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3asiBjieHuUE O KOH(I)J'IHKTC HHTEpeCcoB

ABTOpBHI 3asIBISIFOT 00 OTCYTCTBHHU
KOH(JIMKTa HHTEPECOB.

Jos umTMpOBaHUA

AHHOTanusA. B HacTosImee BpeMs MHMPOKO HCIIOIB3YIOTCSA OSCIHIOTHEBIE
JIeTaTe/bHbIE alMaparbl, HABUrallUsl KOTOPBIX OCHOBBIBAETCS HA JAHHBIX
OOPTOBBIX MHTETPHPOBAHHBIX CHCTEM, BKITIOYAIONIUX B CEOS WHEPIHAIb-
HBIE U CIIyTHUKOBBIE NaTuuKH. [Ipu 3TOM 11 pelIeHuss MHOTHX LI€IEBbIX
3a1a4 00ECIIeUMBACTCS MX IPEABAPUTENBHBIN BBHIXOA B 33aIaHHYIO TOUKY
MapIIpyTa IoJIeTa 0 KpaTdaiiiel Topu30HTaIbHOM TpaekTopun. OHaKo
HAa MPAKTHKE BO3MOKHBI CUTyalluH, KOTJa IIOTy4aeMast OT HABUTaLIMOHHBIX
CITyTHHKOB MH(OPMAILUs MOXET MepecTaTh ObITh AOCTYNHOM, YTO MPUBO-
JUT K CHIYKEHHIO TOYHOCTH HaBUrauuu. PaccMoTpeHa MeToaMKa JETEKTH-
POBaHUSA TPACKTOPUHU OECIMIOTHBIX JIETATENBHBIX AMNApaToB B yCIOBUIX
IIOTEPH CUTHAJIOB OT HABUTalIMOHHBIX CIYTHHKOB 110 CHUMKaM IIOJCTHIIA-
Iouled NOBEpXHOCTU. B KadecTBe KpUTEpusi, CBUAETEIBCTBYIOIETO O BO3-
HUKHOBEHUM OTKJIOHEHUI OECHUIOTHBIX JIETATENbHBIX aIIapaToB OT 3a-
JAHHOH TPAaeKTOPHH, NPEJIOKEHO HCIO0NIB30BaTh H3MEHEHHE N1apaJIIaKCOB
CMEXKHBIX Map CHUMKOB. IIpencraBiieHbl aHaIUTHYECKHE COOTHOILIEHHUS,
OIHCHIBAtOIINE (DYHKIHOHANBHYIO CBA3b M3MEHEHUH MapalIakCcoB CHHUM-
KOB U [1apaMeTPOB JIMHEHHBIX U YITIOBBIX OTKIOHEHUH OECIMIOTHBIX JIeTa-
TEJIbHBIX aIllapaToB OT 3aJaHHOH TPAeKTOPUM U YUUTHIBAIOILIUE BCE BO3-
MOJKHBIE BapHaHTBI 9TUX OTKJIOHEHHH. [loirydeHHBIE pe3ybTaThl MO3BO-
JISIFOT ITyTEM MOJIEIMPOBAHHUS BBIIIOJIHUTE aPHOPHYIO OLIEHKY IOPOTrOBOM
BEJIMYMHBl W3MEHEHUIl NapajIakcoB, COOTBETCTBYIOIIEH OIIyCTUMOMY
YPOBHIO OTKJIOHEHHIT OECTIMIIOTHBIX JIETATENBHBIX alllapaToB OT 3aJaHHOH
TpaekTopuu. OCHOBBIBAsICh HAa ATON OLEHKE, MOXKHO MOBBICUTH TOYHOCTb
JCTEKTHPOBAHKUS TPACKTOPHH OCCHHMIOTHBIX JETAaTEeNbHBIX allapaToB B
YCIIOBUAX NTOTEPU CUTHAJIOB OT HABUTALIMOHHBIX CITyTHUKOB.
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Abstract. Currently, unmanned aerial vehicles are widely used with navigation
based on data from onboard integrated systems including inertial and satellite
sensors. In this case, to solve many target tasks, their preliminary exit to a given
point of the flight route along the shortest horizontal trajectory is provided.
However, in practice, there may be situations when the information received
from navigation satellites may no longer be available, which leads to a decrease
in navigation accuracy. Considered a technique for detecting the trajectory of
unmanned aerial vehicles under conditions of loss of signals from navigation
satellites using the underlying surface images. As a criterion indicating the
occurrence of deviations of unmanned aerial vehicles from a specified
trajectory, it is proposed to use the change in parallaxes of adjacent pairs of
images. Analytical relations describing the functional relationship between
changes in image parallaxes and parameters of linear and angular deviations of
unmanned aerial vehicles from a specified trajectory. All possible options of
these deviations are also considered. The obtained results provide an a priori
estimate of the threshold value of parallax changes corresponding to the
acceptable level of unmanned aerial vehicles deviations from the specified
trajectory by means of modelling. Based on this estimate, it is possible to
improve the accuracy of trajectory detection of unmanned aerial vehicles under
conditions of loss of signals from navigation satellites.

Andronov VG, Chuev AA, Dubrovsky NS. Detection of unmanned aerial vehicle trajectory using overlapping images. RUDN
Journal of Engineering Research. 2023;24(3):213-222. (In Russ.) http://doi.org/10.22363/2312-8143-2023-24-3-213-222

BBepeHune

HJ’IH HaBHUI'alTMOHHOI'O obecreyeHus OeCIUIOT-

Jna ucnons3oBanusi BJIA mo meneBoMy Haz-
HAYCHHUIO YacTO MPelyCMaTpUBaeTCs UX MpeaBapH-
TENbHBIA BBIXOJ B 33IaHHYIO TOUKY MapuipyTa Io

HBIX JleTaTeNbHBIX ammapatoB (BJIA) B mHTEpecax
JTUCTAHITMOHHOTO 30HJAMPOBAHUS HA3€MHBIX OOBEK-
TOB IIMPOKO TMPUMEHSIOTCS WHTETPUPOBAaHHBIC CH-
CTEeMBI, BKJIFOUAIOIIHE B ce0sl OOpTOBBIE MHEPITHAIb-
HBIC JaTYMKH ¥ IPUEMHUKH CITy THUKOBOW MH(pOpMa-
nuu GPS w/umm ITIOHACC [1-3]. HeoGxomumocTh
WCTIONIB30BAHUS CITyTHUKOBBIX CHUTHAJIOB OOYCIIOB-
JieHa 3aBHCHMOCTHIO TOYHOCTH WHEPIHAJIHHBIX JaT-
YHUKOB OT OJIHUTCIBHOCTH HUX aBTOHOMHOM paGOTI)I,
YTO CBSA3aHO C HAKOIUICHUEM OITMOOK M3MEpeHHMIA [4—
8]. B wactHOCTH, B [9] mpencTaBicHB JaHHBIC DKC-
NEPUMCHTAJIBHBIX I/ICCJ'Ie)Z[OBaHI/Iﬁ TOYHOCTH HaBUTI'a-
nuu ManopasMepHeix BJIA, koTopwie CBUAETENb-
CTBYIOT O CTPEMHUTEIILHOM POCTE YPOBHS OIIMOOK
HHEPLHATBHBIX U3MEPEHUM B CITy4yae HeIlITaTHOM Mo~
TEPH CUTHAJIOB OT CIIyTHUKOB (Tabm. 1).
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Kparyailmed TOPU30HTAJbHONH IPSAMONMHENHON
Tpaektopun. O4eBUIHO, YTO B YCJIOBUAX MHOTEpPU
CUTHAJOB OT CIYTHUKOB MOTYT BO3HUKHYTH CYIIE-
cTBeHHbIE OTKIOHEeHUs BJIA oT 3amanHO# TpaekTo-
puy, cHiKaroume 3pPeKTUBHOCTD PEIICHUS Lee-
BBIX 3a/1a4. B 3To# cBsI3U akTyanbHa pa3paboTka Me-
TOIMK JEeTeKTUpOBaHus TpaekTopuu bJIA no gomon-
HUTEJIBHON WH(pOpPMAINK, B YaCTHOCTU MO PErH-
CTPUPYEMEIM B TIPOIECCE TOJCTa H300paKCHHSIM
nmoactunatomei mosepxHocTH [10—13]. 3mech u ma-
Jiee TOJ| JETCKTHPOBAaHUEM TPaeKTOpUU OyneM IIo-
HUMAaTh IPOBEPKY HAIUYHUSA €€ OTKIIOHEHUH OT TOpH-
30HTAJILHOTO MapIipyTa MojeTa B 3aj]adax HaBHUTa-
IIHOHHOTO obecmeueHns BeixoAa bJIA B 3amanHyro
TOYKY MapIlipyTa MojeTa.
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Tabma 1
OwKnOKU Npu ropuaoHTanbHOM nonete BJ1A
MNorpewHocTy "n:hzzemuo“cm MHepuUuanbHbIX
B LUTAaTHOM peXume noserta peHun 4epes naTe MUHyT
nocsie NOTEPU CUrHaJoB OT CMYTHUKOB
Yrnbl TaHraxa v kpeHa, ° 0,1 0,4
Yron pbickaHus, ° 0,2 3.0
BoicoTa noneta BJ1A, m 2,0 6,0
MyTeBas CkKOPOCTb, M\C 0.2 5,0
KoopauHatsl, M 6 500
Table 1

Errors during horizontal flight of UAVs

Errors in normal flight mode

Errors in inertial measurements five
minutes after the loss of satellite signals

Pitch and roll angles,’ 0.1 0.4
Yaw angle, 0.2 3.0
UAV flight altitude, m 2.0 6.0
Ground speed, m/s 0.2 5.0
Coordinates, m 6 500

1. AHanu3 U3BECTHbIX METOA0B, LeJib
1 3agauvm uccnepoBaHus

CyTb U3BECTHBIX (POTOTPAMMETPUUECKIX METO-
JIOB 00pabOTKH M300paKEHUH MOCTHIIAIONICH T10-
BepxHOCTH Ha OopTy BJIA B MHTEepecax WX HaBUTA-
WU CBOJIUTCS K HAXOXKJICHUIO UX SJIEMEHTOB BHEIII-
HEr0 WJIM B3aUMHOTO OpHeHTHpoBaHUs [14-16].
[TepBrIii TOAXOJ OCHOBAaH Ha MeTOIe 00paTHOH (o-
TOFpaMMeTpH‘IeCKOﬁ 3aCCYKHU IO OAUMHOYHBIM HIIN
MEPEKPHIBAIOIIUMCST N300pakeHUsIM, BTOPOl — Ha
CBOMCTBaX KOMILIAHAPHOCTH BEKTOPOB, COCIIUHSIO-
[IUX IEHTPHI MPOEKIUI U COOTBETCTBEHHBIC MAPHI
TOYEK B 30HE MEPEKpPHITHS CHUMKOB. OMHAKO, IO-
CKOJIbKY 3aJ1aua JeTEKTUPOBAHHUS IOJKHA PEIIaThCsI
HEMpPEepPHIBHO Ha BCceM yuacTke nojera bJIA k 3anan-
HOH TOYKE WX IIeJIEBOT0 MPUMEHEHUs, IPUMEHECHHE
3TUX METOJOB TpeOyeT MHOTOKPATHOI'O OIpejene-
HUS apameTpoB opueHTanuu BJIA ¢ ucnons3oBa-
HUEM OO0CTAaTOYHO CYHIECTBCHHBIX BBIYUCIUTCIIb-
HBIX 3aTpaT. B psne ciayyaeB 3TH BBEIYUCIUTEIbHBIC
pecypcsl 1enecooOpa3HO HANpaBUTh Ha peaju3a-
LU0 JPYTUX 3a71a4, 0cOOEHHO Ha OOpTYy Malopas-
MepHBIX BJIA [12]. B 3T0# cBsI3M IeNBIO HCCIIEIOBA-
HUS SBIISICTCS pa3paboTKa METOAMKH, obecreunBa-
IoIeHl BO3MOXHOCTh JICTEKTUPOBAHUS TPACKTOPUH
ropuzoHTanbHoro nojera BJIA mo mepekpriBaio-
mMcs 1300pakeHUSIM TOACTUIIAIONICH TOBEPXHO-
ctu 0e3 ompeneNieHHsT aOCOJMIOTHBIX 3HAYCHHHA WX
OJICMCHTOB BHCHIHCTO HJIM B3aWMMHOI'0O OPUEHTHPO-

BaHUsA. /|71 7TOr0 HEOOXOIMMO PEITUTH CIIETYIOIINe
OCHOBHBIE 3aJa4M: BBIIOJHUTH MaTEMaTUYECKOE
OTHMCAaHNUE B3aUMHOW OPHEHTAIlMU CHUCTEM KOOPIH-
HaT (CK) BJIA 1 uzo0pakeHuii, oMTy4UTh aHATUTHU-
YeCKHWEe COOTHOIIEHUS, OIHUCHIBaromue (GyHKIHO-
HaJbHYIO CBSI3b M3MEHEHWH MapajulakcoB HM300pa-
KeHUH W oTKIoHeHHH BJIA oT 3amaHHON TOPU30H-
TaJIbHOW TPAEKTOPUHU, HAWTHU OLEHKU CTEIIEHU BIIUS-
HUS 3THX OTKJIIOHEHHH Ha ypOBEHb U3MEHEHHil ma-
pamnakcoB. PaccMoTpuM conepskanue U pe3ynbTaThl
penIeHus ATUX 3a1ad.

2. BzaumHasi opmeHTaums 6ecnunoTHbIX
NeTaTeNbHbIX annapaToB U N306paxeHui

bynewm, kak u B [11], cuurars, 4TOo B IITATHOM
pexume BJIA mpuHHUMAaeT U UCMONB3YET CUTHANbI
OT HaBUTALMOHHBIX CIIyTHUKOB, 3aJlaHHAs TPAEKTO-
pus ToJIeTa MpeACTaBIseT co00H MPsIMOTNHEHHBIH
MapuipyT », MapajljIeNbHBIH MIOCKOCTH MECTHOTO
TOPU30HTA, M B TIPOIECCE TOJIeTa MPOU3BOAUTCA
a’3po(oTOChEMKa C 3aJlaHHBIM IPOIEHTOM IIepe-
KpbITHs CHUMKOB P;,P; 11 (puc. 1).

[TockonpKy TUTOIIATL PETHCTPUPYEMBIX TEPPH-
TOpUH B TIOJOCE 3axBaTa CMEXHBIX MMap TOPHU30H-
TalbHBIX CHUMKOB (P;,Piy1), (Pji2,Pj43) mocra-
TOYHO MaJia, I3MEHEHHUSAMH pebeda MECTHOCTH B e
B TIpejieNiax MOXKHO TpeHeOpedb ¥ CYUTaTh, YTO ITH
CHUMKH TIOJYYEHbI C OJMHAKOBOW BHICOTHI Iloio-
YKUM TaKXke, 4TO B KaKO-To MOMEHT BpeMeHu T = Ty
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Puc. 1. 3apgaHHas Tpaektopusa BJ1A
Figure 1. The specified UAV trajectory

Puc. 3. Cuctema koopamHat SXYZ
Figure 3. SXYZ coordinate system

noniera BJIA mo mTatHON rOpU30HTAIBHOM TpaeKTo-
PHMHM 77 CUTHAJIBI OT CIIyTHHUKOB OBLIM MOTEPSHBI, a B
MoMeHTeI T = T, u T = T, + AT nonydeHa napa me-
peKpBIBalOLMXCd CHUMKOB P; u P,, mpuuem mnep-
BBl — TFOpPU30HTAIbHBIA, a BTOPOM — IUIAHOBBIN
(puc. 2).

BreneMm cBs3annyto ¢ ocsamu naepinu bJIA CK
SXYZ (puc. 3) u onpeenuM ero yrioByt0 OpUeHTa-
LU0 OTHOCUTEIBHO 36MHOW ITOBEPXHOCTH.

B cooTBeTcTBHM € POCCUICKUM rOCYIapCTBEH-
HBIM CTaHJAPTOM' YTOJl V MEXKILy MPOIONLHON OChIO
BJIA SX u miocKoCThI0O MECTHOTO TOpHU30HTA [ —
3TO YroJl TaHTaXa, yrojl KpeHa (o — YroJ Mexay Io-
niepeuroil ockto BJIA SY m mimockocTsio /, a yroin
PBICKaHHA T — YTOJI MEXJy MpOoeKIuen 2 HelrTar-
HOH TPAEKTOPHUU T, HA IIOCKOCTh / U IITATHOM Tpa-
EKTOpHEH 77.

O4eBUIHO, YTO MPH OTCYTCTBUU OTKJIOHEHUH Te-
Kymiero mapiipyra nojera bJIA ot mtaTtHOM ropu-

KA

Puc. 2. innioctpaums nameHeHns
3apaHHoN TpaekTopum noneta BJ1A
Figure 2. lllustration of a change
in a specified UAV flight traiectory

Py P,

Puc. 4. Bapnauumn oTknoHeHuin BJ1A
Figure 4. Variations of UAV deviations

30HTAJIBHON TPaeKTOPHH (CM. pHcC. 1) yIiIbl TaHraxa
U pbICKaHus paBHBI Hyo. [lomoxkum st onpene-
JIEHHOCTH, YTO B 3TOM CJIy4yae M YroJl KpeHa paBeH
Hym0. [TocKONbKY B MOMEHT MOJY4Y€HHUS BTOPOTO
CHUMKa maphl P; u P, B o0mieM cirydae BO3MOKHEI
OTKJIOHGHHS TpaeKTOpuHu 10 Bhicore AH w/numm
Kypcy Ar, monera W/WiaM W3MEHEHHsS OpHEHTAINd
BJIA 1o yritam v, o u T (puc. 4). Tormoa ycimoBumcs,
gyTto 0003HaueHWe P, BTOPOTrO CHMMKa Ha puc. 4
03HAYaeT HAJIMYME B MOMEHT €T0 ITOJTy9IeHUS OTKIIO-
HeHuil TpaekTopun BJIA no BricOTe U HAITPaBJIEHUIO

nojieTa ¢ M3MEHEHHEM €ro opueHTauuu, P, — 1o
BEICOTE U HAIIPABIICHHIO TI0JIeTa 0e3 H3MEHEHHUS OPH-
eHTaluyu, a P, — OTCyTCTBHE OTKJIOHEHHMH, KaK 10
BBICOTE M HAIPaBJICHHUIO IOJIETa, TaK ¥ M3MEHEHUN
OpHCHTAITU.

IIpu sTom nunelinbie oTkinonenus AH, Ar, ot 3a-
JIAHHOM TPaeKTOPHUH 1y MO BBHICOTE U HAIMPABICHUIO

'TOCT 20058-80. JlunaMuKa JNeTaTENBHEIX anmapaToB B atMocdepe. TepMUHBI, ONpeescHNs i 0003HAYCHH (C TIOMPaBKaMH).
M.: UznarensctBO cranmaptos, 1981. URL: http://docs.cntd.ru/document/gost-20058-80.
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mojieTa W yribl OpUeHTanmu V*,7° 0azuca S$1S,
CHEMKH CBSI3aHbI COOTHOILICHUSIMH:

AH = Arg tgv*/cos T’ (D
Ar, = Argtg t*, 2)

rae Arg — paccTosiHUE MEXITY IIEHTPaMU MPOESKIIUU
S1 1 S, B TUIOCKOCTA MECTHOTO TOPU30HTA.
ITonoxum Tarkke, uro ocu CK cHUMKOB

P,, P,, P,, P, mapannensusl ocsiM CK, cBS3aHHEIX ¢
BJIA B MmoMeHnTHI X Tonmydenus. Torma ocu CK ro-
PU3OHTAIIBHBIX CHUMKOB OYIyT MapaijielibHbl OCSIM
(otorpammerpuueckoii CK 3eMHOI mOBEpXHOCTH
OXYZ, a yriel TaHTaXa vV, KpeHa W W PHICKaHUSA T,
omnpenesitonue opueHTanuio BJIA oTHOCHTENHHO
atoit CK, SBISIOTCA B TO K€ BpeMs YIJIaMH B3auM-

HOI OpHeHTaluK CHUMKOB Py u P,, P, u P, (puc. 5).

0 X

Puc. 5. KoopanHaTtHoe NpoCTpaHCTBO
Figure 5. Coordinate space

VY4uTeIBast U3JI0)KEHHOE, YIJIOBas OpUEHTALUS
BJIA B mHemTaTHOM peXHMe OYyIET ONpPEmeNAThCs
B3auMHOI opueHranuei oceit CK 01x1y1 u O,x,y,

unu oceit CK 0,x,y, 1 0,X,Y,, 1 ONUCHIBATHCS U3-
BECTHOM MaTpuilell HampaBIgIOIIUX KOCHHYCOB

[11]:
A=AA A, 3)
rae:

ai; Q12 Qi3
A =(Az1 Q4 Az3],
az1 Gz 04szs

cosv 0 —sinv
A, =10 1 0 |
sinv 0 cosv
1 0 0
A, =10 cosw -—sinw|,
0 sinw cosw
cost sint O
A;=|-sint cost 0| 4)
0 0 1
a1 = COSVCOST — sinvsinwsinT,
a4, = —COSVSIinT — sinvsinw cos T,
aq3 = —Sinvcos w,
a,1 = CoswsinT,
a;; = COS W COS T, 4)
ay3 = —sin w,

a3z, = sinvcosT + cosvsinwsinT,
a3z, = —sinvsint + cosvsin w cos T,
Q33 = COSV COS W.

3. MaremaTnuyeckas Mmogenb AEeTeKTUPOBaHUS
TpaeKkTopun 6ecnuOTHbLIX JieTaTeslbHbIX
annapaTtoB

Jlnst mony4yeHus aHaTUTUYECKUX COOTHOIIICHUM,
OTHCHIBAIONINX MOJIENh JCTCKTHPOBAHUS TPACKTO-
pun BJIA, otmetum cnenyromee. [y mapamiakcos
MEPEKPHIBAIOLIUXCS TOPU3OHTAIBHBIX CHUMKOB, MO-
JyYEHHBIX C OHOM BBICOTHI NoJieTa BJIA, MoxHO 3a-
MHCaTh>, 4TO

{Pm = Pj,j+1 = Xj—Xj41 = const; 6
qu = qjj+1 = Yj — Yj+1 = 0. ©

[TockonpKy 1O YCIOBHSM 3a/1a4¥ CIIPABEITUBEI
COOTHOMICHUS X;—Xji11 = Xji2 — Xjy35YVj — Vj+1 =
Yj+2 — Yj+3, OTIMYUE OT HyJIS PA3HOCTEH TIPOIOIb-
HBIX ¥ TIOMEPEYHBIX MapaIakCOB CMEXKHBIX Iap
CHHUMKOB SIBIIIETCSI KPUTEPUEM HAIUYUA OTKIOHE-
Huil BJIA oT 3agaHHOI TOPU3OHTAIBHOM TPAEKTO-
puu noiera [11]. Torma 3agaya neTEKTUPOBaHUS
TpaekTopur BJIA cBomUTCS K MOCIen0BaTeIbHOMY

2 Muxaiinoe A.I1. ®oTorpaMmerpus: yueOHUK JUIst BY30B / oA obmei penakuueii A.I'. Ynbynuuera. M.: MockoBckuii rocy-

JApCTBEHHBIH YHUBEPCUTET reoie3nu U kaprorpadun, 2016. 294 c.
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CPaBHEHUIO NPOAOJBHBIX U MONEPEYHBIX Mapasllak-
COB KaXJOW TEKYLIEH CMEXHON Napbl perucTpupye-
MBIX CHUMKOB. [IpH 3TOM ropu3oHTaIbHbBIE CHUMKH
P, u P, GyayT XapaKTepu30BaThCs OJUHAKOBOM BbI-
COTOU CheMKU H U yriamMH B3aUMHOTO OPHUEHTHUPO-
Bagust V' =1" =0, v=w=1=0, a CHUMKH
P; n P, — BrIcoToil cheMkn H u H + AH cootBet-
CTBEHHO M YIJIaMH B3aUMHOI'O OPHEHTHPOBAHUS
vVi#0,T™#0, T#0,0w#0,v+0. VYcroBuMmcsa
TaKXe, 4YTO CMEXKHOM co cHUMKamu P;, P, mapoii ro-
PU30HTAJIBHBIX CHUMKOB, MOJYYEHHOH B MOMEHTHI
T <T,, snsroTcst CHUMKH Py, Py 1.

C y4eToM HM3J10)KEHHOTO0 pacCMOTPHUM pa3HOCTHU
MapajiakcoB Ap = Pyy — P>, Aq = Gy — Gy CHAM-
k0B Py, P, u Py, P, (cMm. puc. 5). YuuTsIBas, 4To

Pu = Xj—Xj11 = X1 — X,

Qu =Yj = YVj+1 = Y1 — Y2,

HOTyYHUM
Ap = (x1—x3) — (x1 — Xp) = —x3 + Xy;
Ag = 1Y) — (1 —¥2) = —y2 + V2. (7

Jid yueTa OTKIIOHEHUH LIEHTPa IPOEKIUH Sy OT
S1 mo BeIcOTe U HampaieHuto mnojera BJIA Boc-
TONb3yeMCsl M3BECTHBIMH COOTHOUIEHHSMH®, KOTO-
pBI€ B COOTBETCTBUU C MPUHATHIMH 0003HAYCHUSIMU
OyAyT UMETb CIIEAYIOIUI BUA:

fz = 3?2 + 6xAH + 6xATC; (8)
Y2 = Y2+ 8Yan + 8Yar, ©

e 6Xan, 6Xpr., 6Yan, 6Yar, — TONPABKH B KOOD-
JMHATBL Xy U Y55 6Xpr, = 0.

C yuerom (8)—(9), U3BECTHBIX COOTHOIICHUN
CBA3HM IUIOCKHMX KOOPAMHAT (Xo,X5), (2, Y,) TOUEK
HAKJIOHHOTO U TOPU30HTAJIBHOTO CHHMKOB, MOJYy-
YEHHBIX U3 OJIHOTO LIEHTPa MPOEKLUH, BBHIPAXKECHUS
(7) mpuMyT crieayrouuii BUI:

Ap = —x, — fTP + 6xpn;
‘o (10)
Aq ==y, =+ 8Yan + 6Yar,

rae: P = aqg1x; + a12y; — ag3f,

Q = az1x;+azy; — azsf,
C = az1x; + azyy, — assf,

f — dokycHoe paccrosiHue GoTOKaMEpHI.

AnmpokcuMupyeM BbIpaxkeHHusa (5) Ha OCHOBE
pasiokeHHui B psii 10 popMysiaM Sinx = X, COSX =
1
1- Exz, tgx = X W MOJICTaBMM IOIyYEHHBIE pe-

3yabTathl B (10). BeimmomHuB anee nmpeodpazoBanms,
aHANIOTMYHbIE MPeICTABIEHHBLIM B pabote’, u yuu-
THIBasi U3BECTHBIE B TEOPUHU (POTOTpaMMETPUH COOT-
__AH __AH _
HOIIEHUA OXpy = 7 X2 8Yan = 7 Y2 SYar, =
Ar,
pPuwtgT” U BeIpaxkeHue tgr* = A—rc, OKOHYATEIILHO
S
nMeeM

x x 2
Ap=<f+i> +—2yzm—y21 +x2<1 +—>v2+
f f
y2* x,° 2)2
+x2<2+F)mz_§x2T2+2FV -2 i vt +

B ! " (11)

x 2 1 x,?
Aq = v+<f+}%>w+xzr+yz<z+f—22>\,2+

2 1 2
+y, (1+yi)m2 —Eyz‘rz + x, <1 +2%>vm+

z x AH Ar,
+<x22—y%)\)‘r+2 nyzu)t+y27+pmA—rc.
— S

Cucrema ypaBHeHuit (11) ommceiBaeT M3MeHe-
HUS TTIApaIJIaKCOB TIEPEKPBIBAIONIUXCS H300paKeHUN
MIpU BOSHUKHOBEHUH OTKIOHeHUH BJIA 0T 3amanHoit
TPaeKTOPUH TOPU30HTATIBLHOTO I10JIETa U €r0 OpHEH-
tarmu. Mogens (11) mo3BoisieT TeTeKTHpOBaTh Tpa-
extoputo BJIA Ha ocHOBe CpaBHEHHUS alPHOPHBIX
OILICHOK M TEKYIIMX 3HaueHUIl pa3HOCTel mapasiak-
COB CMEXHBIX Iap TMEPEKPHIBAIOIINXCS CHHUMKOB.
[Ipu 3TOM TIIOCKHE KOOPAMHATHI COOTBETCTBEHHBIX
TOYEK CHUMKOB ¥ Hapauiakchl B (11) JOKHBI OBITH
BBIPa)XEHBI B MUJUIMMETPAX, a YIIIbI — B pajfiaHax.

4, 3KCﬂepMMEHTaJ1bHI:Ie uccinepgoeaHumsa

s vccnemoBaHusl BIUSHUS CTETICHH OTKIIOHE-
Huil BJIA oT 3ajaHHOM TPAEKTOPUU U HU3MEHEHMI
€ro OpHEHTAIINH Ha YPOBEHb pa3HOCTEH MapajylakcoB
ObUTa chopMUpOBaHA TTapa MAKETHBIX MEPEKPHIBAIO-

3 JTo6anoe A.H. ®otorpaMmeTpus: yuaeOHUK [Ist By30B. 2-¢ U3/, mepepab. u gom. M.: Henpa, 1984. 552 c.

4 Tam xe.
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mxcsi cCHUMKoB P;,P, (puc. 6) 1 B 30HE HX Iepe-
KpBITHS 3a7laHbl KOOPJIMHATHI JBYX COOTBETCTBEH-
HBIX Todek mq, U m, B CK canmxka P,. [1pu 3ToM mo-
JIarajgoch, YTO OMUOKN U3MEPEHUS OTCYTCTBYIOT.

Py

Puc. 6. MakeTHble CHUMKU P, ,P,
Figure 6. Layout images P,,P,

[Mapametpsr chemku kamepoit Nicon P700 [17]
MPEICTaBICHBI B Ta0J1. 2, a MOJyYeHHbIC HA OCHOBE
monaenu (11) omneHku BiusHMUs oTkiIoHeHUH BJIA ot
3aJJaHHOW TPAaeKTOPUN M U3MEHEHUH €ro OpUeHTAIUH
Ha ypOBEHb Pa3HOCTEH mapauiakcoB — B Ta0m. 3.

[IpoBeneHHBIN aHANINW3 TMOMYYEHHBIX JAHHBIX
MO3BOJISIET OTMETUTH clieayroniee. Bennunna pasHo-
CTH TapaJUTaKCOB CMEXHBIX Map CHUMKOB OIPEIeIIsi-
eTcs BeNWYMHON u3MeHeHuil Tpaekropuu BJIA mo
BBICOTE U HAIIPABJIICHUIO TOJIETA, €0 PA3BOPOTOB 10
yIliaM TaHTa)xa, KpeHa W PHICKAaHWS W 3aBUCHT OT

MIOJIOKEHHUSI COOTBETCTBEHHBIX TOUEK B 30HE WX IIe-
PEKpBITHSL.

XapakTep U3MEHEHUN Pa3HOCTU MNapalljIakCoB
MMeEET KBa3WIMHEHHBINA XapaKTep, MOCKOJIbKY KBal-
paTHYHEIE U TIepEKPECTHRIC WieHB B Moaenu (11) cy-
LIECTBEHHO MEHbLIE JIMHEUHBIX ciaraembix. [lomy-
YEHHBIC PE3yJbTaThl UCCICNOBAHUS TO3BOJISIOT IO
W3BECTHBIM MapaMeTpaM Kamepbl U ChbEMKH BBIIOJI-
HUTb allpUOPHYIO OLIEHKY OPOTrOBOX BEITMYUHBI U3-
MEHEHUW TMapalilaKCoB, COOTBETCTBYIOIEH JIOMy-
CTUMOMY YpOBHIO OTKJIOoHEHHH BJIA oT 3amanHOi
TOPU3OHTAIBHOM TpaekTopuu. [Ipu sToM mon nomy-
CTUMBIM MOHUMAETCA TaKOM ypOBEHb, KOTOPHIA HE
MIPUBOJIUT K CHIDKEHUIO 3(P(GEKTUBHOCTH BBITIOIHE-
HUSI TIOCTaBJICHHOW IeneBod 3ajaud. Hampumep,
€CITU TIOJIOKUTD JTOTYCTUMBIMU U3MEHEHHUSI YTIIOBOM
opuentaruu Ha 0,5 rpaa., a JUHEHHBIE OTKIIOHE-
HUS — JIBa METPa, TO YPOBEHb Pa3HOCTU MPOAOIb-
HBIX MApaJIJIAKCOB MPHU MOJIOXKUTEIBHOW U OTpULIA-
TEJIbHOW OPIMHATE TOYKU HE JOJDKEH MPEBBILIATH
coorBeTcTBeHHO 8 u 20 mHKcenei, a momeped-
HbIX — 40 nukceneit B 00oux cirydasx. Takum 00-
pazoM, BBIMONIHAS W3MEpPEHUs B IpoLEcce IMoJieTa
pa3HOCTEN MapajljJaKCOB CMEXHBIX Map CHUMKOB
BMECTO H3MEPEHUN caMuX I[apaMeTpOB OpPHUEHTA-
1uu BJIA, MOXXHO YIIPOCTHTH KOHTPOJIb TPAEKTOPHH
BJIA B yclOBHSIX OTEPU CUTHAJIOB OT HABUTALIMOH-
HBIX CITyTHUKOB.

Tabnuya 2

MapameTpbl CbeMKn

doTonpuemHas CTpykTypa

MpuHaTbIe 3KCNEePUMEHTabHbIE AaHHblE

Pa3mepsbl: 8 MM Ha 6 MM
Yucno anemenTos M3C: 3648x2736
Paamep anemenTa M3C: 2,2 - 1073 MM Arg = 95Mm

dokycHoe paccTosHue: 2,4 MM

BbicoTta cbemku: H = 285 m

PaccTosHme Mexay LeHTpaMm Npoekumn S; u S,:

CreneHb NepekpbITUs CHUMKOB P;, P,: 50%

dopmar CHUMKOB Py, P,:
—4 MM < xq,X; < 4 MM
—3MM < y,,Y, <3 MM

I'IapannaKcm B LLITATHOM pexunme
CbEMKW:
Pu =4 MM; g, =0

Table 2

Shooting Parameters

Photodetector structure

Accepted experimental data

Dimensions: 8 mmx6 mm
Number of CCD elements: 3648x2736
The size of the CCD element: 2,2 - 10~3 mm | 475 = 95m

Focal length: 2,4 mm

Shooting height: H = 285 m

Distance between projection centers S; u S,:

Degree of overlap of images P;, P,: 50%

Snapshot format Py, P,:
—4mm < x;, %, <4mm
—-3mm<y,,y, <3mm

Parallaxes in normal shooting mode:
Pu=4mm; g, =0
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Tabmuya 3/ Table 3
Pe3ynbTaTbl uccnepoBaHusa / Research results
OpueHnTtauusa BJIAv = t = w, rpag, / UAV orientationv =7 = w, °
Pa3HocTb
napannakcos, Mm / Y 2,5 5
Parallax difference, JIvHeMHble oTknoHeHust AH = Ar,, M/ Linear deviations AH = Ar., m
mm
0 4 8 0 4 8 0 4 8
Touka my (x, = =2 MM; y, = 1,5 Mm) / Point my (x, = =2 mm; y, = 1,5 mm)
Apy 0 -0,029 -0,056 0,158 0,129 0,101 0,318 0,29 0,261
Agqy 0 0,021 0,042 0,004 0,194 0,383 0,101 0,198 0,388
Toukam, (x, = =2 MM; y, = —1,5 MM) / Point m, (x, = —2 mm; y, = —1,5 mm)
Ap, 0 -0,029 -0,056 0,279 0,251 0,222 0,542 0,513 0,485
Aq, 0 -0,021 -0,042 0,111 0,258 0,406 0,217 0,365 0,512
3aknouyeHue 4. Ilponvkun A.H., Kysneyos U.M., Bepemeenxo K.K.

1. PazpaboTana Mozenb, yCTaHaBIMBAIOLIas
(YHKIHOHAJBHYIO CBSI3b MEXIY Pa3HOCTAMHU IMPO-
JOJIBHOTO M TOIEPEYHOTO MapajulakCOB CMEXKHBIX
nap NepeKpPhIBAIOIIUXCSA CHUIMKOB U BEIMYMHOM JH-
HeHbIX OTKIOHEeHUH BJIA OoT 3amaHHON TpaekTo-
PHU TOPU30HTAIILHOTO IT0JIETa U U3MEHEHUH €ro yT-
JIOBOM OpHEHTALIUU.

