAYECHUN MCKOMBIX BEJTUYUH MPU U30BITOYHBIX
M3MEPEHUAX HA3bIBAIOT YPABHUBAHUEM, & ATHU K€ JECHUCTBUS C COOJIOJICHUEM YCIOBUS
(1) - ypaBHMBaHHEM 110 CIIOCO0Y HAUMEHBINNUX KBAJAPATOB MIIM CTPOTMM ypaBHUBAHH-
eM.

Peanuzanusi MeTo/1a HAUMEHBIINX KBAAPATOB MO3BOJISIET PEUIUThH CICAYIOIINE
3a/1auu:

1) uckirouaeTcss HEONPEAEIEHHOCTh PEIICHUS, CBsI3aHHAs! C U30BITOUHBIM YK C-
JIOM U3MEPEHUN;

2) NOBBIIIAETCS TOYHOCTh U HAJIEKHOCTD MOJTyYa€MbIX PE3YyJIbTATOB 32 CUET OII-
TUMaJIbHOTO UCIIOJIb30BaHUsI BCEX U3MEPEHUI;

3) BBINOJHSAETCS OLIEHKA TOYHOCTH PE3YJbTATOB U3MEPEHUN U TOIYYEHHBIX
3HAUCHUMN, TaKKe QYHKIMI OT HUX.

Ctporoe ypaBHHUBaHHE MOXET OBITh PEATU30BAHO JTUOO MapaMeTPUIECKUM, JIU-
00 KOppeIaTHBIM CITOCOOaMU UJIU UX Pa3HOBUIHOCTSIMU.

OO0s3aTeIbHBIM YCIIOBUEM YPAaBHUBAHUS SIBJISICTCSI BO3MOHOCTh (DYHKIIHO-
HaJIbHO BBIPA3UTh BCE U3MEPEHHBIE BEJIMUMHBI YEPE3 YpaBHUBAEMbIE TTapaMEeTPhI.

B xoppenatHoM criocobe ypaBHUBaHUSI 3HAYUTEILHYIO POJb UTPAIOT U30bI-
TOYHBIE M3MepeHus. s mpumepa MOXKHO PacCMOTPETh M3MEPEHHUE YIJIOB B Tpe-
yrojibHuKe. J{Jig Toro, 4ToObhl OTHO3HAYHO CYIUTH O BEJIMYMHE YTJIOB TPEYTrOJIbHUKA,
JIOCTATOYHO U3MEPUTH JIBa yIJia, a TPETUM yroJl MOJyYUTh KOCBEHHBIM ImyTeM. OaHa-
KO, B T€0JIE3MUECKOM MPAKTUKE UCTIOJIb3YETCS MPUHIIUAT U30BITOYHOCTH U3MepeHuid. O
POJIM U30BITOYHBIX U3MEPEHU oTMedanoch B 1. 1.1. [loaTomy, ecinu B TpeyroiabHUKE
M3MEPUTH BCE TPH YIJIa, TO OJTHO W3 U3MEpeHui OyeT n30bITouHbIM. B ciydae cyte-
CTBOBaHUS (PYHKIIMOHATHHOW 3aBUCHUMOCTH MEX]Y OIpEeIsieMbIMU BEINYUHAMH,
BO3HUKAET yCIOBHOE ypaBHEHUE. J[JI1 TpeyrojbHUKa TaKoe YpaBHEHUE UMEET BU/I

B+ B, + B, —180° = (1.2)
r7ie fi - UCTUHHBIC 3HAYEHUS YTJIOB TPEYTOJIbHUKA.

[Ipn nmoxcraHnoBke B paBeHCTBO (2.89) M3MEpEHHBIX 3HAYEHUH, COAEpI KAIIMX
OLIMOKU U3MEPEHUI, BOSHUKAET YIJIOBasl HEBS3KA Wy

B+ B+ -180°=w,, (13)

rae fi' - pe3yabTaThl U3MEPEHUN YTIIOB.



Jlis ycTpaHeHHs HEBSI3KH B pe3yJbTaThl U3MEPEHUN HEOOXOIUMO BBECTH IO-
IIPaBKH Vi, T.C.

Bl+Vv + L +V,+ [ +Vv,—180°=0. (1.4)
[ToncTaBuB B paBeHCTBO (2.97) u3MepeHHbIC 3HAUCHUS, TTOTYyUYUM
V, +V, +V, + W, =0. (1.5)

[TonyuyeHHOE ypaBHEHHE HA3bIBACTCS YCIOBHBIM YpaBHEHHE MOIMPABOK.
B o6miem ciydae yclioBHBIE ypaBHEHHS MOKHO IPEACTABUTh B CICAYIOIIEM
BHUJIE

2,(X, X X, ) =0, (L6)
rne Xj - ypaBHEHHbIC 3HAUCHUS H3MEPSEMON BEIIUYNHBI;
1=1,2,..,N - 4UCII0 BCEX U3MEPEHHBIX BEJIUYHH;
j=1,2, ..., -49iCiI0 H30BITOYHBIX H3MEPEHHUH.

3ameHa ypaBHEHHBIX 3HaU€HU B paBeHCTBax (2.93) Ha pe3yNbTaThl U3MEPEHUN

MIPUBOJUT K HEBA3KAM
0,6, X x.) =W, (w7
TZI€ Xi - p€3yJbTaThl U3MEPEHUM.

Takum 00pazom, Hanuuue K30BITOUHBIX W3MEPEHUN NPUBOIUT K YCIOBHBIM
ypaBHeHUsIM. OJJHO M30BITOYHOE M3MEPEHHE JlaeT HaM OJHO YCJIOBHOE ypaBHEHHE.
JlanmpHelIIee ypaBHUBaHUE OCYIISCTBIISICTCS ITyTEM MUHUMH3AIUH (QYHKIHMH [PVV] ¢
HCIIOJIb30BaHUEM JIOMTOJTHUTEIBHBIX MAPaMETPOB 1Mo MeToy Jlarpanxka.