2. Tlomy4deHHBIE aHATUTUYECKNE COOTHOUIEHUS
MTO3BOJISIIOT BHITIOJHUTE allPHOPHYIO OLIEHKY IIOPOro-
BOM BEJIMYMHBI U3MEHEHUM MapajjiakcoB, COOTBET-
CTBYIOLIEH TOMyCTUMOMY YPOBHIO OTKIOHEHHH BJIA
OT 33JJaHHOW TOPU3OHTAJIILHOW TPAeKTOPHH, W B
YCJIOBUSAX NOTEPH CHUTHAJIOB OT HABUTAMOHHBIX
CIIyTHHKOB 00€CTIEYHBAIOT BO3MOXKHOCTH aBTOMATHU-
YeCKoro JIeTeKTHpoBaHus Tpackropun bJIA 6e3 Hero-
CPEICTBEHHOTO U3MEPEHHS TapaMeTPOB MOJIETA.
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UccnepoBaHue NOTOKOB MHPOPMaLMU B TPAHKUHIOBOW paanoceTun
ANS onepauunii Ha3eMHOro o6cny)xXneaHua BO34YyLUHbIX CyA0B

A.B. Mibuenko® =, T.E. Wabuenxo®

2 MOCKOBCKUI aBUAIIMOHHBIA MHCTUTYT (HAl[MOHAJIbHBIN HCCIeN0BaTENbCKUN YHUBEPCUTET),
Mocksa, Poccutickass ®edepayus
000 «ADJIT-Cucreme», Mockea, Poccuiickas Dedepayus
K ilchenkoav@mai.ru

HcTopust cratbu AnHoTauus. VccnenoBanbl HHQOPMAIIMOHHBIC TOTOKH CUCTEM KOMMY-
TocTynuna B pefakimio: 12 anpens 2023 r. HUKAIMH PY NPOBEJCHNUH OIlepaluii 10 HA3eMHOMY OOCITYKHBAaHHUIO BO3-
JlopaGoTana: 10 urons 2023 r. QYIIHBIX CYZ0B B OAHOM M3 KpyIHEHIuX a’pornoptoB Poccuiickoit Oene-
Tpunsta K my6mikawnu: 15 rons 2023 r. pauMu 1S OnpeieseHuss MUHUMAIIBHO JOCTaTOYHOI'O pecypca CHCTEMbI

PaIroCBs3M Kak OAHOTO U3 KaHAJIOB KOMMYHHKAIMH. [IpuBeneH TexHomo-
KJlloueBble ¢J10BAa: THYECKUi Tpaduk 0OCIyKMBAaHUS BO3AYIIHOIO Cy/lHA U Ha €ro mpumepe

MOKa3aHa CII0’KHOCTh U apaJuIeNi3M IIPOIIECCOB O0CITYKUBAHUS BO3IYIL-
Horo cynaHa. Takke Ha OCHOBE TEXHOJOTHYECKOro rpaduka o0ciyxuBa-
HUSI pa3pabOTaH CIUCOK HEOOXOIMMBIX PECYPCOB KOMMYHHUKAIIMH C OITHU-
CaHHEM KOHKPETHBIX PAbOT KaXI0il rPYNIBl U UX OXKHIAEMOH 3arpy3Ku.
OmrcaHbl TPU dTala UCCIEIOBAHMS ISl MOJICPHU3AINH KOMMYHHUKALUH.

TPAHCIIOPT, IPaXKJAHCKAs aBHALMS,
BO3/IYILLIHOE CYJHO, PaJHOCETH,
KOMMYHHUKAIHHU, TEXHOJIOTHIECKHI
rpa¢uk, 6€30MacCHOCTb, CIACCHHUE, AHAJIN3

Ha nepBom 3Tane ycTaHOBIJIEHBI JOCTYTHBIE U HEOOXOJMMBIC YCIIOBHSI ISt
(YHKIIMOHUPOBAaHHS CUCTEM KOMMYHHKAIMH B yCIOBHSX HEXBAaTKH Ya-
ABTOpBI 3a5BIISIOT 00 OTCYTCTBHH CTOTHOTO pPecypca 1 OIpe/ieieHa TEXHOJIOT s CBSA3H, KOTOpasi OyIeT BHE/I-
KOH(JIMKTa HHTEPECOB. peHa (B 1aHHOM ciydae 1ia peds o crpoutenbctse DMR Tier 111 paguno-
cern). Ha BropoM 3Tane HakoIUIeHa CTATUCTHKA UCIIOJIb30BaHUS PaJHO-
CeTH, IPOaHAIN3UPOBAHBI KOHKPETHBIE 3aJa4r, paboTa Py, HX paaro-
obmeH. Ha TpeTbeM aTarie Ha OCHOBE JaHHBIX, [TOJyYCHHBIX paHee, CAeIaH
BBIBOJI O T€X HJIM MHBIX CIa0bIX MECTaX CHCTEMBI, BRIPA0OOTaHBI PEKOMEH-
JIAlMU K ee MOAU(DUKAIMH JUIsl CHHXKCHHUSI KOJIMYECTBA OTKAa30B B 00CIy-
JKUBAaHUU aOOHEHTOB M TMOBBIMICHHUS 3()(EKTHBHOCTH PabOT MO Ha3eM-
HOMY OOCITy>KHBaHHUIO BO3IYIIHBIX CyIOB, a TAKKe ISl pabOTHI aBapHii-
HBIX U ciIyx0 Oe3omacHocTu. B mccnenoBaHMM OTpakeHbI HECKOJBKO
KJIIOYEBBIX MTOKa3aTesIel, a IMEHHO: JIOCTYITHOCTh KaHAJIOB CBS3U, KOJIU-
YEeCTBO KaHAJIOB CBSA3M JUIS MCIOJIHEHUS TEXHOJIOTHYECKOro rpaguka oo-
CITy)KMBaHHMS, yAEp)KaHUE KaHalla CBSI3H, a TaKXKE CTPOroe COONI0OJCHHUE
periiaMeHTa neperoBoposB.

3asBileHHE 0 KOH(PJIUKTE HHTEPECOB
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Abstract. The information flows of communication systems during aircraft
ground handling operations at one of the largest airports in the Russian
Federation are studied to determine the minimum sufficient resource of the
radio communication system as one of the communication channels. The
technological schedule of aircraft maintenance is given and its example shows
the complexity and parallelism of aircraft maintenance processes. Also on the
basis of the technological maintenance schedule the list of necessary
communication resources with description of specific works of each group and
their expected load is developed. Three stages of research for moder-
nization of communications are described. At the first stage, the available and
necessary conditions for the functioning of communication systems under
conditions of frequency resource shortage are established and the communi-
cation technology to be implemented is determined (in this case it referred to
the construction of DMR Tier III radio network). At the second stage, statistics
on the use of the radio network is accumulated, specific tasks, the work of
groups, and their radio exchange is analyzed. At the third stage, based on the
data obtained earlier, a conclusion is made about certain weaknesses of the
system, recommendations are developed for its modification to reduce the
number of customer service failures and improve the efficiency of aircraft
ground handling operations, as well as for the work of emergency and security
services. The study showed several key indicators, namely: the availability of
communication channels, the number of communication channels to fulfil the
technological service schedule, retention of the communication channel, and
strict adherence to negotiation regulations.
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BBeneHune

Denepaliii 9YaCTOTHBIH Pecypc, KOTOPHIA MCHONB3Y-
eTcsl Ul OpraHu3alli BHYTPUIIOPTOBOM pasnocBa3H

[Ipobnema obecnieueHUs KPUTHUECKUX KOMMY-
HUKAIWA JUIsi 00eCIIeUeHUsT HA3eMHOTO O0CITyKUBa-
HUS BO3IYIIHBIX CYJIOB BECbMa aKTyalbHa, TaK KaK OT
paboTHI CPEACTB CB3M 3aBHCUT HE TOJIBKO Ka4eCTBO
Ha3eMHOT0 00CITyKUBaHWsI, HO ¥ )KU3HB Jitoneit [ 1-2].
HMMeHHO MO3TOMY CHCTEMBI PAIUOCBI3U OTHECCHBI
K 00bEKTaM KPUTHUCCKOW WH(DPACTPYKTypHI, TPO-
BOZSITCS COOTBETCTBYIOIINE 3aKOHOAATENIBCTBY MPO-
Leaypsl kareropupoBanud. B nemnom B Poccuiickoit

BEeCbMa OTpaHWYeH. JTO wiH moyioca 136—174 M1,
mwm 430440 MI't ma cuctem DMR, uam monocsl
crannapra TETPA. OnHako B COOTBETCTBUHU C pellie-
mneM ['KPU' B MOCKOBCKOM pErHOHe JHANa3oH
TETPA 422—-427 3amnpeiiieH, a ot auanazona 450 MI'g
pemenueM (mpotokon Ne 14-26) ocraiena mosioca
Bcero b 2 MI'i?. Bmecte ¢ TeM npo6ema obec-
MeuyeHus] KOMMYHUKAUH A1 Ha3eMHOTO OOCITyXKH-
BaHUS OCTAeTCs aKTyaJbHOW MMEHHO B yKa3aHHBIX

'TIporokon 3acenanus ['ocynapcTBeHHON KoMuccHu 1o panuodactoram Ne 06—15 ot 26.06.2006. URL: https:/digital.gov.ru/

ru/documents/4044/ (nara oopamenus: 15.03.2023).

2 Perenne I'KPY ot 22 mrons 2014 roga No. 14-26-05-3 «O6 ucnonbs30BaHny M0Ja0C paauodactot 453-457,4 MI'n u 463-467,4
MTI'w panmosnekTpoHHEIME cpenctBamu ctaHmapra IMT-MC-450 u crangapra LTE u nmocnemyromux ero moxudukanuiiy. URL:
https://digital.gov.ru/ru/documents/4224/ (nata oopareHus: 21.03.2023).
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nuarna3zoHax. B mocneanee BpeMs ObIIH MOIIBITKH Tie-
peBectn omepannu Ha texHomorun LTE MCPTT,
PoC, HO B CBsI3U C X€CTKUMHU TPEOOBAHUSIMU TIO JI0-
CTYITHOCTU KaHAJIOB CBSI3M OHU HE MOTYT 3aMCHUTh
texnonorud TETRA u DMR.

[IpakTHdeckn Bce HWCCIENOBaHUS IO JAHHOW
TeMe MOCBSIICHBI TOJIBKO BOPOCAM PAaCCMOTPEHUS
Pa3IMYHBIX TEXHOJOTHH [3], paArno4acTOTHOTO IUIa-
HupoBanus [4]. A.B. UIp4eHKO HEOTHOKPATHO 00-
pamaics K BOIPOCY PETYIMpOBaHHS HCIIOIb30Ba-
HUS PaIlOCPENCTB, B YACTHOCTH, TIPH MPOBEACHUH
MacCOBBIX MEPOTIPUATHH [5]. BMecTe ¢ TeM aBTOpHI
CUHTAIOT, YTO IPH 0€3yCIOBHOHN BaXXHOCTH paarova-
CTOTHOTO 00ECIIEYCHHUS U PacueTOB HEOOXOMMO HC-
CJIEJIOBATh CaMU MOTOKH HH()OPMALIUHU, TUPKYIHPY-
OIIe B paJOCETH MPU BBHIOJIHEHUU OINEpaui
HA3eMHOTO OOCITy>KMBaHUS PEWCOB M BO3IyIIHBIX
CYZIOB B a3pOTIOPTY, YTOOBI ONPEAETUTH ONTHMAIIb-
HBIA YaCTOTHBIN PeCcypc U TEXHOJIOTUU PAJIUOCBS3H.
WHTepecHa Taxke crnenupuka HUCCIEIOBAHUN B
CMEXKHBIX oOnacTsax. Hampumep, npu paccMoTpeHun
MTOCTPOCHUS MOJIEBBIX MYJIBTHCEPBUCHBIX CETEH TIe-
pe€aadymn JaHHBIX B 30HAX YC u uHBIX clacaTelbHbBIX
paboT aBTOPBI OMUCHIBAIOT CXOXKHUE CIOKHOCTH C TIe-
pexoaoM OT TPHUMEHSEMBIX B HACTOAIIEe BpPeMs
TETRA 1 DMR k Hanboiiee COOTBETCTBYIOIIUM CO-
BpEMEHHBIM TPeOOBaHMIM IO BBICOKOCKOPOCTHOM
nepenaye JaHHBIX [6—7].

Taxoke cieayer OTMETUTD MOBBIIICHHOE BHUMA-
HUE aBTOPOB K MOJCITHUPOBAHUIO PACHPOCTPAHEHUS
pamuokaHaios, B [8—10] paccMaTpuBaeTCsi BO3MOX-
HOCTB 00€CTICUeHUS TTIOKPBITHS OSCITPOBOIHOMN CETH,
a TaKKe CBA3aHHBIC TIPOOJIEMBI TIPH PabOTEe ¢ KOMMY-
HUKAIMOHHBIMH CHCTEMaMH, Pe3yJIbTaThl paboTHI C
KOTOPHIMH MOTYT OBITh TaKKe MOJIC3HBI TPU pac-
CMOTPECHHY TeMaTuKu. B yacTu uccnenoBanmii, kaca-
IOLIMXCST HETTOCPEICTBEHHO HA3eMHOTO 00CITyKHBa-
HHUS BO3AYIIHBIX CYIOB B a3pOIOPTY, [OAABIISIONIEE
OOJBIMMHCTBO ITyOTMKAITMH TTOCBAIICHO BOIIPOCAM
SKOHOMUYECKOW 3(PPEKTUBHOCTH W ONTHMH3AIAH
pecypcoB — IepcoHana, 00OPYIOBaHUS U CIIEITeX-
HUKH, HartpuMep [11-16], Taxxe HEManyro 4acThb 3a-
HUMAalT paboOThl, 3aTParvBalIUe TEMAaTHUKy Tak
Ha3bIBa€MbIX YMHBIX a’pOINOPTOB, Hampumep [17-
22], ogHaKo MPaKTHYECKH OTCYTCTBYIOT pabOTHI, B
KOTOPBIX OBl UCCIIEIOBANNCH MOCIIEA0BATEIHHOCTH
omepanuii W HWHPOPMAITMOHHOE B3aWMOJCHCTBHC
IIPH UX TPOBEICHHH.

1Llens uccneoosanus — N3yyueHNe MOTOKOB WH-
(hopmanmu Mpu HA3EMHOM OOCITYKUBAaHUH BO3MYIII-
HBIX CY/IOB, BBISBJICHHE MPOOJIEM B CBA3H C pacTyIIe

Harpy3Koil M ONpENeNICHHE ONTHUMAIBHOIO KOJIMYe-
CTBa PECYPCOB M YPOBEHB JIOCTYITHOCTH, HEOOXOH-
MBIX JUIs 0€30TKa3HOM paboThl BCex 3a/IeHCTBOBAH-
HBIX CITYXO0 a’poriopra.

1. BoigBNeHUue OCHOBHbIX
noTokos nHpopmauumn

Cucremsbl painoCBsA3U B IpaKIaHCKOM aBHalluu
KCIOJNIB3YIOT nojocy B Auanazone 160 MI', kotopas
B 70—80-€ rT. mpouuioro Beka yJaoBJIETBOPsIa BCEM
TpeOoBaHMSIM oOOecredeHns NMPOU3BOACTBA U 0e3-
OMAaCHOCTH TOJIETOB, 00CTYXKHBAaHUS MacCaKUPOB,
Oaraska, Tpy30B U MOYTHI, OAHAKO B 20-X IT. HBIHEII-
HETO CTOJIETHUS YK€ HE COOTBETCTBYET COBPEMEHHBIM
TpeOOBAHMUSIM HH TIO MPOITYCKHOW CIIOCOOHOCTH, HU
nmo 3amuiieHHocTH. KoHeuHo, B moclenHee BpeMs
Ha3zHaueHus 4acToT PockoMHan30poM BecbMa pac-
HIMpEHBI (aBTOP MONTyYasl pa3pelieHus Aaxe B paii-
one 146—148 MI '), HO 3TO He perraet npoodIeMy He-
JIOCTaTOYHOCTH YaCTOTHOTO pecypca Ha ompezesicH-
HBIX TEPPUTOPUAX U B YCIIOBUAX MTOBBIIICHHOMH IOT-
HOCTH 3KCILTYyaTHPYEMBIX PaJHOCPENCTB U OTpaHM-
YeHUi, HaKJIaabIBaeMbIX MHHUCTEPCTBOM OOOPOHEI
Poccuiickoit ®eaepanuu.

Takke Iy MCHONB30BaHUSA B IpakAaHCKOU
aBuanuu goctymeH auamna3oH 410-450 MIw, mpen-
Ha3HAuYEHHBIN B TOM YHCIIE A7 TIOOUTENBCKOM U Cy-
XOIyTHOW MOABMXHOM panuociyx6. [Tpu atom mo-
CIIeHSS BKIIOUAET TOJIOCH ISl YCTPOMCTB MaJioro
paauyca IeMcTBUA, a TAKXKe U1l paAMOCTaHLIUM TUTIA
Walkie Talkie, He TpeOyroIux JUIICH3UpOBaHus. Ta-
KM€ YCTPOMHCTBA MOTYT BBI3BAaTh HAPYIICHHUS B CBA3H,
KOTOpbIE OUY€Hb CIOKHO HICHTU(PHUUIUPOBATH IO-
CKOJIbKY B TIOCJIEHEEe BpeMsi KOHEYHOMY IOTpeOH-
TETI0 JOCTYNEeH OOMIMPHBIA aCCOPTUMEHT pajano-
CPEICTB 00IIETr0 Ha3HAUEHUS, UCTIOIB3YIOIIUX O0b-
LIOW CHEKTP PafUOyYacTOT.

C yueToM M3J10KEHHOT'0 BBILIE NCCIE0BAaHUE U
ONTHMH3AIN WH(HOPMALIMOHHBIX TIOTOKOB B CBSI3KE
«1epcoHan — HHQPOPMAIIMOHHBIE CUCTEMBI — CH-
CTEMBI paJHOCBI3U» B a3pONOPTY MpPEICTABIAETCS
MEPCIEKTUBHBIM CIOCOOOM peIIeHHs] TpodieM ¢
MpeIoCTaBIeHNEM KadeCTBEHHOTO CEPBHICA PaHO-
CBA3M U yIYyUIIEHHUs] KOMMYHHUKAIIUH MEXAY 3aaeh-
CTBOBaHHBIMH B MPOIIECCaX HA3eMHOTO 00CITyK1Ba-
HUS ciTy’)kOamu. B3anmHoe BIustHIE MEX Iy HHDOP-
MaIOHHBIMU CHCTEMaMH 10 00CITY)KHBaHHUIO BO3-
IOYIIHBIX CYJOB, MacCaXUPOB, Oaraxa, rpy3a, MOYTHI
(IpOM3BOACTBEHHBIMU CHCTEMaMH), a TaKXke —
JIpYTUMH CHUCTEMaMH a’poIopTa U CEThI0 Paauo-
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CBSA3M HeocnopuMo. B cimyudae oTkasa mpous3BOI-
CTBEHHOH MH(OPMALMOHHON CHCTEM 3HAYUTEIBHO
BO3pacTaeT Harpy3ka Ha paguocerb. CpaBeminBoO
n o0paTHOE — OTKa3 PajinoOCBA3U MPHUBOAUT K PO-
CTy Harpy3Kd Ha IEPCOHAJ U TPOU3BOICTBEHHBIE
cucCTeMBbl. FIMEHHO MO3TOMY aBTOpaMHU NMPOBEAECHO
HCCJIEZIOBAaHUE IPOLIECCOB U OIEpaIil Ha3eMHOIO
00CIy>KUBaHUS B a3pOIOPTY, MOTOKU HH(POpMALIUU
U UX B3aUMOJCHUCTBUE.

HazemHoe o0cimykrBaHHE BO3LYIIHOTO CyAHA B
a’ponopty — Habop 00s3aTeNbHBIX ONepanuii, Ko-
TOpBIE JTOJKHBI OBITH BHIITOJHEHBI OT MOMEHTA MIPH-
OBITHS BO3AYIIHOTO CyJJHAa HA MECTO CTOSHKH J10 €T0
OTIIPaBJICHHS B COOTBETCTBUHU C PACIIUCAHUEM U CY-
TOYHBIM IJIAHOM IIOJIETOB aBMAaKOMIIaHUHM M a3po-
nopta. Takoe obcimyXKrBaHHE OCYLIECTBIISIETCS B CO-
OTBETCTBUU C NIPUHITHIMU B KaXKIOM a3pOIOPTY TeX-
Honormyeckumu Tpaduramu obciyxuBanus (TI'O).
Bce oneparu TI'O MOXXHO pa3ienuTh Ha CIIEAyOIe
BUJIBL:

v/ TeXHHYECKoe OOCIyKHBAaHHWE BO3IYIIHOTO
CynHa,

v/ HazeMHOE O0CITY>KHUBAHHE BO3/LYIIIHOTO CY/IHA,

v’ 00CITy)KUBaHKE TTACCAKUPOB U Oaraxa,

v 06paboTKa rpy30B ¥ MOYTEL

O0BeM W coCTaB OIEepanuii, BBHITIOJHICMBIX B
pamkax TT'O, 3aBucHT OT B2 COOOIIIEHUS IS peiica
(mpuOBIBaIOIIETO MM OTIPABISIOMIECIOCS B/U3 a3po-
nopta). Tak, HampuMep, Ipu BCTpeue peiica, MpUObI-
Barommero mo MBJI (MexmyHapomHBIE BO3IYIITHBIE
JMHUM), HA MECTO CTOSIHKU ITPUOBIBAIOT MPEICTABU-
TENU CIyKO MOTPaHUMYHOTO KOHTPOJII M TAMOXKHH.
A B cinywyae Hamuuus Ha OOpPTY OpPYKHS JTOJKHBI
TaK)Ke IPUCYTCTBOBAThH IpeacTaBuTean MuHucrep-
CTBa BHYTPEHHHMX e u/umu Pocreapaum.

Kpome Toro, TI'O mnoxpasnensrorcst OTHOCH-
TEJbHO HANpaBJICHUS U 00beMa BBINOIHAEMBIX OIle-
pauuii Ha ClIeAyrOIUe BUIBL:

v’ 00CIyXHBaHUE TI0 MPUIIETY peiica (KoHed-
ueiii TTO) — ot npubsitus BC, BBINONHSAIOMETO
peiic B a3pomnopT Kak MyHKT Ha3HAYeHHs, HA MECTO
CTOSSHKM [0 BBIIOJHEHHUS IIOCJIEAHEH OIepanuu
(HanmpuMep, OKOHYaHUS 00paOOTKY TPy3a/TIOUTHI);

v’ 0o0cCiy)KMBaHWE 110 BBUIETY peiica (Hauallb-
Helii TI'O) — ot npubsitua BC, BeImonHSAOImEro
peiic u3 a’ponopra Kak IMyHKTa OTHPAaBICHU, 10 OT-
MIPaBJICHUS C MECTA CTOSHKHU (TOYKH 3aITyCcKa JBUTa-
TeJIel — B 3aBHCUMOCTH OT CE€30HA, HEOOXOAUMOCTH
W MecTa MPOBEJCHUS POTHBOOOIICICHUTEIBHON 00-
paboTKN);
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v' o6oporHblii mimu TpaHsuTHe TI'O (mpu-
net/Beuier) — obciyxuBanue BC ot mpuiera mo
BBIJIETa KaK CyMMa BCEX OIepalyii, OrpaHUYCHHBIX
BPEMEHHBIM OTPE3KOM OT MPUOBITHSA [0 OTIpaBIIe-
Hus BC, BBIONHSIONIETO Tapy PecoB — MPHIICT-
HOH U BBIJIETHOM.

Kaxnas TexHomormueckasi onepamusi BBIIONHS-
€Tcsl B CTPOrOM COOTBETCTBUH € TpeOOBaHHUAMH, yKa-
3aHHBIMA B TEXHOJOTHYECKUX KapTax U HHCTPYK-
LUSAX, pa3palaTbiBacMBIX OIEPaTOpaMH HAa3EMHOTO
00CTY)KUBaHUS B COOTBETCTBUU C BHIIOM padoOT U C
y4eToM TpeOOBaHH PYKOBOACTB MO Ha3eMHOMY 00-
CITy’)KMBaHUIO aBUAKOMITIaHHH.

Bo Bpems oOciry>KuBaHuUS OAHOTO peiica mapai-
JIETIbHO BBIMIOJHSIOTCS HECKONBbKO omepauuil. [Ipu-
Mep TT'O npuBenen B Tabm. 1.

[IpoGnemsl npoxokaeHns UH(opMaIuu oT of-
HOTO YyYacTHHKa Tpolecca K APyroMy B Ipolecce
00CITy>KUBaHUS BO3AYLIHOTO CyAHA O0YCIIOBJICHBI Ta-
KUMH (pakTopamu, Kak:

v/ KOJHMYECTBO OJHOBPEMEHHO OOCIy)KHBae-
MBIX PEHCOB M MPOBOAWMBIX OINEpaliii B Mpolecce
Ha3eMHOTO 00CITy>KUBaHUS,

v’ KOH(UTryparys a>poapoMa, IeppoOHa U KOM-
TUIEKCA 30aHUI 1 COOPYXEHHI Ha TEPPUTOPHU a3PO-
opTa;

v/ HCMOJIb3yeMBIE JJIsi KOOPAUHALMU U BBINOJI-
HEHUS! OTIePaLfii IOMEIIECHHS B IOKOIBHBIX HITH IO/
BJIBHBIX AT@XaX TEPMHHAJIOB a3pOIOpPTa WIH B OT-
JAJICHHBIX OT MecTa 0OCITyKUBaHUS 30aHUSX;

v/ HanMYhe PaJHOHENPO3PavYHbIX COOPYKEHHI
U MIPETSITCTBHIHN [UISl paIMOCUTHANA Ha TIeppoHe (crel-
TEXHHKa, BO3AYIIHEIEC CyJa, aHTapbl U T.IL.).

Takoke OoJbIIOE 3HAYEHHE UMEET YPOBEHb CEp-
BUCAa — BpeMs IMPEIOCTaBICHUS KaHalla CBS3H CO
CTOPOHBI HHPPACTPYKTYPHI.

C yderoM yNOMSHYTBIX BbIIIE (PaKTOpPOB, a
TaKke B cooTBeTCTBHHU ¢ TunoBbIMU TT'O mpexacras-
JsIeTCsl 11e71ec000pa3HBIM BRIICIHUTH CIICIYIOIINE MO-
TOKH WH(pOpMaNWK (BUIbI KAHAJIOB YIIPABICHUS ):

v/ yIpaBieHre MPOM3BOICTBOM H/HIIH a3pOIop-
TOM (KOOpIAMHALHUSI MPOU3BOACTBEHHOM AEATEIBHO-
CTH, BBITIOJIHEHUE CYTOYHOTO IJIaHa ITOJIETOB U PACIIU-
CaHHUsl a’3pOINOPTa, CIOT-KOOPIUHAIMS, YIpaBiIcHHE
Ha3eMHBIM JIBIKEHHEM BO3YIIHBIX CYJIOB U T.11.);
TEXHHYIECKOE OOCITy>KMBaHHE BO3AYILIHOTO CyAHA B paM-
kax TI'O (aBuanMOHHBIC MEXaHUKH, HHXKEHEPHI IO
00CTY)XMBAaHUIO BO3AYIIHBIX CYIOB W/HIIU Cymep-
Baif3eprl Mox OOPTOM, AUCTIETUYEPHI 10 OPraHU3ALUH
MIEPEBO30K Ha IEPPOHE);
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Tabmmuya 1
TunoBo TeEXHONOrn4Yeckum rpadpuk
Ne Onepauus Hauano OxkoH4yaHue | MpoAoMKUTENBbHOCTb
1 MpunbbiTne BC 0:45 0:35 0:10
2 |ABmaumoHHas 6e30MnacHOCTb 0:35 0:00 0:35
3 |YcTaHoBKa KONOAOK 0:35 0:34 0.01
4 |MNoaroH nepBoro Tpana 0:34 0:32 0.02
5 | OTKpbITUE rPY30BLIX JIIOKOB 0:34 0:32 0:02
6 |MoproH BTOpOro Tpana 0:34 0:32 0:02
7 |Pasrpy3ska 6araxa 0:32 0:21 0:11
8 |Bbicagka naccaxmnpon 0:32 0:26 0:06
9 |Mopbesp Tonameo3anpasLumka 0:34 0:27 0:07
10 |3anpaska TONAMBOM 0:26 0:14 0:12
11 |FoTtoBHOCTL BC 0:20 0:19 0:01
12 |Mocapaka naccaxunpos B BC 0:14 0:02 0:12
13 |Barpyska 6araxa 0:16 0:04 0:12
14 |[locTaBka NepeBO304HON OKYMeHTaumMm 0:07 0:05 0:02
15 |MpubbiTue Tarava 0.07 0:05 0:02
16 |3akpbiTne rpy30BbIX JIIOKOB 0:04 0:02 0:02
17 | 3akpbiTne naccaxupckux apepen 0:02 0:01 0:01
18 |OTroH nepeoro Tpana 0:02 0:01 0:02
19 |OTroH BTOpOro Tpana 0:02 0:01 0:02
20 |Y6opka konoaok, oTnpasneHne 0:01 0:00 0:01
21 |bykcuposka BC 0:00 -0:03 0:03
Table 1
Typical technological schedule

No. Operation Begin End Duration
1 Departing Aircraft 0:45 0:35 0:10
2 |Aviation Safety operations 0:35 0:00 0:35
3 |Cuttersinstall 0:35 0:34 0.01
4 |Landing 1" ramp 0:34 0:32 0.02
5 |Opening Cargo Doors 0:34 0:32 0:02
6 |Landing 2" ramp 0:34 0:32 0:02
7 |Baggage Unloading 0:32 0:21 0:11
8 Passengers Unloading 0:32 0:26 0:06
9 |Fuel Tanker Entrance 0:34 0:27 0:07
10 |Fuelling 0:26 0:14 0:12
11 |Aircraft Readiness 0:20 0:19 0:01
12 |Passengers Loading 0:14 0:02 0:12
13 |Baggage Loading 0:16 0:04 0:12
14 |Flight Docs delivery 0:07 0:05 0:02
15 |Tractor arrival 0.07 0:05 0:02
16 |Cargo Doors closing 0:04 0:02 0:02
17 |Passenger Doors Closing 0:02 0:01 0:01
18 |1% ramp driving away 0:02 0:01 0:02
19 |2™ramp driving away 0:02 0:01 0:02
20 |Cuttersremove 0:01 0:00 0:01
21 |Aircraft towing 0:00 -0:03 0:03
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v/ HazeMHOE 0OCITy)KHBAHHE BO3IYIIHOTO CYIHA
(BomuTENM CHENTPAHCIIOPTa M CPEICTB HA3EMHOTO
00CITy)KHBaHUS, TATA4YN adPOJPOMHBIE, OYKCUPOBOU-
HbIC YCTPONCTBA, TOIUTMBO3AMPABIIMKH, MAITUHBI
JUIS JTOCTaBKH OOPTOBOTO MUTAHWsI, MAIIUHBI JUIS
MIPOBEICHUS MTPOTHUBOOOICICHUTEILHON 00pabOTKH
BCurn.),

v’ 00CIy)KUBaHUE MACCAKUPOB (CTOMKH peru-
CTpAIlMH, BBIXOJIbI Ha MTOCAJIKY, IEPCOHAT — areHTHI
perucTpanyu, Mocagkd U O0CTYyKUBAHUS TPAH3UT-
HBIX TACCAXKUPOB, MACCAKUPCKHIE U IKUTTAKHBIC aB-
TOOYCBI, aMOyTHU(THI U IEPCOHA JJIs1 00CTYKUBAHHS
MacCaXUPOB C OTrPAaHUYCHHBIMU BO3MOXKHOCTSIMHU
3I0POBBS U T.I1.);

v’ o0paborka Oaraxka (mepcoHal, MOrPy3urKH
KOHTCHHEpHBIE, KOMIUICKTOBKA Oaraka, 3arpyska/
BBIFPY3Ka, TPAHCIOPTEPHI JICHTOYHBIC, TATa4ud Oa-
TKHBIX TEJIEKEK U KOHTCHHEPOB U T.I1.);

v’ 006paboTka rpy3a/mourhl (IIepcoHal, morpys-
YUKH KOHTCHHEPHBIC, KOMILIEKTOBKA T'PYy30B H IIO-
YThI, 3arpy3Ka/BBITPY3Ka, TPAHCIOPTEPHI JIEHTOU-
HEIE, TATAYN OarayKHBIX TEIEKEK U KOHTCHHEPOB);

v/ 1pouyre TPOU3BOJICTBCHHBIE OIEPAIllMd U
yIpaBICHUE ad3POAPOMHOMN TEPPUTOPUEH, TEPPOHOM,
3MAHUSMH U COOPYKECHHSIMU a3pPOTOopTa.

2. MosTanHoe nccnepoBaHue NOTOKOB

HccrienoBanne mMoTOKOB MPOBOAMIOCH B OTHOM
U3 KpynHeilmux asponoproB Poccuiickoit denepa-
LIUH B JBa 3Tala, KOTOPBIE COBMAJH C peanu3aluei
MpOeKTa MO0 MOJEPHHU3ALUU CYyLIECTBYIOMIEH Cu-
CTeMBI pasinocBsizu. Ha mepBoM srare ucciienoBaHust
TIPH MPOBEICHUH TPOSKTHOTO 00CIenoBaHU HHPpa-
CTPYKTYPBI 23pOTOPTa B TENAX MOACPHHU3ALINH CYIIe-
CTBYIOIICH CUCTEMBI PaIUOCBSI3H OBLITN H3Y4YEHBI JI0-
CTYITHBIC PECYPCHI s ee (DyHKIIMOHUpOBaHus. Mo-
JepHHU3HpYeMasl CUCTeMa PaAHOCBsI3H IKCILUTyaTHPY-
€Tcs IPH BBITIONIHEHUH ONepaliiii Ha3eMHOTO 00CTy-
KMBaHUS BO3IYIIHBIX CYyIOB, TacCaXUpoB, oOpa-
0oTkm Oaraka, Tpy3a M MOUYTHI, a TAKXKe I o0ecIe-
YeHUS aBHAITMOHHOW W TPAHCIIOPTHOW Oe30macHo-
CTH, TIOMCKOBOTO W aBapHITHO-CIACATEIEHOTO 00ec-
[IeYeHus TIoJIeToB. B pesynbsrare mpoekTHOro oocIe-
JOBaHUS C YUYETOM CYILECTBYIOLIUX PAAHOYaCTOTHBIX
pa3peuleHI/n‘/'I " KOHCTPYKIWHN UMCIOIIUXCSA aHTCHHO-
(uUIepHBIX YCTPOHCTB ONpe/ieNicHa [eieBast apXUTEK-
Typa cHcTeMa paHoCBsI3H1, B KOTOPOH 32 OCHOBY TPH-
aar ctagmapr DMR Tier III. Pacuers pammocern
C/IeTIaHbI 110 METOJMKAM KOMITaHHH-TIPOU3BOAUTENCH
000pyIOBaHMUS ¥ MTPOrPAMMHOTO 00ECIICUSHHS.
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Ha BTOpoM »Tame uccienoBaHus, TPOBOANMOM
Ha MOJEPHU3UPOBAHHON CHCTEME, TpPH ITOMOIIN
nporpammHoro obecnedenuss CMSS Data Converter
[8], paspaboTaHHOTO OMHUM M3 aBTOPOB, OBUIH TIPO-
aHAM3UPOBAHBl PAJAMOOOMEHBI MEXIY IEHTPOM
VIIPaBJICHUS TPOW3BOICTBOM (IHUCIIETYEPOM) M HC-
MTOJIHUTEISIMHU (a0OHEHTaMH PaJNOCETH) B pa3iidd-
HBIX Pa3rOBOPHBIX TPYIIaX, UX KOJIMYECTBO, CpPE-
HSIS1 TIPOJIOJDKUATENBHOCTH U KadecTBo. JlaHHOE mpo-
rpaMMHOE OOECIIeUeHHE MPeoOpa3yeT CHIPHIC JTaH-
HBIE, TIOJYYEHHBIE C KOHTPOJUIEPOB TPAHKWHTOBOU
pamnoceTH, B 0a3y JaHHBIX, a 3aT€M HX aHAJIH3UPYeT
10 33JJaHHBIM KpuTepusM. B qacTHOCTH, B 6a3y naH-
HBIX 3alKCHIBACTCS CIEAyroInas HHPOpMAaNUs: aara
Y BpeMsi COOBITHS, OTHOCUTEIBHOE BPEMS B MILLIH-
CeKyHJ1aX, UICTOUYHUK BbI30Ba (A0OHEHT), Ha3HAYCHUE
BbI30Ba (TpyIa), YHUKAIBHBIN HOMEpP CECCHH, THII
BEI30Ba, JCHCTBUE, CAHT-WHUINATOP, YPOBEHb CHUT-
HaJa MpH BBI30BE, UIACHTU(UKATOP calTa, Ha KOTO-
POM 3aperucTpupoBaH aOOHEHT, HASHTH(HUKATOP pe-
TpaHCIATOpPa, HOMEP TaiM-CI0Ta, HOMEp JIOTHYe-
CKOTO KaHaJja, IOTOHUTeNbHas nHpopMmarwms. [Ipo-
rpaMMHOE O0€CleYeHHEe aHAIU3UPYET COOBITHUS W
CTPOUT OTYETHI B PA3INYHBIX aHATUTHYECKHUX pa3pe-
3aX: PErucTpauus W pasperucTpanus abOHEHTOB,
TPYNIOBBIC W WHIUBUAYaIbHBIC BBI3OBBI IS TIepe-
JIa4¥ TOJIOCA WK JaHHBIX, IPEPHIBAHUS TPYIIOBBIX
BBI30BOB U Jp. TakuM 00pa3oM ObUIH MPOaHAIN3H-
POBaHBI MAaCCHBHI JAHHBIX B YACTH KOJIMYCCTBA CEaH-
COB CB$I3HU, Ka4yeCTBA CUTHAaJIa, CKOPOCTH MPENOCTaB-
JICHHWsI KaHajla CBS3W, YYaCTHUKOB pajrnooOMeHa.
C nomouipi0 MOJOOHBIX OTYETOB MOKHO yCTaHO-
BUTb, HATIPUMEP, YTO EMKOCTb caiita N (nm 6a30Boit
CTaHIIMK) HEJIOCTaTOYHA, a calita M — n30BITOYHA.
3TO MO3BOJISIET BEIpabOTaTh peKOMEHIALIMH 110 HX Pe-
KOH(UTYpally, a TAKXKE OLICHUTH TAKUE MTAPAMETPBI,
KaK KaueCTBO CBS3M U IOCTYIHOCTh KaHAJIOB (JIeTEK-
THPOBAHUE HAIMYIUS Odepeseii).

IIpuBeneM npuMep OAHOM CECCHH, B pAMKAX KO-
TOpPOI POU3BOIUTCS PATUOOOMEH MEXIY IUCIIET-
yepoM U MecToM cTostHKH BC BHYTpH 0JHOH pasro-
BOpHOU rpynnbl. KomnuecTBO BKIIOUEHUNA BHYTPHU
ceccun — 4: «CrosHKa 1, oTBeTETE» — «i 1, OTBe-
4ao» — «IIPUMHATE 3aJlaHue» — «IpHUHLD). B 060-
Jiee CIOXKHBIX Clydasx TpeOyroTcs IOMOJHUTEINb-
HbIE Pa3biICHEHMS WU YTOYHEHHS KaK CO CTOPOHBI
JICTIeTYepa, TaK U CO CTOPOHBI areHTa. MUHUMAaITh-
HOE BpeMs 3aHATHA paJrnoKaHaja (TpyIIbl) COCTaB-
nset 1 MUHYTY, cpefiHee 3 MUHYTBI, MAKCHMAalIbHOE
10 MUHYT.
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[lyrem aHanM3a HAKOIUICHHOM CTATUCTHKH IO
BCEM TrpyIIaM BBISBICHBI KaK HEJIOCTAaTKH OTCYT-
CTBHS CTaHAAPTHU3AIMH KOMMYHHUKAIIAH, TaK U HEJ[0-
CTaTKH CHCTEMBI PAJHOCBS3H, CIPOSKTHPOBAHHON
TOJIBKO TI0 pacueTam OMC:

v’ HecoOMIoeHrE TEPCOHAIOM  (Pa3eooruu
pamnooOMeHa, 3aTATHBaHNE TIEPETOBOPOB, OOCYXkKIe-
HHE HC OTHOCSAIIUXCA K BBITIOTHSIEMON Oorepanuum Bo-
MIPOCOB;

v’ upe3MepHOE KOJIMYECTBO YUACTHUKOB B IPYII-
e — TI0 JaHHBIM CTAaTHUCTUYECKOTO aHal3a OIpe-
JeNieHo, 4To A oOecrieueHus 3P ¢EeKTUBHOIO pa-
IMo0OMeHa KOJIMYeCTBO aDOHEHTOB B Pa3rOBOPHOM
rpymnne He A0kHO npesimarsk 100—120, a mpeBbI-
HICHHUEC DJOTOI'0 KOJHMYECTBA IIOTCHIIMAJIIBHO MOXKET
MPUBECTH K HAPYIICHUSM BPEMCHH BBITIOJHCHHUS
onepauuil TT'O 1, COOTBETCTBEHHO, K 3aJCPHKKE OT-
MpaBJIeHUs] peiica B CBS3M C HEJOCTYMHOCTBIO OJI-
HOTO W3 yYaCTHHUKOB TIpOIleCca;

v' BbISABJIEHBI A0OHEHTHI M TPYIIIbI a0OHEHTOB,
KOTOpPBIE HE COOTBETCTBYIOT CBOMM (DYHKIIUSM U Te-
HEPUPYIOT JOMOJHHUTEIBHYIO HArpy3Ky Ha pajauo-
CETh;

v/ HEJOCTATOYHOCTh KOJNIMYECTBA KAHAIIOB, JIOC-
TYIIHBIX Ha 0230BBIX CTAHLUX, KOTJa IPH IPEBBILIIC-
HHUH KOJIMYECTBA Pa3rOBOPHBIX I'PYII BBILIE OIpee-
JICHHOTO NPOEKTOM IIpe/iesia BEI30BbI IIOMEIA0TCS B
odepelb, YTO HETaTHBHO CKa3bIBaeTCs Ha coOoe-
HUM IIApaMETPOB ONepaluii B paMKax HpOU3BOI-
CTBEHHBIX IIPOIIECCOB adpPOIOpPTa.

CpenHee BpeMs CECCHU JIJISI KOKIOU (PYHKIIHNO-
HaJILHOW TpyMIbl a0OHEHTOB, B3aUMOJICHCTBYIOLINX
MIpH BBITIONHEHUH oriepanuii B pamkax TT'O (B HOp-
MaJIBHOM PEKUME BHE [IEPUOJOB IMKOBOM HArpy3KH,
0e3 aBapuiHBIX W/WiIKM COOWHBIX CHTyaluil) mpHBe-
JIeHO B Ta0II. 2.

ABTOpaMH TaKXe 3KCICPUMEHTAIbHBIM ITyTeM
YCTaHOBJICHO, YTO BpeMs yACp>KaHHS JIOTUYECKOTO
KaHajla He JOJDKHO MpEeBBIIIaTh 4 CeKyHIBl — IMpH
MEHBILIEM BPEMEHHM TEKYyILAas CECCHsl 3aBEpLIMTCH,
OyZeT OTKpBITa HOBAs, YTO MPH 3HAYUTEITHHOM KOJIHU-
yecTBe a0OHEHTOB M TPYIII IPUBEIET K MOBBIILICHHUIO
o01Ieit Harpy3Ku Ha CUCTEMY, a Ipu OoIbLIeM — IOo-
BBIIIAETCSI BEPOSTHOCTH OTKa3a B OOCIY>KHBAHUH
JUTSL IpyTUX a0OHEHTOB B CHIJTY HEIOCTATOYHOCTH KO-
JMYECTBA KaHAJIOB, YIIOMSHYTOH BBILLIE.

Tabmya 2
CpepnHee Bpems ceccum npu TFO
Nen/n | dyHKuMOHanbHas rpynna Konunuectso rpynn, wt. |CpeaHee Bpems cecCun, MUH
1 MHxeHep no obcnyxnBanunio BC 1 2
2 ABnamMexaHunkmn 1 2
3 O6paboTka baraxa 1 4
4 CamoxogHbii Tpan 1 1
5 Maccaxupsbl n naccaxuvpbl OB3 2 2
6 Bopa/Xnmuns/AcceHnsaums 2 1
7 Maccaxupckue aBTobYChbI 2 2
8 Tonnveo3anpaBLLMKN 1 1
9 AapogpoMHele Taraum / Bykcnposka BC 2 2
10 JocTaBka cpefCcTB HA3eMHOIro 06CNYXNBaHUS 1 2
11 MpoTnBoOo6NeneHnTensHas obpabotka BC 1 4
Table 2
Average session time with the technological maintenance schedule
No. n/n | Functional group Number of groups, pcs Average session time, min
1 Aircraft Maintenance Engineer 1 2
2 Aircraft mechanics 1 2
3 Handling luggage 1 4
4 Self-propelled ramp 1 1
5 Passengers and passengers with disabilities 2 2
6 Water/Chemistry/Sewage disposal 2 1
7 Passenger buses 2 2
8 Tankers 1 1
9 Airfield tractors / Aircraft towing 2 2
10 Delivery of groung-handling 1 2
11 Aircraft Anti-Icing treatment 1 4
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Takum o0pa3om, amnst obecrieueHus: KOMMYHH-
Kalui pu MPOBEICHUN HA3eMHOTO 00CTYKIUBaHHS
B a3pOINOpPTy HEoOXOAMMO He MeHee 15 pasroBop-
HBIX TPYII, He cuuTas aBapuiiHoro kaHama (ITA-
COII), xaHaoB CiIy:X0 aBUAIMOHHOW M TPaHCIIOPT-
HOH 0e30MacHOCTH.

3akno4yeHue

Ha ocHoBe npoBeneHHOTo ucciea0BaHusl MOXKHO
3aKIJIIOYHTh, YTO TIOTOKH WH(POPMAIINN B OTIEPAIUIX
HAa3eMHOT0 00CITYXHBAaHUS BO3AYIIHBIX CYlI0B Ipe-
CTaBIISAIOT cOOOM pa3BeTBICHHEIN rpad ¢ MpUMeHe-
HHEM BCEX HMCIOIIMXCS CPENCTB KOMMYHHUKAIMNI:
PaaMOCBsA3M, MPOBOAHON Tele(h)OHHON CBS3H, MO-
OMILHOI CBSI3H, TOKATLHONW BEIYHCIUTEILHON CETH,
MOOWJIPHOTO WHTEPHETa, MECCEIKEPOB, IEKTPOH-
HOHM TIOYTHI, CHCTEM OIICPaTUBHOU CBS3M (MHTEPKO-
MoB) # T.1. OJJHAKO paZnOCBA3b CUUTaeTCs Hanboee
YAOOHBIM CIIOCOOOM OTEpPaTHBHONW KOMMYHHKAITUH.
[IpuBeneH THIIOBOH paaroOOMEH IIEHTpa YIIpaBIie-
HUSI CO CTOSIHKOM BO3AYIIHOTO CY/IHA, KOTOPBIA Xa-
paxTepusyeTcs BBICOKOW TpeOoBaTeIbHOCTBIO K JI0-
CTYNIHOCTHU PaJiOKaHaja.

B xone uccrnenoBanus yCTaHOBIEHBI dKCIIEPH-
MEHTAaJbHO CJIEAYIOIINE MapaMeTphl JUIsl MOTOKOB
yTpaBieHUS HA3eMHBIM 00CITY>)KHBAaHHEM BO3TyIITHBIX
CYZIOB:

— IOCTYIIHOCTh KaHaJla CBSA3M JIOJDKHA COCTaB-
116 97 %, 4TO HE MPOTHBOPEUYUT 3aJaHHBIM Iapa-
MeTpaM TpaHKHHTOBOTO pexxuma DMR Tier 111,

— KOJIMYECTBO KaHAJIOB CBS3U (TPYII) B LENAX
HA3eMHOTO OOCTYXMBaHHs BO3LYLIHBIX CyIOB —
MHHHMYM 15, HO TIpH HaTH9uu 60JIe€ OJHOTO TEPMU-
Hajla 3TO 3HA4YeHHWE MOXKET ObITh YBEIWYECHO BIBOE.
OnHako npu dKcIUTyaranuu 0a30BBIX CTaHUUH (caii-
TOB) Pa3IMYHON KaHAIBHOCTH HEOOXOIVMO TIpemy-
CMOTPETh KOMIIEHCALIMOHHBIE MEXaHU3MBI;

— aHaJIN3 MEePEroBOPOB MOKa3an HEOOXOAUMOCTh
CTPOTOTO COOIIOICHHUS PeTJIaMeHTa TIepEeroBOPOB;

— yIepKaHUeE BbI30BA B KaHAJIE CBSI3U HE JOJKHO
npeBbImars Oomnee 4 CEKyH;

— CYIIECTBYIOIINE CHCTEMBI MOTYT OOECIICUUTDH
JOCTYITHOCTh KaHaJIOB M Oecriepe0oiHOe (YHKITHO-
HUPOBAHHUE BCEX I'PYII A0OHEHTOB MPH JOCTATOYHOM
YacTOTHOM pPECYpCe U IUNIaHUPOBAaHUH PaJHOCETH.
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OddekTuBHOE ynpaBneHne HanpasJIeHUEeM TArm
npn CKOPOCTHOM MaHeBpe B MNJIOCKOCTU
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Hcropus cratbu AnHoTanus. Hccrnenyercss ynpasisieMoe IBI)KCHHE WHEPIHOHHOTO 00B-
IMocrynuna B peakuuio: 12 anpens 2023 T. €KTa TIPH CKOPOCTHOM MaHEeBpPe B BepPTUKaJIbHOH miuockocty. Co3naBaemast
Jlopa6otana: 21 mons 2023 T. TATa OTPaHUYEHA 110 BEJIMYUHE, YIPABICHUEM SBIISAETCS YroJl, 3a1at0luil ee

Tpunsita K my6miKawuu: 28 uios 2023 T. HaNpaBJICHUE, HadyalbHasi CKOPOCTh B 00IIEM Cllydae HeHyJeBasl, BHEIIHHE

CUIIbI He yuuTbhIBatoTCs. Llenb — Makcumu3anus ropu3oHTaaIbHON HpPOeK-
LMY CKOPOCTH B 3aJJaHHBIM KOHEUHBIII MOMEHT BPEMEHU C OJIHOBPEMEHHbBIM
BBITNIOJIHEHUEM JIBYX TEPMHUHAJIBHBIX YCIOBHIl: BBIBOJ 00BEKTA HA 33/1aHHYIO
BBICOTY M TallleHHe BEPTUKAILHOM Mpoekunu ckopocty. [lonobHbIe 3amaun
4acTO BO3HMKAIOT IIPH YIPABICHUH MEXaHUYECKUMHU 00BEKTaMU C OTrpaHu-
YEHHOH 10 Moty JIto TAroi. MccnenoBanus akTyanbHbl, TaK KaK HallPaBJICHbI

KiioueBbie cjioBa:

ONTHUMAIILHOE YIIPaBJICHUE, CHJIA TATH,
MaKCUMHM3aLIUsI CKOPOCTH,

peneitHoe yrpaBlicHHE

Ha obecmedeHue Kak 3QQEeKTUBHOCTU MCKOMOI'O aJrOpuTMa, TaKk M Ipo-

3asBiienne 0 KOHQIMKTE HHTEPECOB CTOTHI €r0 pacyeTa U peanusauuu. [Ipu 3ToM HCHOIB3YIOTCA METOIBI MaTe-
ABTopH 3asgBJISIOT 00 OTCYTCTBUHU MaTHYEeCKOi TCOPHUHU ONTUMAJIBHOI'O YIIPAaBJICHUSA. B PE3YyIbTATE NMOJIYUCHO
KOH(JIUKTa HHTEPECOB. YCIOBHE Pa3peIIMMOCTH MOCTAaBICHHON 3a7a4l, CBSI3aHHOE C MUHHUMAJIbHO

BO3MOKHBIM BpPEMEHEM JBHKCHUS B JBOWCTBEHHOH 3amaue OBICTpOJCH-
cTBUS. B 3aKoHe ONTHMaIbHOTO YIIpaBieHHsI, OCHOBAHHOTO Ha TaK Ha3bIBa-
€MOM 3aKOHe JPOOHO-TMHEHHOTO TaHTeH A, Hali/leHa aHaINTHYeCKasl 3aBH-
CHUMOCTb MEXKY ABYMs KOHCTaHTaMH UHTCTPUPOBAHUSA, YTO ITIO3BOJISACT CBE-
CTH TPOLEAYpPY ONpEeAeNeHHUS dTUX KOHCTAHT K YUCICHHOMY DEIICHHIO
TOJIBKO OJHOTO TPAHCIEHAEHTHOTO ypaBHEHHA. Takke MpeIyiokKeHBl CIO-
coObI OCTPOSHUS JBYX peNIeHHBIX CyOONTUMANBHBIX yIpPaBICHUH, HMEIO-
mux Oojee HPOCTYIO CTPYKTYpy. IIpoBeneH COOTBETCTBYIOIIMH CpaBHU-
TEJbHBII aHAJIN3 TPAEKTOPHIL U ClIeIaHbl BEIBOABI O TOM, YTO OJIHA U3 MpeJl-
JlaraeMbIX cyOONTHMANIBHBIX CTpaTeruii Oonee s deKTHBHA.

Baaronapuoctu
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Abstract. The controlled motion of an inertial object during a high-speed
maneuver in a vertical plane is investigated. The generated thrust is limited in
magnitude, the control is the angle that sets its direction, the initial velocity is
generally non-zero, and external forces are not considered. The goal is to
maximize the horizontal velocity projection at a given final moment of time

with the simultaneous fulfillment of two terminal conditions: bringing the
object to a given height and damping the vertical velocity projection. Similar
tasks often arise when controlling mechanical objects with modulo-limited
thrust. The research is relevant, as it is aimed at ensuring both the efficiency of
the desired algorithm and the simplicity of its calculation and implementation.
In this case, the methods of the mathematical theory of optimal control are

Keywords:

optimal control, thrust force,
velocity maximization, relay control

used. As a result, a solvability condition for the problem posed is obtained,
which is related to the minimum possible time of motion in the dual time-
optimal control problem. In the law of optimal control, based on the so-called
law of fractional linear tangent, an analytical relationship between two
integration constants is found, which makes it possible to reduce the procedure
for determining these constants to the numerical solution of only one
transcendental equation. An appropriate comparative analysis of the trajectories
was carried out and conclusions were drawn that one of the proposed sub-
optimal strategies is more effective.

Conflicts of interest

The authors declare that there
is no conflict of interest.

Acknowledgements
The study was carried out at the [IPMech RAS with a grant from the Russian Science Foundation (project No. 23-11-00128).

For citation

Reshmin SA, Bektybaeva MT. Efficient control of the direction of thrust during high-speed maneuver in the plane. RUDN
Journal of Engineering Research. 2023;24(3):233-240. http://doi.org/10.22363/2312-8143-2023-24-3-233-240

BBepneHune TOSTHHOM TATH OBLJI0 TIoNTy4deHO B [3; 4]. B [5] npuse-
JICHa 3aJa4a ¢ IEPEMEHHON pEaKTUBHOW TSIIOM.
CymiecTByeT MHOXECTBO aJITOPUTMOB M 3aKOHOB, KO-
TOpBIE MOTYT OBITh MCTIONB30BaHBI ISl yIIPaBICHUS
pPaKeTBI-HOCHUTENS, MaKCHUMM3AIlMH CKOPOCTH WU
MHUHUMH3ALMN TOTDIMBHBIX 3aTpPaT, OJHAKO HE BCE U3
HUX BO3MOXHO peann3oBarh [6]. OAHUM U3 4acTo uc-
MOJIb3YEMBIX ONTUMAIBHBIX 3aKOHOB YIIPABJICHUS AB-
JIIeTCs 3aKOH MpOoOHO-MHEeHHOTo TaHTeHca (bilinear
tangent steering law) [7]. HecmoTpst Ha TO, 4TO TIpH-
MEHEHHE OTPaHUIMBACTCS MO/IENBIO TUIOCKOM 3eMin

B nannoii pabote B KauyecTBE 00OBEKTa yIpaBe-
HUS PacCMaTpUBAETCs MaTepHUaIbHas TOUKA TOCTOSH-
HOM Macchl B MJIOCKOCTH P BBHIBEICHUH €€ Ha Mpsi-
MOJIMHEHHYIO TpaekTopuio (puc. 1), mpeaMeTom uc-
CJICZIOBAHUS SIBISIFOTCA OCOOCHHOCTH YIIPABICHUSIMU
TaKoTO pojia 0ObEKTaMH MpPU HCIOJIb30BAaHNH 3aKOHA
IpOOHO-JIMHEHHOTO TaHT'€HCA, JOMOIHUTENIBFHO MpU-
BOJISITCS pelieiiHble CyOOnTUMalbHbIE 3aKOHBI. B 00-
LIeM CIy4Jae CYHTAETCs, YTO HadaJbHbIC CKOPOCTH HE
paBHBI HYIIO, TO €CTh TpeOyeTCs BBIOpaTh yIIpaBiie-

HUE TakuM 00pa3oM, 4TOOBI MepeBecTH OOBEKT Ha
yKa3aHHYI0 BEIOPaHHYIO IPSIMYIO U [0 BO3MOXHOCTH
MaKCUMH3UPOBATh MPOJOIbHYIO0 CKOpocTh. [loaTomy
IIPU PEIICHUH LIENeco00pa3sHO HCIONb30BaTh MPHH-
un Makcumyma [1; 2].

Panee ontrManbpHOE peleHre aHaAIOTMYHOM 3a-
Jla4yy B cillydae HyJIEBOM HaYaIbHON CKOPOCTHU U IOC-
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U TUIOCKOTO JBUXKEHUS, €r0 ACHCTBUTEIBHO MOXKHO
WCIIOIB30BaTh M 3a7ad HaBeAeHus paket [8, 9].
Tak, B [10] monpoOHO M3NIOKEHO MPAKTHIECKOE MPH-
MEHEHHE Ha IpuMepe yrpasiieHus cuctemoit Centaur-
DI1A. B siBHOM Buje ypaBHEHHUSI OBbUIH BIIEPBBIE I10-
kaszaHsl B [11; 12], a ydyer rpaBuTaninoHHBIX 3P dek-
TOB pazoOpaH B [13]. OTMeTruM, 4YTO CYIIECTBYET
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CBSI3b pacCMaTPUBACMON 3a/1a4l YIPABIEHUS TATOH C
JPYTMMH U3BECTHBIMU 33/1a4aMHU ONITUMAJIBHOTO YIIPaB-
JIEHUS] MEXaHUYECKUMH CUCTEMaMH C OJIHOM CTENEHbI0
cBoOomeI [ 14]. Taxke 3aK0H APOOHO-THHEHHOTO TaH-
TeHCa MOKET MOSIBIATHCS B HEKOTOPBIX JIPYTHX 3aja-
yax MexaHuku [15].

Bmecrte ¢ TeM nmTepaTrypa, IOCBSIIEHHAs! pac-
CMOTPEHHIO 3aKOHa APOOHO-TMHEHHOTr0 TaHTEHCa,
obneneHa TOAPOOHBIMH TEOPETUYECKUMH BBIKIIA-
KaMH C TOYKH 3pEHUS] MaTEMaTHYeCKUX OTPaHUYICHU,
HalpuMep YCIOBHS PAa3pPEIIMMOCTH JUISI HEHYJIEBBIX
HayaJIbHBIX YCJIOBHIA; KpOME 3TOT0, B Hallel padote
B KayeCTBE 3aMEHBl ONTUMAJIBHOIO 3aKOHbI OBLIH
BBEJICHBI pelieiiHbIC YIIpaBJICHUS, UMerole Oolee
MIPOCTYIO CTPYKTYPY U He ycTynarouue B 3pQeKTus-
HOCTH Ha OonbpIIMX BpeMeHax. llpu 3ToM mccneno-
BaHBI JIBE€ BO3MOXKHBIE CTpaTerHy. B mepBoM ciydae
O0BEKT CHavajga MEepeBOAMJICS 3a MHHHUMAalbHOE
BpeMsI Ha 3aJaHHYIO BBICOTY C HYJIEBOW MpOEKIHEN
BEPTUKAIBHON CKOPOCTH, @ TOJIBKO ITOTOM Pa3rOHSIICS
BJIOJIb TOPU3OHTANHN. TaKkoe yrpaBjieHHEe UMEET Mak-
CHUMYM JiBa nepekitoueHus. Bo BTopom ciaydae norry-
CTHMasi BEJMYMHA BEPTHKAJIBHOW MPOEKIMHM TATH
HaMEpEeHHO yMEHbIIajach TaK, YTOObI 3aJJaHHOE Bpe-
M Ipolecca YIpaBJIeHUs COBMNAJIO ¢ MUHHUMAJIbHO
BO3MOXXHBIM BPEMEHEM, KOTOPOE HEOOXOAWMO IS
BBINIOJTHEHMS [IBYX pPacCMaTpUBAaEMBIX TPaHUYHBIX
ycnoBuii. COOTBETCTBYIOIIEE YIpPaBICHHUE WMEET
MakCUMyM OJHO TEpEeKIIOYeHHe, NMPUYEM pas3roH
BJI0JIb TOPU30HTAIIN IIPOUCXOJUT HA BCEX BPEMEHHBIX
yuaactkax. OHO okazanock 6ojee 3ppeKTHBHBIM.
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Puc. 1. Cxema gsmxeHuns
Figure 1. Movement scheme
1. Uenb

PaccmarpuBaercs cuctema ypaBHeHuit (1) cos-
MECTHO C TPaHUYHBIMHU YCIIOBUSMHU (2), MOIEIHPOBa-
HUE TPACKTOPHH JBIKCHHS TTPOBOAMIOCH ITyTEM YHC-

JIEHHOTO pelIeHMs 3TOW cucTeMbl. DyHKIIMOHAN, KO-
TOPBIN XapaKTepu3yeT KauecTBO YIpPAaBICHUS U Tpa-
eKTOpHH, 3a]1aH BeIpakeHueM (3).

X=Vy, Y =1y,

v, = acosu(t),

vy = asinu (¢), (1)
x(0) =xo=0,y(0) =y, =0,
0(0) = Vyp, 1, (0) = vy,
y(T) =h, v,(T) =0, 2)
J = v, (T) - max, 3)

TI€ X, Y — KOOPIMHATHI, Vy, V), — COOTBETCTBYIO-
[IMe IPOEKIMU CKOPOCTH, d — TOCTOSTHHOE YCKOpe-
HUE cuCTeMBbl, U(t) — HampaBleHue TATH (MCKOMast
KYCOYHO-HETIpephIBHAS (PYHKITUS BPEMEHH), Vyy —
HavyaJbHAas TOPU3OHTAIBHAS MPOEKIHSI CKOPOCTH,
Vyo — HayajbHas BEPTHKAJIbHAS MPOEKIHS CKOPO-
ctu, h — tpebyemas BBICOTa MoabeMa, Uy (T) — 3Ha-
yeHrne (QYHKIMOHANa B KOHEYHBIH MOMEHT Bpe-
menu T. Tsra Benuka, TOATOMY BIMSIHUEM CHIIBI TSI-
YKECTH Ha JIMHAMUKY TpeHeOperiiu.

3ajaya COCTOMT B YHPABJICHUH HalpaBICHHEM
Tsaru U(t) TakUM 00pa3oM, YTOOBI IEPEBECTH OOBEKT
Ha TPACKTOPHIO, MapauIeNbHyl0 ocd OX U OTCTOS-
HIyI0 OT HEe Ha PAcCTOSHUE h, M 10 BO3MOXKHOCTH
MaKCUMH3HPOBATh MPOIOIBHYIO CKOPOCTh Uy (T).

2. MaTtepuanbi 1 MeTOAbI UCClef0BaHNSA

Hcronp30BaIuch METOIbI HCCICIOBAHUS: TEOPE-
THUYCCKasd 4aCThb BKJIFOUACT aHAJIN3 JII/ITepaTypHBIX HUcC-
TOYHUKOB; AMITMPUYECKAss — CO3JaHUE TPOTPaMM-
HOro Koja Ha si3bike Python mist HaxoskaeHHS mapa-
METPOB YIPAaBJACHHUS W YHCICHHOI'O PEIICHUS CH-
cTeMbl TudQepeHInaTBHBIX YPaBHEHUH ¢ UCTIONIB30-
BaHHEM BCTPOEHHBIX MAaTEMATHYCCKUX M HayYHBIX
OMOJINOTEK.

3. PesynbTatbl

B (1), (2) mepefinem k 6e3pa3MepHBIM ITepeMeH-
HBIM:

x=hx', y=hy', v, =Vhavy,
vy = \/Evy', t=th/a, T=T'h/a.
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Ecnu B mosydeHHOW CHCTEME OMYCTUTh LITPUX, TO
oHa coBmazier ¢ (1), (2), HO OyJeT BBIIOIHEHBI IOTIOJ-
HUTeNbHbIE paBeHcTBa h = 1, a = 1. IlosTomy na-
Jiee CcYWTaeM CYIIECTBEHHBIMH TOJBKO JBa TIapa-
MeTpa: Vyg, T.

B xoxe pelienusi COOTHOIIEHUH NPUHIIAINA MaK-
CMMyMa YCTaHOBJICHA CBSI3b MEXKIY KOHCTaHTaMH
WHTETPUPOBAHMS B 3aKOHE ONTHMAIBHOTO yIpaBie-
Hus Ne 1 (T.e. B Tak Ha3bIBa€MOM 3aKOHE APOOHO-ITH-
HeWHoro TaHrenca [3; 4]):

u(t) = arctg(—Ct + tguy),

2a(aT sinug + vy,0)

(0) = uo).

~ cosug (a?T? - v2)

[TokazaHo, YTO oOmpeaeNeHHe Mmapamerpa U, CBO-
IUTCS K YUCIICHHOMY PEIICHUIO BCETO JIUIIb OHOTO
TPaHCUCHIECHTHOTO YpaBHEHHUs, KaKk W B cllydae
HadajgbHOW HyneBod ckopoctu [3; 4]. IlomyueHno
YCJIOBHE Pa3pelIMMOCTH 33/1a4y B BHJIC HEPaBEHCTBA
T = Thin(h, vy, a), tme Tpin MUHHMaJIbHOE
BpeMsl, HEOOXOMMOE ISl BBINOJHEHUS TPaHHYHBIX
ycnoBuil. Tak Kak B IpeeIbHOM ciy4dae, korga T =
Tinin» TATa HaIpaBJieHA BIOJIb BEPTHKAIHU, TO BhIpa-
xeHue Ui GyHKIuH Ty OTIPEAessieTcs Tak ke (CM.
(4)), xak u BeIpaxkeHue A1 GyHKIHK benmmana B 3a-
nade OBICTPONEHCTBHS UII OJHOMEPHOIO OOBEKTa,
JOBIDKYIIETOCsl BAOJbL NPSMOW W TPUBOAMMOIO B
Hayajo KoopAuHAT (a3oBOil IUIOCKOCTH MpHU IO-
MOIITM OTPAaHUYECHHOTO IO MOAYIIO YIIpaBieHuUs [2].
Jnst ompeneneHusi MUHUMAalbHOTO BPEMEHH BBO-
JIMTCST BCIIOMOTaresibHast (QpyHKIUS L|J(y, vy) =y-—

vy —
h + v, " 5g° TpH OTOM lIJ(y, vy) = 0 samaer xpu-

BYIO MEPEKIIOUEHHH.

|(17 2 a(y(,—h)+v§’T0
X+ X npu 1]J(y0, Vyo) >0,
e E (4)

1720
| 2 [—alyo-n)+22
Vyo 2
(e
a

a

npu 1|J(y0, vyo) < 0.

CybontumanbHoe ynpasicHue Ne 2 peneitHoe
(MakCUMyM C IByMS IEPEKITIOYEHUSIMH) U TPEICTaB-
nser coO0od CHHTE3 IBYX YIIpaBISHWI: CHavala 3a
BpeMs Ty, CHCTEMa HaUCKOPEHIIIM 00pa3oM IepeBo-
aurest B pebyemoe coctosue V(T ) =h, v (T ;) =0

(u(t) = +n/2, te[0,T, 1), npuuem na sToM dTamne
MOKeT ObITh MAKCHMyM OJHO MEpPEKIIOYeHHE, a IO-
TOM, HOCIIE IOMOTHUTENLHOTO HEPEKITIOUeH s B Hylb,

236

o0ecreunBaeTCs paBHOYCKOPEHHBIN Pa3roH BIOJb T0-
pusonrtansHoi ocu (U(t) =0, t € [Trin, T1).

Pe3ynpraThl UYMCIIEHHBIX pPacyeTOB MPEICTaB-
JIEHBI Ha pUC. 2 B BUE Tpaduka 3aBUCUMOCTH (PyHK-
[MOHAJA J, OT HAaYaJIbHOW BEPTHKAJIBLHOW MPOCKIIUU
CKOPOCTH U BpEMEHH JBUXKEHUs. [Ipu 3TOM Hauyanb-
Hasi TOPU30HTANIbHAS IPOEKIINS CKOPOCTH TIPEIIoa-
rajiachb Hy.IIeBOI‘/‘I; CUHAA JIMHUA — T'paHulla obmnactu
JIOIYCTUMBIX 3HAYEHUH apTryMEHTOB, KOTOpas OIpe-
nensiercst paBeHcTBaMu T = Tiin, J2 = 0.

A 000620,
@ S oRp000000040000700000000000
‘,me 0000 0
# s
0% .0,
o,

?‘3?

(

15 20

Y0, M/c

Puc. 2. 3aB1CUMOCTb J, OT NapameTpos vy, T

npu cybonTumManbHOM yrpasneHum Ne 2:
a=0,5m/c?, h=100m T =200c

Figure 2. Dependence J, on parameters v,,, T

under suboptimal control Ne 2:
a=05m/s?, h=100m, T = 200s

PaccmoTpum cybontumanbsHoe yrpaeienne Ne 3
peneiHoe (MakCUMyM C ONHHM IePEKIIOUCHUEM).
CTpyKTypy 3aauM B CIEAYIOIIEM BHUJE, IIpeaBapH-
TENBHO BBeAs 0003HadeHue X = a sinuq u QyHKIHIO
NEPEKITIOYCHUS

Ui (X, my) = X — h) + 222,
_ _ulp OStSTI
u(t)_{ul, T<t<T,

1IpH llJl(X: }’O:Vyo) 20,

2
Yyo
2 [X(yo—h)+2
XT+Vy0 Uyo (yO ) 2
T=24

2X X X ! (5)

u, 0<t<r,
-u, T<t<T,

u(t) = {
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mpu Uy (X, Yo, vyo) < 0,

XT—-vy0
TR LI . L

2X X X

CybontumanpHoe yrpaBierne Ne 3 T03BOJISET Oorpa-
HUYHATh TPOEKIHI0 TATH Ha BEPTHUKAIBHYIO OCh U
o0ecrevnTh PaBHOYCKOPEHHBIA Pa3roH BAOJbL TOpPH-
30HTaJILHOM OCH B TeueHue Bcero npouecca. [Ipuse-
JIEM JIeMMy 0€e3 T0Ka3aTeIbCTB.
Jlemma 1. Ilyemv X — napamemp cybonmumans-
Ho2o 3aKona ynpaesnenus (35), (6), coomeemcmayrowuii
3a0annomy epemenu npoyecca T. Tozcoa gynxyus
T(X) monomonno yovieaem, a cie0o8amenbHo
0<X<a Tz=z=Tnn. @)
Takoxe npuBeneM TeopeMy AJIs IPaBUIBHOTO BEIOOpa
[IOCJIEZIOBAaTEIFHOCTH 3HAKOB YIPaBICHUS U TOIe-
Jlypy OIpeAesieHus 3HaUeHUM napamerpa X s Tpex
Pa3HBIX IMANa30HOB HAYAJIBHBIX CKOPOCTEH:
Teopema 1. B cayuae manvix nONOICUMENLHBIX
HAYAIbHBIX CKOPOCTEll Cyuecmayem nopo2os8as onu-
menbHOCMb npoyecca

T* — _ z(yO_h)’ (8)

Uyo

pasbusaiowas nonybecKoHeyHblll UHMEPBAl OO0NYC-
mumplx snavenul T = Tyin Ha 08e uacmu ¢ pasHvimu
sapuaHmamu nepexaroyeHus ynpasienus (3), (6):

eecmu T =T,
eecmm T <T,

_ul,
Uq,

u(0) = {

0 < vy < —2a(yo —h). )

B cnyuae bonvuiux nonosjicumensHvix HA4aIbHBIX CKO-
pocmeli cyujecmgyem moabKo 0OUH 8apUAHm nepe-
KIO4eHUs:

u(0) =—u; npu vy =./—2a(y, — h).

B ClIydae HenonoxNCumelbHblx Ha4albHblX CKopocmeﬁ
makoice cyugecmeyem niojlbKo 00UH eapuaHnm nepe-
KJIIOYeHU:.!

pu

(10)

u(0) = uy

npu vy < 0.

(11)

@opmynwt (16) u (20) nozeonsiom natimu napamemp
X 6 cayuasx, xozoa oonxcno 6wime u(0) = —uy
uu(0) = uy; coomsemcmaenHo.

Joxazamenvcmeo. 1Ipennonoxum, 4To

Y1 (X, Yo, Vy0) = 0. (12)
(B oOmactu HENMOJIOKHUTENBHBIX HAYAIBHBIX CKOPO-
creii (11) nmpeamonoxenue (12) He BRITIOJIHEHO B CHITY
orpanmderws (7)). Tormna u3 (5) caemyeT paBeHCTBO

vZ
XT — vy = ZJX(yO - h)+ %’ (13)
JleBast ero 4acTthb HEOTpHLIAaTCiibHa, €CJIN
Vio
X 2? (VyO > 0) (14)

BosBenem B kBanpar o0e yactu paBeHcTBa (13) u mo-
JIyYUM KBaJpaTHOEC OTHOCUTENIbHO X YpaBHCHHE:

X2T? = 2X[Tvyo + 2(yo —h)] — v = 0. (15)

ITo Teopeme Buera xopuu ypaBHeHus (15) mMerot pas-
Hbl€ 3HaKU. [10N0KUTENbHBIA KOPEHb HAXOAUTCS IO

bopmyne

Tvy0+2(Yo—h) +\/[Tvy0+2(y0—h)]2 +T2v},

X= . (16)

T2

U3 (14), (16) cnenyer orpannuenue T = T,, koTopoe,
B omnune ot (14), yxxe He 3aBucHT OT X (cM. (8)) u
rapaHTHpyeT BBITOTHEHKE Tpeanonoxkenus (12). Ero
CJIeAyeT YUUTHIBAaTh B OOIACTH MaJIbIX MOJIOKUTEIb-
HBIX HadaJIbHBIX cKopocTeil (9). B obmactu 60ompmmmx
MOJIOKUTENBHBIX HavyaJbHbIX ckopocteil (10) Hepa-
BEeHCTBO (14) BBIMIOTHEHO NPU BCEX JOMYCTUMBIX T,

TaK KaK
(Vyo Z —2a(y, —h)).