2. OCHOBBI M€TO0/1a KOPPEJIATHOI0 YPABHUBAHMS

[Ipenmnonoxum, 4T0 UBMEPEHHBIC BETUIUHBI X1, X2, ... , Xn, CBSI3aHHBIX YCIIOB-
HBIMU YPaBHEHUSIMU

gpl(xl’ Xz"' ’ Xn): 0’

X, X, X )=0;
gDZ( 1 2 ) (2.1)
¢r(xl’ Xz""’ Xn): 0.

B nmponecce n3MepeHnil MOJIyYEHBI CIEAYIOMINE PE3yJIbTaThl HEPABHOTOUHBIX
U3MEPEHUH X1, X2, ... , Xn C COOTBETCTBYIOLIUMHU BECaMH P1, P2, ... , Pn . [Ipn HaMM4UUm
M30BITOYHBIX U3MEPEHHM TMOTYYUM CUCTEMY YCIOBHBIX YpaBHEHUHN

¢1(X1’X2'""Xn): Wi
Kypeeny X )= W,
¢2 (Xl 2 ) 2 (2.2)

0,(% X000 X, ) = W
UToOBl UCKIIOYUTH HEBSI3KY, HEOOXOJIMMO B pe3yJbTaThl U3MEPEHUN BHECTHU
MOMNPABKHU, MPU KOTOPHIX MPaBble YACTH CUCTEMbI YCIOBHBIX YPAaBHEHUN 00palaroTcs
B HYJIH, T.€.



P, VX, + VX, 4V, )= 0;

@,(X, 4V, X, +V,,..,X +V )=0; 2.3)

@.(X +V, X, +V,,...., X +V )=0.
IIpu BBEICHWH TMOMPABOK B PE3yIbTaThl M3MEPEHUHN IMONYYalOT YPaBHCHHBIC
SHAYCHUA UBMCPCHHBIX BCJIMYHH.
HaI/IquHlI/IMI/I SABJIAIOTCA IMOIIPABKHU, YAOBJICTBOPAIOIIHUC IMPHUHOWUITY HAWMMCHDB-
mux kBagpaTos (1.1). J{ig HaxoXaeHus MONPABOK YPaBHEHUS CHCTEMBI IPUBEIEM K
JMHEHHOMY BUJLY, pa3ioxuB paBencTsa (2.3) B psax Teitopa U orpaHMYMBasCh B BU-

ay MaJIoCTH OmIOOK HSMepeHHﬁ IICPBBIMU CTCIICHSAMU PA3JIOKCHUA. B PE3YIIbTATC
IIOJIYUYUM

¢1(x1,x2,...,xn)+%v +%v +...+%v =0;

ox, - ox, ox, "
op, 09, 09,
Xy Xy ooy X )+ —2V, + —V, +...+ —=V_=0;
(02( 1 2 ) axl 1 aXZ 2 axn
op op op
Xy Xy yeoy X )+ —V, + —V, +...+ —LV =0;
gpr( 1 2 ) aXl 1 aXZ 2 axn
BBenem 0003HaueHus:
%:ai; %:bl”%:g
OX. OX OX

i i i
H CoriacHo (2.2) ¢, (Xl, Xy yeues Xr):Wj.
Takum 00pa3oMm, NOJy4YUM CIEAYIONIYI0 CUCTEMY YpaBHEHUI

av,+ayv,+..+av +w =0;
bv,+byVv,+..+bv +w, =0; (2.4)
gV, +9,v,+..+gVv +w =0.

[TonyueHnnble ypaBHEHUsI CUCTEMBI (2.4) Ha3bIBAIOTCS YCIOBHBIMU YPaBHEHUSIMH T10-

MPaBOK B JIMHEWHOM BuJie. B cumBomax ["aycca ata cucremMa uMeeT BUI:

[av]+w, =0;
[ov]+w, =0; 25)
[gv]+w, =0.

ITockonbky B cucreme (2.4) KOJWYECTBO HEM3BECTHBIX IMPEBBINIAET YHCIIO
ypaBHEHUH N > I, cleoBaTeNIbHO, JaHHAs! CUCTEMA UMEET HEONPEIeIEHHOE PEellleHHUE.
Jlnst Toro, 4TOoOBl MCKJIIOUUTH HEOIPEACICHHOCTh MPHU PEIICHUH, HEOOXOAUMO HC-
M0JIb30BaTh YCIOBUE IPUHIIMIIA HAUMEHBIITNX KBaapaToB (1.1)

@ =[pw]- 2K, ([av]+w,) - 2K, ([bv]+w,)—...— 2K ([gv]+ w. )= min,



rae K - HeonpeneneHHble MHOKUTENM Jlarpanka, Ha3pIBa€Mble KOppeIaTaMH.
Uccnenys nanHyro (QyHKIMIO Ha SKCTPEMYM, HEOOXOAMMO ONPENETUThH e€e
NEPBYIO IPOU3BOIHYIO U IPUPABHSATH K HYIIO

oo _ 2pyv, —2a K, -2bK, —...—2g,K, =0;
1

Svi):szv2 -2a,K, -2b,K, -...-29,K, =0;

2\? =2pv, —2a K -2bK,-..-2g K, =0.

= ‘

Otkyaa nmoayunum

1
vlzg(a1K1+b1K2+...+ 9.K,);
1
1
v, =—(a K +bK +...+0,K )
2 pz( 2 1 2 2 gZ r) (2_6)
1
Vn:?(anKl-i_anZ-i_ +gnKr)

O0603HauUM 1 o]
Pi

v, =q,(aK, +bK, +..+gK,)
v, =0 (aK +bK +..+0K )
2 qZ( 2" "1 2° 2 g2 r) (27)

v, =q,(a K +bK,+..+9.K,)

Bripaxxenus cuctemsl (2.6) u (2.7) SBISIOTCS] KOPpETATHBIMUA yPAaBHEHUSIMHU.
YMHOXXUM ypaBHEHUSI CUCTEMBI (2.7) COOTBETCTBEHHO Ha aj, 82, ... , an U B pe-
3yJbTaTe CIOKEHUS OJTyYUM
lav]=[gaa]K, +[gab]K, +...+[gag K. .
AHAJIOTUYHO TP YMHOXXEHUM Ha Dj, ... , §i ¢ y4eToM paBeHCTB (2.5) Oyaem uMeTh
CUCTEMY HOPMaJIbHBIX YPABHEHHI Koppenar
[gaa]K, + [gab]K, + ...+ [gag]K, +w, =0;

[gab]K, +[gbb]K, +...+[abg K, +w, =0; 28)

[gag K, +[abg]K, +...+ [agg K, +w, =0.
JlaHHas cucTeMa MMEET BIIOJHE ONPENEIEHHOE M OJHO3HA4YHOE peunieHue. B ciyuae
PAaBHOTOYHOCTH HAlllUX U3MEpPEHUi cucremMa (2.8) npumeT BUA



[aa]K, +[ab]K, + ...+ [ag]K, +w, =0;

[ab]K, + [ob]K, + ...+ [bg]K, +w, = 0; (2.9)

Takum oOpa3om, B KOppelaTHOM CIOCOO€ ypaBHHUBAHHUS YHUCIO HOPMaJbHBIX
YpaBHEHUI B CUCTEME COOTBETCTBYET YUCITY H30BITOUHBIX U3MEPECHHIA.

3. CocrasBiieHHe M pelieHHe HOPMAJIbHBIX YPaBHEHUIl Koppear

CocraBiieHue u pPCUICHUC HOPMAJIBHBIX ypaBHeHI/Iﬁ KOoppceiaT OCYHCCTBIIACTCA
OJIHUM M3 CIIOCOOOB, PACCMOTPEHHBIX MPH MMapaMeTPUUIECKOM ypaBHUBaHUU. [Ipume-
HEHHE TAa0JIUYHOTO crnocoda IIPUBCACHO B Tadi. 1. HpI/I 9TOM BBIIIOJIHACTCA IIPOMCIKY-
TOYHBIN KOHTPOJIb. Taxkxe kak U B IMapaMCcTpuICCKOM crocooe YpaBHUBAaHUSA BO3HH-
KacT KOHTPOJIb CYMM!

a+b+..+9 =9 (2.10)

la]+[o]+...+[g]=]s]

Tabmuma 1
Brruncnenne ko3 GuimeHToB HOpMaabHBIX YpaBHEHUNM KOppemaT
Ne a] b] | ... a] s'] f] > q v | Pv | pw
ypaBHEHUS
1 2 3 4 5 6 7 8 9 10 | 11 12
1 a1 b1 g1 s'1 f1 p1 (o[ Vi | pvi | pivivi
2 az b2 . 02 S' fa P2 02 V2 | Pav2 | pavave
n an bn . On S fn Pn On Vn PnVn PnVnVn
Cymmbl [a] | [b] | ... | [d] [s] [f] [pv] | [pw]
Hessizxu W1 W2 . Wr
Koppenarer | Ky K2 . Ky
Kj Wj KiWr | KWz | ... | Ke W, [KW]
[qa [gaa] | [gab] | ... | [gag] | [gasT | [gaf] | [gaX]
[qb [gbb] | ... | [abg] | [gbs] | [abf] | [gbZ]
[ag [aga] | [agsT | [agf] | [q9Z]
[gs’ [as'sT | [asf] | [as2]
[qf [aff] | [afx]
)2 [gZX]




Ecnu paBenctBa (2.10) yMHOKUTH COOTBETCTBEHHO Ha (i &; , ;i bj u T.1., a 3a-
TE€M MOWIEHHO CJIOXHUTb, TO IMOJYyYUM KOHTPOJBHBIE CYMMBbI JUIsl KO3((PUIIMEHTOB
HOpMaJIbHBIX YPaBHEHUN

[gaa]+[gab]+... + [gag]=[gas']
[gab]+ [abb]+ ..+ [abg ] = [abs'}

[gag]+[abg]+...+ [agg] = [qgs']
B ornuunm oT mapaMeTpuuecKkoro crocoda ypaBHHBaHHS BO3HUKAIOT JOIOJ-
HUTCJILHBIC CYMMapHBIe paBeHCTBa

(2.11)

s+ f =X, (2.12)
rre fi - koaddunmenter BecoBoli GyHKIIMH
U=fy +fivi+Hhvo+ ... +fv,, (213)
a TaKxe
[s']+[f]=[=] (2.14)

U COOTBCTCTBCHHO
[gas'] + [gaf | =[gaz}
[qbs']+ [gbf | = [qb=};

[ags']+ [agf | =[ag=]

Pemenne HOpManbHBIX ypaBHEHUUN KoppesiaT CIocoOOM MOCIENI0BATEILHOTO
WCKIIFOUCHMSI HEW3BECTHBIX BBIMOJHSAETCS coracHo cxeme [aycca-/lynutis
(Tabn. 2). PaccMoTpuM BapuaHT JUIsl CHUCTEMBI, COCTOSIIEH M3 TPEX HOPMAJIbHBIX
YPaBHEHUU KOppenaT

(2.15)

[gaa]K, +[gab]K, +[gac]K, +w, =0;
[gab]K, +[gbb]K, +[gbc]K, +w, =0; (2.16)
[gac]K, +[gbc]K, +[gec]K, +w. =0.

B npouecce pemenuss HOpMalIbHBIX YpaBHEHHUM B cxeMe ['aycca BBINOJIHAETCS
KOHTPOJIb B COOTBETCTBYIOIINX CTpokax (Tabu. 2). Io 3aBepiieHnto pemeHus cucre-
MBI MPOU3BOJUTCS KOHTPOJIb MPABUIBHOCTH HAXO0XKJICHUS HEU3BECTHBIX MOJCTAHOB-
KOM UX 3HAYEHUM B CYMMapHOE YPaBHEHUE.