IIpenmnonoxum Tenepp, 4To

L<T

min ?

Y1(X, Y0, Vyo) < 0. (17)
(B obmactu OONBIINX MOJOKUTEIBHBIX HAYaIBHBIX
ckopocreit (10) mpeamnonoxenne (17) He BBITOTHEHO
B cury orpanwdenus (7).) Torma u3 (6) coemyet pa-
BEHCTBO
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Oty
T
000
000000GR gy 000

e
899 0000000, ——
——d _—

XT + Uyo = 2\/_X(y0 - h) + %20 (18) m-mrﬂnmlm:mm : ", ‘""jn.,‘,,m“ 100
=

I

Ilpu vy > 0 MONOKHUTENBLHOCTH €r0 JIEBOM YacTh

obecnieunBaeTcs. Bo3seneM B kBajpar o6e yactu (18)
U TIOJTy9UM KBaJIPATHOE OTHOCUTENLHO X YpaBHEHUE:

T

8
g8
]

=]

X2T? 4+ 2X[Tvyg + 2(yo — h)] = v5 = 0. (19)

0

)

ITo Teopeme Bueta xopan ypaBHerus (19) nmerot pas-
Hble 3HaKH. [10JIOXKUTENBHBIM KOPEHb HAXOAMUTCS IO

dhopmysie
-10  _; o

A

Yy0, M/c

~[Toyo+200-W]+ [[Toyo+2(r0=h)I+T2v3,

= TZ

.(20)

Puc. 3. 3aB1CMMOCTb J3 OT NapamMeTpoB. vy, T
npu cybonTumasnbHOM yripasnieHumn Ne 3:
a=0,5m/c?, h=100M, T =200c
Figure 3. Dependence J; on parameters v,,, T

under suboptimal control Ne 3:
a=05m/s?, h=100m, T = 200s

DT0 penieHue JOHKHO YAOBIETBOPATh JOMOIHUATEh-
HOMY YCIIOBHUIO

X< (vy0>0), 21)

4. O0cyxaeHune
B nannOi#1 paboTe MBI HCCIEIOBATU ONTHMANb-
HOE ¥ CyOONTHMaJIbHOE YIpaBJIeHUE TATOH MHEpPLH-
OHHOTO 00BEKTA TMPH MOCIENYIONEM BBIBEJICHUN Ha
NPSMOJIMHEHHBIN y4yacTok. B oTiamume ot pabor [3;
4], rae nmosy4YeHbl aHAJUTUYECKUE BBIPAXKEHUS IS
clydasl HyJIE€BOM HavyalbHOM CKOPOCTH MpPU OMNTH-
MaJbHOM YTIPaBJICHUH C IPOOHO-TUHEHHBIM TaHT€H-
COM, pe3yJIbTaThl PaCIIMPEHbI Ha CIy4ail HauaJIbHOU
HeHysneBol ckopocTd. IlokazaHo, uTOo mpouexypa
OTIpe/ieNIeHUs] KOHCTAHT MHTETPUPOBAHNS CBOAUTCA K

kotopoe cnenyet u3 (17). U3 (20), (21) BeiTekaeT He-
paBernctBo T < T,, KoTopoe, B oTauuue ot (21), yxe
He 3aBUCHT OT X (cM. (8)). Ero cienyer yuuThiBaTh
B 00J71aCTH MaNbIX MOJOKHUTENbHBIX HAYaJIbHBIX CKO-
pocreii (9). B obmacTn HEMOMOKUTETHHBIX HAYATb-
HBIX ckopocteit (11) cormacHo (20) mpm Bcex morry-

CTUMBIX T BBITIOJTHEHO HEPABCHCTBO

X2 -2 (v,,<0), (22)

KOTOPOE TapaHTUPYET, UTo JeBast yacTh (18) momoku-
TeJIbHA, a TaKke, 4To mpeanoiokenue (17) BBITOIN-

HCHO.

YUCIICHHOMY DEIIEHUIO TOJBKO OJHOTO TPAHCICH-
JNIEHTHOTO ypaBHEHUSA. AHAJIOTUYHO [2] MOIYYCHO
BBIpaKeHUE A Tpyin. Takke MpeacTaBiIeHBI Cy0o0-

NTHMaNbHBIC YIPaBICHHUS, KOTOPbIE 00OECIICUUBAIOT
MPaKTHYECKU TOT ke (PyHKIHMOHAJ P MHOTOKparT-
HOM YBEIIMYEHWH BPEMEHHU MABIDKEHHS, INPH 3TOM
ynpasienue Ne 3 nMeeT JOMoTHUTEIbHOE TIOPOrOBOE
3HaueHue B BHJIE T,, KOTOpOE MIpOMajaeT MpH pac-
CMOTpEHUH OOJIBIITIUX CKOPOCTEH.

Pe3ynbpraTel HUMEIOT BaKHOE 3HAYEHUE AN TPO-
€KTUPOBaHMS U ONTUMU3ALUN CUCTEM C OTPAHUYCH-
HOU TSITOH, 3aKOH JPOOHO-IIMHEHHOTO TaHTeHCa MO-
XeT OBITh peasin3oBaH 0e3 HeOOXOAUMOCTH CIOKHBIX
YHCJICHHBIX BBIYMCICHUA WM 3aMEHEH CyOonTH-
MaJbHBIM. TeM HEe MEHee HCCIIEJOBAHNE UMEET Orpa-
HUYEHHUE B BUJIE OTCYTCTBUS BHEIIHUX CHII B ypaBHE-
HUSIX ABHKCHUS, KOTOpBIE OyAyT YUTCHBI B AajbHEH-

mux padorax.

HaKOHCH, CyHI€CTBOBAHUEC MOPOTOBOTO 3HAUCHU A
T* B 00JIaCTH MalBIX IOJIOKHTEIBHBIX HaYalbHBIX

ckopoctel (9) BEITEKaeT U3 COOTHOIICHHUS

(O<v,, <4 |=2a(y, —h)).

PesynbraTbl YNCIIEHHBIX PacYeTOB MPEACTABICHEI HA
puc. 3 B Buze rpaduka 3aBUCUMOCTH (pyHKIMOHAA
J3 OT HAYaJIbHOW BEPTUKAJIBHON IPOEKIUU CKOPOCTH
U BPEMEHHM JABMXCEHUSA. 3ejeHas 00JacTh ONUCHIBA-
ercst ypaBHeHueM (11), kpacHast obmacTb — ypas-
HenueM (10), caydail ManbIX TONOKUTEIBHBIX CKOPO-
cTeit coctout u3 po3ooi obmactd (T, < T < T,)
u roiyooir obmactu (T > T,), K HUM TNPUMECHSI-

ercs (9).

I‘: >Tmin
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3aknouyeHne

HccnenoBano OBMKEHHWE WHEPLHOHHOTO O0B-
€KTa MpH ONTHUMAJIbHOM CKOPOCTHOM MaHEBpE B
BEPTUKAJIBHOH IUIOCKOCTH, IIPU 3TOM IPEIJI0KEHEI
JIOTIOJIHUTENBHBIE CYOONTUMANbHBIE YIPABICHHUS.
B ypaBHeHHMSX NpOBapbUPOBaHB OCHOBHBIC Tapa-
METPBI (CKOPOCTh Vy,q, BpeMs ABHKEHUS T = Tiiy),
HCCIIEIOBAHO JIOITYCTHUMOE BpEMSI IBHKCHHS, 3aBHCS-
ee 0T HAYaJIbHBIX YCJIOBUM, HAlZICHbI 3HAYEHUS IO-
PHU3OHTAIBHONH NPOEKLMH CKOPOCTH B KOHIE MPO-
necca. AHaJIOTHYHbIE PE3YJBTaThl MOTYT OBITH MOJY-
4YeHbl B 0€3pa3MEpHBIX BEJINYMHAX, MPEIIOKEHHBIX
BEIIIIE.

J3=J2, M/c

Puc. 4. 3aB/CMMOCTb J; — ], OT NapameTpoOB vy, T:
a=0,5m/c?, h=100M, T =200c

Figure 4. Dependence J; — ], on parameters v,,, T:
a=05m/s?>, h=100m, T =200s

B pesynbrare comocraBieHHs ABYX CYOOITH-
MaJbHBIX YIPaBICHUN OBUIO BBISICHEHO, YTO BTOPOE
nMeeT Oonee CIOXKHYI0 CTPYKTYPY, 3aBHCSIIYIO OT
BbIOOpa OTpEe3Ka BPEMEHM JIBHXKCHHMS M HadadbHOMN
CKOPOCTH V0. [Ipn BCeX paBHBIX ycnoBUsX OHO 60-
nee dpdexTuBHO (puc. 4) U ABIAETCS 0000MIEeHTEM
yHOpaBieHus, yka3aHHoro B [3]. OTiauuue cocTOUT B
HCCIIeIOBAaHUM JBUKEHHUS TIPU HEHYJIEBOM HaYaJIbHOM
ckopoctu. [Ipu paccMoTpeHUH pa3HOCTH (PYHKIUO-
HaJIOB OKa3aJl0Ch, YTO MpH OOJBIINX BpEMEHAX Ipe-
JIe CTPEMHUTCS K KOHEYHOMY 3Ha4deHHIo (puc. S).
AHaJIOTUYHO MPU CPAaBHEHUU ONTHUMAIBHOTO U Cy0o-
NITUMATBHBIX YIIPABICHUHA TPEAeN OTHOIICHUH CTpe-
MUTCSl K KOHEUHOMY 3HAYCHHIO, eAUHULE. B nampHei-
[IeM IDIaHUPYETCs YUeT BHEIIHUX CHJL.

i
ol
2
(a)
Puc. 5. 3aBMCUMOCTb /3 — ], OT NapaMeTpoB vy, T :
a=0,5m/c’, h=100mMm, T =10000 c
Figure 5. Dependence J; — ], on parameters v,,q, T:
a=05m/s?, h=100m, T =10000s
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KiaroueBble cjioBa:

yIpaBJeHUE KaueCTBOM, TEOMETPHIECKOE
pacro3HaBaHUE KOHCTPYKIMH U3/CIHH,
CEeMaHTHYECKUI aHaIN3, KOHCTPYKTUBHO-
TEXHOJIOTHYECKAsl CII0)KHOCTh, MAIIMHHOE
o0ydeHue, MyJIbTHAT€HTHBIE CHCTEMBI,
HelpoceTH

3asBiieHHe 0 KOH(JIUKTE HHTEPecoB

ABTOD 3asBIISI€T 00 OTCYTCTBHU
KOH(IIMKTa HHTEPECOB.

JJ1st nuTHpOBaHUSA

AHHOTanus. PaccMoTpeHbl poOIieMbl OLIEHKH TPYJOEMKOCTH, ONpe/ieie-
HUSI TEXHOJOIMYECKOH BO3MOXKHOCTH W3TOTOBJICHHMS M3JeNuii, obecreye-
HUSl KayecTBa, ONTHMHU3AIUH TEXHOJOTHYECKUX MPOLECCOB, (OPMHUPOBA-
HUsL 0a3bl 3HaHHWH, MAIIMHHOTO OOYYEHHs U aBTOMATHYECKOH 0OpabdOTKH
BXOJISIUX 3aIPOCOB Ha HPEANPHUATHUSIX MAIIUHOCTPOUTEIBHON OTpaciiu.
IMoganmaercst mpobiieMa obecneueHnst KadyecTBa MPU BBITOJHEHUH TOCY-
JApCTBEHHOTO 3aKa3a, IPEAIaraloTCcs PeLIeHus! 1JIs HCKIIIOYEHHUS BO3MOX-
HOCTH CyOBEKTHBHBIX OLIEHOK M TUPEKTHBHOTO LIEHOOOPa30BaHUsI IIPH 3a-
KIJIIOYCHUU KOHTPAKTOB BO M30€KaHHE MPHUHATHS 3aBEIOMO HEBBINOJIHU-
MBIX 00s13aTenbCcTB. [IpencTaBieHsl ycTosBIIMECS MPAKTHKH 00paboTKH
BXOJISIIIMX 3alPOCOB HA MAIIMHOCTPOUTEIBHBIX MPEIIPUSATHIX, BBISIBIS-
I0TCSL TMpOOJEeMbl, aHaJU3UPYETCS UX BIUSHUE HAa TEXHOJOTUYECKYIO
6e30IacHOCTh MAIIMHOCTPOUTENBHOM oTpaciy. IIpoBeneH 0030p akTyaab-
HBIX POCCHICKHX U 3apyOeXHBIX HCCIEJOBaHUM 110 TEME U MpeJIaraeéMbIX
penieHuii B 00JacTH NMPUMEHEHHS MHCTPYMEHTOB CEMAaHTHUYECKOTO aHa-
JM3a, MYJIbTHareHTHBIX CHUCTEM U HMCKYCCTBEHHBIX Helpocereil B pabore
MAaIlMHOCTPOUTENBHBIX MPEANPUATHI.
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BBepeHune

CoBpeMeHHasi 3JKOHOMUKA C KaXKIBIM TOZI0OM CTaJl-
KHBaeTCs C BRI30BAMH, HE TIO3BOJISIOIINMY TIPEATIPH-
ATUSAM TIPOJOIDKATh paboTaTh MO METOAWKaM, CIIO-
JKUBIIMMCS B xo07€ XX B. U BOCHPUHUMABIIUMCS
JI0ITO€ BpeMsi B IPOeCCHOHAIBHON cpefie KaK KOH-
crafaTa. [lomuTnaeckue KpU3NCHL, SMOAPTO, HApYIIIe-
HUE CTa0MJIBHOCTH IOCTaBOK SHEPrOHOCHTENEH u
MIOTIBITKU TIEPEX0/ia Ha HOBBIC BHUJIbI SJHEPTUU B PsIC
CTpaH TIOTPY>KAIOT MHPOBYIO DKOHOMHKY B IepMa-
HEHTHYIO JIHXOPajKy, KOTOpas BpSA JIA KOTAA-TO
CMEHHUTCSI TOJATOCPOYHON CTaOMIIBHOCTBIO U TIpel-
CKa3yeMoCThIo [1].

OTpaciieBble CTaHIAPTHI U ITpaBoBast 0asa, pery-
JUPYIOIINE MAIlIMHOCTPOUTENBHYIO OTpacis, chop-
MHpPOBAJINCH IpeumyliecTBeHHO B 60-e . XX B.
B paMKaxX YETBEPTOTO TEXHOJIOTHYECKOTO YKJajaa.
OTOT TEXHOJOTWYECKUU yKian OasupoBaycs Ha
SHEPruH YIJICBOAOPOIOB, TOTAA K€ HAyaloCh pas-
BHTHE aTOMHOW SHEPTeTUKH, U OCHOBHBEIMHU OTpac-
JISMH TIPOMBIIINICHHOCTH OBLITM aBTOMOOHIIECTpOE-
HUE, [[BETHAS METaUTyprusi, HehTEXUMHUSA U IPyTrue
OTpaciy, JJisi KOTOPBIX XapaKTepHBIM OBIJIO Macco-

242

BOE, TIOTOYHOE W KPYMHOCEPUIHOE MPOU3BOJICTBO.
FOpH?,OHTbI IIJIaHUPOBaHUA ObLIH JJIMHHBIMH, II0-
CTaBKH SHEPTOHOCHUTENEH — CTaOWILHBIMH, TOPTO-
BbIC OTHOIIICHUS — JOJTOCPOYHBIMH, & MPOM3BOJI-
CTBEHHBIE IJIaHBI — CTaOMABHBIMH. IlocTosiHHOE
ydacTHe 4eJIOBeKa B MPOU3BOACTBEHHOM IpOIiecce, a
TaKXKe B YKOHOMUYECCKOM TUIAHUPOBAHHU U yTIPaB-
JIEHUH TIPOU3BOJCTBOM OBIJIO HEOOXOIUMBIM, TPY-
JIOBBIC OTHOIICHUS CTPOUIUCH Ha 0aze 40-uacoBoit
paboueii HeeM U MOCTOSIHHOTO MPUCYTCTBUS CO-
TPYIHUKOB Ha pabouux MecTax. PasButue coBpe-
MEHHBIX TE€XHOJIOTMI KOHCTPYHUPOBAHUS, IPOEKTH-
pOBaHUs, IUIAHUPOBAHMS M CaMOTO MPOU3BOACTBA
TpeOyeT KapAMHAIBHOTO TMEePEOCMBICICHUS MO
X0oaa K HpOMBIIIIJ'IeHHOfI KOoOIl€palu U BbICTpanBa-
HUIO OTHOLICHUH «3aKa34MK—MCIIONHUTENbY. BHem-
HETONUTHYCCKHE YTPO3bl, TEXHOJIOTUIESCKOE COMep-
HUYECTBO W B3aMMHBIC TOPTOBBIC 0apbephl yKe He
MO3BOJISTIOT TOCYAapPCTBAM M KOPHIOPALIUSIM HTPaTh IO
MpaBUJIaM CBOOOJAHOTO PHIHKA, & BBIHYKIAIOT HCKATh
HOBBIE MEXaHM3MBI 00ecTieueHus] COOCTBEHHOTO TeX-
HOJIOTUYECKOTO CYyBEPEHHUTETa, 00eCIeYeHUsI TEXHO-
Joruyeckoil Oe3omacHocTH U OecrnepeOoiiHON pa-
0OTBI KPUTHUYECKH BAXKHBIX OTpacieit [2].
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Crnennduka paboThl IPENNPUSTHI dHEPreTHIC-
CKOTO, OOILIETro M CHEeNHaNbHOTO MAalIMHOCTPOCHHS
MIPEINoJIaraeT BHIIIOTHEHNE TEXHOIOTUIECKH CIIOXK-
HBIX, YaCTO €AMHUYHBIX WM MEJIKOCEPUHHBIX 3aKa-
30B, KOTOpPbIE PeIKO OBTOPSIOTCS. Bech TexHOIOTH-
YECKUH MPOIeCC BBICTPAUBAETCS MOJ KOHKPETHBIN
3aKa3 [t o0ecredeHNs] KOHCTPYKIIMOHHBIX ¥ TEXHO-
JIOTHUECKUX TpeOOBaHMH 3aka3uuka. Sapo komme-
TEHUUN TaKUX IPEIIPUITHI YaCTO COCTABISACT YHU-
KallbHO€ TEXHOJIOTHYeckoe 000pyaoBaHUE, TTO3BOI-
formee paboTarh ¢ 0c000 KPYIMHBIMH 3arOTOBKaMH,
o0ecreunBaTbh 0COOYI0 TOYHOCTh MEXaHUYECKOH 00-
PpabOTKH WK TIPOU3BOIUTH JETAIN CO CIOXKHOU T'eo-
MeTpHeH, HarpuMep TypOuHHBIE JTomatku. [1pu sToM
TEXHOJIOTHYECKasi OCHACTKA CO3JaeTcs MO KaIbIi
KOHKPETHBIN 3aKa3 1 4aCTO YHHUUTOXKAETCS MOCIIE €r0
BBITIOJTHEHU S, €CITN 3aKa3 ObLT eIMHUYHBIM H €TO T10-
BTOpEHHE HE MJIaHUPYEeTCS.

B Texymux peIHOYHBIX yCIOBUAX TaKUE MaIIU-
HOCTPOUTENbHBIE TPEANPHUATHS 4acTO He olecre-
YeHBI CTAOMIFHBIMU 3aKa3aMHy M BBIHYKICHBI JOJIT0e
BpeMsI MPOCTauBaTh B TOWCKE HOBBIX KOHTPAKTOB.
[lepepriBBI MeXITy KPYIMHBIMU 3aKa3aMH MOTYT JIO-
CTHTaTh HECKOJBKUX JIET, B TEYCHHE KOTOPBIX KaJpo-
BBIIl COCTaB NPENIPUATHI MOXKET MEHAThCS. Bee aTo
MPUBOOUT K HEOOXOAMMOCTH 3aHOBO BBICTPaHBAThH
ITPOW3BOJICTBEHHBIE TIPOIIECCHl U CUCTEMY YITpaBJie-
HUS Ka9eCTBOM MPOAYKLUHU MPHU MOIYYEHUH HOBOTO
3aka3a. Kpome toro, eie B xome 00paOOTKU BXOS-
IIMX 3aPOCOB M TMOJTOTOBKH TEXHUKO-KOMMeEpYe-
CKUX TIPEIJIOKEHUN 9acTO HE MPENCTABISIETCS BO3-
MOKHBIM OIEPEThCS Ha HAKOIUIEHHBIA OIBIT TpEa-
MIPUSITUS U3-32 CMEHBI HHXKEHEPHBIX KaJIPOB U OTCYT-
CTBHS IIOCTOSTHHO TIOTTONTHAEMON 06a3bl 3HAHHUI C BO3-
MOXKHOCTBIO OBICTPO HAWTH MOAXOISIIHNMA TPEIICICHT
13 UCTOPHM MpPOIUIBIX 3aka3oB. B urore texHmxo-
KOMMeEpUYECKHE TPEUIOKEHUS TOTOBITCS Ha OCHOBE
HEPEIKO yCTapEeBIINX HOPMATHBOB M CIIPABOYHUKOB,
a TaKke CyObEeKTHBHBIX OLIEHOK IPO(UIBHBIX CITYKO
MPENPUATHS — OT TEXHUYECKUX JI0 SKOHOMHYE-
CKUX. B yClOBHSX KE€CTKOW KOHKYPEHIIMH W 4YacTo
60pHOBI IPEANPUATHI 32 BBKUBAEMOCTD PEIICHUS O
[IEHOOOPA30BaHUY M KOHTPAKTAIIMH YaCTO IPUHUMA-
FOTCSI PyKOBOJUTEISIMU MIPEITPUATHH C BEICOKOH J10-
nieil cyOBeKTUBHBIX OIIEHOK M HOCAT BOJIOHTapUCT-
ckuil xapakrep. [IpoOneMy TakuxX TEXHOJIOTHYECKH
He00OOCHOBaHHBIX BOJICBBIX PEIICHWN U IUPEKTHB-
HOTO IIeHOOOpa30BaHUs MOAPOOHO paccMaTpHUBAIIA

MCCIIeZIOBAaTeNN B 00JaCTH XO35IIICTBEHHOTO MpaBa U
ylpaBieHusi npeanpusthem'. CIEACTBHEM TaKHX
peLIeHN HePEeOKO CTAHOBUTCS B3SITHE Ha ceOsl 3aBe-
JIOMO HEBBIIIOJHUMBIX 00f3aTeNbCTB IO CPOKaM,
LIeHe U KauecTBy nmpoaykiun. Eciu Ha sTane 3axito-
YEeHUS KOHTPAKTAa 3aKa3uuK He POBeN YIITyOIeHHOTo
ayauTa KauecTBa IIOCTaBIIMKa H HEe IIOTpeOoBa mpu-
BEJICHHS €ro NMPOU3BOACTBEHHOW CHUCTEMBI B COOT-
BETCTBUE CO CBOMMHU TPEOOBAaHHUSIMHU, B TOM YHCIIE B
0051acTH KauecTBa, TO HEPEIKO BO3HUKAET PUCK JIO0
MIOJTHOTO CPBIBA 3aKa3a, JIN0O €ro CyIleCTBEeHHOMH 3a-
JEPKKH C MPUBJIEUEHUEM CyOTOAPSITYMKOB U COIvIa-
COBaHMEM KapThl OTKJIOHEHHUI NpH UTOTOBOM MpH-
eMke. JIJisi MallMHOCTPOUTENbHOM OTpaciud 4acTo
3TO 03HA4YaeT CPBIB CPOKOB BBOJIA B SKCILTyaTallHIO
KPUTHYECKH BaXXHBIX JUIs1 TOCYIapCTBa OOBEKTOB, Ta-
KHX KaK 3JIEKTPOCTaHLUH, JEJOKOIbl 1 BOCHHBIE KO-
pabiu, 9TO CTABUT O] yTPO3Y TEXHOJIOTUIECKHH CY-
BEPEHHUTET, JHEPreTHUECKyr0 0e30MacHOCTb U 00-
1yto 000pOHOCIIOCOOHOCTE CTpaHHI [4; 5].

Hpyroii ¢akTtop pHCKa, CBI3aHHBIH C yCTOSB-
nreiicsl MpakTUKON 0OpaboTKHM 3aKa30B U NpeHeOpe-
JKCHHEM CO3laHueM Oa3bl 3HAaHUI NpenupusTHH,
CBSI3aH C BBDKMBAGMOCTBIO CaMHUX HPEANPUATHH B
YCJIOBUSIX MOBBIIICHHS PO3PAYHOCTH MIPOIECCOB 3a-
KyIIOK ¥ POCTa TeXHUUECKUX U (PMHAHCOBBIX TPeOo-
BaHMH K TOCTaBIIMKaM. MalIMHOCTPOUTEIbHbIC
MIPEaNpUATHS, HE UMEBILINE KPYIHBIX 3aKa30B B Te-
YeHHE HECKOJBbKHX JIET, 4acTO HE COOTBETCTBYIOT
TpeOOBaHUSAM JUIA Y4acTHsS B TEHIEpax Kak II0
OMBITY, TaK U N0 (PMHAHCOBOH COCTOSTEIBHOCTH.
[Tapk obopynoBaHUS TPU ITOM MOXKET OBITH YHU-
KaJbHBIM, a CaMO MPENpHUITHE MPEACTABIATh KPHU-
THUYECKYI0 BaXKHOCTb ISl OTpacid, HO M3-3a [UIU-
TETBHOTO OTCYTCTBHS 3aKa30B M OCTPOH KOHKYpEH-
UM C KPYIHBIMH KOPIOPALUSMH U WHOCTPaHHBIMH
MOCTABIIMKAMH HEPEAKO TAaKOH MPOCTOHN 3aKaHIMBa-
ercst 0aHKpOTCTBOM. 3a mociemaane 20 JeT TOIBKO B
Cankr-IleTepOypre mpekpaTuiin cBoe CyIIecTBOBa-
HHE HECKOJIBKO COTEH 3aBOA0B, CPEIU KOTOPBIX pe-
HPUATHS C YHUKAJIBHBIMH MAaIIMHOCTPOUTEIbHBIMU
KOMITeTeHIIMAMH Takue, Kak AO «CecTpopenkuii -
cTpyMeHTanbHbI 3aBogy», OAO «IletepOyprckuit
TpaMBallHO-MexaHudyeckul 3aBoay, 3AO «Baron-
Malll» 1 psiji MPOU3BOACTB B pamkax KupoBckoro 3a-
Boja. Hepenko wu3-3a pacronoxkeHWs NPOU3BOA-
CTBEHHBIX KOPIIyCOB TaKUX NPEANPHUIATUH HA JOPO-
TMX 3€MEJbHBIX YYacTKaxXx MX OaHKpOTCTBO Hpen-

' Pycmamosa U.T. OGocHOBaHUE KOHTPAKTHBIX 1IEH: yueOHO-MeTouueckoe nocodue. M.: FOpunuueckuii uncruryt, MUNT,

2012. 211 c.
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CTaBJIACT MHTCPEC U IJId UX COOCTBEHHUKOB — YacT-
HBIX JIMII, KOTOPBIM 3TH MPEATPUITHS JOCTAIUCH IO
WTOTaM 3aJIOTOBBIX ayKIIMOHOB U MPUBATU3AIINH TIEp-
Boii mosioBuHbI 1990-x rT. B pesynbrare orpacib au-
acTCAa MallIMHOCTPOUTCIIBHBIX MOHIHOCTeﬁ U YHHU-
KaJIbHOTO O0OpYJOBaHUs, YTO TAKXKE CTABUT IO
YIpo3y TEXHOJOTHYECKHI CYBEPEHHUTET M HEPEIKO
MIPUBOAUT K 3aBUCUMOCTH OT UMIIOPTA.

Takum 00pa3oM, pocCCHiicKas MAaIIMHOCTPOU-
TeNbHAsI OTPACIIb BBUY YCTOSBIICHCS MIPAKTUKH pa-
OOTHI C 3aKa3aMHU 1 BCIIEACTBHE POCTa HECTAOMIBLHO-
CTH BHEIITHEW CPE/Ibl CTATKUBACTCS C PSIIOM ITPOOIeM:

1. JlnutensHBle CPOKH OOpabOTKH 3aKa3oB W
HU3Kask TOYHOCTh OLIEHOK TPYAOEMKOCTH, TEXHOJIO-
THYECKNX BO3MOKHOCTEH Y CTOMMOCTH.

2. CpbIBBI CPOKOB, HEHUCIIOJHCHHUE TEXHOJOTH-
YeCcKUX TpeOOBaHWI 3aKazyuKa, HeMpelCcKa3yeMbIid
POCT CTOMMOCTH, HEYJIOBJICTBOPUTEIBHOE KAaueCTBO
TOTOBOU MPOJYKIIMHU U YTPO3bI CPBIBA BBOJA B IKC-
[UTyaTalyilo KPUTUYECKH BaKHBIX MAIIHMHOCTPOU-
TEJILHBIX U3IETIUHN.

3. JInuTenpHBINH MPOCTOW YHHKAJIBHBIX MAIIH-
HOCTPOUTEIBHBIX MOIITHOCTEH C TOCIEAYIOIINM OaH-
KPOTCTBOM W JIMKBHUJAAIIMEN MPEANPUSTHN, HMEIO-
IIMX OOJBIION TOTEHITHAI JIs1 OTPACIH.

IMocTranoBKa meJieit u 3aga4. [jens ucciedosa-
Hus — pa3pabOTKa KOHIIETITYaJbHOTO PEIIeHUs BbI-
IIEYTIOMSHYTHIX TIpoOiieM. Pa3pabarsiBacmoe perire-
HUE MO3BOJHUT TOCTPOUTH YCTOMYMBYIO OTPACIEBYIO
CUCTEMY BSaI/IMO,HefICTBI/ISI 3aKa34YUKOB U UCITOJITHUTC-
e, KoTopast 00eCIeYnT BO3MOKHOCTE OBICTPO U Oe3
CYOBEKTUBHBIX OIEHOK ONpEAeATh MPUHIIUAITHAID-
HYI0 BO3MOXKHOCTH M3TOTOBJICHHS 3alPalTNBAEMbIX
W3IEeNNH, BBISBIATH ONTHMAJIbHBIE TEXHOJIOTHYE-
CKH€ MapUIpyThl U OLIEHUBATh IIPUMEPHYIO CTOH-
MOCTb UCTIOTHCHHS KOHTPAKTa ¢ MUHUMAJIBHOM I0-
TPEIIHOCTHIO.

Jns nocTHXKEeHUs 3TOH el HEeoOXOIUMO pe-
AT psAA 3afad: M3YyYUTh M TPOAHATIN3INPOBATH
YCTOSIBIIMECA MPAKTHKH 0OpabOTKM 3aKa3o0B B Ma-
IIMHOCTPOCHUH, C(HOPMUPOBATH MEPEUCHb MPOIIEC-
COB, TpeOyromux (hopMaNIu3anuy U aBTOMAaTH3AIHH,
pa3paboTarh U cO37aTh MPOTPAMMHBIH UHCTPYMEHT,
TTO3BOJISIONIEH OBICTPO W TOYHO 0OpadaThIBaTh 3a-
Kazbl, o0ecreynBaTh TpeOyeMblii ypOBEHb KaueCTBa,
HaKaIuIMBaTh 3HAHUS U OECKOHEYHO 00y4aThes [6].

Jis MOCTHXXKEHUS [eTH WCCIeOBaHus TpUMe-
HSJTHCH TEOPETHYECKIE METO/bI B BHJIE aHAIIN3a JTH-
TCPATyphbl U IIPUMECHACMBIX IMOAXO0J0B, BBIABICHUEC U
MMOCTaHOBKa MpobieM. Takxke ¢ y4eToM IpaKkTH4ec-
KOTO OTIBITa aBTOPA B MAITMHOCTPOUTENEHON OTPACITH
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MPUMCHAIINCHh OMIIMPUYCCKUE METOAbI B BHUIAC
HaAOMrONICHUST 32 Pa0OTOW TPOU3BOJCTBCHHBIX CH-
CTEeM MPEANPHITUN POCCUICKOTO 1 3apyOeIKHOTO Ma-
NIMHOCTPOCHMS, aHATN3a UX CHIIBHBIX U CIIA0BIX CTO-
POH, pa3pabOTKH SKCIEPUMEHTAIBHOTO MPOrpaMM-
HOTO CPEJICTBA M OMMCAHUS JIOTUKU PaOOTHI Mpeiia-
raeMoro MporpaMMHOTO CPEJICTBA JIsl PeNIeHUs 000-
3HAYCHHBIX MPOOIEM.

1. 0630p ycTOsIBLUECSH NPaKTUKU 00paboTKu
3anpoCcoB B MaLLMHOCTPOEHUU

B ycrosiBuielica Ha CErogHSALIHUNA IE€Hb IMpak-
THKe 00pabOTKM 3aKa30B HA MAIIMHOCTPOUTEIHHBIX
MPEINpPUATHSX PEUIeHHe O TPUHINMHAIBLHONW BO3-
MOXKHOCTH H3TOTOBJICHHS 3alpaniiBacMoro Ipo-
IyKTa 3aBUCUT KaK MUHUMYM OT WHXCHEPOB-KOH-
CTPYKTOPOB M HH)KEHEPOB-TEXHOJIOTOB, CIICIIHAIIH-
CTOB 10 TUTAHUPOBAHUIO TTPOU3BOICTBA M CIICTIHAIIH-
CTOB IO CHA0KCHHIO.

C TOYKM 3peHUs] HHXKEeHepa, 3aKa3 MOXKET OBITh
WCTIOJTHEH TIPH COONIOACHNUH CIEAYIONINX yCIOBHIA:

1. CocTaB TEXHOJIOTUYECKOTO OOOPYIOBaHUS U
€ro TEXHUYECKOE COCTOSIHHE COOTBETCTBYIOT TPeOO-
BaHUSAM KOHCTPYKTOpcKoit mokymeHTariu (KJI).

2. Nmeromuiics mepcoHall B COCTOSTHUH BBITION-
HUTH pabOTy B COOTBETCTBUU ¢ TpeOoBanusmu K/I.

3. NmMeromuecs B pacropsHKEHUH TIPEIITPUSTHS
CpencTBa KOHTPOJIS KadecTBa IMO3BOJISIOT IIPOM3BE-
CTH TIPOBEPKY MPOAYKIIMH B IIEJIOM U 10 OTACIHEHBIM
ee JeMeHTaM Ha rpeamet cootBetcTBua K/ u B co-
OTBETCTBUU C yCIOBHSIMH MPUEMKH 3aKa3dhKa MPO-
JTYKITHH.

C ToukM 3peHHus CHeluaIncTa Mo IUIaHUPOBa-
HUIO, 3aKa3 MOXET OBITh BBHITIONHEH B YCTAaHOBJICH-
HBIE CPOKH IIPH COOJIOICHUH CIICAYIONINX YCIOBHIA:

1. Hanuune nocToBepHON MapUIpyTHOM TEXHO-
JIOTHH.

2. Hanmawme pecypca 000pyaoBaHUS B COOTBET-
CTBYIOIIHE TEPUOJIBI BPEMEHH.

3. Hanmuwue pecypca rnepconasna B COOTBETCTBY-
FOIITME TTEPHOIBI BpEMEHH.

C TOYKHM 3peHHS CIIEIUAINCTA 110 CHAOXKEHUIO,
HEOOXOAMMBI:

1. ®us3nueckas U KOMMepYecKass BOZMOXHOCTh
MMOCTaBKH MaTepraa.

2. BO3MOXHOCTh TOCTaBKUA BCEX TpPeOyeMbIX
MaTepHalioB U YCIYyT CyOMOApsITYNKOB B 3aJaHHBIN
Meproj BPEMEHH.

B xoHeuHOM HTOTE peds UAeT 0 pa3paboTke cle-
JyIOUTUX TOKYMEHTOB:
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1. TexHOMOTUYECKHI TIPOIIECC C COOTBETCTBYIO-
IIMMHA MaTepUaTbHBIMH CTIeIU(UKAITUIMHI (OCHOB-
HO1 3aKa3 + IMOATOTOBKA MTPOU3BOJICTBA)

2. I'paduk mcmonp30BaHUs MPOU3BOACTBEHHBIX
MOIITHOCTEH IO BHJIaM U KaTeropusM 000pyI0BaHuUs
Ha TIepHOJ] HCIIOTHEHMS 3aKa3a.

3. I'paduk MarepuambHO-TEXHUYECKOTO 0bec-
MEYCHHUS 3aKa3a.

B ycTosBmetics npaktuke 00paboOTKH 3aKa30B B
MaIIMHOCTPOEHNH TIOATOTOBKA 3THX JOKYMEHTOB B
ITOJTHOM O0BbeMe M C HaJIKAIUM KaueCTBOM B Tie-
PHOA COTTIacOBaHMsI 3aKa3a M MPHUHATHS PELICHUS O
KOHTpaKTalluu, KaK IIpaBUJIO, HC IIPOU3BOAUTCS, I10-
CKOJIBKY TpeOyeT BpeMeHH W MaTepHabHBIX 3aTpar,
KOTOpPHIE eIlle Hellb3si OTHECTH Ha CYeT KOHKPETHOTO
MPOEKTA.