KonTpoas mo [pvv] mpou3BoauTcs Kak B cxeMme pelieHus [aycca, Tak W MpH
BBIUUCICHUH KOA((UIMEHTOB HOpPMalbHBIX ypaBHeHUU. PaccMoTpum paBeHCTBa
(2.6)

Vv, :i(aiKl +bK, +..+9K,)

KOTOPBIC YMHOKHM Ha ini . B PE3YILTATC CIIOKCHUSA IMOJTYUYUM
[pw]=[av]K, + [bv]K, +...+[gV]K..
Cornacho (2.5) nofry4aem CJIeAYIOIIEe paBEHCTBO
[pw]=-Kw, - K,w, —...— K. w. =—[Kw]. (2.17)



Tabmuma 2

CxeMa pelieHrst HOpMaJIbHBIX YPaBHEHMI Koppeat

K1 K2 Ks w S KonTpouib
1 2 3 4 5 6
[qaa] [qab] [gac] Wi Sy >
-1 _ [qab] _ laac] W _ S _
[gaa] [qaa] [qaal [gaa] [paa]
[gbb] [abc] W2 S Y,
L o I ) VR [ 3 S )
[gaa] [gaa] [gaa] [gaa] [qaa]
[¢bb-1] [gbc-1] [w2-1] [S21] [X2-1]
-1 _ [abc-1] w7 IS, =1
[abb-1] [gbb-1] [abb-1] [qbb-1]
[qcc] W3 Ss ¥
_M[qac] _Mwl _@Sl _Mz
[qaa] [qaa] [qaa] [gaa]
_labe-T o oqql JfA0C- T4yl ldbe-1] o [qbc -1]
y [qbb 1] [abc-1] [qbb 1] [w,-1] Cpabb 1] [S,-1] | - [qbb 1] [2,-1]
- [qua] _w, -1 [gcc2] [ws-2] [Ss-2] [Z3-2]
[gbb-1] -1 ~wy-2] [85-2] [2,-2]
_ M [qbc . ]_] K3 B [W3 . 2] [QCC'Z] [QCC-Z] - [CICC'l]
[gaa] " [qbb-1] [ace - 2] W
[qab] KZ “ lgaa]
"~ [qaal w, 1]
K, [gbb-1]
K1 _ [W3 ) 2]2
[gce- 2]
- [pw]

JIns monydeHusl KOHTPOJIbHON (HOpMYJIBI 3a OCHOBY BO3bMEM CHCTEMY HOP-
MaJIbHBIX yYpaBHeHuH (2.16) u k Hell 100aBuM paBeHCTBO (2.17)
[gaa]K, +[gab]K, +...+[gag K, +w, =0;
[gab]K, +[gbb]K, +...+[gbg |K, +w, =0;
[aag K, +[abg K, +...+ [agg]K, +w, =0;
KW, + KW, +..+Kw +w _ =—[pw]
Perrenue 1aHHON CHCTEMBI IPUBOIUT K €€ SKBUBAJICHTHOMY BUIY:
[gaa]K, +[gab]K, +...+[gag|K, +w, =0;
[abb-1]K, +...+[gbg -1]K_ +[w, -1] = O;
(2.18)

[qgg '(I’ —:I.)]Kr +w, -(I’ _1)] ~0:
[w.,-r]= _[ pVV]



N3 nocnennero ypaBHeHust cucteMsl (2.18) corinacHo pacKphITHUIO CUMBOJIOB
['aycca umeem
2
W.
—[pw]= 2=+
[gaa]

(SN CTRNC) SN

[gab] " [agg - (r—1)]

4. OHeHKa TOYHOCTH IO MaTepHuajJdaM KOPPEJIATHOIo0O ypaBHUBaAHUA

+

ITo pe3ynbraTaM ypaBHUTEIBHBIX BBIYMCICHUNU MPOU3BOJUTCS OLEHKA TOYHO-
CTH KaK CaMHMX M3MEPEHUH, TaK U YPaBHEHHBIX BeJMYUMH. KpoMe TOro BO3HUKAET 3a-
Ja4ya OLICHUTh TOYHOCTh KAaKOr0-IMOO 3HAYEHHUS, BHIUUCIEHHOTO Y€pe3 YpaBHEHHbIC
BEJTUYUHBI.

CocraBuM (yHKIHOHAIBHYIO 3aBUCUMOCTb MEXKAY ONpenessieMOd BeIUYUHON
Y YpPaBHCHHBIMU 3HAUCHUSIMU

U=F(X,X,...X,). (2.20)
Cpennsst kBaapaTuieckas ormroOKa Takoi GyHKITUH ONMPEIEIUTCS COTTIacHo (hopmyie
1
M, =u |—.
v = H P
Ommbka eMHAIIBI BEca paBHA
y= 1P (2.21)
r
[Tockonbky Xi = X; + Vi, dynknus (2.20) npumMeT BUI
U=F(X +V,X +V,,..X, +V,). (2.22)
J1yist mpuBeieHus K JIMHEWHOMY BUAY pa3noxkuM QyHkiwmio (2.116) B psa Teiinopa
oF oF oF
U =F (X, Xy X )+ ——V, + —V, + .+ —
1 2 aXn
a eciy BBeJIEM 0003HAUEHUS
oF
F(X11 X21 ey Xk) = f01 - = fi )
OX,
TO TIOJTYYUM
U="f+fv+fyv,+.+fv. (2.23)

Ecnu B paBencTBO (2.23) BMECTO NMOMPABOK MOACTABUTH UX 3HAYEHUS U3 ypaB-
HEeHUM Koppenart (2.6), moyduM clieyrolee BhIpakeHue Halel GyHKIIuu

U=, +L(a1Kl +b K, +...+9,K, )+

1

+L(a2Kl +0,K, +..+9,K )+
2

fn

+—(a K, +bK,+..+9gK,)
2

['pynmupyst OTHOCHUTENBHO KOPPENaT, MOJIYYUM CIIEAYIOIIee BhIpaxeHne PyHKIUu
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U= fO+{£}Kl+{ﬁ}Kz+...+{£}Kr. (2.24)
P P p