B xome paboThl Hag 3aka3oM Ha OOJBITMHCTBE
MIPEIPUATHH IPUHATO PyKOBOJCTBOBATHCS HE JIOKY-
MEHTaMH, a OLIEHKaMH HpOQUIBHBIX CIYXO0, T.C.
HAa0OpOM CYOBEKTUBHBIX MHEHHH. JJOKyMEHTHI POXK-
JATOTCS B Cydae 3aKJIIOYeHHs JOToBopa u (pakTude-
cKoro Hadana padot. [1o Mepe mosBIIeHUS STHX TOKY-
MEHTOB BBISIBIIICTCS pa3HUIA MEXKTY IPUHATHIMU Ha
cebs 00s13aTeNbCTBAMH U PEANbHO pacrojaraeMbIMu
BO3MO)XHOCTSIMH — HEBO3MOXHO 00paboTaTh m3me-
nme ¢ TpeOyeMol TOYHOCThIO, OTCYTCTBYIOT HEOOXO-
IVMbIE CPEACTBa M3MEPEHHUs M KOHTPOJS, Mapa-
METpBl UMEIOIIETocss O00OpYINOBaHHS HE COOTBET-
CTBYIOT TapaMeTpaM 3amlpaiinBaeMoro w3aenvs. B
XOJle TPOM3BOACTBA K TEOPETUYECKHUM HECOOTBET-
CTBHSIM BO3MOXKHOCTEH MpPEANPHUATHS TpeOOBaHUIM
3aKa3urKa J00aBIAIOTCS Ka3yChl MCIOJHHUTENEH. B
WTOTEe HEPEIOKO Naxe Ipu (opMallbHO KOPPEKTHOM
WCTIOJIHEHHUH yCIIOBUH I0TOBOPA, ITOCIIE MPUEMKH pe-
3yJBTaTOB, 3aKa34WK OOJbIE HE 3aWHTEPECOBAH B
MIPOAOIDKEHUH COTPYIHUYECTBA C JAHHBIM HCIIOHH-
TeJIeM W WIIEeT aJIbTePHATHBHOTO MOCTABIIHKA, HC-
MOJTHUTEN BXOJUT B MEPHOJ MPOCTOS, MOUCKA HO-
BBIX 3aKa30B M OOPHOBI 32 BEKUBAHHUE .,

st permeHus mpoOIeMBI HEOOXOAMMO HaNTH
WHCTPYMEHTapHH pa3pelrieHus HECKOIBKUX Mmap Ipo-
TUBOPEYUI:

1) cpoku OleHKH 3aKa3a — TPYAOEMKOCTh U Ka-
YeCTBO MH)KEHEPHBIX PACUETOB;

2) WHXCHEpHble TPeOOBaHHUA K H3ICIUI0 —
(aKTHYECKHE TEXHOJIOTHYECKUE BO3MOXKHOCTH, B
TOM YHUCJIC BOSMOXHOCTU TEXHUYCCKOI'O KOHTPOJIA;

3) cpOKM HCHOJTHEHHUS 3aka3a — OaJlaHCHI 3a-
rpy3KHd HEOOXOAUMOTO 000pYIOBaHUS BO BPEMEHHU.

2. CemaHTM4YeCKWA aHaNn3 pertanen
1 cOOPOYHBbIX eANHUL,

Jns paspemieHus 3TUX MPOTUBOPEUUi IIeeco-
00pa3HoO WCITONIB30BaTh Pa30WBKY KOHCTPYKITUH H3-
JIENINS B COOTBETCTBUH C YEPTEIKOM Ha KOHCTPYKTOP-
CKO-TEXHOJIOTUYECKUE TIPU3HAKU Ha OCHOBE MAIIIH-
HOCTPOUTENbHBIX Kiaccudukaropos. [lo pesynsra-
TaM TaKoW Pa30MBKU MOXKHO CJIeJIaTh YKPYITHECHHYIO
MapIIpyTU3aUI0 TEXHOJIOTHYECKOro Mmpolecca 0e3
MPUBSI3KH K MOITHOCTAM MpennpusaTus. ba3zoBsiM
pe3yapTaToOM Oorepanuu OyleT yCTaHOBIEHHOE COOT-
BETCTBHUE MEXJy KOHCTPYKTOPCKHUMH TpeOOBaHH-
SIMH K MCIIOJIHEHHUIO JIeTajeil 1 cCOOPOYHBIX CIMHHUIL
(ICE) m KOHKpETHBIMH €AMHUIIAMH 000pyIOBaHHUS,
IIO3BOJJIAIOIIMMHA 3TH Tpe6OBaHI/I$I BBIIIOJIHUTS. ,Z[O-
MOJIHUTEIIBHBIM PE3YJIBTATOM OyIyT YKPYIHEHHBIC
TEXHOJIOTHYECKIEe MapIIPYTHl U TIEPEeYeHb padoT 0
kax0# JICE, BRITOTHAEMBIM 110 KOOTICPAITHH.

KoHCTpYKTOPCKO-TEXHOIOTHYECKHIE TPeOOBaHUS
JICE, a Tarxoke HeoOXOUMBIEC XapaKTEPUCTHKH IT0 Ka-
YECTBY JUIS PEIICHUS BBIIICOMTUCAHHOM 3a/1auu 1Iee-
€c000pa3HO MPUBOANTH K (GOPMATH3OBAHHOMY BHY.
s ynoGceTBa MpoBeicHUS peiaraeMoi IPOBEPKU
cootBeTcTBHsI MapameTpoB JICE mapamerpam TexHO-
JIOTUYECKOr0 000pyI0BaHUsl TPEOOBAHUS MEPBBIX H
BO3MOXHOCTH TOCIIETHUX JOJDKHBI OBITh BBIPAKEHBI
KOJIMYECTBEHHO U (hOPMAITU30BAHBI B CTPOTON HEME-
HSIOIIelcs mocnenoBarensHocTH. OMHUM U3 BUIOB
TaKOTO MPEJICTABICHUS MOTYT OBITh TaK HAa3bIBAEMEIC
KOPTEXH JaHHBIX — CTPYKTYypHUPOBaHHbBIE OJIOKH HH-
(dopmanmu, Kaxaas 4acThb KOTOPBIX OTBEACHA O]
KOHKpETHBIN actekT. [locpencTBoM coBMEIIeHUS Ta-
kux koprexedt nanapix o JJCE u o enuauiiam 060-
pyaoBaHus MOXHO 6LICTpO BBIABIIAATH CTCIICHU COOT-
BETCTBUS H JENaTh 3aKIFOYCHUS O IPUHITUITHAIEHOM
HaJIMYUMU W OTCYTCTBHUU TEXHOJIOTUYECKOM BO3-
MOXKHOCTH n3rotoButh Tpedyembie JICE ¢ 3amanapiM
ypoBHEM KauecTBa. Takas TexHonorus mepedopa u
COBMeETICHHS HHPOPMAIIUH, IIUPOKO ITPUMEHsIeMas B
ImporpaMMUpPOBAHUH I1OJ HA3BAHUEM «ITAPCUHI», SIB-
JSeTCSl CEMaHTHYECKUM aHaJM30M M CIOCOOHA Cy-
IIECTBEHHO YCKOPHUTH 3a7ady PacCMOTPEHUS BXOJIs-
Iero 3armpoca.

B pamkax storo ke (hopMasbHOTO anropuTMa
KOHCTPYKTOPCKO-TEXHOJIOTUYECKOM OLIEHKH U31EIHS
peanu3yIoTcs M 3a/1a4d yIPABICHUS KaueCTBOM dYe-
pe3 3aJlaHre CTETeHU COOTBETCTBHUS TEXHUYECKUX
TpeOOBaHMI ¥ TEXHUYESCKHX BO3MOXKHOCTEH (CTpO-

2 Bonwvgh E.B., Xeocmoe A.B., Heuenko B.II, Cuzoeéa A.A. AnTukpusuchoe ynpasienue: yuebnoe nocobue. CII6.: U3n-so BITY

«Boenmex», 2022. 102 c.
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roe coBIaJicHUe, TPeOOBaHUS TPEBBIIIAIOT BO3MOXK-
HOCTH, BO3MOYKHOCTH TIEPEKPHIBAIOT TPeOOBAH).

VYKpyITHEHHBIH MapuipyT U COCTaB IpPUBICKac-
MOTO 000pYIOBaHUsI TO3BOJISIOT ONPEACIHUTH C J0-
CTaTOYHO BBICOKOW TOYHOCTBIO TEXHOJIOTHYECKOE
Bpems Ha m3roroBiienue JJCE u mpou3BoICTBEHHYIO
ceb6eCTOMMOCTh MPOAYKIIHH.

[Mony4yeHHbIE AaHHBIE TTO3BOJSIOT BCTPOUTH M3~
rotoBieHue paccmarpuBaembix JICE B TexHOIOrH-
Yyeckre OanaHChl MPOW3BOJCTBEHHBIX MOIIHOCTEH
MPEANPUATHS, & TAKKE YKPYIMHECHHO OMNPEACITUTh
BpEMS U CTOMMOCTb MX H3TOTOBIICHUS. J|aHHBIH TIO/I-
X0 TMO3BOJIICT MHUHOBATh pPAA TPYAOEMKHUX KOH-
CTPYKTOPCKO-TEXHOJOTHYECKUX TPEABAPUTEILHBIX
paboT MpU TPUHSATHH PEIICHUs 0 paccMaTpuBaec-
MoMY 3aka3zy. [Ipy MCIONB30BaHUM TAKOTO TOAXOJA
JOCTUraeTCs KII0YEBOC KOHKYPEHTHOE MpEeUMYyIIie-
CTBO — OIEPATUBHOCTH MPHUHATHUS PEUICHUS TI0 3a-
Ka3y NMpH MUHHMAJBHBIX 3aTpaTax TPYIOBBIX pecyp-
COB B CPaBHCHHUH C YCTOSBIIUMCS TOAXOIOM, KOTJa
3TOT MPOLECC 3aHUMAeT HECKOIBKO HEeJelb U 4acTo
HE 3aKaHYHMBaeTCS MOJANUCAHUEM KOHTPAKTa, 4YTO
MPUBOJUT K BHICOKHM W HEMPOAYKTHBHBIM TPY/I03a-
TparaM pabOTHUKOB NIPEAIPUATHS [7].

YcTosBImascs mpakTHKa 00pabOTKHU 3apoCcoB B
COBPEMEHHOM POCCHIICKOM MAITUHOCTPOCHUHU CTPO-
WTCS Ha MPUHIIANAX TEXHUKO-3KOHOMHYECKOTO Ija-
HUPOBAHUS, IIUPOKO PACIIPOCTPAHCHHBIX €Ille B CO-
BETCKHIi epro. Paznudnbie cnyk0bl MpeanpHsIThS,
YyUYacTBYIOIIME B TPOLECCE PAacCMOTPEHHS BXOS-
IIEeTO 3ampoca, OICHKH TPYJOEMKOCTH W TPHHSTUS
pellieHHs O B3SITHU 3aKa3a B pabOTy, 4acTO BBHIY
BHYTPCHHUX KOH(JIMKTOB W JPYTUX NPUYUH AeH-
CTBYIOT pa3oO0IIEeHHO — ATy MpoOIeMy paccMarpu-
Ban xxypHan Forbes, TeopeTrku ynpasieHus Mpou3-
BOJICTBOM H CIICIIHAJIMCTHI 110 YIIPABJICHUIO ITEPCOHA-
soM. YacTo 3Ta pa3oOIIeHHOCTh BBIPAXKAETCS B TOM,
YTO KaKHe-TO 3JIEMEHTHI Mpoliecca JyOnupyroTcs,
CPOK PacCMOTpPEHHUS 3apOca JIOCTUTAET HECKOJILKUX
MECSIICB, a 3AJI0KEHHBIE ¢ OOJIBIIIAM 3aITaCOM PUCKU
BBU/Iy HEOMPEIEICHHOCTH B pacueTax BeIyT K 3aBe-
JIOMO HEKOHKYpEHTHBIM IieHaM. Bce 310 cyte-
CTBEHHO CHIDKAET MPHUBJICKATEILHOCTh PEIIPUATHS

Kak MapTHepa, COKpaIaeT KOJIMYECTBO MPUHSITHIX 3a-
Ka30B MO0 OTHOIICHHIO K KOJMMYECTBY BXOJSIIUX 3a-
MPOCOB, HO, TEM HE MEHEee, TPeOyeT 3HAYUTEIBHBIX
peCcypcoB Ha coliepKaHue anmapara MpOU3BOJICTBEH-
HO#t cucTeMsr [8].

UYtoObI M30aBUTCS OT HECOTIIACOBAHHOCTH B JICH-
CTBUSIX TPOM3BOACTBEHHBIX CIYX0, MUHUMH3UPO-
BaTh TPYJ03aTParhl, CYNECTBEHHO COKPATUTh BpEMs
00pabOTKU BXOASIIMX 3aMPOCOB U MOBBICHTD JT0CTO-
BEPHOCTh TEXHUKO-KOMMEPUYECKUX OIICHOK IIeleco-
00pa3HoO paccMaTpuBaTh MPOHU3BOACTBEHHYIO CH-
CTeMy KaK €JMHBIA OPTaHH3M C MPU3HAKAMH MYIIb-
THAreHTHO# cucteMbl. OCHOBHBIC LIEH MPOU3BOJI-
CTBEHHOH CHUCTEMBI npeanpudaATd — 3TO MaKCUMU-
3alMs 3arpy3KH MOIHOCTEMN, BBIITOJIHEHUE KOMMEp-
YeCKUX 00s3aTenbCcTB, OOecleueHne TpedyeMoro
YPOBHS KauecTBa MPOIYKIIUU U MAaKCUMU3AIUS TIPU-
OBLITH.

IIpou3BoACTBEHHAS] CHCTEMA BKIIIOUACT B CeOs
COBOKYIIHOCTH 3JIEMCHTOB, TaKHMX KaK TCXHOJIOTH-
yeckoe 00OpyIOBaHHE, BHYTPHUIIPOU3BOJACTBEHHAS
TpaHCTIOPTHAsT MHOPACTPYKTYpa, MOABEMHO-TPAHC-
MOPTHOE 000pPYyAOBaHKE, 3aTOTOBKH B UCXOIHOM CO-
CTOSIHUY U B IPOTIECCE U3TOTOBICHHUS, TOTOBAs MIPO-
JIYKIUs,, TIPOU3BOJICTBEHHBIC W CKIIAJCKUE IUIO-
maau ¥ ap. OHU UMEIOT MapaMeTphl U XapaKTepHu-
3yIOTCSl MOTHBHPOBaHHbIM TmoBeneHreM. CoBpe-
MEHHbBIE CPEJICTBA KOMMYHHUKAIUK U KOHTPOJIS MO3-
BOJIAIOT 3TUM 3JIEMCHTaM IOAACPIKUBATL CBA3b MEXK-
Iy coOoM, mepeaaBarh U HHTEPIIPETHPOBATh JTAHHBIC
0 B3aWMHBIX COCTOSIHUSIX W COXPaHATh ABTOHOM-
HOCTh. PaccMarpuBaeMble 3J€MEHTHI MOTYT OBITh
MPE/ICTABIICHBI B KAUECTBE areHTOB, MPECIIEYIONIHNX
CBOH IIEJTH, COOOIIAFOIIUXCS MEX Ty co00M 1 o0ecre-
YUBAKOUIMX [IPU IIPABWIBHON OPraHU3alMy CUCTEMBI
cuHepreTrdeckuii 3¢ ¢dekt. COBOKYITHOCTh arcHTOB,
WX CBSI3CH M B3aUMHOTO BIIUSTHUSI, TOTYMHSIONICTOCS
Py 3aKOHOMEPHOCTEH, MpeacTaBiseT co00i Myib-
TUAreHTHYIO cucTeMy. [losiBIsieTcsi BO3MOXKHOCTH
OBICTPOrO TepepacnpeIeICHUs POJIeH areHTOB, YTO
JTaeT CHCTEME BapUATUBHOCTE M 00eCIIeunBaeT O0IIb-
HIYI0 CTaOMIBHOCTD 3@ CUCT HAXOXICHHS HECKOJb-
KMX COCTOSIHMI PaBHOBECHS CHCTEMBI".

3 Cwm.: Kopuiynosa JILA., Kysvmuna H.I. YpaBjieHHe U OpraHU3alus IPOU3BOJACTBA: yueOHoe nocobue. ToMck: M3a-Bo Tom-
CKOTO TNoJUTeXHUYeckoro ynuepcureta, 2013. 193 c.; Kax npeononers pazobmeHHocTs Mexxay monpasznaeneunusmu? // WRIKE.
URL: https://www.wrike.com/ru/blog/kak-preodolet-razobshhennost-mezhdu-podrazdeleniyami/?ysclid=lffu2hudyt292884141 (nara

obpa-menus: 10.03.2023).

* Aumoxuna FO.A., Bapacaneman A.I'., Cemenosa E.I'., Cuupnoea. M.C. DKkcriepTHasi OLIEHKa M yIPaBJICHUE HHHOBAIIMOHHBIMU
MPOEKTaMH C y4eToM (paKTOpOB HEONPEAEIEHHOCTH cperpl: yueOHoe nmocodue. CI16.: M3n-so I'YAIL, 2021. 242 c.
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3. MynbTnareHTHas npupoaa
NPOu3BOACTBEHHON CUCTEeMbI NpeanpuaTua

Wnest MynsTHAareHTHBIX CHCTEM ObLIA TPEIJIO-
’K€Ha elle B cepeauHe XX B. COBETCKUM MaTeMaTH-
koM MLJL. LleTamHbIM, 3aHMMAaBIIUMCS HCCIICIOBA-
HUEM KOJUIEKTHMBHOTO TOBEJIEHUS aBTOMAaTOB. YXKe
TOTJIa areHTaMU OBLIM HA3BaHbI UCKYCCTBEHHBIC CY-
IIECTBA, CIIOCOOHBIC BOCIPHUHUMATh U MHTEPIPETH-
pPOBAaTh CUTHAITBI, TOCTYIIAIOIINE M3 BHEITHEH Cpe/Ibl,
a Takxke (GopMHpPOBaTH CBOU. DTHU UCKYCCTBEHHBIC
CyIIleCTBa HE UMETH alPHOPHBIX 3HAHUH 00 OKpYyKa-
IoIIeil uX cpelie ¥ HAIMYUH JIPYTHX MOJOOHBIX CY-
IIECTB, HO UMEJH IIellb CBOEH JeSITeThHOCTH U CIIO-
COOHOCTB OLICHUBATH MOCTYTAIONIUE CUTHAJIBI B KOH-
TEKCTE JOCTIKEHHS dToM 1enu. Habop OTKIIMKOB Ha
M3MEHEHUS CPeAbl TO3BOJISUT TOBOPUTHh O HAIWYHH
PaIOHABHOCTH B TMIOBEICHUHU TaKOTO POJia areHTOB
U HMX CIOCOOHOCTM K ajanTalud K W3MCHCHHSIM
BHeITHEH cpensl [9].

B coBpemMeHHOW MpakTHKE MYJbTHAT€HTHOCTb
YCIEITHO TPUMEHSETCS B PAKETHBIX KOMILUIEKCaX H
CUCTEeMax IPYNIOBOM caMOOpraHU3aluu OeCIUIOT-
HBIX JieTarenbHbIX anmnaparos (bITJIA). B 3aBucumo-
CTH OT YCIIOBUM CpeJlbl, BHEUIHETO BO3JEUCTBUS U
M3MEHEHHI mapaMeTpoB 3aa4ul TPYIIIBI OT/JEIbHbIC
paxetsl, BITJTA wim apyrue GecriuiioOTHBIE YCTPOWA-
CTBa MOMEHTAJIPHO OOMECHHBAIOTCS HWH(OpPMAITUCH,
aJanTUPYIOTCSI K M3MEHEHUSM, TIeperpynImupyOTCs
U TPU HEOOXOAUMOCTH TMEPEPaCHpeeNITIOT POJIH.
st IOCTpOoeHUsT TaKuX NEIECHTPATN30BaHHBIX Ca-
MOOPTAaHU3YIOIINXCA WHTEIUIEKTYaIbHBIX CHCTEM
MIPUMEHSIOTCS POEBBIE AITOPUTMBI, TTOCTPOCHHBIC
10 MPUHLHUITY aJITOPUTMOB IMYEITMHON KOJOHUU U CO-
[MAJTFHOTO TIOBE/IEHHUs NITUIT U phIO B cTae. K Takum
MyJIBTHAT€HTHBIM CHCTEMaM OTHOCSTCS camMoopra-
musyromuecs ceth MANET (Mobile Ad Hoc Net-
work), TpuUMeHSeMble B TEIICKOMMYHHKAIIUUA H
yIpaBIeHNN 00bEKTaMH KpUTHYECKOH HH(ppacTpyK-
typbl, VANET (Vehicular Ad Hoc Network), mpume-
wsembie Ha Tpancropte U FANET (Flying Ad Hoc
Network), ucmons3yembie Jis yIpaBiIeHHS TPYII-
mamu BIUIA. Otnudne nmpuMeHeHHS MOT00HBIX all-
TOPUTMOB ¥ CeTel B MYJIBTHAreHTHON CHCTEME Ma-
IIMHOCTPOUTEIHHOIO MPEANPUSITUS COCTOUT B Mac-
mrale U CIOKHOCTH 33/1a4H, a TaK)Ke B KpaTHO Oosee
BBICOKOM KOJTMIeCTBe mapameTpos [10; 11].

TexHuueckn peakiusi MPOU3BOJCTBEHHON CH-
CTEMBI IPEIIPUATHS HA BXOJSIINM 3ampoc, pacipe-
JIeNIeHNEe U Tiepepacipe/ielieHle pojiei, a TaKkxke Mmo-
JydeHHe OI[EHOK TEXHOJIOTHYECKUX BO3MOKHOCTEH
JOJDKHO TIPOUCXOANTh MTHOBEHHO KaK C IIEJIBIO

MUHUMH3AIA BpeMEHU 00pabOTKH 3aIIPOCOB, TaK U
C TIeJTBIO TTOBBIIICHNS JOCTOBEPHOCTH OIIEHOK Ha 3a-
JTAaHHBIHA TIEPUOJ] BpEMEHH. DTO 00yCIIaBiInBaeT HeoO-
XOJIMMOCTh aBTOMAaTU3UPOBAHHOW Pa0OTHI CUCTEMBI,
YTO TEXHUUYECKH MOXKET OBITh PEIICHO C MOMOIIBIO
pa3IMYHBIX anmapaTHbIX HHCTPyMeHTOB. K mpo-
TpaMMHBIM CPEJICTBaM, ITO3BOJSIONINM paboOTaTh ¢
MYJIBTHATEHTHBIMU CUCTEMaMHU, OTHOCSTCS TaKue
nporpamMmHsie koMmruiekehl, kak CITIPY T, MongoDB,
JADE, ABLE, Repast, MASON.

XapakTep MOBEACHUSI DIEMEHTOB IPOU3BOII-
CTBEHHOM CHUCTEMbI, OObEIMHEHHBLIX OOLIMMH Iie-
JISIMU, TIO3BOJISIET CYUTATh WX WHTEIUICKTYaTIbHBIMU
areHTaMH MYJBTHAareHTHOW CHCTEMBI, KOTOpBIe 00-
JaIal0T CIIEAYIOUTUME CBOMCTBaMHU:

— aBTOHOMHOCTB (CITOCOOHOCTh (PYHKIIMOHHUPO-
BaTh 0€3 BHEIIHErO BMEIIATEIbCTBA, KOHTPOIUPO-
BaTh CBOM JICHCTBYS M BHyTPEHHEE COCTOSHUE);

— aKTUBHOCTB;

— KOMMYHHKAaTUBHOCTb (B3aUMOJICHCTBHUE C IPY-
TUMH areHTaMH);

— peaKTUBHOCTH (CITOCOOHOCThH aJeKBaTHO pea-
THpPOBATH Ha JIEHCTBYSI APYTUX areHTOB M N3MEHEHU S
BHEIIIHEH CPEJIb);

— LIEJICHAINPABJICHHOCTh ACHCTBHIA;

— Hannuyne 0a30BBIX 3HAHMU O cede M APYyTrux
areHrax;

— ybexnenus (mmepeMeHHas 9acTh 0a30BBIX 3Ha-
HUUN, MEHSIIOIIUXCS BO BPEMEHN);

— KeJaHus (CTPeMIICHUS K OIPEIEICHHBIM CO-
CTOSIHUSIM);

— HaMmepeHusl (TUTaHUpyeMble IeHCTBHS O J0-
CTIKEHUIO JKETaeMbIX COCTOSTHHN );

— 00s13aTensCcTBA (BBITIOTHEHUE 3a7ad, MOCTaB-
JICHHBIX JPyTUMU arcHTaMH).

B psine cimyyaeB areHThI CUCTEMBbI JOJDKHBI OBIThH
TOTOBBI AyOJIMPOBATH CBOU (DYHKITMH WIIH TOTIONHATH
GYHKITUH IPYT ApyTa pamd JOCTYHKCHHS OOITUX Iie-
JIeH CUCTEMBI, SBIISIONINXCS IPUOPUTETHBIMH TI0 OT-
HOIIICHUIO K LIETSIM KOHKPETHBIX areHToB. [Ipu aTom
uHpOpMaIKs, TPEIOCTaBIsieMas arcHTaMu JpyT
JIPYTY, TOIKHA OBITh UCKITIOUYUTENBHO JIOCTOBEPHOA.

ITo xapakTepy B3auMOJIEUCTBHUSA C BHEIITHEH Cpe-
JIO# areHTHl MOTYT OBITh PEaKTUBHBIMU — HE UMEIO-
IIMMH TIPEJICTABICHUS O BHEITHEH cpenie, COOCTBEH-
HBIX pecypcoB, 0a3bl 3HAHWW W IETH ICHCTBUSA, a
TaK)XK€ MHTEJUICKTYaJIbHBIMH — TIOCTOSHHO HaKarl-
JIUBAIOIIMMHU HH(POPMAITUIO O BHEIITHEH Cpejie U Ipy-
TUX areHTax M CIOCOOHBIMH K aHamn3y WH(opMa-
nuu. IMeHHO MOCTpOoeHHe YHUBEPCAIBHOTO ajro-
puTMa pabOThl MEXAY WHTCIICKTYaJIbHBIMH arcH-
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TaMu, (OPMHUPOBAHNUE UHTCPAKTUBHOW 0a3bl 3HAHMIA
U TIOCTOSIHHO OOY4YalOIIErocsi IIEHTpa IMOATOTOBKH
pelIeHu ! 1 TO3BOJIHT CO3/IaTh alapaTHOe CPEICTBO
JUTSI YCKOPEHHOW 00pabOTKHM BXOASIIUX 3aIPOCOB,
JIOCTOBEPHBIX TEXHUKO-KOMMEPYECKUX OIICHOK H
MPOCKTUPOBAHUS TEXHOJOTHYCCKUX IPOIECCOB Ha
0a3e TOCTOSTHHO TOMONHSAEMON 0a3bl 3HAHWHA W He-

NPEePHIBHOTO MAIIMHHOTO 00ydeHHUs .

4. PeweHune 3apa4m ontTuMmmn3sauum
C NpUMeHeHunem Teopum rpacdos

[IpakTika HpUMEHEHHs] YCKOPEHHOW OLICHKU
TPYAOEMKOCTH BXOMSIIETO 3ampoca Mpeanoiaraet
CIOCOOHOCTH MPOU3BOACTBEHHOM CHCTEMBI OTOOpa-
XKaTh IPOCTPAHCTBO JIOTHYECKUX BO3MOXHOCTEH 110
BCEM IIepenesiaM M OIepauusiM, BBIIOIHEHHE KOTO-
PBIX MOXET MOoTpeOoBaThCs IpU padoTe HaJA BXOAS-
mmM 3anpocoM. Eciiu oOpaTuThes K nuTeparypose-
JEHUIO, TO IPUHSTO CYUTATh, YTO IPOCTPAHCTBO BO3-
MOXXHOCTEH JIMTEPAaTyPHBIX CIOKETOB KOHEYHO H
CBOAMTCS K Y3KOMY Ha0Opy TUTIOBBIX, K&XKABIH 13 KO-
TOPBIX SIBIISIETCS HE ONMMCAHUEM OIHOTO COOBITHS, a
IIOBECTBYET O COBOKYITHOCTH HECKOJIBKHUX COOBITHH,
B TOM YHCJI€ Pa3IUYHBIX 10 cBoel mpupone. Takas
COBOKYITHOCTh CITY>KAT OCHOBOW THUIIOBOTO CIOXKETA,
MIOBTOPSIEMOCTh KOTOPOI'0 HAOIIOAAETCSl BO MHOXeE-
CTBE, Ha MEPBBIHA B3IV, COBEPILICHHO HE MOXOKUX
JpyYT Ha IpyTa IUTepaTypHbIX npou3BeneHuii. [1o ta-
KOMY K€ MPUHIIMITY MHOXXECTBO H3JICIHA MaIInHO-
CTPOEHUS NMPOU3BOIUTCS C HMCIIOIb30BAHHEM Orpa-
HUYEHHOTO Ha0Opa OCHOBHBIX TEXHOJIIOTHYECKUX T1e-
pEnesioB ¥ COBOKYIHOCTH TpyHIl 000OpYyIOBaHUS B
9THX Tiepenenax. [IpocTpaHCTBO JIOTMYECKHX BO3-
MOXXHOCTEH TEXHOJIOTUYECKUX II€PEAEIOB HMEET
MPUBA3KH IO IPyNNaM K €IUHUIAM HMEIOIIErocs
o0opynoBaHus, 100 K CyOMOIpSAIHBIM BO3MOXKHO-
CTAM, TM0O0 K UX coueTaHusiM. BEIOOp HEOOXOAUMBIX
MIEPE/IEIOB U3 UCXOAHOTO IIPOCTPAHCTBA BO3MOXKHO-
CTel MPOUCXOOUT OMHOBPEMEHHO C CEMaHTHYECKUM
ananm3oM, korna tpedoBanus k JJCE coBmematoTcs
C mapameTpamMu 00OpYAOBaHHUS U CIICIHATU3UPOBAH-
HBIX pabodnx MECT C yU4eTOM KpUTEPHEB oOecrede-
HUS KauecTBa. B cBolo ouepens, Habop KOMOMHAIH,
T BBIMONHSIOTCS MpaBuia, GOPMUPYET BapUaTHB-
HO€ IPOCTPAHCTBO aJbTEPHATHUBHBIX TEXHOJIOTHYE-
CKUX LETIOYEK, U3 KOTOPBIX MOCPEACTBOM COBOKYII-
HOCTH KPUTEPHEB OIpEAeIsIoTCc Hanboee nmpumMe-
HuMbIe. Eciii 10 cOOCTBEHHBIM HJIH CyOTIONPSTHBIM

BO3MOXHOCTSIM COOTBETCTBHE HE yCTAHABIMBAETCH,
TO paccMaTpUBaeMbli 3aKa3 B TEKYILIUX YCIOBHUIX 3a-
BEIOMO HEBHIMOMHUM. Clenyer OTKa3 OT BBINOJIHE-
HUS, YTO SKOHOMUT TPYZIOBBIE U MaTepUaJIbHBIE pe-
CYPCHI M UCKITIOYAeT PUCK HEBBITIOIHEHNUS KOHTPAKT-
HBIX 00513aTENIbCTB.

ANTOPUTM CEMaHTHYECKOTO aHaJIH3a U BBIAB-
JICHUSI COOTBETCTBUSI HEOOXOMUMBIX TEXHOJOTHYE-
CKHX MEpelesIoB IpylnaM 0O0O0pYIOBaHUS MOXKHO
UHTEPIPETUPOBaTh B BUAE TaOMUIBI, B KOTOPOH
TexHonoruueckue nepenens! (TII) mepeuncnens! B
CTpOKax, a rpymmsl obopynosanus (I'O) — B cTonb-
nax (tabm. 1).

B nmannoit Tabmume kaxaomy i-my TIL i =1, ...,
1 COOTBETCTBYIOT SIU€UKH gi, j, j = 1, ... , mi, mpen-
crasisitomue coboii j-e ['O. {ns Harnsanoro rpadu-
YEeCKOro MpEACTaBICHHUA B SYEMKH IOMEIEHBI
OKPY>KHOCTH: HE3aKpallleHHble — He3aJefCTBOBaH-
ueie I'O; 3akpamennsie onauM netoM — 'O, 3aeii-
CTBOBaHHBIE B OTHOM TEXHOJIOTHUYECKOH LIEMOYKE; 3a-
KpareHHsle aByMs niBeramu — ['O, 3amelicTBOBaH-
HBIE B IBYX TEXHOJIOTHYECKUX LETIOYKaX.

IIpu olLieHKe KOHKPETHOTO BXOIALIETO 3ampoca
MyTeM CEMaHTHYECKOTO aHallu3a BBIABIAETCA PSIX
cootBercTtBuii TII u ['O. [Ipruem Ha OOUH U TOT Xe
TII MoXeT NpUXOAUTbCA HECKONBKO pasHbXx [0,
HanpuMep, Korna OfHy U Ty K€ IPYIILy Olepawuil
MOKHO BBITIOJTHUTh HA YHUBEPCAJIbHBIX CTaHKaxX, 00-
palarpiBaroIIeM LIEHTPE WIN C IPUMEHEHUEM alu-
TUBHBIX TEXHOJOTHH. B pesynsrare momyuarorcs Ba-
PHAHTHI TEXHOJOTHMYECKHUX LENOYEK B BHUJIE YKPYI-
HEHHBIX TEXHOJOTHYECKHX MapuIpyToB. B kauecTBe
npuMepa Ha pHUC. 2 TpeACTaBlIeHBl /1Ba BapHaHTa
TEXHOJOTMYECKHUX IIeNOYeK ISl M3TOTOBJICHHS Of-
HO¥t meramu [12].

U3 yKpynHEHHBIX TEXHOJOIMYECKHUX MapIipy-
TOB C YYETOM MPONHCAHHBIX B CUCTEME MIPABUI TEX-
HOJIOTMYECKOH MOCIIE0BAaTEIbHOCTH 1 3alPEeTUTENb-
HBIX KOMOMHAINI MOKHO TIOCTPOUTH OPHEHTUPOBAH-
Heiid Tpad (puc. 1). Ero Bepmmusr — 'O, cooTBeT-
cTByromue paznnaasiM T11, a pedpa — Bpemst, HeoO-
XOOMMO€ IJIsl BBIIOJHEHHUS 3aJIOKEHHBIX B Maplll-
PYTBI TEXHOJIOTMYECKUX MepexonoB. [10CKoIbKY Kax-
Jiast U3 BEpIIUH eCTh KoMOnHanus KoHKpeTHbIX TII n
I'O, BepmmMHaM MOXHO PUCBOUTH MHJEKCHI U3 ABYX
udp — 1Mo CTpoKe i u cTonoIy j (Tadm. 1).

'O mpencrapnstoT co0oOl odepepHOE, XOTS U
OTpaHMYEHHOE, MPOCTPAHCTBO BO3MOXKHOCTEH —

3 Kak npeosoiieth pa3zobiueHHocTs Mexay noapasaenenusimu? / WRIKE. URL: https://www.wrike.com/ru/blog/kak-preodolet-
razobshhennost-mezhdu-podrazdeleniyami/?ysclid=Iffu2hudyt292884141 (nara oopamenus: 10.03.2023).
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o equHUIAaM obopynoBanus (EO), HaxomsmuMes B
pacmopsKEHUU MPEANPUITHS, a TAK¥KE O KOOoTmepa-
nuu. Kaxgas EO umeer uneHTudukarop, omnpemue-
nsroruit coorBercTBue i-my TII u j-ii I'O. Uuneke
onpenenser konudectBo EO B manHoit sueiike [0.
Hnst ynpomennoro npexacrasienus EO coOcTBeH-
HOTO ¥ CyOIOAPSTHOTO MPOWM3BOJCTBA CBEICHBI B
onuH crucok. TakuM 00pa3oM, Ha KOKIYIO U3 Bep-
muH rpada OyneT MPUXOJUTHCS MO HECKOJIbKO Ba-
puantoB EO — coOCTBEHHOTO W CyOIOAPSTHOTO
(puc. 2).

B mpuBenenHol cxeme MPUXOIAIINECS HA KaX-
IYI0 U3 BepIIWH rpada BapruaHThl €IUHHUI] 000PYIO-
BaHUSI 0003HAYEHBI KBaJIpaTaMu U TPEyTOJIbHUKAMH
C COOTBETCTBYIOIIMMH MHACKCaMH. J{Jis1 yIipoIeHus
BU3yaJIU3allK KBaJIpaThl 0003HAYAIOT COOCTBCHHBIC

€IMHUIIBI 000PYI0BAHUS, & TPEYTOJILHUKH — 000pYy-
JIOBaHUE IO Koomeparuu. Takoe rpaguueckoe mpe-
CTaBJICHHUE MO3BOJISIET KAKIOMY JIEMEHTY MapIIpyTa
MIPUCBOWTD TPEX3HAYHBIN MHICKC, TAE TepBas mudpa
cootBerctByeT TII, Bropas — 'O, a TpeTbs — KOH-
kpetHoit EO B cOOCTBEHHOM Tapke ju MO CyOmoj-
pany. Jlerko BUIETh, YTO paccMaTpUBaeMblid BXOJIS-
IIUI 3aMpOC MOXXHO BBIMOJTHUTH HECKOJIBKUMU ITy-
TAMH, KOKIOMY U3 KOTOPBIX COOTBETCTBYIOT CBOM
TEXHOJIOTUYECKUH MapLIPYT U ONpPEACICHHbIE €aU-
HUIIBI 000pyaoBaHus. 1 KayKI0T0 U3 allbTepHATHB-
HBIX BAPUAHTOB MOXKHO ITOCTPOUTH CBOU OPUEHTUPO-
BaHHBIE Tpadbl, BEIYUCIUTH TPYIOEMKOCTh U PECYp-
COEMKOCTh BBIIIOJIHEHUSI pacCMaTpUBAEMOro 3aKas3a
1 BBIOpaTh HanOOoJIee MPUEMIIEMbIC BAPUAHTHI TEXHO-
JIOTHYECKHX Iemodek [13].