[IpucoeaAHNUB TMOJyY€HHOE BBIpAXEHHE K CHUCTEME HOPMAJbHBIX ypaBHEHUI
KOppenar U BBels HEOIpeleJIeHHbIE MHOXKUTEIH p1, P2, ... , Pr, IOCIE COOTBETCTBYIO-
HIMX IpeoOpazoBaHuii onpeaenuM oopatHelil Bec Gpynkuun U

Pi =[aff |+ [gaf ]p, + [abf Jo, +...+[agf ]o.. (2.25)

U
N3 pemienus cuctemMbl HOpMaIbHBIX YPABHEHUN /1JI1 HEONPEACICHHBIX MHOXKH-
TeJen

[gaa]p, +[gablp, + ...+ [aag]p, +[gaf ]=0;
[qab]o, +[abb]p, +...+[abg]p, +[abf |=0;

[aaglp, +[abg]o, + ...+ [agg]o, +[agf |=0.
HAXOJIUM HEOIPE/ICICHHbIC MHOXHUTEIH p1, P2, ... , Pr U, MOJCTABUB WX 3HAYCHUS B
BbIpakeHHE (2.25), TOTydum

1 ey loafl labf AF  fagf (=D ) o
R [gaa] [abb-1] " [agg-(r-1)]
JIJIsT KOHTPOJIS TTPABHIIBHOCTH BBIYHMCIICHHUS 00paTHOTO Beca (YHKITUH HCIOJIb-
3yeTcsl KOHTpoJibHas (hopMyia

1 [qaf | [qbf -1] [qgf - (r—1)f
5 =lafz, )1 dloaz, |- [gbb_l][qbiu 1. [?ng 1) [ag=, - (r-1)]

, [gaa]

Jlureparypa

1. bonsmakoB B.J1., ['aiinaeB [1.A. Teopusi MaTemaTHuecKoil 00OpabOTKU reoje-
3u4yeckux usmepenuit. — M.: Henpa, 1977.

2. bonpmakoB B.JI., Mapky3ze FO.U. IIpaktnkym 1o teopun MaTeMaTH4eCKON
00paboTkH reoge3nueckux nusmepenuit. — M.: Heapa, 1984.

3. benseB b.U. IlpakTtukyMm 1no mMareMarudeckoi oOpabOTKe MapKIIeH1epcKo-
reoJIe3NUeCcKuX u3MepeHuit: Yued. mocodbue ais By3oB. — M.: Henpa, 1989.- 316 c.

4. I'y6enamze A.P. OcHOBBI Teopuu OIMMOOK U3MepeHuil: YueOHoe mocoodue. —
PocroB u//1: Pocrt. roc. ctpout. yu-T, 1998.- 106 c.

5. I'ybenanze A.P. TMOI'U. O6paboTka pe3ynbTaTOB U3MEPEHH U YpaBHUBA-
HUE TOJMTOHOMETpUYeCKnX xo0.0B: (YuebHoe mocobue). - PocroB u//l: Pocrt. roc.
cTpout. yH-T, 2013. - 93 c.

6. I'ybenanze A.P. Meroaudeckue yka3zaHusl K 3afaHusiM 1o Kypcy «Teopus
MaTeMaTU4ecKo 00padOTKH reoae3udeckux wusMepeHuit». Crnocod HaWMEHBIITUX
kBajgpaToB. Yacts 1. - PoctoB u//l: Pocrt. roc. akazn. ctpout-Ba, 1993.- 23 c.

11



HHPUJIOKEHHUE A

IIpumep ypaBHUBaHUS F€OC3UUECKON CETH Tabmauma 1
Ne W3mepeHHsble yribl
I D YTJIOoB o 2 7

1 47 12 57
2 44 15 15
3 48 16 46
4 42 59 03
5 44 29 00
6 52 51 21
7 39 40 35
8 40 15 03

Igb 3.7634052

b A

Puc. 1 — Cxema reoie3u4ecKoro 4eTblpexyrojbHUKa

1.

[Topsanok BeIMUCICHUI

CocrasnsieM yCIOBHBIE YPaBHEHUS
N3 AABC: ﬂ4 + ﬂ5+ ﬂe + ﬂ7 -180° =0:;
n3 AACD: ,Bl +,B2 + ﬂg + ﬂg- 180° =0;
u3 ABCD: S, + 3+ s+ f5- 180° = 0;
yCJIOBHE TIOJTIOCA:
Sinﬂl 'Sin(ﬂs +ﬂ4)'3inﬂ7 _
sing, -sing, -sin(B, +3,)
CocraBisieM ypaBHEHHS TTOTIPABOK
Va+ Vs+ Vg +V7+ Wy =0;
Vit+Vo+Vz+vg+wy=0;
V2+V3+ Vg + Vs + W3 =0;
AV1— AoVo + AziaVz + (A3+4 — A4)V4 + (A7 — A7+3)V7 — A7:8Vg + Wy = 0.
Brraucnennsie 3HaUeHHUS CBOOOIHBIX WICHOB YpaBHEHUH (UTYp TIPUBEICHBI B
Tabm1. 2

Pemenue TpeyronbHUKOB

Tabnuua 2
Ne N3mepennsie ITonpaBku CexyHapl Jlorapudmsr | Jlorapudmbl
YTJIOB VYrnos YPaBHEHHBIX CHUHYCOB CTOPOH
YIII0B YIJIOB
4 42 59 03 +0,7 03,7 9.8336562 3.7634052
5 44 29 00 -2,0 58,0 9.8455289 3.7366479
6 52 51 21 +2,4 23,4 9.9015268 3.7992856
7 39 40 35 -0,1 34,9 9.8051272 3.7348762
179 | 59 59 +1,0 0
-01
1 47 12 57 -0,5 56,5 9.8656462 3.7634052
2 44 15 15 -0,1 14,9 9.8437572 3.7348762
3 48 16 46 -2,6 43,4 9.8729665 3.7992856
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8 40 15 03 +2,2 05,2 9.8103288 3.7366479
180 | 00 01 -1,0 0
+01
2 14 15 15 -0,1 14,9 9.8437572 3.7348762
3 48 16 46 -2,6 43,4 9.8729665 3.7992857
4 42 59 03 +0,7 03,7 9.8336562 3.7634053
5 44 29 00 -2,0 58,0 9.8455289 3.7366480
180 | 00 04 -4,0 0
+04