Tabnuya 1/ Table 1

I1poc1'pch-rBo BO3MOXXHOCTEN NOo TEXHOJIOrM4YEeCKNM nepegenam u rpynnam oﬁopyp,osauvm
Possibility space by process stages and equipment groups

TexHoMOTHYECKHE I'pynmsl o6opymosanus / Groups of equipment
repeaess /
Technological 1 2 3 4 5 6 7 J mi
subprocesses
1 O O @) @ O O O gl O
2 O O O O @) O Q 22 @)
3 O @) O O O () O g3 O
4 O O O () @) O O g4, O
5 O O ©) @) @) (0) O g5 Q
6 O O O @) O O O g6y O
I gil gi2 gi3 gi4 gi5 gi6 gi7 8gij 8im,
n O O O O O O O gnj O

1

3

-

3,2

—_
~

Puc. 1. OpreHTupoBaHHbIe rpadbl YKPYNHEHHbIX TEXHOIOMMHYECKNX MapLUPYTOB
B COOTBETCTBMM C NPUBS3KAMN K TEXHONOMMYECKMM nepegenam 1 rpynnam obopyaoBaHms
Figure 1. Oriented graphs of consolidated process routes according
to links to process stages and equipment groups
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1,3

3,2

Sl

A AN

1 A\

Puc. 2. OpneHTupoBaHHble rpadbl YKPYNHEHHbBIX TEXHONOMMYECKMX MapPLLPYTOB
C yKa3aHueM KOHKPETHbIX eanHUL, 060pyaoBaHNS,
MIMEIOLLMXCS B pacrnopsixeHnn npeanpustus (1) unmn no koonepaumm (A)
Figure 2. Orientation graphs of consolidated process routes, indicating specific pieces
of equipment available to the company ([J) or by cooperation (A)

[Tpu pabote ¢ OONBIIOH HOMEHKIATYPOH TEXHO-
JIOTHYECKU CJIOKHBIX W3/ICITHNA, U3TOTOBICHUE KOTO-
PBIX TPEAINOJIaraeT TBHICSYM PA3IHUUHBIX OIMEPaluH,
pa3MepHOCTD 3a/ladyél BBIPACTaeT J0 TaKUX MacIlTa-
00B, UTO pelIeHNne ee CHJIaMH OJHOTO CIEeIHaicTa
WM JTa)Ke WX TPYTITBI B KOPOTKUE CPOKH HE MPEICTaB-
TseTCs BO3MOXKHBIM. IMEHHO TOATOMY YKpPYITHEHHOE
MapIIpyTUPOBAHUE TEXHOJIOTMYECKUX MPOIIECCOB H
OIICHKA TPYIOEMKOCTH JTOJKHBI OBITh aBTOMATH3HPO-
BaHbI C TOMOIIBIO CIEIMATIBHOTO alapaTHOrO CPe/l-
cTBa. JTO JODKHA OBITH Iardopma, comeprkamas B
cebe mHpOpManHio 00 UMEIoIeMCs 000pyIOBaHHH,
€ro IMmapaMeTpax, pa3pelIeHHbIX 1 3apenleHHbIX TeX-
HOJIOTHMUYECKUX KOMOHHAIMX 1 Ap. CucTeMa T0JhKHa
AKKyMyJIUpOBaTh MH(OPMAIMIO MO0 PaHee OIECHCH-
HbIM ¥ BBITIOJIHCHHBIM 3aKa3aM — KaK KacaTelIbHO
TEXHOJIOTMYECKUX IIETTOYEK, TAK ¥ KOMMEPUYECKOH 3(-
(extuBHOCTH. Bonee Toro, B cucTeMy cCiieyeT BHO-
CHUTH CBE/ICHUS, MTPUBA3aHHBIE K KOMMEPYECKHM I10-
Ka3aTelsiM, JIaxe MPUMEHUTENFHO K IMHJIOTHBIM TIPO-
eKTaM M OIBITHBIM pa3paborkam. HakarmmmBas Bce
Oosblie nHpOpPMAIIUHU, CUCTEMA JOJDKHA paboTaTh ¢
Hel, BBISIBIISISL 3aKOHOMEPHOCTH, ONpeaeisis Haubo-
Jee BOCTpeOOBaHHYHO HHGOpPMALUI0 M Haubojee
yIAa4HbIe TIOAXONBI M PAHXHUPYsS CBEICHHSA, JIOJITOE
BpeMs HE BOCTpEOOBaHHBIC.
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[To Mepe nosIBICHHUS HOBBIX TEXHOJIOTHIA U 000-
PYAOBaHHSA B YCTOSIBIIMECS TEXHOJOTHYECKUE ILIe-
MOYKH JIOJKHBI BHOCUTHCS M3MEHEHHS, YTOOBI IO-
BBITIIATh X 3P (EKTUBHOCTD U aKTYaIbHOCTh. B TIpo-
THBHOM CJIy4yae COXpPaHsSEMbIC NECATUIICTUSIMU TEX-
HOJIOTMYECKHE LENOYKHU IMPEBpALIAlOTCS B HEUTO
aHajoruuyHoe ycrapeBmuM 'OCTam — npumensito-
IIUMCST TOKyMEHTaM, BCe MEHEee COOTBETCTRYIOIIUM
TEXHOJIOTUYECKON IEUCTBUTENBHOCTH. Tak, mossie-
HUE aTUTUBHBIX TEXHOJOTUU YXKE CETOIHS MOXKET
paccMaTpuBaThCA KaK albTEepHATHBA TPATUIMOH-
HOMY TIOJIXOJy B MPOM3BOACTBE Ta30BBIX TypOWH. B
HEKOTOPBIX CIlydasX WX TPUMEHEHHE CIIOCOOHO
KpaTHO COKPaTUTh CTOUMOCTb U BPEMsI BHIIIOJIHEHUS
pabor.

5. MNpmeHeHne NCKYCCTBEHHbIX
HEeMpPOHHbIX ceTen

Uto KacaeTcss 00y4aeMOCTH CHCTEMBI, TO OO0JIb-
1roe 3Ha4eHue uMeeT 00ecreueHue ee ClIoCOOHOCTH
HE TOJILKO aKKYMYJIMPOBATh JaHHBIC MO 00paboTaH-
HBIM 3aIlpocaM M BBITOJHEHHBIM 3aKa3aM, HO U BBI-
CTpanBaTb aCCOUHMATUBHBLIC CBA3M MCXKIY HHMMU.
Kpome Toro, cucrema oKHA paclo3HaBaTh B HO-
BBIX YIPABICHUSCKUX CHTYAIHSIX (BXOJSIIHX 3arpo-
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cax) CBOETro poja MpereaeHTH TI0 CTENEHHU UX CXOJ-
CTBa C y>K€ MPUHUMABIIUMUCSA KOHCTPYKTOPCKUMH,
TEXHOIIOTUYECKUMH U YTPABICHYSCKUMHU PEIICHH-
amu. [l aToro cucteme TpedyeTcs WHTETPHPYIO-
oMl BCce MpPOIECCHl W JIaHHBIE ONOK YIpaBlCHHS,
o0ecrieunBaronil Takke pabOTy accCOUaTHBHOU
MTaMsITH.

JUIst JOCTIOKEHMS TaKKX IIeNIeH B pa3IndHbIX 00-
JIACTAX yTIPaBIEeHIS TPAaKTUKYETCs TPUMEHEHHe Hel-
POHHBIX ceTeil. IMeHHO NCKyCcCTBEHHBIE HEHPOHHBIE
CETH TpeJjIaraeTcsl MIPUMEHITh B KaUYeCTBE CPECTBA
00y94aeMOCTH CUCTEMBbI M pacliO3HAaBaHUs YIIPaBJICH-
geckux curyaruid. [Ipu permenun 3Toif 3amaqn Heo0-
XOJTUMO TaK)Ke IOHUMATh, YTO MHOXKECTBO JTAHHBIX, C
KOTOPBIMHU MPUXOAUTCS PabOTaTh B 3TOM Cilydae, —
HEeUYeTKoe, U UCKYCCTBEHHAsl HeHPOHHAs CeTh T0JKHA
OBITH CIIOCOOHA ¢ TAKMM MHOXKECTBOM padoTarh. [le-
TaJbHBIA aNTOPUTM pabOTHl HEHPOHHBIX CeTel MpH-
MEHHUTEIBHO K 00€CIICUeHUI0 POOACTHOM PabOTHI CH-
cTeMbl MeHekMeHTa kadectBa (CMK) mompoGHO
ONHCaH WCCIENOBATeSIMA 0 MPO(UIHPHOMY Harl-
PABJICHUIO W C KAXKIBIM TOJIOM COBEPIICHCTBYETCH,
MOBBIIIASA KPYT 33]1a4, KOTOPHIE MOXKHO peliaTh ¢ Mo-
MOIIBIO0 UCKYCCTBEHHBIX HEUPOHHBIX cetelt [13].

[Ipemmaraemoe pemieHne ¢ UCIOIb30BaHNEM UC-
KyCCTBEHHBIX HEWPOHHBIX CeTeH ISl TMPOU3BO-
cTBeHHOU cuctembl npeanpuatus u CMK moxet
BREITVISIICTH CleMylomuM obpazoM. Cuctemy mpen-
MPUATHS, TOAOOHO MO3Ty YelloBeKa, MOXKHO Tofie-
JUTH Ha EHTPHI, OTBEUYAIOIINE 32 OTPe/ICTICHHBIE aK-
TUBHOCTH WJIH, B HaIllEeM CIy4ae, TEXHOJIOTUYECKUE
nepeesbl U BCoMorareibHble onepauuu. Kaxabii
U3 TaKUX LIEHTPOB, B CBOIO OYepeb, JETUTCSA Ha
YY9aCTKH, COOTBETCTBYIOIINE HEPAPXHUUECCKOMY [ie-
JICHUIO, CITYCKasCh 10 HCKYCCTBEHHBIX HEHPOHOB,
OTBEYAIOLIUX 32 KOHKPETHYIO omepanuo. Kaxmbrit
HCKYCCTBEHHBIH HEMPOH JOJKEH conepx arb B cebe
TUCKPETHBIA HAOOp peaknii 1 KOMaH]T Ha BXOISIITHE
CUTHAJBl B COOTBETCTBHHU CO 3HAUCHHUSIMH JHara-
30Ha. Tak, NOOYI0 yNpaBIeHYECKYIO CHUTYalHI0 B
cpele MpeanpuaTusi MOKHO pacCMaTpHUBaTh B Kade-
CTBE CHTHaJa — KaK pacCMaTPHUBAETCS BXOMSINAS
nH(popMaIs B HEHPOHHOW ceTH. DTOT CHUTHAI CO-
JEepKUT B ceOe ompeesieHHbI Habop nHpopMaluy,
oTpearupoBaTh Ha KOTOPYIO U JOJDKHA CHCTEMa IIO-
CcJIe ee IPOXOXKACHUS Yepe3 HEUPOHHYIO ceTh. Takum
00pa30oM, BXOASIINI CUTHAT He0OXOAMMO Jetndpo-
BaTh WIK Pa3JeNNUTh Ha cocTaBistonie. Ha kaxmyro
COCTABJISIONIYIO CUTHAIA B HEHPOHHON CeTH JTOJKEH
OBITH IPEAYCMOTPEH COOTBETCTBYIOIIN IIEHTP, CIIO-

COOHBIN 00paboTaTh MPUXOMAIIUANHCS HA HETO dIIe-
MEHT CHTHaJla W BBIIaTh COOTBETCTBYIOIIYIO KO-
MaHJy WM peakiuio. Takoe pacrpeneneHue 3ie-
MCHTOB CHUI'HAJIa IO COOTBCTCTBYIOIIMM Yy4YaCTKaM
HEHPOHHOH CeTH MOXKET padoTaTh M0 MPHUHIIHITY ac-
COIMAaTHBHON MaMsTH — KOTJa Ceraparop CHrHaia
pacro3HaeT, Ha KaKOM U3 Y4aCTKOB HEHPOHHOU CETH
MPUXOAUTCS JIaHHAs 4acTh curHana. [Ipu 3ToM, Kak
1 MEXaHHU3M aCCOHHaTHBHOﬁ namMaTH, 3TOT y3€JI CU-
CTEMBI JODKEH OBITH 00ydaem, 4TOOBI C YIETOM
HAKaIIMBaeMOTO ONBITA CUCTEMBI TAKO€ pacrlpere-
JIeHWEe CTaHOBWJIOCH Bce Oonee TouHBIM. st 3TOrO
noTpedyeTrcsi OINpeeeHHBI MOIYNb TaMsTH, THae
Takas uHpopMaIus OyIeT HaKaIIUBaThCS M CTPYK-
TypUPOBAThHCH.

3arem, moclie pacnpeesieHUus] Ha IICHTPhI WIH
Y4aCTK CE€TH, COCTABHBLIC 3JICMCHTHI CUI'HAJIOB Ta-
KHM e 00pa3oM JOIDKHBI PACIIPEIEUTHCS TI0 COOT-
BETCTBYIOIINM HCKYCCTBEHHBIM HEMpOHaM — KO-
HEYHBIM 3BEHBSIM CETH. 3/1€Ch, B 3aBUCIMOCTH OT 3a-
JaHHOI'O aJIr0OpUuTMa, IMPUBA3AHHOTO K JUAIla3OHYy
CUTHaJa, HEWPOH BBLIACT KOMaHAYy WIH PEaKIHio,
Hauboliee COOTBETCTBYIOUIYIO ITaHHOMY 3JEMEHTY
CUTHAaJa, TO €CTh yrpaBieH4Yeckol cutyarmu. [1o co-
BOKYIIHOCTH TaKUX KOMaH/ UJIU peaKuHﬁ OT OTACIIb-
HBIX HEUPOHOB U YYaCTKOB CE€TH CUCTEMa — HEUPOH-
Hasi CeThb — BBIBEJET O0IIee pelIeHHe, KOTOpOoe
MOHO Oy/IeT peKOMEHI0BaTh K PUHSATHIO WK MTPH-
HSTh aBTOMaTHuecku. [Ipu 3ToM B cirydae oOHapyxe-
HUS HEZIOCTaTKa B MICKYCCTBEHHBIX HEHPOHAX 10 TeM
WM WHBIM TapaMeTpaM CHTHAJIOB, paHee He oTpa-
JKCHHBIX, CHCTEMa MOXKET CO3/1aTh HOBBbIC HEHPOHHI,
a 3aTeM — HUX T'pPYIIIbI, 4TOOBI YyJ1aBJIMBaThb HOBBIHN
JINaIa30H CUTHAJIOB, COOTBETCTBYOIIUH OTIpeIesIcH-
HBIM TIapaMeTpaM CHTHAJIOB U CBOHCTBAM CHCTEMBI.
Bes sta mHbOpMamus MomKHAa HaKalUTUBaThbCsS B
OJIOKe MaMATH CUCTEMBI U PETYISIPHO 00padaThi-
BaThCs, YTOOBI MOXXHO OBLIO OOCCIEYUTH OOydae-
MOCTb. B 3TOM cilyuae HelipoHHasi ceTh CTaHET caMo-
OpTraHM3YIOUIeHCS CUCTEMOH, TI0 CTPYKTYpe MOm00-
Hoil kapram KoxoHena. I'paduuecku mpuHImI pa-
0OTBI TaKOHM CHCTEMBI MPUMEHUTEIHHO K paccMaTpH-
BaeMOMY MPUMepy MPeACTaBIIeH Ha pHC. 3.

Kak BugHO U3 cxeMbl (puc. 4), B ICKyCCTBEHHOM
HEUPOHHOMN CETH Ha Ka)XJblil TEXHOJIOTHYECKUH Tie-
pexnen (TII) cymiecTByeT CBO# IIEHTpP, B KOTOPOM CO-
Oupaetcs uHGOpPMAUA O COOTBETCTBYIOIIMX TPYTI-
nax obopymnoBanus (I'0O), UMerOIIMXCS B HATUIUU U
JOCTYIIHBIX ITO KOOII€paIllu, a TAKXKEC JaHHBIC O IIpH-
MEHUMOCTH K TEM WJIM UHBIM MaTepHaliaM, IeTasM
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Hewmndparop HckyccTBeHHAs! HEIPOHHAS CETh Ananutnueckuii 610k

CoxpaneHne HH(POPMALHK O HOBOM PEILEHUH =
B CKYCCTBECHHOH HEHPOHHOM ceTH

Decoder Artificial neural network Analysis unit

_,_...

Collecting information about a new solution —
in an artificial neural network

Puc. 3. Anropntm oueHKM BXoAsLEero 3anpoca no GopMmpoBaHmio TEXHOIOMMHYECKUX PeLLEHWIA:
A — BXOAdaLWLMIA 3anNpocC, A’ — TEXHONOMMYECKOE peLleHne No BXOAALEMY 3anpocy

Figure 3. Algorithm for assessing an incoming request to form a technological solution:
A — incoming request, A" — technological solution to the incoming request
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according to the standard
design documentation
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Ko knaccy I¢] IKAIHOHHEIX NMPH3HAKOB,

xapakTepuayionmx euj JICE Code of classification attributes, determining
110 TeXHOMOTHYECKOMY MeTOTy H3TOTOBRMEHIA the kind of components according to the
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Puc. 4. CtpykTtypa kopTexa gaHHbix CE

Figure 4. Structure of the component’s data tuple
B BUAE KOHCTPYKTMBHO-TEXHOJIONMYECKOro Koaa

as a design-engineering code
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u chepam nMpuMEHEHHUs. B MeHTpax MCKYCCTBEHHOMH
HEHPOHHOU CeTH Takke coOupaeTrcss nHpopMaIys o
TII u T'O, peanu3yromux anbTepHaTUBHBIE TEXHOJIO-
ruu. Ha ocHOBaHMM 3THUX JAaHHBIX CTPOMUTCS Bapua-
THBHOE TIPOCTPAHCTBO ONMHUCAHHBIX paHee Tpados.
AHanuTUYEeCKUN OJOK CpaBHUBACT MPEAJIOKCHHBIC
HUCKYCCTBEHHOW HEHPOHHOM CEThIO BApUAHTHI, Olle-
HUBAET UX [0 KPUTEPUSIM BPEMEHH, TPYIOEMKOCTH,
CTOMMOCTH W BBIJIaCT HaN0O0JIee MOIXO/AIICE TEXHO-
JIOTUYECKOE PELICHUE MO 3aJaHHbIM napamerpaM. B
Cllyyae, €CJIM pelleHUE YHUKAIbHO U HE BCTPEYaIoCh
paHee, TaHHBIE O HEM 3aHOCATCS B OaHK 3HAHUU HC-
KYCCTBEHHOH HEUPOHHOU CETU B COOTBETCTBHHU C €€
LICHTPaMHU, BBIINOJNHSS TEM CaMbIM 3a/lady IO CaMo-
00ydeHuto cucteMsl [14; 15]

Peanuzanus Ha nDpakTHKE paccMaTpuBaeMoit
KOHIICTIIIUM YCKOPEHHOH 00pabOTKM BXOISIINX 3a-
MIPOCOB ITyTEM YKPYITHEHHOU OIICHKH TPYIOEMKOCTH
M3TOTOBJICHUS U3JCIHUM IO UX KOHCTPYKTOPCKO-TEX-
HOJIOTHYECKUM IpU3HAKAM IPENIoaracT co3JaHue
MHTETPUPOBAHHOTO aNmapaTHOro pemeHus. OTaens-
HbIC KOMIIOHEHTHI MPEAJIaraeMoro PEIIeHUs, UX TeO-
peTrueckas 0a3a ¥ BOZMOXXHOCTH MIPAKTUIECKOH pe-
aJau3aluy Ha NPOTSHKEHUU JTOJITOI0 BPEMEHHU U3yda-
IOTCS POCCUHCKHUMU U 3apyOeXHBIMU yueHbIMU. He-
KOTOpBIC TMOIXOMABI YK€ YCICIIHO pPealu30BaHbl B
paMKax MpOrpaMMHBIX IPOAYKTOB WM UX BBIXOJ Ha
PBIHOK OXXHIaeTca B ckopoM Oyaymiem. Tem He Mme-
Hee ellle He CO3JaH0 MHTETPUPOBAHHOE allllapaTHOe
pelieHe, MO3BONISIIOIIEe MTHOBEHHO MPOAHAIU3U-
pOBaTh 3aMPOC HA U3TOTOBJICHUE MAILIMHOCTPOUTENb-
HOTO W3IIEHS U MPEIJIOKUTh HECKOIBKO MPEATPHsI-
TUH OTpACiH, TEXHUYCCKH CIIOCOOHBIX BBITOJHUTH
paccMaTpuBaeMBIA 3aKa3 U OOCCIICUHTh TPEOYEMBIH
YPOBEHb Ka4eCTBA B YKa3aHHOM BPEMEHHOM U IICHO-
BOM JIMara3oHe.

6. 0630p aKTyanbHbIX NOAXOA0B

YckopeHHasi OlLlEHKa TPYAOEMKOCTH H3AEHui
10 KOHCTPYKTOPCKO-TEXHOJIOTHYECKUM MpHU3HAKaM
paccMmarpuBanachk B Hauane u cepeaune 2000-x rr.
nccienoBatenaMu MkeBckoro rocynapcTBEHHOTO
TexHuueckoro yHusepcuteta A.M. KopuryHOBBIM,
E.B. PemetauxoBsiM 1 B.A. KyreprunsiM. B pam-
Kax MCCIENOBAHHMN IO aBTOMAaTHU3allUd M YIpaBie-
HUIO TEXHOJOTUYECKUMH MIPOLECCAMU M IPOU3BOJ-
ctBaMu B MammHocTpoeHuu A.W. KopuryHoB npen-
JaraeT Omuparbcsd Ha TEOPUI0 KOHCTPYKLMOHHO-
TEXHOJOTHYECKON CIIOKHOCTH [T CO3AAHUS CTPYK-
TypHO-HEpapXHUUecKoil MOJeNn M3AeNUs U aBToMa-

TU3WPOBAHHON OIEHKH TPYAOEMKOCTH €€ M3TOTOB-
neHust Ha ee ocHoBe. E.B. PemeTHukoB npennaraer
WCIIONB30BaTh HEHPOCETh, CHOCOOHYIO IIPOU3BO-
JIUTh TEOMETPUIECKUH aHAIN3 H3ACTUI 1 IEKOMIIO-
3uIuIo aerajeii Ha ocnoBe CAD-Monenei njist aBTo-
MaTU3HPOBAHHOTO pacdeTa TPYAOEMKOCTH M3TOTOB-
nenus. B.A. Kyreprun B cBoux paboTax mpomod-
KaeT KOHIEMIUIO0 MPUMEHEHUs TeOPUH KOHCTPYK-
[IMOHHO-TEXHOJIOTHYECKON CI0KHOCTH, YTO TaKXKe
HaIIO TIPaKTUYECKOEe NPUMEHEHHWE B TPOTPaMM-
HBIX TIPOAYKTaxX, pa3paboTaHHBIX KomnaHueil BFG
Group u umeronux [ocynapcTBeHHYIO perucrtpa-
nuto B Pocnarent xak «IIporpamma ans 9BM BFG
CMT (TexHonorust MOANEPKKH TMPUHATHSA pellie-
HUW) HOMep cBuAeTenbcTBa: 2018662164» u «Ilpo-
rpamMma 1t O9BM BFG QRM (Texuomorus ympas-
JICHUS TPOU3BOACTBEHHONW CHUCTEMOW MpPEIIIpHsi-
THs), HOMep cBuaerenbeTBa: 2018662311y, Ykazan-
HbIE TPOrPaMMHBIE CPEACTBAa MO3BOJSIOT CO3MaTh
MMUTAIMOHHYIO MOJIEh MPOU3BOICTBA U HA €€ OC-
HOBE JIeNIaTh IPOTHO3BI, aHATTHM3UPOBATH BO3ZMOXKHEIE
W3MEHEHVsI IPOU3BOACTBEHHON CHCTEMBI B OTBET Ha
BHEIIHNE (PAKTOPHI, ONTUMH3UPOBATH TEXHOIOTHYE-
CKHH TIporecc, 00ecreunBaTh BHyTPUIIEXOBYIO JTHC-
METYSPHU3AIHIO U TIPOBOAUTH PENHXHHUPHHT TIPOU3-
BoJcTBA. J[J1s1 paOOThI TaKOM CHCTEMBI HEOOXOIUMBI
BXOIHBIC JTAaHHBIE O HOMEHKJIATYypE BBITYCKaeMOi
MPOAYKIIUU ¥ BO3MOXHBIX CIICIIU(UKAIUAX, O TTapKe
000pynoBaHUS U KaJIpOBBIX PeCypcax, O TEXHOJIOTH-
YECKUX MapIIpyTax ¢ MPUBA3KOH K 000PYIOBaHHUIO U
0 MIPOAOIDKUTENHLHOCTH ofiepanuii. B pesynerare cu-
cTeMa CIocoOHa MpeiaraTh Takue yIpaBieHUeCKIe
peIIeHHs], KOTOPBIC MO3BOJISAT IOBBICUTH MPOU3BOAU-
TETFHOCTh, CHU3UTH U3JEPKKH U YCKOPUTH MPOMU3-
BOZICTBECHHBINH UK [16—18].

JlunepamMu pOCCHIMCKOTO pPBHIHKA armapaTHbIX
CPENCTB AJI ONITUMU3AIUH IPOU3BOJICTBEHHBIX MPO-
[[ECCOB, UMUTAIIMOHHOTO MOJIEIUPOBAHUS H MPOESK-
THPOBAaHUS TEXHOJOTHYECKUX IMPOIECCOB BEHICTY-
nator komnannun «ACKOH» (mpomyktsr «BEPTU-
KAJIb» u «KOMIIACC») u «CIIPYT-Texnono-
TUS». OTH CHUCTEMBI TaK)Ke ITO3BOJIIOT TOBBICHTH
MIPOU3BOIUTENHHOCTD, CHU3UTh U3IACPIKKH M COKpa-
TUTb BPEMs MPOU3BOJCTBEHHBIX ITUKJIOB, MO3TOMY
[IMPOKO MPUMEHSIOTCS Ha MPEINPHUATHIX C CepPHii-
HBIM ITPOU3BOACTBOM H OTHOPOIHBIMH TEXHOJIOTHYE-
ckumH niporieccamu [19].

Haubonee hyHmamMeHTansHO MOIXO/ K ONITUMHU-
3ali{ MTPOU3BOICTBA METOAOM UMHUTAIIMOHHOTO MO-
NeTUPOBaHUsI OOOCHOBBIBACTCS y4eHBIMU CaHKT-
[NeTepOyprckoro rocynapcTBEHHOTO MOJIMTEXHUYEC-
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Koro yHuBepcuteta um. Ilerpa Benukoro noj pyko-
BozcTBOM A.M. bopoBKoBa u peanusyercs Ha Ipak-
TUKE cuiIaMH lleHTpa KOMIBIOTEPHOIO WHXKUHH-
punra CIIOITY «CompMechLaby. C moMormipio mMe-
TOZOB MaTeMaTHYECKOTO MOJEIUpPOBaHUs U Trpadu-
yeckoil Busyanusauuu A.JM. bopoBkoB mpennaraer
CO3JJaHNE «IM(POBBIX TBOWHHUKOBY MPENIPUITHH U
«unppoBbIX (HadbpHK OyayIIero», KOTOPbIE ITO3BOJIST
MOJIENIUPOBaTh, NMPOTHO3UPOBATH, ONTUMH3UPOBAThH
U IJIAaHUPOBATh IPOU3BOJCTBEHHBIE TPOLIECCHI B KO-
POTKHE CPOKH, C BBICOKOH TOYHOCTBIO 1 MUHHMAIIb-
HBIMHM 3aTparamu pecypcos [20].

7. Kputuka cyuiecTeyowmx nogxon0s
M KOHLUenTyasibHOe peLueHne

B cirydae co cienuaabHbIM, OOIIMM ¥ SHEPTETH-
YECKUM MAaIIMHOCTPOSHUEM ITPUMEHEHHUE BEIIIEYIIO-
MSHYTBIX CHUCTEM YacTO 3aTPyAHEHO OTCYTCTBHEM
TEXHOJIOTHIECKOTO Tporiecca, pa3paboTaHHOTO IO
KOHKpeTHOe mpearnpustre. [lo penienns 3anadn om-
TAMH3AINY CHadajia HeoOXOaMMO pa3pabdoTaTh XOTs
OBl TIpeBapUTENbHBI TEXHOJIOTUYECKUIl MpoIece,
KOTOPBIN TTO3BOJIUT 00paboTaTh BXOAAIINN 3apoC U
MOATOTOBUTH TEXHUKO-KOMMEPUYECKOE MPEAJIONKe-
HUe. DTU JCHCTBUS 3aTPaTHHI IO BpEMEHU U Kapo-
BBIM pecypcam, 4TO 3a4acTyio MPUBOJUT K MpoOIIe-
MaM, OITUCAaHHBIM B HaJaJe CTaThH.

Jiis Toro 4TOOBl AaBTOMATHYECKH OTPEACIHUTH
MIPUHINITHAIBHYI0 BO3MOXXHOCTh M3TOTOBJICHHS H3-
Jennss U pa3paboTaTh HECKONBKO albTEPHATHBHBIX
TEXHOJOTHIECKUX MapmpyToB Ackommo3uius JICE
HA TEOMETPUUYECKHUE MPUMUTHUBEI, TOKHA OBITH Ka-
KHM-TO 00pa3oM (opMaIn30BaHa B KOPTEXK JAHHBIX
JUTSI IPOBEACHUSI CEMAaHTHUYECKOTO aHaJIN3a U COIMO-
crasyienus nmapamerpos JICE ¢ mapamerpamu nmero-
mierocst obopynoBanus. Caenars 3T0 MOXKHO C TIOMO-
pio pacmupenHoro kinaccupukaropa ECKJ, B ko-
TOPBIA JTOTIONHUTEIHFHO BKJIFOYCHBI TapaMeTphl, Xa-
pakrepusytomue JJCE Mo TeXHONIOTHYECKOMY Me-
TOJLY M3TOTOBIICHHSA'.

[Toy4yeHHBIM KOHCTPYKTUBHO-TEXHOJIOTHYECKUMA
ko JICE MOXHO HCTIONB30BaTh Ui MPOBEACHUS Ce-
MaHTHYECKOTO aHAJIK3a MO CIECAYIOIICH IOTUKE, IPE/-
CTaBJIEHHOM Ha pHucC. 5.

Pe3ynpraThl CEMaHTHYECKOTO aHAIH3a MTapaMeT-
poB JICE u npou3BOACTBEHHBIX MOIITHOCTEH MO3BO-
JISIOT HE TOJIBKO HAWTH ONTHMANBbHOE PEIIeHUE IS
KOHKpPETHOTO 3aKa3a, HO U CTaHOBITCS 0a3oil ans
JATHHEHINET0 COBEPIICHCTBOBAHUS TEXHOIIOTHYE-
CKOTO Tpoliecca U MAITHHHOTO 00yUYEHUS C UCTIONb-
30BaHMEM HCKYCCTBEHHBIX HEHPOHHBIX CHUCTEM. B
3HAYMUTENIbHOW CTETIEHHU peann3anus cTpareruu «Mu-
nyctpus 4.0» 0azupyeTcs Ha CO3aHUU IMPOIECCOB
BO BCEH NMPOM3BOJICTBEHHOM CHCTEME, a HE Ha YITPaB-
JICHUH OTAEIbHBIMH €IMHUIIaMK 000pyioBaHus. Me-
TOJIOM «HAaKa3aHWH U IOOIIPEHHID» eTUHUIIBI 000pPY-
JIOBaHUS 00yJaroTCs TOMCKY TAaKUX KOMOWHAITHH, KO-
TOpBIE COCOOCTBYIOT JOCTHKEHHUIO LICJIEBBIX MOKa-
3aresieid Jyisl Bce MpOU3BOJCTBEHHON CUCTEMBI, a HE
JUIST OTAETBHBIX ee 3JieMeHToB. [y 3Toro mckyc-
CTBEHHAsI HEMPOCETh MO3BOJISIET MPEACKA3bIBATh Pe-
aKLMI0 BCEW CHUCTEMBI Ha IpeAroyiaraeMble Jaei-
CTBHUA C HENPEPHIBHBIM MOBBIIIEHHUEM JOCTOBEPHO-
cTu omeHok. OgHa M3 BEAYIIUX IIKOJ, 3aHUMAIO-
IIMXCSI pAa3BUTHEM MAIIMHHOTO OOY4EHUs C pUMe-
HEHHEM HCKYCCTBEHHBIX HEUPOHHBIX ceTeil, — WH-
CTUTYT KopriopatuBHOW kuOepHetuku (Institut fiir
Unternehmenskybernetik e.V.) B . Aaxen, ['epma-
Hus. CoBmecTHO ¢ COI030M MAIITMHOCTPOUTEIICH
I'epmanuun (VDMA e.V.) UactutyT paspabarsl-
BaeT KOHIEMIHNH YIPaBICHUS TPOU3BOJICTBOM C
3NIEMEHTaMH UCKYCCTBEHHOTO WHTENJIEKTa IS pas-
JUYHBIX OTpaciel B paMkax crparerun « aaycTpus
4.0». B mammaHOM 00y4eHuu MHCTUTYT BbIIENSIET
TPH TOAX0Ja — KOHTPOJIUpyeMoe O0yUeHHE C YUH-
TeneMm (supervised learning), HEKOHTPOIHPYEMOE
oOyuenue Oe3 yuurens (unsupervised learning) u
o0y4enue ¢ moakperuieHneM (reinforcement learning)
Ha 0a3e B3aMMOJAEWCTBUS MAIllMH CO BHEIIHEW cpe-
JIOW C TpUMEHEHHEeM METO/a MOOIPEeHNH 1 HaKa3a-
Huid. OCHOBHOM YIIOp B Pa3BUTHH MEXaHU3MOB Ma-
IIMHHOTO OOYyYeHHs JIeNaeTcsi Ha TPETHH MOIXOJ ¢
[ENBI0 BHEAPEHUS 3TUX MEXaHU3MOB Ha CYIIECTBY-
FOIIUX MPOU3BOACTBAX. JTO TpedyeT NTyOoKoil nHTe-
rpaiuy B CYIIECTBYIOIIYIO ITPOU3BOICTBEHHYIO CH-
cTeMy Ha (PU3UYECKOM ypOBHE MOCPEICTBOM JaTUH-
KOB M KOMMYHHKALIHOHHBIX YCTPOMCTB, MO3BOJISIO-
IUX TIOMyYaTh «IIA(POBOM IBOWHHK» IPOU3BOI-
CTBEHHOH CHCTEMBI B peajJbHOM BPEMEHH U TIPEACKa-
3bIBaTh U3MEHEHHS €€ COCTOSHHS .

¢ Besvazorunpiii B.@. OCHOBBI TEXHOJIOTMU MAIMHOCTPOCHHUS: y4eOHUK 1ist By30B. M.: Mammnocrpoenue. 2020. 568 c.

7 Cwm.: Institut fiir Unternehmenskybernetik // Institut fiir Unternchmenskybernetike. V. URL: https://ifu.rwth-aachen.de/
(accessed: 10.02.2023); Leitfaden Selbstlernende Produktionsprozesse. URL: https://www.vdma.org/documents/34570/0/Leitfaden%
20Selbstlernende%20Produktionsprozesse%20-%20KI1.pdf/6eb1e986-f6dd-ec1c-6faf-515244bbf35f (accessed: 10.02.2023).
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Jlist pemmrenns npo6ieM, chopMyTHpOBaHHBIX B
Hadvajie CTaThd, OOYUYCHHE C MOIKPEIICHUEM OymeT
HE0OXOMMO TOCIIE TIOCTPOSHUS allllapaTHOTO CPe-
CTBa, MO3BOJISIONIETO MTPOU3BOIUTH MTHOBEHHBIH U
JOCTOBEPHBI CEMaHTUYECKUI aHaJIU3 BXOZSILIETO
3ampoca, CTPOUTh BO3MOXKHBIE TEXHOJIOTHYECKHE
MapUIpyThl ¥ aHAJTM3UPOBATh UX B KOHTEKCTE HAKOII-
JIEHHOTO OTpacieBoro ombita. s 3Toro HeoOxo-
JUMO IIHPOKOE MPUMEHEHHUE TMEPBBIX JIBYX ITOIXO-
JIOB, B TOM YHCIIE€ B OTHOIIICHUY HAKOIICHHOTO U He-
IM(pPOBU30BAHHOTO OIBITA MPONUIBIX JieT. Kpome
TOTrO, Uil OOecredyeHus] MaKCUMaJbHOM CKOpOCTH
paboThI IpeIaraeMoii CHCTEMbI HEOOXOMMO perie-
HUE, IMO3BOJIAIONICE aBTOMAaTHYECKH (OPMHUPOBATH
KOHCTPYKTHBHO-TEXHOJIOTHYECKU KOJ JeTald Ha
OCHOBE TPEXMEpPHOW MOIENH, HCIOTHUTETHFHOTO
YyepTea, a B MEePCIeKTHBEe — rpauueckoro u300-
paxeHHs C yKazaHHEM Pa3MEPOB U IMapaMeTPOB H3-
nenusi. Takas mepcrnekThBa HeoOXoauma s pa-
OOTHI B yCIIOBHSIX, KOTJIa K IIOATOTOBKE 3aIlpoca He-
BO3MOXHO TPHUBJICYb KBaTU(PUIIMPOBAHHOTO WHKE-
Hepa, HallpuMep, B aBTOHOMHBIX YCIOBHUAX IKCILTya-
TaIlUH WIH KOTJIa PeYb HIIET O HEOOXOJUMOCTH CPOU-
HOH 3aMEHBI U3/IeTN, IPOU3BEICHHBIX JIECATKU JIET
HazaJ|, Ha KOTOPBIE HE OCTAJIOCh TEXHUYECKON JOKY-
MeHTauuu. B Takux ciydasx HeoOXoauM ammapar-
HBIH UHCTPYMEHT, TI03BOJISIOIIN C TOMOIIBIO JIa3ep-
HBIX JIy4ell M PEHTTEHOBCKOTO W3JIyYEHHs yCTaHO-
BHTH pa3Mepbl U TEOMETPHUECKYIO (OPMY H3IEIHS,
a ¢ MOMOMIBIO CPEJICTB HEPa3PyIIAIOIIET0 KOHTPOIIS
OTIPENEINTh MaTepual, U3 KOTOPOTO OHO H3TOTOB-
JICHO.

Ha ceromusiiHuii NeHb NpUMEHEHHE HCKYC-
CTBEHHBIX HEWPOHHBIX CHCTEM B WH)KEHEPHOM JeTie
U3y4aercsi He TOJBKO B HAMpPABICHUH MAalIMHHOTO
00y4eHHsI, ONTUMU3AINA U UMHUTAI[IOHHOTO MOJIe-
JUPOBaHMs, HO W B HalpaBJICHWH DPACIIO3HABAHHA
rpadugeckux oobexkroB — Optical Character Recog-
nition (OCR). IIpakTuueckoe npuMeHeHNE Hepoce-
Tl B pacro3HaBaHUH NPEIMETOB, JIUL, PEYH U TOJI0-
COB JIOCTUTJIO OOJIBIINX YCIIEXOB U BBILIIO HA Macco-
BBl YPOBEHb, HO PEHICHUE 3aJa4d PacliO3HABAHUS
KOHCTPYKTHUBHO-TexHOJIoTndeckoro cocraBa JICE,
JMOCTaTOYHOTO ISl aBTOMAaTHYECKOTO MOCTPOCHHS
TEXHOIIOTUIECKOTO IpoIecca, CYHIECTBEHHO CIIOXK-
Hee. CymiecTByrolne HEMPOCETH YK€ CIIOCOOHBI
pacno3HaBaTh OyMasKHBIE YEPTEKH, BBIACIATH pa3-
MEpHbIE JIUHUH, CTPEIKH U 3a/laHHbIe TTapaMeTpHhl,

U CTPOUTH MO UMEIONIUMCS TaHHBIM TPEXMEpPHYIO
Mozenb. [lo Tpexmepnoit momenu JICE mefipoceTs
yXKe CIOCOOHa MOCTPOUTH €€ WH()OPMAIMOHHYIO
MOJIellb — TiepBble HapaOOTKH B 3TOM HaNpaBICHUU
y)K€ cJeNaHbl Tpynmnoi uHxeHepoB n3 dDenepaib-
HOTO TEXHHUYECKOro yHuBepcurera Lltopuxa, I1IBeii-
napus — Ha 06a3e 3KCIEepPUMEHTATbHON KOMIaHWU
W24 Service GmbH B Mronxene, I'epmanus. Jlms
3TOTO OMBITA B CO3JAHHUH aNIIapaTHOTO CPEACTBA AJIS
pelreHuss 0003HaYeHHBIX B Hadaje CTaTbH MpooieM
HEOOXOAMMO CO3/1aTh MPOTPAMMHBIA HHCTPYMEHT,
MO3BOJISIONIMIA aBTOMAaTHYSCKH (hOPMHUPOBATH KOH-
cTpykTuBHO-TexHonornueckuii xox JICE. Oto mo3-
BOJIUT MTHOBEHHO CTPOUTH TEXHOJIOTHUECKHUE MapIIl-
PYTHI B CBEpATH ¢ 0a301 HAKOIUICHHBIX 3HAHWM, pe-
mare 3a7a9y ONTHUMH3AIMN W IIpenjaraTh OITH-
MaJbHBIN MyTh BEITIOJHEHHS 3aKa3a. B Xo/e BhIMOI-
HEHUS 3aKa3a WHCTPYMEHTHI MalllHHHOTO 00y4eHUs
MO3BOJIAT ONTHUMH3UPOBATh IPOLECC B peaTbHOM
BpPEMEHH U MOMOJHATH 06a3y 3HaHUS MPEANPUATHS U
otpacmu® [21].

[Ipennaraemoe ammapaTHoe pemieHHE JOJDKHO
CTaTh UHCTPYMEHTOM, KOTOPBIM MO3BOJIUT BBICTPO-
UTh CTPYKTYPY YHUPaBICHHUS KPUTHYECKH BaKHOU
OTpacibiO MO CXeME «3aKa3YUK M HCTIOTHHUTEIN,
TJIe 3aKa39MKOM BBICTYIAET TOCYAapCTBO B JIUIIE MH-
HUCTEPCTBa, (hefiepaabHOr0 areHTCTBa, TOCKOPIIOpa-
WU WK JAPYTOU CTPYKTYPHI, @ HCIIOJHUTEIISIMA —
BCE TPEINPUATHS OTPaciiv, paboTaIOMIIe B PaMKax
JTAHHOW cuCcTeMbl. Takod MOoAXoj 00ECHeYuT Mpo-
3pa4HOCTH, YIPABISIEMOCTh U HAJIS)KHOCTh OTPACITH
JUTSL 3aKa34MKa B JIMIIE TOCYJapCTBa, CHU3UT PUCKH
CyOBEKTHBHBIX OIICHOK, a TaKXe O0eCIeUuT IMpe-
MPUSATHS PETYISPHBIMH 3aKa3aMH BHYTPH OTPaciii
IpU YCIOBUHM MOJACPKaHUS PabOTOCIOCOOHOCTH
MPOM3BOACTBEHHBIX CHCTEM M HETPEPHIBHOTO YITyd-
ICHUS.

Brenpenne cucTeMbl JOIDKHO TIPEAIONararh
OTJaIKy Ha MOIIHOCTSX TEPBOTO OIBITHOTO TIPEJ-
MPUSATHUSA C TOCIEIYIOIINM pACUIUPEHUEM Ha IPYTUe
MPENNPUITHS. OTPACIIU 110 Mepe YCTPaHEHUS OIIH-
00K M ysA3BUMBIX MecT. /{7151 BHEAPESHUS HEOOX0IMMa
KOMaHJ]a U3 CIEeHHAIUCTOB TPeX THUIOB — 3KCIEp-
TOB 10 TPOU3BOJCTBY, SKCIIEPTOB B 001aCTH OCTPO-
€HUsl HEWPOHHBIX CeTel M MAIIMHHOTO O0y4eHHs, a
TaK)Ke MHKEHEepOB-MIporpaMMucToB. [lockonbky cu-
cTeMa JI0JDKHA OBITh OTpaciieBOH, €€ BHEAPEHHEM,
OTNAJKOMN 1 00CITyKUBaHUEM JTOJDKHA 3aHUMAThCA

8 Automatically Check In-coming RFQs / W24 Service GmbH: URL: https://werk24.io/product/feasibility-analysis-of-tech-

nicaldrawings (accessed: 10.02.2023).
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OflHa KOMaHJa HH)KEHepoB, paboTaromias Ha eau-
HOTO 3aKa3dyuka B JIMLE TOCYIapCTBEHHOH CTPYyK-
Typsbl. [To Mepe ycnenrHoro BHeIpeHUsI KOMaH/1a NH-
KEHepoB OyZieT mepeMemaThesi C OJHOTO IpeIpus-
THUS Ha JApYroe, Moka He OyAyT OXBavyeHBI Bce Mpe-
MOPHUATUS OTpaciy. YIpaBJICHUE CUCTEMOH TOJHKHO
OCYIIECTBIATECS M3 €IUHOTO LIEHTPa, HO HE B pe-
KHME BEPTHKaJbHO UHTETPUPOBAHHOMN CTPYKTYpHI,
a B Ka4eCTBE OIleparopa, KOTOpOMY AOCTYIHBI (QyHK-
MM KOHTPOJIS HAa BceX ypoBHsX. [lepcriekTuBHast ap-
XUTEKTypa TpeAaraeéMoil CHCTEMBI INpeICTaBIICHA
Ha puc. 6.

3akniovyeHue

Hecmotpst Ha pactymryto mH(pOBU3AIMIO KO-
HOMHKH U TIOSIBJICHHE CPEACTB aBTOMaTU3aI[ul 00pa-
OOTKM 3ampocoB, IMPOEKTUPOBAHUS TEXHOJIOTHYE-
CKUX TIPOIECCOB U MAaIIMHHOTO OOYYeHHs, OTHOIIIE-
HUS 3aKa34YMKOB M HCIIOJHUTEJCH B MaIIMHOCTPOU-
TENBHOM OTPACIIH COXPaHAIOT CYOBEKTHUBHBIN XapaK-
Tep. MMeromuecss mporpaMMHBIE CpPENCTBA IMO3BO-
JISTFOT TOBBICUTH 3()()EKTUBHOCTh TEXHOJIIOTHYECKUX
MPOIIECCOB, CHU3HUTH M3JIEPKKH U COKPATHTH BPEMs
BBITIOJTHEHHUS 3aKa30B, HO HE SBISIOTCS YacThIO Me-
XaHU3Ma TIPUHSATUS PEUICHUS O 3aKIIOYEHUH KOH-
TpakToB. [IpuMeHsieMbIi B TOCYIapCTBEHHBIX 3aKyII-
kax desiepanbHbIif 3akoH Ne 223° npeanonaraeT Bo3-
MOYKHOCTH yYacTHs B TOpPrax JIFOOBIX TOCTaBITUKOB
Ha yCJIOBUSX CBOOOAHOTO pBIHKA. B cimydae cooTBert-
cTBHS (POpMaANTBHBIM KPHUTEPUAM OTOOpa W ITOHAIH
KOMMEPYECKOTO MPEIJIOKEHHUS ¢ KOHKYPEHTHOH 1ie-
HOM MOCTaBITUKOM UMEET MPaBo CTaTh Jito0ast opra-
Huzanus. COOTBETCTBHE MpeiaraeMoi IeHbl U Cpo-
KOB TTOCTaBKH PEATbHBIM BO3MOXKHOCTSIM TIPENIPH-
SATHS. — Y4YaCTHHKAa TOCYAapCTBEHHBIX 3aKyIOK
CIIOKHO TIPOBEPHUTH, M BO3HHWKAET PUCK CPHIBA KOH-
TPaKTHBIX 00s3aTeNbCTB. HecooTBeTcTBHE MOCTaB-
JIIEMBIX TOBAapOB U yCIyT TpeOyeMbIM IMapaMeTpam
OPUBOOUT K HEBO3MOXKHOCTH OOECIeUeHHS Tex
CBOWCTB TPOAYKINHU, KOTOPbIE HEOOXOMUMBI IS €€
MOJTHOLICHHOTO MPUMEHEHHUS MO Ha3Ha4YeHHIo. JTa
HEBO3MO)XKHOCTH 00€CIeueHHs] KauecTBa NMPOAYKIHUN
OTPaHUYMBAET TEXHOIOTUYECKHE BO3SMOXKHOCTH IIe-
JBIX OTpaciied, BEIHYKAaeT UMIIOPTUPOBATh KPUTHU-
YEeCKH Ba)KHBIC U3/ICTIHS U CTABUT IO/ yTPO3y TEXHO-
JIOTUYECKHH CyBepeHUTET TOCyIapCTBa.

[IpuMeHeHue MpenyoKEeHHOTO B CTaThe pellle-
HUS U1 aBTOMAaTH3WPOBAHHOTO BBHIOOPA OIS IUH-

KOB B MAIIMHOCTPOUTEIBHOU OTPACIIX IO3BOJIUT CO-
KpaTHUTh YIIOMSHYTBIE PUCKH, HO MOXKET OTPeOOBaTh
OTCTYIJICHUS! OT MEXaHHW3Ma CBOOOIHOTO PBHIHKA B
I0JIb3y TOBBIIIEHUS HAIEXKHOCTH pabOThl KpUTHYE-
CKHM BaXKHBIX OTpacieu. s 3Toro Moxer MmoHano-
OuTCs co3qaHne eNMHBIX OTPACIEBBIX YIPABISIOMINX
CTPYKTYpP, B KOTOpbIE HPEANPHUATUS OTpaciIu OyayT
BXOAUTh B KAYECTBE CTPYKTYPHBIX MOAPa3AcIICHUI.
B Takom ciydae oTOOp MCTIOMHHUTENEH MOKHO OyaeT
MIPOBOJUTE ABTOMATHUYECKH BHYTPH E€IUHON CTPYK-
Typsl Oe3 mpoBeneHus TeHaepoB o dexepanbHOMY
3akoHy Ne 223.

[IpennokeHHBIH B cTaThbe MOAXOA, ONHCAHHAS
KOHLEINIIMS U JIOTHYECKasi CXeMa MOTYT UCIOJb30-
BaTbCS IS TOCTPOEHUS MHOTOYPOBHEBOTO IPO-
TPaMMHOIO HHCTPYMEHTa aBTOMAaTU3UPOBAHHOIO
BHYTPHUOTPACJIEBOIO yIPABJICHUS.
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Abstract. A comparative analysis of 3 Al-based smartphone applications for
self-service skin cancer risk assessment: ProRodinki, Skinive and Skin
Vision. Analysis consists of description of applications and its ways of work,
and results, such as sensitivity and specificity, done on the base of the
practical experiment conducted with processing 516 images of the skin
neoplasms and pathologies confirmed by histological research via each app.
Every application is unique and differs from each other by its principles or
work, algorithms, user experience and design, and of course Al model and
the set of input data that is analyzed by neural networks. Current research and
practical experiment were made with focus on images processing and the app
risk assessment for each of the image, other details and mole prescription
information were set neutral. This leads to a conclusion that there is a lack of
methodology for testing and analysis of different Al-based applications and
services. Having such methodology, the comparison analysis results can be
more objective and transparent.
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KuioueBrble ciioBa:

HUCKYCCTBEHHBIN MHTEJUIEKT, HEMPOHHBIE CETH,
cMapThOH MPUIOKEHUS, paK KOXH, CAMOCTO-
SITeTIbHAsT IUAarHOCTHKA, OL[EHKA PUCKA

3asBiieHHe 0 KOH(JIUKTE HHTEPeCcoB

ABTODBI 3a5BISIFOT 00 OTCYTCTBUM KOH(IIMKTA
HHTEPECOB.

Js umTHpOBaHUA

AnHotanus. [IpoBeieH CpaBHUTEIbHBIA aHATU3 TPEX CMapT(HOH-MPHIIO-
KEHHH Ha 0a3e HCKYyCCTBEHHOTO HHTEIJICKTAa Il CaMOCTOSTEIbHOM
OLIeHKH pucka paka koxu: ProRodinki, Skinive n SkinVision. Ananu3
BKJIIOUAeT ONUCAHUE MPUIOKEHUH U UX METOABI paboTHI, a TAKXKE Pe3ylib-
TaThl, TAKUE KaK YyBCTBUTEIBHOCTb M CICIHU(UIHOCTH, MOJTYUCHHBIC B
XOJIe TPAKTHYECKOT0 3KCIEPUMEHTa ¢ 00paboTKoit 516 nzo0pakeHuii HO-
BOOOPa30BaHMI KOXKH U MATOJIOT Ui, TOATBEPIKICHHBIX TUCTOIOTHYECKUMHU
UCCIIeIOBaHUAMH, Yepe3 Kaxaoe npuiaoxenue. Kaxxmoe npunoxenue yHu-
KaJbHO M OTJIUYACTCS OT JPYTHX CBOUMH NPHHIUIAME PaOOThI, aJTrOPHT-
MaMH, TI0JIb30BATEILCKUM OIBITOM, AW3aHHOM M, KOHEYHO XK€, MOIETbIO
HCKYCCTBEHHOTO MHTEJICKTa U HA0OPOM BXOJIHBIX JAaHHBIX, KOTOPBIC aHa-
JIM3UPYIOTCS HEHPOHHBIMH ceTsMH. HacTosiee uccineqoBaHue U MPaKTHU-
YECKH IKCIIEPUMEHT OBbLIM MPOBENEHBI C YIIOpOM Ha 00paboTKy M300pa-
JKEHUH U OLIEHKY PUCKA IPHIIOKEHUS ISl KXKIOTO U3 N300pakeHHi HOBO-
oOpa3oBaHuii, npyras nHpopManus 0 HOBOOOpPa30BaHUAX ObLiIa MPEJICTaB-
JIeHa HeWTpaIbHOH. Pe3ylbTaThl SKCIIEpUMEHTa IPUBOJIAT K BBIBOLY O He-
XBaTKE METOAOJIOTHHU [JI1 TECTUPOBAHUSA U aHAJIN3a pas3sIMYHbIX CMapT(l)OH-
MIPUIIOKEHNH Ha 0a3e MCKyCCTBEHHOTO MHTEIUIEKTa. VMest JaHHYI0 MeTo-
JIOJIOTHIO, PEe3yJIbTaThl CPABHUTENILHOTO aHaM3a MOTYT ObITh OoJiee 00b-
€KTHBHBIMHU W TIPO3PauHBIMH.

Korotkiy SS, Saltykova OA, Ukharov AO, Shlivko IL, Klemenova IA, Garanina OE, Uskova KA, Mironycheva AM,
Stepanova YL. Comparison analysis of Al-based smartphone applications for self-examination of skin cancer risk // BectHuk
Poccuiickoro ynuBepcutera apyx)Ob1 HapomoB. Cepus: Wmxenepnslie wuccnemoBanusi. 2023. T. 24. Ne 3. C.262-270.
http://doi.org/10.22363/2312-8143-2023-24-3-262-270

Introduction

financial investments for therapy compared to the
case where detection was done on the latest stages

According to [1-3], skin cancer prevalence rate
is increasing globally, outpacing almost all other
types of cancer. There are the following main types
of skin cancer: Basal cell carcinoma (BCC) with
80 % share of total skin cancers, Squamous cell
carcinoma (SCC) with about 19 % share and Mela-
noma, which accounts for approximately 1 % of total
skin cancers. The most dangerous and aggressive one
is melanoma, which causes a majority of skin cancer
deaths [4].

Early detection and treatment significantly
increase the chances for recovery and do require less

[5]. It is a challenge to detect the skin cancer on early
stages due to the fact that it usually starts to progress
with a change in a skin and absence of any other
noticeable symptoms [6].

Screening method using Al-based smartphone
applications (“apps”) for risk assessment of skin
cancer seems to have a great potential to provide
earlier and more accurate guidance on a particular
skin lesion or change [7-10]. The skin self-
examination can be conducted at home and doesn’t
require special conditions. It’s affordable, convenient
and instant way to get an immediate recommendation
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on next steps and decrease the risks of skin cancer.
However, it's crucial to remember that apps cannot
be an alternative to dermatologists and oncologists.
Al technology and apps aim to help and give an
advice, but not to replace the professional doctors.

There is a number of apps using machine
learning algorithmsto provide self-service skin cancer
risk assessment. And this number is demonstrating
double digit growth: between 2014 and 2017, more
than 200 new apps in dermatology field were
developed and available for download [11]. This
trend is becoming even stronger, considering the
increasing use of apps and Al technology [12].
Widespread usage of these apps must be supported
by arobust evidence base [13; 14], which isthe main
objective of this work — to compare smartphone
applications main principles of work and conduct the
practical study in skin cancer detection and risk
assessment for each of the app.

Comparative analysis of three Al-based smart-
phone applications was conducted: ProRodinki,
Skinive and SkinVision. The research consists of
user experience overview and practical study to
evaluate the level of quality of risk assessment.

1. Materials and methods

It was decided to conduct this comparative
analysis with the following applications: the leading
skin cancer risk assessment application in Russian
Federation — ProRodinki, the leading one in
Europe — SkinVision, and Skinive — the appli-
cation available in both, Russia and Europe. High-
level overview on ProRodinki, Skinive and Skin-
Vision solutions, country origin and monetization
model arelisted in Table 1 below.

Comparison analysis study is conducted using
ProRodinki app, Skinive app for home use and
SkinVision app. All other solutions/products are out
of scope of thiswork.

Dataset for comparison study consists of 516
images of the skin neoplasms and pathologies
confirmed by histological research. None of the
dataset images are known to be a part of training
dataset for any neural network scoped for current
research. There are 328 (~64%) benign skin
neoplasms and 188 (~36%) malignant cases. Benign
group of images is represented by Nevus, Heman-
gioma and Seborrheic keratosis (SK). Malignant
group consists of BCC, SCC and Melanomaimages.

Beside the description of screening flows and
apps itsef, the confusion matrix for binary
classification [15] is used for each application study
result. There are two class labels — malignant
(positive) and benign (negative). The confusion
matrix islisted in Figure 1.

Based on the confusion matrix results (True
Positive — TP, Fase Negative — FN, Fase
Positive — FP, True Negative— TN), the sensitivity
and specificity metrics are calculated respectively.

Sensitivity means “out of all actual malignant
neoplasms, how many malignant ones were pre-
dicted”, which is calculated using the following
formula:

Sensitivity = TP/(TP + FN)

Specificity means “out of al actua benign
cases, how many benign moleswere predicted”. This
metric is calculated by the following formula:

Specificity = TN/(TN + FP)

2. Results

Comparative analysis results are listed below —
it contains the description of each app and its
screening flows, study practical steps description and
results.

Table 1
Projects overview — products, monetization models
Project Country origin Website Products / Solutions Free / Paid

ProRodinki | Russia https://www.prorodinki.ru/ 1. App Free, paid expert advice

- Belarus, https://skinive.ru/ 1. App for h?”.‘e. use Paid subscription, Free trial 10
Skinive Netherland https://skinive.com/ 2. App for clinicians )

etherlands ps: : 3. API for integration screenings
SkinVision Netherlands https://www.skinvision.com/ 1. App Noiree tr!al,_ paid single check
or subscription plan
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PREDICTED

POSITIVE
Malignant (BCC,
SCC, Melanoma)

NEGATIVE
Benign (Nevus,
Hemangioma, SK)

POSITIVE
Malignant (BCC,
SCC, Melanoma)

GROUND-TRUTH

NEGATIVE
Benign (Nevus,
Hemangioma, SK)

Figure 1. Confusion matrix

2. 1. ProRodinki app

Application developers are AIMED, LLC (Russian
Federation, Moscow, 121205, Skolkovo Innovation
Center, Noble st., 7, floor?2, sec.58 RB2) and
Privolzhsky Research Medical University (Russian
Federation, Nizhny Novgorod, 603005, 10/1 Minin
and Pozharsky Square).

The app was released in 2020, available for
Russian Federation. Product localization is made in
Russian and English languages. Can be installed on
smartphones and tablets with iOS or Android. The
application is updating approximately once a month,
last version update made on 20" of February 2023.

Roszdravnadzor of Russian Federation marking
(Ne KP-20-006 dated from 14™ of April 2020) was
applied to allow application usage as non-medical

1 - Main screen 2 - Mole localization 3 - Mole prescription

S e

€ Lo € ——

4 - Take or add mole

software for informational and educational purposes
including the recommendation to doctors.

The following introduction is presented on
ProRodinki website':

“Prorodinki is skin cancer detection app
powered by Al that determines the likelihood of
melanoma and basal cell skin cancer based on a mole
photo and risk factors. It generates personal
recommendations to visit a doctor if required. The
analysis is done by a neural network, built and
trained on several thousand diagnosed cases and
working under the permanent dermatology expert’s
supervision.”

ProRodinki application possess themselves as
the combination of artificial intelligence technology
and professional doctors’ supervision, that provides
a recommendation for further action and not make a
diagnosis.

Successful screening user experience flow is
presented in Figure 2 and contains 6 steps. Every skin
self-assessment is happening with mole localization
and prescription data specification (Steps 1-3). The
mole image can be taken using smartphone camera
or uploaded from the gallery (Step 4). App checks
the image quality and highlights the detected moles
in case if the image quality is appropriate (Step 5).
And on final stage (Step 6) user can see the neural
network recommendation and the option to purchase
a control opinion of real doctor.

It is important to mention that mention that the
results of neural network are monitored by real
doctors and ProRodinki app can send an additional
follow-up with updated recommendation later on.

5 - Maole detection 6.1 - NN recommendation 6.2 - Control opinion option

e

€ et

Figure 2. ProRodinki screening flow

! ProRodinki website. Available from: https://www.prorodinki.ru (accessed: 17.01.2023).
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3 - Take or add mole

2 - Mole localization

1 - Main screen

4 - NN recommendation 5.1 - Result card

5.2 - Detected area 5.3 - Detected area heatmap

Figure 3. Skinive screening flow

2.2. Skinive app

Application developers are Skinive Holding B.V.
(The Netherlands, Amsterdam) and Wise Al, LLC
(Belarus, Minsk).

Company Skinive was founded in 2020. The app
was released in October 2022, available worldwide
except US and Canada. Product localization is made
in 8 languages: Russian, English, French, German,
Hindi, Bangla, Portuguese and Spanish. Can be
installed to smartphones with iOS or Android. The
application is updating once a month, last version
update made on 22™ of March 2023.

The following information is presented on
Skinive website regarding certification®: “Skinive
solutions are CE marked and meet all regulatory
requirements for medical device class. Skinive is a
Class 1 medical device that uses clinically proven
technology. Moreover, Skinive company has an
1SO13485 Certificate, which confirms compliance
with the requirements of regulators for the quality
management system of medical device manufac-
turers.”

The following introduction is presented on
Skinive website: “Skinive is a convenient way to
detect and assess skin disease risks with your
smartphone! Simply take a photo of the skin
pathology and send it to the Skinive app for timely
analysis. Skinive checkup: — Increases the detection
rate of skin diseases with instant screening; — Fewer
referrals to specialists thanks to primary screening at
home; — Reduce the cost of identifying skin
conditions when not necessary; — Reduces the cost
of treatment by detecting diseases at earlier
stages; — Skinive also lets you store photos to track

changes over time, helping you closely monitor your
health over the long term.”

Noticeable that Skinive provides several
smartphone applications — app for home use and
app for medical professionals. The app for medical
professionals is out of scope of current work and
mainly different from the app for home use with
capabilities of patient management (ability to create
patients with its skin profiles and screen moles for
the particular patient).

Blue squares are not displayed by Skinive app and used to point the
difference for Al camera mode, when the maole is detected and not

Figure 4. Take mole using Skinive Al camera capability

Successful screening user experience flow is
presented in Figure 3 and contains 5 steps. Every skin
check requires a mole localization (Steps 1-2). The
mole image can be taken using smartphone camera
or be uploaded from the gallery (Step 3). Taking the
mole via camera can be done with Al mode on,

2 Skinive website. Available from: https://skinive.com (accessed: 17.01.2023).

266



Koporkwii C.C., CantbikoBa O.A. u ap. BectHuk PYOH. Cepusi: ViHxeHepHble nccneposanus. 2023. T. 24. Ne 3. C. 262-270

which allows to take a mole only if Skinive app
detects the mole area highlighting it with a red
square. 2 examples of app screens are shown in the
Figure 4 to demonstrate the Al mode for Skinive
mole detection. Steps 4 and 5 in Figure 3 are showing
the recommendation with risk assessment level and
top-3 diseases with formation classes and sign
percentage for each disease.

No additional follow-up recommendations or
updates are received from Skinive app after check
was done.

2.3. SkinVision app

Application developer is kinVison B.V. (Barbara
Strozzilaan 201, NL-1083 HN Amsterdam, Nether-
lands).

Company SkinVision was founded in 2011. The
app was released in 2014, available worldwide.
Product localization is made in 7 languages: English,
Dutch, French, German, Italian, Polish, Spanish. Can
Can be installed on smartphones with iOS or
Android. The application is updating every 1-3
months, last version update made on 27™ of February
2023.

The following information is presented on
SkinVision website regarding certification®: “We are
a regulated medical device with European CE
marking. We are ISO certified for medical device
and information security management.”

The following introduction is presented on
SkinVision website’: “SkinVision is a regulated
medical service that takes control over your skin
health to a new level. It expands your ability to self-

3 - Take mole

2 - Mole localization

1 - Main screen

-

4 - Confirm mole

examine your skin and elevates your knowledge
when to act, how and why. It is designed to provide
accurate and timely skin cancer detection, along with
the most reliable personalised skin health advice and
health path recommendation. At the centre of the
service is the SkinVision app, which is a regulated
medical device that merges Al technology with the
expertise of skin health professionals and
dermatologists. SkinVision is a service of choice
whether you want to address your most immediate
concerns, learn what steps you should take next,
understand your skin risk profile and introduce the
most intelligent skin health regime to your seasonal
rhythm.”

Successful screening user experience flow is
presented in Figure 5 and contains 6 steps. Every skin
self-assessment starts with mole localization (Steps
1-2). The mole image can be taken using smartphone
camera only (Step 3). There is no option to upload
the mole image from smartphone gallery and the
mole detection is processed via smartphone camera
considering 3 main requirements: mole to be
detected, clear and in focus. The progress bar for
mole detection is shown as a blue circle in the center
of app screen and take mole event is happening
automatically when detection is done. After the
confirmation of mole image (Step 4) the app asks for
prescription details (Step 5) and then Al analysis
begin (Step 5.1). Final stage (Step 6) is the neural
network recommendation with risk assessment.

It is important to mention that the results of
neural network are monitored by real doctors and
SkinVision app can send an additional follow-up
with updated recommendation later on.

5 - Mole prescription 6 - NN recommendation

5.1 - Progress screen

Figure 5. SkinVision screening flow

3 SkinVision website. Available from: https://www.skinvision.com (accessed: 17.01.223).
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2.4. Study

Every dataset image was processed by each app:
ProRodinki (versions for iOS: 5.2.1, 5.2.3), Skinive
for home use (version for Android 1.0.13 and
versions for i0S: 1.0.6, 1.0.7) and SkinVision (version
for i0S: 6.20.1). Total number of test cases is 1 548.

To run the test, the upload image from smart
phone gallery capability was used for ProRodinki
and Skinive apps. Meanwhile, the SkinVision app
was used to take a photo of the neoplasm image
showed on the display with 13.3In size, 2560x1600
resolution and 4 096 000 pixels.

Due to the fact that Interpretation of results with
risk assessment is vary for different apps, the results
were aligned to the common binary format — test
cases classified by Skinive as low and medium risk
levels are considered to be equal to low risk
assessment made by ProRodinki and SkinVision.
High risk results didn’t require any additional
manipulations for alignment.

Each app has its own algorithms of image
quality validation and detection. According to
current study, not all dataset images were processed
successfully and there is a number of unprocessed
test cases listed in Table 2. The rest of images were
processed successfully.

The experiment results with calculated sensitivity
and specificity metrics are provided in Table 3.

Listed results reflect the instant Al-based
smartphone app recommendations only and do not
consider the follow-ups received later after a
professional doctor check.

Table 2
Failed screenings split by apps
UNRECOGNIZED ProRodinki Skinive SkinVision
Malignant 8 23 18
Benign 5 19 18
Total 13 42 36
Table 3
Study results
n=516 ProRodinki Skinive  SkinVision
TP 161 99 161
FP 19 22 170
TN 295 287 139
FN 28 66 9
Sensitivity 85.19% 60.00% 94.71%
Specificity 93.95% 92.88% 44.98%
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3. Discussion

The highest sensitivity was demonstrated by
SkinVision application — almost 95%. Meanwhile,
the specificity metric has the lowest result — lower
than 45 %. The assumption can be made that this
configuration of SkinVision Al is made in the way to
minimize the risk of missing malignant neoplasm
and minimize the potential legal risks related to the
wrong recommendation. It is important to emphasize
that the study was made by taking the photos from
the display, which might bring the certain distortion
to the results. Low rate in specificity metric is
mitigated well via follow-up by professional doctors.

Skinive app provides the most informative
results and recommendations — according to the
information published on their website, there are 51
skin pathologies that can be recognized. It is
definitely a challenge to train the neural network for
such a significant skin disease nomenclature and
presumably this can be a reason for high number
of False Negatives equal to 66 and the sensitivity
metric on the level of 60%. At the same time, the
specificity rate is almost 93%. Skinive develops the
app for doctors and such an informative way of
results interpretation does seem to be very promising
in combination with competence and experience
doctor.

ProRodinki Al-based smartphone application
has demonstrated the best balance of sensitivity and
specificity rates — 85 % and almost 94 % res-
pectively. In common with SkinVision, there is a
tight connection between Al technology and team of
professional doctors who supervise and monitor the
recommendations made by app.

Conclusions

The research around Al-based smartphone
applications available for skin cancer risk assessment
has been conducted and 3 applications were chosen
for comparison analysis: ProRodinki, Skinive and
SkinVision. Applications’ ways of work and user
experience flows for self-service screening scenario
were described and the practical experiment measur-
ing the sensitivity and specificity using dataset
validated by histological researches was made.

Every application is unique and differs from
each other by its principles of work, algorithms, user
experience and design, and of course Al model and
the set of input data that is analyzed by neural
networks. Current research and practical experiment
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were made with focus on images processing and the
app risk assessment for each of the image, other
details and mole prescriptions information were set
neutral. This leads to a conclusion that there is a lack
of methodology for testing and analysis of different
Al-based applications and services. Having such
methodology, the comparison analyses results can be
more objective and transparent.