4. CBOOOHBIN YJIEH TTOJIFOCHOTO YCJIOBHS OMpeesieTcs B Ta0. 3

Breraucnenue CBO6OI[HOFO YJICHA IMOJIOCHOI'O YCJIOBUA

Tab6auna 3
Ne 3HaueHue Jlorapugmsl A Ne 3HaueHue Jlorapudgmst A
yIJIOB YIJIOB CHHYCOB yr- JIOB CHHYCOB
, " yTJIOB JOB | o , p yIJIOB

1 47 | 12 | 57 9.8656473 +194 | 7+8 | 79 | 55 | 38 9.9932538 +3,8
3+4 | 91 | 15 | 49 9.9998943 -05 2 44 | 15 | 15 9.8437574 +21,7

7 39 140 | 35 9.8051274 +25,4 4 42 | 59 | 03 9.8336546 +22,6

21 29.6706690 2 29.6706658

Wy =21— 2> =+ 32 B ex. 7-ro 3HaKa norapudma.

B pesynbraTe mongydaem cieayroiue ypaBHeHuUs nonpaBok. Koadduiments: u cBo-
OOJIHBIN YJIEH MOJFOCHOTO YCIOBHS BBIPAXEHBI B €. 6-r0 3HaKa jorapudma.

Va+ Vs+ Vg +Vv;—1,0=0;
VitVo+vs+vg+1,0=0;
Vo+Vs+Vs+Vvs+4,0=0;
1,94v,—2,17v, — 0,05v3 — 2,31v4 + 2,16v7— 0,38vg + 3,2 = 0.

5. CocraBnenue BecoBoit ¢yHkmuu. s ymanennoi ctoponsl CD cocTaBisiem
BECOBYIO (DYHKITHIO

y _Desing; -sin(B, + ;)
Sinﬂl 'Sin(ﬂs + ﬂ4) .
[IpuBenem mosrydeHHYI0 GYHKIUIO K TMHEHHOMY BUTY
IgU = fo— fivi — f34a V3 - fa4q Vg + f5Vs +718V7 + T748Vs,
rie fi — monpasku B torapudmel cuHycoB Ha 1” B e11. 6-ro 3HaKa jorapudma.
IgU = —1,94v; + 0,05v3 + 0,05v4 + 2,14vs + 0,38v7 + 0,38vs,

6. CocraBnenne Ko3(PUIMEHTOB HOPMAIbHBIX YPAaBHEHUI W BECOBON (PYHKIUU
(Tabun. 4).
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Brruncnenne ko3 puiireHToB HOpMalIbHBIX ypaBHEHUH

Tabmnura 4
Ne aj b] c] d] s'] f] > v wW
ypaBHCHHUSI
1 2 3 4 5 6 7 8 9 10
1 1 1,94 294 |-194| 1,00 | -0,493 0,243
2 1 1 -2,17 -0,17 -0,17 | -0,122 0,015
3 1 1 -0,05 1,95 | 0,05 | 2,00 |-2577 6,641
4 1 1 -2,31 -0,31 | 0,05 | -0,26 | 0,688 0,473
5 1 1 200 | 2,14 | 4,14 | -1,987 3,948
6 1 1,00 1,00 2,401 5,765
7 1 2,16 3,16 | 0,38 | 3,54 | -0,100 0,010
8 1 -0,36 0,62 | 0,38 1,00 2,193 4,809
CymMmBI 4 4 4 -0,81 11,19 | 1,06 | 12,25 | 0,003 21,904
HeBsizku -1,0 1,0 4.0 3,2
Koppenarer | 2,401 | 1,753 | -4,388 | -1,158
Kj W -2,401 | 1,753 | -17,55 | -3,706 -21,90
[a 4,00 2,00 -0,15 585 | 2,57 | 8,42
[b 4,00 2,00 -0,66 534 |-151| 3,83
[c 4,00 -4,53 3,47 | 224 | 571
[d 18,62 | 13,28 | -3,20 | 10,08
[s' 27,94 | 0,10 | 28,04
[f 8,64 | 8,74
[Z 36,78

B pesynprare nonydeHa cucteMa HOpMaJIbHbIX YPaBHEHUN KOppesar
4,00 K +2,00Ks3 -0,15K,-1,00 =0;
4,00 K, + 2,00 K3 — 0,66 K+ 1,00 = 0;
2,00 K1+ 2,00 K+ 4,00 K;— 4,53 K4+ 4,00 = 0;
-0,15 K;- 0,66 K,— 4,53 K3+18,62 K4 + 3,20 = 0.
KoHnTposieM BBIUHUCIEHHBIX HEU3BECTHBIX SIBIISIETCS CYMMApHOE YPAaBHEHHUE
5,85 K1+ 5,34 Ko+ 3,47 K3+13,28 K4+ 7,20 = 0.

7. PellieHue cucTeMbl HOPMAJIBHBIX YPABHEHUM KOPPEJIAT BBIMOJHAETCS COIVIACHO
cxeme ['aycca-/lynutns (tadm. 5).

8. KoHTpoJsb BBIUMCIEHUSI KOppPENIAT OCYIIECTBISIETCS MOACTAHOBKOW MX 3HaYe-
HUW B CYMMapHO€ YpaBHEHUE

5,852,401 + 5,34-1,753 —3,47-4,388 - 13,28-1,158 + 7,20 = 0,003.
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Pemenre HopManbHBIX ypaBHEHUMN

9. Brruncienue monpaBoK BBIMOJIHAETCS B TaOuIle 4 coriaacHo dhopmyie

Vi = a; K1 + biKs + ¢ciKs + diKa.

KoHTposieM BBIYHCIICHUS TIOMPABOK CIY>KUT paBeHCTBO [pwv] = -[Kww].
10. BeruuciieHne ypaBHEHHBIX 3HAUEHUN YTII0B OCYLIECTBIISIETCS B TaOnuLie 2.

11. O1eska TOyHOCTH

CpenHsis KBapaTHiecKas OlMoKa N3MEPEHUS YTII0B

- [

_ \/2191

=23".

HanexHoCTh BRIYHUCICHHON CPEAHEH KBaIPAaTUIECKON ONTHOKN

m

m 23 _

VJr (B

0,8".

CpenHsis kBaapaTuueckas ommoka ciiadboi croponst CD
Mgcp =M /Pi =2,3J/4,954=51 B ef. 6-r0 3HaKa.

OTtHocuTenbHas ommoOKa onpezenenus ctopoust CD

15

Ta0muna 5
K1 ‘ K; | K1 | K ‘ W | S ‘ KonTtpons ‘ f | )y ‘
4,00 2,00 -0,15 -1,00 4,85 4,85 2,57 8,42
-1 -0,5000 0,0375 0,2500 -1,2125 -1,2125 -0,6425 -2,1050
4,00 2,00 -0,66 1,00 6,34 6,34 -1,51 3,83
4,00 2,00 -0,66 1,00 6,34 6,34 -1,51 3,83
-1 -0,5000 1,650 -0,2500 -1,5850 -1,5850 0,3775 -0,9575
4,00 -4,53 4,00 7,47 7,47 2,24 5,71
-1,000 0,075 0,500 -2,425 -1,285 -4,210
-1,000 0,330 -0,500 -3,170 0,755 -1,915
2,000 -4,125 4,000 1,875 1,875 1,710 -0,415
-1 2,0625 -2,0000 -0,9375 -0,9375 -0,8550  0,2075
18,62 3,20 16,48 16,48 -3,20 10,08
-0,006 -0,038 0,182 0,096 0,316
-0,109 0,165 1,046 -0,249 0,632
-8,508 8,250 3,867 3,527 -0,856
9,997 11,577 21,575 21,574 0,174 10,172
-1 -1,1580 -2,1581 -2,1580 -0,0174  -1,0750
0,250 -0,250 -2,000 -1,158 7,200 8,640 8,740
-0,043 -0,191 -2,388 Ka -0,250 1,212 -1,651 -5,410
2,194 2,194 -4,388 -0,250 -1,585 -0,570 1,446
1,753 Ks -8,000 -3,750 -1,462 0,355
2,401 K2 -13,406  -24,984 -0,003 -0,177
Ki [pw]= ~-21,906 -21,907 1/Pu= 4,954 4954
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MHNPUJIO’)KEHUE B
1. BapuanTsl 1 - 10

E D
a

Hcxoaubie qanneie: S1= 2389,578 m;
S2=3166,006 M.
Kecrkuii yron B = 197° 05’ 37".

Puc. 1
° 3HayeHus BapuaHThl (CeKyH/bI H3MEPCHHBIX YIIIOB)

YTIL. YTJIOB 2 3 4 5 6 7 8 9 10
1 52°29' 54" 55 53 56 52 57 50 51 55 53
2 69 55 18 17 15 14 20 16 19 17 16 17
3 57 34 54 53 54 55 52 54 56 52 53 51
4 59 10 21 20 22 21 23 20 21 23 22 21
5 66 47 36 34 35 36 37 36 35 34 34 33
6 54 02 07 04 02 06 04 06 05 07 06 08
7 46 25 56 55 54 53 54 55 51 52 58 57
8 60 22 46 46 45 44 47 47 50 48 46 47
9 73 11 25 22 23 26 24 23 25 24 21 23

2. BapuanTs 11 — 20

4 £ D Hcxonusle nannsie: Ig S1=3.4633289;
Lg S2=3.5094196.

B (o
Puc. 2
o 3HayeHus BapuanTs! (CeKyHIBI H3MEPEHHBIX YTIOB)
YTII. YTJIOB 12 13 14 15 16 17 18 19 20

45° 05' 46,5" 457 | 449 47,3 46,2 459 | 46,1 45,7 46,0 | 46,8
64 17 08,8 09,0 | 08,6 084 | 09,1 09,3 08,7 08,6 08,9 09,0
70 37 08,5 08,0 | 08,8 084 | 09,1 08,7 08,6 08,5 08,9 09,0
72 17 19,4 19,0 | 193 18,8 19,0 20,0 19,3 19,1 18,8 18,7
57 52 54,3 54,0 | 5472 54,0 53,8 53,9 54,0 | 53,8 53,2 54,2
49 49 439 440 | 436 44,3 44,1 43,7 43,9 440 | 451 44,2
67 32 25,0 250 | 253 25,4 24,8 24,6 25,1 24,7 24.9 25,2
38 20 27,2 27,3 | 26,7 26,9 27,4 26,6 26,9 29,0 27,0 27,8
74 07 06,8 070 | 071 08,2 06,7 06,0 | 070 | 09,2 06,0 | 07,2

OO (N[OOI (WIN|F-
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3. Bapuants 21 — 30
Hcxonubie nannbie: Ig S=3.2958647.

Puc. 3
0 3HaueHUA BapuaHTBI (CeKyHIBI H3MEPEHHBIX YTIIOB)

yII1. YTJIOB 22 23 24 25 26 27 28 29 30
1 149° 09’ 47,9" 49,8 49,2 48,3 48,4 48,9 49,4 49,3 48,9 49,8
2 13 06 09,9 10,0 09,8 09,4 08,8 09,3 08,7 10,2 09,6 10,4
3 17 43 57,2 57,0 57,5 58,0 56,5 58,7 56,6 57,5 57,9 57,3
4 42 52 19,3 19,5 19,8 20,1 20,0 19,2 18,8 18,6 19,0 20,3
5 80 49 09,4 54,0 54,2 54,0 53,8 53,9 54,0 53,8 53,2 54,2
6 56 18 29,4 30,0 28,6 29,3 29,1 28,3 29,9 30,0 27,8 26,9
7 31 27 40,9 38,8 39,7 40,8 40,3 42,4 40,5 41,3 419 42,0
8 18 31 23,3 25,0 25,5 23,4 22,8 23,0 22,7 23,0 24,6 25,1
9 130 01 02,6 02,1 02,9 03,8 04,2 04,1 03,7 02,9 03,0 04,2

4. BapuanTtst 31 — 40
D Hcxonnbie nannsie: Ig S1=3.4110812;
lg S, =3.5114383.
XKecrkuii yron B = 108" 31" 06”.
Puc. 4

Ne 3HaueHus BapuanTts! (CexyH/1bl H3MEPEHHBIX YIJIOB)

YL YTIIOB 32 33 34 35 36 37 38 39 40
1 82° 58’ 14,9" 13,0 12,8 14,5 13,9 16,6 17,3 16,4 14,9 15,0
2 40 49 33,8 34,9 33,1 35,7 32,4 35,9 35,0 31,9 32,8 32,5
3 56 12 06,9 06,1 06,4 05,9 05,2 07,0 07,2 05,4 06,8 05,8
4 93 00 33,1 32,8 33,5 32,4 34,8 35,1 33,8 32,7 31,7 34,9
5 24 28 02,4 01,7 00,6 02,7 02,4 03,5 04,2 04,0 02,8 01,3
6 62 31 28,4 25,9 26,8 27,3 29,1 28,3 26,7 29,1 30,0 27,8
7 35 21 48,4 46,5 43,9 45,4 46,9 47,8 48,3 49,4 48,5 47,3
8 43 13 27,8 26,5 23,9 25,4 26,8 27,8 28,3 29,4 28,6 27,3
9 101 24 47,5 47,2 48,9 45,3 46,2 44,9 47,1 46,8 48,6 45,2
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5. Bapuantsr 41 — 50

D

Hcxoansie nannbie: 1gS1 = 3.2584263;
1gS2 = 3.3295004.

Kecrkuii yron B = 224° 19' 40,5".

Puc. 5
0 3HaueHUA BapuaHTBI (CeKyHIBI H3MEPEHHBIX YTIIOB)

YTII. YTJIOB 42 43 44 45 46 47 48 49 50
1 64° 36 00,9” 00,9 00,2 01,3 02,7 02,1 01,5 00,4 00,2 02,3
2 65 53 45,2 459 44,3 46,7 47,0 45,2 46,3 449 43,3 46,3
3 49 30 19,3 20,9 20,0 18,4 18,8 19,4 19,2 20,5 17,9 18,4
4 55 00 45,2 44,6 449 45,7 46,0 47,0 448 45,2 46,3 449
5 55 12 15,1 14,7 14,2 15,7 16,0 17,2 16,8 16,3 15,4 15,5
6 69 27 52,6 52,8 52,4 53,8 54,0 53,7 51,5 52,5 53,8 51,8
7 33 44 19,4 19,0 18,4 17,9 20,4 20,8 20,7 19,4 19,5 18,7
8 103 13 434 445 43,9 42,4 44 4 45,0 43,6 42,8 44,0 42,3
9 41 02 01,7 01,6 00,4 02,8 03,1 01,3 02,7 03,5 02,1 03,8

5. BapuanTs 51 — 60
D Hcxonusie nannsie: Ig S= 3.2079075
Puc. 6
° 3HaueHus BapuanTts! (CexyH/1bl H3MEPEHHBIX YIJIOB)

YIIL YTJIOB 52 53 54 55 56 57 58 59 60
1 72° 39 30,7 30,9 29,7 29,4 31,7 32,1 30,8 29,8 30,2 31,3
2 23 21 55,4 54,6 55,0 54,7 53,9 56,7 57,3 54,7 54,3 55,6
3 21 06 18,7 18,3 19,0 20,7 20,4 18,2 18,7 19,3 19,5 20,0
4 62 52 32,0 32,6 31,5 30,8 33,3 33,8 31,6 32,0 31,7 32,9
5 17 00 55,1 55,6 54,9 53,7 54,4 53,7 55,5 56,0 56,3 55,2
6 79 00 40,3 39,2 39,4 41,6 42,4 40,7 40,4 41,6 39,8 39,4
7 68 19 45,2 44,5 43,9 42,4 444 45,0 43,6 42,8 44,0 42,3
8 15 38 45,3 44,6 449 45,7 46,0 47,0 44,8 45,2 46,3 449
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5. Bapuantsr 61 — 70

B
Hcxonnbie gannbie: Ig S= 3.7194265
C
A
D
Puc.7
0 3HavycHUSA BapuaHTBI (CeKyHIBI H3MEPEHHBIX YTIIOB)

YTII. YTJIOB 62 63 64 65 66 67 68 69 70
1 55° 17 48,0” 46,5 43,9 45,4 46,9 47,8 48,3 49,4 48,5 47,3
2 37 53 54,0 54,6 55,0 54,7 53,9 56,7 57,3 54,7 54,3 55,6
3 42 15 11,2 10,9 09,4 12,5 13,6 12,8 11,1 10,7 10,5 11,3
4 36 11 37,2 37,6 36,9 36,0 34,5 35,2 37,9 36,6 35,8 35,1
5 63 39 22,6 22,0 23,0 22,8 21,5 22,9 21,3 21,5 20,6 20,7
6 55 12 01,4 01,6 00,4 02,8 03,1 01,3 02,7 03,5 02,1 03,8
7 24 57 02,0 01,7 00,6 02,7 02,4 03,5 04,2 04,0 02,8 01,3
8 44 33 11,8 11,0 10,6 09,8 09,2 11,3 11,6 12,0 10,3 11,1
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