It is important to compare and test different Al-
based apps specialized on skin cancer risk
assessment to measure their quality and efficiency, to
monitor and manage the progress of Al technologies
and, as a result, to use it as help for doctors and health
organizations.
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Annotanus. [IpuBeneHs! pe3yiabTaThl SKCIIEPUMEHTAIBHBIX NCCIEIOBAHHMN,
OCHOBaHHBIX Ha aHAJIM3€ HAIUIABJICHHBIX IOKPHITUH U METON0B 00pabOoTKH,
HaIpaBJICHHbIX Ha CHIKEHHME KOJIMYECTBA HEMETAJUIMYECKUX BKIIOUCHUH B
polecce J1a3epHOH NOpOLUIKOBOM HarnaBku. OCHOBHAs LIEb SKCIIEPUMEHTOB
3aKIII0Yaach B onpeneneHn 3QpQeKTHBHOCTH pa3INIHBIX METONOB CHIDKE-
HYSI HEMETAJUIMUECKUX BKIIIOUCHUH B HAIUIABJICHHBIX MOKPHITUAX. VICTOUHU-
KOM TTOJTOOHBIX 1e(heKTOB 3a4acTyIO SIBISIFOTCSI OKUCIIBI U IJTaK Ha 00padaThI-
BaeMOI MOBEPXHOCTH, A TAKXKE IPAaHyJIbl IOPOIIKOBOTO MaTepHalla, IPUMEHs-
€MOro JJIsl HaHECEHUs] M3HOCOCTOMKMX IMOKpbhITHH. B kauecTBe Marepumana
HOJIOKKH HCIOJIb30BaJach KOPPO3UOHHOCTOMKAs KAapOIpPOYHas CTajb
Mapku 08X18H10T (anamor AISI 321), u3 KOTOPOro ObLIM U3TOTOBICHBI 00-
pasupl ¢ pazmepamu 100x100x8 mm. HarutaBka Oblia BBIIIOJIHEHA C UCHOJb-
30BaHHEM METAJUTMYECKOTo mopomrkoBoro marepuana [P — 08X17H8C6I"
(ananor snextpoaa ITH-6JI) ¢ ¢ppakiponHsiM coctaBoM 63—125 MKM, UMeIO-
mero cdepuueckyro Gopmy 4acTuIl U 00JAAIONIETO XOPOLIeH TEKYJeCThIO.
OmbITHAs 1a3epHas HalIaBKa MPOM3BOAMWIACH HA Ja3ePHOM pPOOOTU3UPOBAH-
HOM KOMILIeKce Ha 6a3e HTTepOHeBOro BOJIOKOHHOTO Ja3epa. OLeHka Heme-
TaJUIMYECKUX BKIIIOUCHUI BBINOIHAIACH IIyTEM MeTauIorpaduueckoro aHa-
JIM3a Ha TPaBJICHBIX MOMEPEYHbIX NUTH(axX ITONyYeHHBIX HAIUIaBICHHBIX I10-
KpBITHH, a Takke MeTogoM KP-criekrpockonun. Y craHOBIEHA Ka4eCTBEHHAS
3aBUCUMOCTb COZEpXkKaHHA Ae(EKTOB, TAKUX KaK Ia30Bble IOPbL, B CJOE
HAIUTaBIEHHOTO TIOKPHITHS OT KPUCTAIIM3AIMY BaHHbI pacIliaBa, GopMupye-
MOM IpH JIa3€pPHOM MOPOIIKOBOX HAaIlIaBKe.
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Abstract. The results of experimental studies based on the analysis of
deposited coatings and processing methods aimed at reducing the number of
non-metallic inclusions in the process of laser powder cladding are presented.
The main purpose of the experiments was to determine the effectiveness of
various methods for reducing non-metallic inclusions in deposited coatings.
The source of such defects are often oxides and slag on the treated surface, as
well as granules of powder material used for applying wear-resistant coatings.
Corrosion-resistant heat-resistant steel of the 08X18N10T grade (analog AISI
321) was used as the substrate material, from which samples with dimensions
of 100x100x8 mm were made. Cladding was performed using a metallic
powder 08Kh17N8S6G (analog of the TSN—6L electrode) with a fractional
composition of 63—125 microns, having a spherical particle shape and having
good fluidity. Experimental laser cladding was carried out on a laser robotic
complex based on an ytterbium fiber laser. Evaluation of nonmetallic
inclusions was carried out by metallographic analysis on etched cross-sections
of the resulting deposited coatings, as well as by RAMAN spectroscopy. The
qualitative dependence of the content of defects, such as gas pores, in the layer
of the deposited coating on the crystallization of the melt bath formed during
laser powder cladding has been established.
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BBepeHune

JlazepHast mopomIKoBas HarIaBKa SBISIETCS

BHYTPHU HaIUIABISIEMOIO MOKpbITUs. Hemerammye-
CKHMH BKJTFOUCHHUSMH SIBIISIFOTCSI OKUCITBI, IIIAK, B
TOM YHCIIE Ta30BBIC TOphI. O003HAYCHHBIC Ae()EKTHI

MIEPCTIEKTUBHEIM METOIOM BOCCTAHOBICHHUS W3HO-
IICHHBIX TIOBEPXHOCTEH, a TAKIKEe MOTU(DUKAIIAY TTO-
BEpPXHOCTH TMYyTeM TPUAAHUS HETOPOTUM MapKam
CTaJld HEOOXOJUMBIX CBOMCTB Ha MOBEPXHOCTHU C
MOBBIIICHHBIMY XapaKTEPUCTHKAMU: U3HOCOCTOM-
KOCTH, JXapOCTOMKOCTH, aHTH(PPHUKIUOHHBIMU H
KOppo3uoHHOM croiikoctu [1-3]. Ilpm masepnoit
HalJIaBKe Ha TIOBEPXHOCTh, COZEPIKaIlyI0 Heopra-
HUYECKHE COSIMHEHUS (OKCHIbI, HUTPH/IBI, 3arpsi3-
HEHHsI) MOXKET 3HAYUTEIHHO MOHU3UTHCS KadeCTBO
HAHOCHMBIX MOKPBITUH [4]. DTO CBsI3aHO ¢ MHTCH-
CUBHBIM IEPEMEIINBAHNEM B BAHHE PAcIUIaBa Ma-
Tepralla HalJIaBKM W Marepualia MOIJIOKKH. 3a
CUeT 3TOT0 MpOIecca HEMETaJUINYECKHE BKIIIO-
YEeHHUS C TIOBEPXHOCTH MOAJIOKKH MOTYT OKa3aThCs
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00pa3yloTcs B HAIUIABIICHHOM MaTepHalie, TaKkKe B
pe3yabTare HacleIOoBaHUs CTPYKTYPBI TpaHyl Mo-
polika.

s obecriedeHus] HamIaBKU HMCKIIFOUAROLINX
HEMETaJUINIECKHUE BKIIOYEHUs] HeoOXomumo ¢op-
MHUPOBaHHE YCJIOBHM, CIIOCOOCTBYIOIMINX IMOBBIIIE-
HUIO JAJUTEIBHOCTH (a3bl BaHHBI PacIljiaBa, a TaK-
e ee TeKyuyecTH [5—7]. B mpouecce 3acTbiBaHus U
KpUCTAJUIM3allMH BaHHBI pacillaBa HeMeTaJlInye-
CKHE BKJIIOUCHMS KOHLEHTPUPYIOTCS IO T'paHMIE
3€peH, 4TO NMPHUBOIUT K CHIKEHHIO MEXaHUYECKUX
CBOICTB monyyaeMoro Marepuana. IPQGeKTHBHBIM
METOJOM BBISIBJIICHHS HEMETAUIMUECKUX BKIIFOUE-
Huit siBsiercst KP-cnexrpockonus [8—10].


https://orcid.org/0000-0003-4323-5398
https://orcid.org/0009-0004-5978-2219
https://orcid.org/0000-0003-1523-0637
https://orcid.org/0000-0001-8691-8151

3asutkoB A.B., Jloktes A.C. n 4p. BectHuk PYH. Cepus: UHxeHepHble nccneposaHus. 2023. T. 24. Ne 3. C. 271-278

[TpoGneMbl HanU4Ms HEMETAJUTMUECKUX BKJIO-
YEeHUH B CJI0€ HAIUTaBKU ObUTH pelleHbl IMyTeM Ipu-
HATHSI KOMIUIEKCA Mep, a IMEHHO: TIpeABapUTEIIbHAs
MOATOTOBKA MOBEPXHOCTH O[] HAIUIABKY (ycTpaHe-
HHUE IIOBEPXHOCTHOIO CJIOS OKHCIIOB); YBEINYEHHE
TIOTOHHOM MOIITHOCTH JIa3epHOTO WM3IydeHus [11;
12]; ynyumenue 3 heKTHBHOCTH Ta30BOM 3aIUTHL

1. MeTopabl uccnenoBaHua

Jis mpoBeIeHNsT IKCIIEPUMEHTAITBHBIX paboT
T10 HaIUTaBKe B paboTe OBLT HCIIOIH30BaH Ja3epHBIN
POOOTH3MPOBAHHEBIM KOMITJIEKC HAIUIaBKU Ha 0ase
UTTepOMEBOTO BOJIOKOHHOTO JIa3epa, B COCTAaB KO-
TOPOTO BXOJAT 6-0CEBOI MPOMBIIIICHHEIH poOOT
manunynsitop FANUC M710iC/50, omHokon6o
BbIii opomkoBelit mutarens GTV PF 2/1 LC, skc-
MepUMEHTaIbHAS ONTHYECKas JTa3epHAas TOJIOBKA C
MOJyJIeM TIOAa4YH TIOPOIITKA C YeThIpeX cTopoH. Hc-
MOJIb30BAaHKE COTIIA, 00€CIIEUYNBAIOIIETO 3aJaHHBIN
ITOTOK TIOPOIITKOBOTO MaTepuaa B 30Hy HaIUIaBKH,
nazep IPG JIC-3-K, 6su10 paccmotpeno B [12].

B xauecTBe HamIaBOYHOro Marepuajia UcC-
MOJIb30BAJIM METAJUIMUECKUHA TOPOILIOK 3PO3UOH-
HOCTOWKHX crutaBoB Mapku [1P-08X17H8C6I” (ana-
nor snekrponos LIH-6JI) ¢ pazmepamu gactuir 63—
125 mxm o TY 14-22-250-2013, npeana3HaueH-
HBIH 7151 BBICOKOIIPON3BOIUTEBHOM M KaueCTBEH-
HOW HAIUIaBKU YIUIOTHUTEIBHBIX MOBEPXHOCTEH
JeTanell apMaTypbl 3HEPreTHYECKHX YCTaHOBOK
[12; 13]. JlaHHBI! MOPOIIKOBBIN MaTepual UMEeT
chepudeckyto GopMy HacTHIl U 00JIATAET XOPO-
el TeKy4ecTbro. XUMHUYECKUIM COCTaB MOPOLIKA
npeacTaBieH B Taom. 1.

Tabmya 1/ Table 1

OneMeHTHbI COCTaB NOPOLUKOBOro Matepuana
MP-08X17H8C6I / Elemental composition
of powder 08Kh17N8S6G

Fe C Cr Co |Ni Si Mn |S 02 P N2

base |0,096 |17,7 (0,08 |7,97 |5,55 (1,92 0,014 |0,02 |0,03 |0,09

B KkavecTBe TMOMJIOKKH HCIOJB30BAIH CTAJb
mapku 08X18H10T (AISI 321). HammaBka BBITION-
HSUJIACH C MPEIBAPUTEIBHBIM TOOTPEBOM MOIIOKKH
350 °C B cpene 3amuTHOro rasa aprona (Ar BU
99,998 %).

Jlist orieHKH 3Q(EKTUBHOCTH HCTIOIB3YEMBIX
METOJIOB YMEHBIIICHHUS COACPKAHUS HEMETAJTHYC-
CKUX BKITFOUCHHU BHYTPH HATUIABIAEMBIX MOKPBI-
TAH OBLIM M3TOTOBJICHBI JTAOOPaTOPHEIE 0O0pa3Ibl

JIA3CPHOM HAIUIaBKU C pa3MepaMH MOJJIOKKHU
100x100x8 mMm. HamnmaBka HaHOCHMIIaCh B OJUH
cioii. Ha ocHOBe paHee mpoBEIEHHBIX HCCIIEI0BA-
Huii [12; 14] ObuT BEIOpaH ONITUMATBHBIA TEXHOJIO-
THYECKUH PEKHUM: MOIIHOCTh JIa3ePHOTO HM3JIyde-
Hust — 2800 BT, 1BrKeHue na3epHON TOJTOBKH —
6 MM/CeK, pacxoj IMOPOIIKOBOTO MaTepuaja —
15 r/MuH, mar nepeKphITUs HAIUIABISIEMBIX JOPO-
KEK — 2 MM, pacxoJ 3alllUTHOTO Ta3a 25 ji/MuH,
IaMeTp TSATHA JIa3epHOTO HW3IYUYSHHS — 5 MM,
pacxox TpPaHCHOPTHPYIOLIETO raza — & JI/MUH,
pacxo 3amuTHOro raza — 20 n/MuH.

[epen mpoBeneHNEM DKCTIEPIMEHTANBHBIX pa-
00T NOBEPXHOCTH 00PA3II0B MOIBEPraliaCh MEXaHH-
YeCKol 00pabOTKe C LETBI0 YIaICHHS TOBEPXHOCT-
HOTO CJIOSI, COJIEPIKAILEr0 HEOPraHUICCKUE BKIIFO-
YeHUSI.

O GhEeKTUBHOCTh BIUSHUSA YKa3aHHBIX METO-
JIOB YMEHBIIIEHUS KOJIMYECTBA HEMETaJUIMIEeCKUX
BKIIFOYCHUH BHYTPH, a TaKKe Ha TOBEPXHOCTH
HAIUIaBJSIEMBIX TIOKPBHITUH ObLIa OIICHEHA METal-
jorpaUuecKUM aHaJIM30M Ha TPaBJCHBIX IIOIE-
peuHbIX nuIM(pax MOJyYSHHBIX 00pa3IloB, a TAKKe
merogoM KP-cnekrpockonuu. TpaeneHue ocy-
MIECTBISIOCH cMechio azoTHOH (HNO3), comsHoOM
(HCI), cepnoii (H2SO4) KuCIOT, AUCTHILTNPOBAH-
Hoit Bons! (H2O) u xiopaoro xenesa (FeCl).

2. Pe3ynbTtaTtbl

[Ipu HaHECeHNH MOPOIIKOBOTO Marepuala Ha
MPEABAPUTEILHO MOATOTOBICHHYIO TOBEPXHOCTb,
a C HUCIOJb30BaHHEM pPa3pabOTaHHOW COIUIOBOM
HacaJIKu B TPOILIECCE JIa3ePHOI HAIUTABKH YIAeTCs
CHHU3UTh HEMETAJUTNYECKHE BKIIOYEHHUS B CTPYK-
Type HaIJIaBIEHHOTO CIIOSL.

[Tonepeuynslie cedeHNs HATUIABIEHHOTO CIIOS,
COCTOSIIIIETO W3 CIWHUYHBIX BaJIMKOB, HaHECCH-
HBIX C MIEPEKPHITHEM, Ha MPEABAPUTEIBHO TOATO-
TOBJICHHYIO W HE IOJITOTOBIEHHYIO TTOBEPXHOCTh
npeJicTaBlIeHbl Ha puc. 1.

Hns nposenenus KP-cnekTpockonuu ObLTH
MOATOTOBJICHBI CIIETYIOIIIE 00Pa3LIbL:

* o0macTy pa3pymieHUs HaIUIaBICHHOTO 00-
pasiia, BEITIOTHEHHBIC 0€3 MpeaBapUTEIHLHON 00-
pabOTKH MOBEPXHOCTH MOMJIOKKH (cM. pHc. 1, a);

* MOBEPXHOCTH HM3JIOMa 00pa3iia, BBITOIHEH-
HEIE C TIPEeIBAPUTEIIBHON 00paOOTKOM TOBEPXHOCTH
nepe]] HaruIaBKo (CM. puc. 1, 6);

* MOBEPXHOCTH TPaHyN HAIUIABISIEMOTO IIO-
POIIKOBOTO Marepuaia (CM. puc. 5).
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o

Puc. 1. Mukpownudbl 06pasLLoB HamnnaBku:
4 — Ha HENOoAroTOBJIEHHYIO MOBEPXHOCTb, C COM0OBOM HACaAKOW;
6 — Ha MexaHun4eckn o6paboTaHHyO MOBEPXHOCTb, UCMOJIb30BaB COMJIOBYIO HACaAKY
Figure 1. Micro-plates of surfacing samples:
a— on an unprepared surface, with a nozzle nozzle;
6 — on a mechanicallv treated surface. usina a nozzle nozzle

Bt

Puc. 2. KP-cnekTp NOBEPXHOCTU paspyLLeHns obpasua ana Tpex (&, b, ¢) cnyvaiiHbiXx MecT
6e3 npenBapuTesibHON 06PabOTKN NCCIeayEMO MOBEPXHOCTU:
71— obnacTb C nMkamu, xapakTepHasi Ans OKCUA0B, HATPUOOB;
2— 0o6nacTb ¢ NMKaMu, xapakTepHas ans yrnepoga; 3 — obnactb ¢ aptedaktamum [15-18]
Figure 2. Raman spectrum of the fracture surface of the sample for three (&, b, ¢) random places
without pretreatment of the surface under study:
71— area with peaks characteristic of oxides, nitrides;
2— area with peaks characteristic of carbon; 3 — area with artifacts [15-18]

O0pa3oBaHre HEMETATMYECKUX BKIIOYCHUH
XapaKkTepHO MO TpaHUIe 3epHa, 0 HUM HaOroaa-
eTcs pa3pylLleHHue CTPYKTYpbl MaTephajia Ha IO-
BEPXHOCTH MU3JI0Ma, 10 KOTOPOMY MPOU30LLIO Pa3-
pyuienue oopasua. MoKHO clienarh IpenonoKe-
HUE O TMOMAaJaHUW a30Ta/KUCIOpoAa B 0ObEM Io-
POIIKOBOTO Marepualia B IPOLECcCce HAIIaBKH, JTM00
3TO pe3yibTaT pa3pylIeHHUs] TOBEPXHOCTHOTO CIOS
3arpsi3HEHUI Ha MOBEPXHOCTU 00pa3sla, HarlaBKa
Ha KOTOPBIH OCYLIECTBISIACH O€3 MpeABapUTEIb-
HO# TOATOTOBKH (MEXaHUIECKOW OUYNCTKH TOBEPX-
HocTH). B mpouecce HamnaBku, 0Opa3oBaHus BaH-
HBI pacIljlaBa ¥ KpUCTAJUIM3ALMK MaTepraia Heme-
TAJJIMYECKUE BKIIIOUCHMS BBITCCHSIIOTCA Ha TIpa-
HUILy 3epHa, yTo MBI HaOmonaem Ha KP-crektpe,
MIpECTaBIEHHOM Ha pHC. 2.

Jlanee ObLIM IpPOAHANU3UPOBAHbBI PE3YIIBTATHI
KP-cniekTpoB moBepXHOCTH paspyuieHus odpasna

274

0e3 mpeaBapuTenbpHO 00padoTku (puc. 2). Ha me-
penHeii yactu criekrpa (06aacts 1), IPUCYTCTBYIOT
BBIPQKCHHbBIC MUKH OKCHIOB, HUTPHUAOB KOMIIO-
HEHTOB HAIUIAaBOYHOIO Marepuaa, B CpelHeH ya-
CTH CHEKTpa, HaONIomaeTcs [Ba MUKa, XapakTep-
HBIX IS yIIIepoa, B o0nactu 3 0003HaYeHbI apTe-
(haKThl, BBI3BAHHBIC 3aCBETKOU JTFOMHHECIICHTHOM
JIaMIIBI OCBCHIICHUS.

Ha puc. 3 npencrasnen KP-cnektp nosepxHo-
CTH, IOJYYEHHOH Mocie HUIM(OBKH IUIOCKOCTH
paspyueHus: o0pas3na HamjaaBKH, N3TOTOBICHHOTO
C IIpeIBapUTEIbHO 3aYUIICHHON TTOBEPXHOCTHIO.

KP-cniekTp mOBEpXHOCTH, MOJYYEHHOU B pe-
3yabpTaTe NUM(OBKA TUIOCKOCTH pa3phiBa 00pasiia,
TOBOPUT O 3HAYUTCIIBHOM CHHMXXCHHU KOHLCHTpA-
UM HEMETAIUTMYECKUX MIPUMeEcei, BEpOsSTHO, OHU
HIPUCYTCTBYIOT B BUAE MEJIKMX BKIFOUCHUH B 00b-
eMe 3epHa. Peructpupyemble IUKU UMEKT HEC-
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KOJIbKO OOJBIITYI0O WHTEHCHBHOCTH ITHKOB, IOJTY-
YEHHBIX C TOBEPXHOCTH I'PaHyJ MOPOIIKOBOTO Ma-
Tepuasia. BeposarHo, yBeanyeHne UHTEHCUBHOCTH
PETUCTPUPYEMBIX IIMKOB BBI3BAHO IOSBICHUEM J0-
MIOJTHUTENBHBIX TpUMecell, HanpuMep, ¢ HeoOpa-
0OTaHHOU MOBEPXHOCTHU MOJIOKKH, JTUOO KilacTe-
pusanyeil HeMeTaNIMuecKUX 4YacTHLl B Oojee
KpyTHbIe 00BEKTHI, AlolIe 00jee HHTCHCHBHBIH
OTKJIMK COOTBETCTBYIOIMX JuHMUM Ha KP-criektpe.

Puc. 3. KP-cnekTp o6nacTtu paspyLleHms
(NnoBEpPXHOCTL 3epHa) Ha: a, b — nccnepyemom obpasie
C NpenBapuTenbHO 3a4NLLLEHHON
NOBEPXHOCTbIO NEPEL, HannaBkom
Figure 3. Raman spectrum of the fracture region
(grain surface) on: a, b — the test sample
from the pre-cleaned surface before surfacina

[IpennonokeHne 0 BO3MOXKHOCTU 00pa3zoBa-
HUS OKHCJIOB 32 CUET HAJIMYKS TAKOBBIX B HAIJIaB-
JIIEMOM TIOPOIIKE OTYACTH MOXKET ObITh BepHO. Ha
KP-cniekTpax, MOJIy4eHHBIX C MOBEPXHOCTH Tpa-
HYJI UCIOJIb3yeMOT0 MOPOIITKOBOTO MaTepuaia (cM
puc. 4), HaOIIrOMaeTCs HATMIHE HEMETAUTHIECKIX
MaTepUaJIOB, HAOIIOMACMBIX B aHAJIOTUYHO IPE/I-
CTaBIICHHBIX Ha pHc. 2 obmactsax. Habmromaembie
JIUHUW MOTYT OBITh BBI3BAHBI HATMYHEM KaK HeMe-
TaJIJINYCCKUX HpI/IMGCGfI Ha TOBCPXHOCTHU, TaK U
PaBHOMEPHO PacCTBOPEHHBIX BO BCEM OObEMeE WC-
CJIeTyeMBIX TPaHYIL.

a! b! c

| | |
jlw!w*?w'm@w

ey

Puc. 4. KP-cnekTp nOBEPXHOCTU rpaHy
HanaB/IEMOro NopoLLKa AJisi TPEX Ciy4aHbIX MeCT:
a— n3mepenne Ne 1; b — namepenue Ne 2;
¢ — namepeHune Ne 3 /

Figure 4. Raman spectrum of the surface of the granules
of the deposited powder for three random places:
a— measurement No. 1; b— measurement No. 2;
¢ — measurement No. 3

Ananuz KP-criekTpoB MOBEpPXHOCTEH TpaHyl
U TIOBEPXHOCTEH 3epeH pa3pyLIeHHOro oOpasiia
CXOXH, YTO CBUJETEILCTBYET O HACIEIOBaHUM XU-
MHYECKOTO M (pa30BOTO COCTABOB HAIUIABICHHOTO
MarepHalia OT TOPOIIKOBOTO Marepuasa, 9To OTMe-
gaoch B padore [8].

CTpyKTypa HCIOJIb3yeMOro MOPOIIKOBOTO Ma-
Tepuana Obula HCCleloBaHA IyTeM IOATOTOBKU
TOPIEBOTO CEUEHUS TPaHyJ MMOPOIIKOBOTO MaTepH-
aia, 3aJUTHIX MOKCUIHOW cMooit (puc. 5). B uc-
CIIeyeMBIX TPpaHyJaxX BBIABICHO HAIW4HE TOp (OT-
MeUYEeHBI KPaCHBIM Ha PUC. 5), YTO OMUCAHO B JIUTe-
parype Kak pacnpOCTpaHEHHOE SIBIICHHE, BBI3BaH-
HOE METOJIOM CHHTE3a ITOPOIIKOBOTO MaTrepuaia.
JlaHHBIE TIOPBI MOTYT MPUBOAHUTH K OOPA30BAHHIO
mop B o0beMe HAIUIaBICHHOTO BaJlKa MPH YCIO-
BHHU HEJJOCTATOYHOTO TETIOBOTO BKJIaJa B IIPOIIECC
HaIUIaBKH (KOTJIa MOJTHOE PaCIIaBICHUE IpaHyI 3a-
TPYIHEHO, HAOMIONASTCS YaCTUYHOE OIUIABICHHUE)
00 HU3KOM CKOPOCTH IEepeMElIuBaHUs OILIaB-
JIEHHOTO MaTepuaja B BaHHE pacIljiaBa, OISTH JKe
BBUJY HEIOCTAaTOYHOrO 00beMa JIMOO MPUIIOKEH-
HOH 3HEPruu.

Puc. 5. LLUnnd noBepxHOCTM rpaHyn
HanaaBAsgeMoro NOPOLLKOBOro Matepuana
Figure 5. The cut of the surface of the granules
of the deposited powder material

B pesynbsrare cpaBHeHuss KP-cniekTpos ceue-
HUS HAaIUTaBJICHHOM JOPOXKKH Ha MOBEPXHOCTH 0e3
MpeIBAPUTEIBLHON MOATOTOBKH BBISBICHO 3HAYH-
TeJIbHOE CHI)KEHNE HHTEHCUBHOCTH IMUKOB KOMOU-
HAllMOHHOT'O PaCCEesHUS XaPAKTEPHBIX IS OKCH]I-
HBIX U HUTPUAHBIX BKIIoueHUH. [IpoBenennoe uc-
CJIENOBAHHME HOCHIIO Ka4Y€CTBEHHBIN XapaKTep, Mo-
Ka3aBILUI, YTO UCIIOIb30BAHUE NIPEABAPUTEIBHON
MOJATOTOBKOW TOBEPXHOCTH (YCTpaHEHHE IOBEp-
XHOCTHOTO CJIOSl OKHCIIOB), MO3BOJIMJIO CHM3HTh
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HaJU4ie HEMETAJUIMUCCKUX BKJIIOUYCHUN B BaHHE
pacruiaBa, MOBBICHTH 3(P(PEKTHBHOCTh B3AHMMHOTO
MepeMEIINBAHUS MaTepraia TOIUIOKKH M TOPOIII-
KOBOTO Marepuaja. HemeTammudeckue BKIIOYE-
Hus1, perucrpupyemble Ha KP-cmekrpax, anano-
TUYHBI BKJIIOYCHUSM, 3aPETHCTPUPOBAHHBIM C I10-
BEPXHOCTH T'PaHyJl UCIOIB3YyEMOTO MOPOIIKOBOTO
MaTepuana.

Jlns ycTpaHeHusl TIOp U Ta30BbIX KAPMAHOB B
CTPYKTYypE TPaHyll MOPOIIKOBOTO MaTepuaia (CM.
puc. 4) HeoOXOAMMO TOBBICUTH JYHEPTOEMKOCTH
mporiecca, YToObl CHH3HUTh MOBEPXHOCTHOE HATSI-
JKCHUE KOMIIOHEHTOB BaHHBI PACIIaBa, MOBBICUTh
OOIIYI0 JIUKBUIHOCTb, YTO TO3BOJUT 3P HEKTHBHO
YCTPaHUTh Ta30BbIC MTy3bIPHKY U3 PACIIABICHHBIX
IpaHyJI MOPOIIKOBOTO Marepuana B Mpoiecce KoH-
BEKTUBHBIX IBIKCHUN B BaHHE paciuiaBa [9].
DHEProeMKoCTh IMpoIecca YBEIUYUIACh 33 CUET
MOBBIIICHUS] MOIHOCTH JIa3ePHOTO H3JTyUCHUS,
CHIDKCHUS TOTEPh TEIia BO BHEUIHIOK Cpely U3
00JIACTH HAIUIaBKU WU CO3[aHUs TEIUIOBOTO ra3o-
BOTO JKpaHa IMyTeM HKCIOJb30BaHUS Pa3pabOTaH-
HO¥M KOHCTPYKITHH COIIJIOBOW Hacaaku (puc. 6).

Puc. 6. ConnoBas Hacazka: 7 — na3epHoe U3ny4yeHue;
2— 3aWmTHbIN ras (Ar); 3— rasoBas /IMH3a,;
4 — connosag Hacajka; 5 — NopOLLKOBLIN MaTepuan
Figure 6. Nozzle nozzle: 7 — laser radiation;
2— protective gas (Ar); 3— gas lens;
4 — nozzle nozzle; 5— powder material

[Ipu ncnonp30BaHUY COTUIOBOM HACAIKH B 00-
JIACTH BO3IEHCTBHS JIa3epHOTO H3IYyUYEeHHUS OTpa-
KEHHOE M3ITyYeHHE Pa30rpeBaeT CTCHKH HACAIKH,
a TP MPOXOXKJIEHUHU Ta30BOTO IMOTOKA, COAEpIKa-
[Ier0 TpaHyJdbl MOPOIIKOBOTO MaTepuaia, depes
00NacTh, OrpaHUYEHHYIO €€ CTCHKaMU, TpeOyeTrcs
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MEHbIIIE DHEPrud JJsl WX OIulaBieHus. [a3zoBas
JIUH3a, B COCTaB KOTOPOH BXOIUT METaJUIMYeCKas
ceTka ¢ pazmepom sueiiku 40 MKM, obecrieauBaeT
HalpaBJICHHBIH MOTOK 3alIMTHOTO Ta3a, B 00beMe
KOTOPOTO PacHpOCTpaHSETCs] MOPOLIKOBBIA MaTe-
pHa, OTUTaBIISIeMbIH JTa3€PHBIM U3ITyUeHUEM, U JIO-
KHUTCS Ha MOBEPXHOCTh oOpasia. HampasneHnas
ra3oBas cTpysl MIPUBOIOUT K Oonee 3dpdekTuBHOMY
JIBUKEHUIO BaHHBI paciuiasa [19; 20].
COBOKYITHOCTB 3THX JACHCTBUH MO3BOIISET (-
(EKTHBHO ylajsTh HEMETAIUINYECKHE BKITIOYCHUS
Y TIOPBI, B TOM YHCIIE CO/IepKallnuecsi BHYTPH rpa-
HyJ TTOPOIIKOBOTO MaTepuaja W3 o0beMa BaHHBI
paciiiaBa Ha TOBEPXHOCTH HAIJIABISEMOTO BaJIHKa.

3aknioyeHve

CoOBOKYITHOCTH IIPUBEJICHHBIX B Pa0OTE CIOCO-
00B 1o3BOJIsIET A(H(DEKTUBHO YIAIATh HEMETAJUTH-
YECKHEe BKIFOUCHUS U TIOPHI, B TOM YHCIIE COACpIKa-
IIyecss BHYTPH TPaHyJ MOPOIIKOBOTO MaTepuaia
13 o0beMa BaHHBI pacIuiaBa Ha MMOBEPXHOCThH HaIl-
JIaBJIICMOT'O BaJIMKa, IIyTEM IMOBBIIICHUSA IIOTOHHOM
MOIITHOCTH JIa3epHOTO u3ny4eHus. C y4deToMm Ipu-
MEHEHHUs] KOMIUIEKCa Mep OBUIM TOJMy4YeHBI 00-
pasiibl 1a3epHOM MOpOIIKOBOM HaruiaBku. Konnue-
CTBO HEMETATMYCCKUX BKJIIOUCHHH B 00pasiax
OBLIO HIDKE, YeM Ha TPaHyJaX HCIOJIh3YeMOro IMo-
POIIKOBOTO MaTepraia.

ﬂﬂﬁ TMMOJIY4YCHUA HOKpBITI/Iﬁ C MHUHUMAJIbHBIM
KOJIMYECTBOM HEMETAJUTNYCCKUX BKJIFOUCHUN HE00-
XOIIMa HE TOIBKO Ka4eCTBEHHasl MOATOTOBKA IIO-
KPBITHUS, HO M O0ecrieueHre OOoJbIlei IUTEIbHO-
CTH CyIIECTBOBAaHUS BaHHBI PacIUiaBa, YTO OBLIO
cieraHo B paboTe IMyTeM IMOBBIIICHUS MOIIHOCTH
JIA3epHOTO M3IYyYEHHUs, a TaKKe HCIOJIH30BAHUSI
CIIEMAJIbHON COIIOBOM HACaJKH.
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Abstract. The requirements for the quality and accuracy of manufactured
products are constantly increasing. Reliability, durability, and accuracy of
machine operation largely depend on the quality of surface treatment. Study
on the cutting process, in particular milling, makes it possible to find out the
operating conditions of the cutting tool, determine the acting cutting forces,
torques, vibrations and temperatures on it. Along with studying the influence
of various parameters on the milling process, it is necessary to pay special
attention to establishing the nature and degree of influence of the cutting
condition (cutting speed, depth of cut and feed rate). In this paper milling
operation of Al6061-T6 was performed in a dry condition. The effects of
cutting parameters on cutting forces and moments in different directions and
around various axes were studied. By applying Taguchi technique and
performing experiments, it was shown that cutting force was significantly
affected by feed rate followed by rotational speed and cutting depth. Cutting
moment is mainly influenced by feed rate, cutting depth, and rotational speed.
Moreover, feed rate is the most effective factor on minimizing cutting forces
and moments. Finally, the optimum cutting parameters was revealed to get a
minimum cutting forces and moments.
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KiroueBble cI0Ba:

aJTFOMHUHUEBBII CIUIaB, Qpe3epoBaHue,
pexuM 006padoTku, metox Taryuw,
CHJIa pe3aHusl, BUOpaLus

3asiBiieHHe 0 KOH(JIUKTE HHTEPECOB

ABTOpEI 3asIBISIOT 00 OTCYTCTBUH
KOH(IMKTa UHTEPECOB.

I[J'Ifl HUMTHPOBaHUA

AnHoranusi. TpeOoBaHMS K Ka4e€CTBY M TOYHOCTH BBIITyCKaeMOW MPOIYK-
LMY [OCTOSHHO NoBbImaroTcs. OT KayecTBa 00pabOTKM MOBEPXHOCTEH BO
MHOTOM 3aBHCSIT HaJIeKHOCTb, JOJITOBEYHOCTb U TOYHOCTh PAOOTHI MAIIHH.
HW3yuenue npouecca pe3aHus, B 4aCTHOCTH (ppe3epoBaHus, II03BOJISET BbIAC-
HHUTB PEKUMBI pPAOOTHI PEXKYIETO HHCTPYMEHTA, ONIPEACIIUTh JEHCTBYIOIINE
Ha HEro CUJIBI pe3aHMsl, MOMEHTBL, BUOpanuu U TeMneparypsl. Hapsny ¢ usy-
YeHHEeM BIMSHHMS Pa3IMYHbIX TapaMeTpoB Ha Ipomuece Gppe3epoBaHus HEOO-
XOIUMO 0co00€ BHMMAaHHE yJEIUTh YCTAHOBJICHHUIO XapaKTepa U CTEHEHH
BIIMSTHUS PEXUMa pe3aHusi (CKOPOCTH pe3aHusl, IIyOWHBI Pe3aHusl K CKOPO-
cTu nogaun). Bemmonnena ¢peseposka 3arotosku u3 Al6061-T6 B cyxom co-
CTOSIHUH. VccenoBaHo BIMSIHUE TApaMeTPOB PE3aHusl Ha CHIIBI © MOMEHTBI
pEe3aHus B pa3IMYHBIX HAMPABICHUAX U BOKPYT pa3In4HbIX ocell. [Ipumensisa
Meron Tary4u u mpoBOJSL SKCIIEPUMEHTHI, OBUTO TIOKa3aHO, YTO Ha CHITY pe-
3aHMSA CYLLIECTBEHHO BIMSET N10Ja4a, CKOPOCTh PE3aHUs U ITyOUHA pe3aHus.
Ha MOMeHT pe3aHusi B OCHOBHOM BIHSIIOT 10Ja4a, TITyOHHA pe3aHus U CKO-
pocth pesanusi. Kpome Toro, mopada siBisercsa Hambosee 3(QQPEeKTHBHBIM
(haxTOpOM It MUHUMH3ALUH CHJI © MOMEHTOB pe3anus. HakoHer, Obun BBI-
SBJICHBI ONITUMAJIBHBIC NapaMETPbl PE3aHUs JUIA MMOJTYYCHUST MUHHUMAJIbHBIX
CHJI 1 MOMEHTOB Pe3aHHsI.
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Introduction

effects of cutting parameters on the cutting force in
high-speed milling of Al6061 aluminum alloy [3].

One of the most important criteria in the
machining of aluminum and its alloys is the cutting
force, which determines the energy costs and
consumed power. This may lead to deflection-based
surface errors and regenerative chatter, negatively
affecting the quality and productivity [1]. Moreover,
different parameters such as vibrations, cutting tool
geometry and properties, workpiece materials and
properties, cutting parameters and cutting conditions
influence the cutting force and surface roughness [2].
Hence, achieving high-quality performance and
improved production costs in milling operation is
possible by controlling and optimising cutting
parameters and defining the rate of their impact on
the cutting force. Pham et al. have used Taguchi
technique and ANOVA analysis to investigate the

280

Elssawi et al. have optimised cutting parameters to
reach the minimum cutting forces and the best level
of the surface toughness in milling of Al6061 using
Taguchi method [4]. Some scholars have stated that
increasing the cutting speed decreases the shear
stress in the primary shear zone and in the flow zone
at the secondary shear region which is related to the
cutting temperature [5; 6]. Furthermore, the machining
forces are reduced regardless of the strength of the
aluminum alloy [7; 8]. As it is related to the high-
speed cutting, the machining forces increase with an
excessive increase in the deformation rates [9-11].
Moreover, an increase in the depth of cut and/or feed
rate leads to an increase in the primary and secondary
areas of shear planes, which prevents material
shearing and increases the machining forces [7; 8;
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12]. Campatelli and Scippa proposed anew model to
predict the milling cutting force by studying the
effects of cutting speed and feed per tooth on the
cutting coefficients of the aluminum aloy 6082-T4
[13]. Zatarain et a. employed Continuous Spindle
Speed Variation (CSSV) technique to model milling
processes, optimize parameters of the speed
variation, reduce the vibration level in milling, and
improve the surface quality [14]. Tsa et al.
investigated the influence of the tool diameter and
the feed per tooth on the milling cutting force and
cutting coefficients of aluminum 6060-T6 [15].
Stepan et al. predicted cutting force coefficients in
milling as a nonlinear function of cutting speeds,
chip loads, and material imperfections [16]. Irene et
a. have experimentaly studied the effects of the
cutting speed, feed rate, and cutting depth on the
cutting forces and on the surface quality of the
aluminum alloys as a machined part [17].

As can be seen from the literature review, an
accurate and effective cutting force and its model are
needed to monitor, plan, and control the milling
operations of aluminum aloys. Therefore, it is
necessary to conduct an in-depth study on the
influence of cutting parameters on the cutting forces
and moments during the milling of AlI6061-T6,
which is one of the most widely used 6xxx series
auminum aloys. To this end, experiments were
planned utilising Design of Experiment technique,
using the signal-to-noise ratio as the result of
Taguchi sensitivity analysis, and the influence of
each parameter on the cutting forces and moments
was statically determined.

1. Experimental works

1. 1. Material and specimen

The studied material was 6xxx series aluminum
aloy sheets with dimensions of 150 mm x90 mm
x10 mm, prepared by a casting process. A quanto-
metric test was performed to extract the percentage
of constituent elements of the raw material Al 6061
(Table 1). Next, the conventional T6 heat treatment
of Al 6061 alloy [18] was used for the preparation of
the specimens, as shown in Figure 1.

1.2. Milling operation

In this study, the specimen (150 mm x90 mm
x10 mm) was connected to a dynamometer using
two M8 screws to measure the cutting forces and
moments during machining. To start the milling pro-

Table 1
Chemical composition
of 6xxx series aluminum alloy, wt%

Al 97.7
Si 0.57
Fe 0.36
Cu 0.21
Mn 0.02
Mg 0.98
Ni 0

Ti 0

Cr 0.16

Quenching stage

Solid solution stage
'}

Artificial ageing stage

600+

53(°C Zhr

500 4

400 4

300 +

Temperature (°C)

200 175°C Shr

100

25°C (Room temg.!

Time

Figure 1. The conventional T6 heat treatment
of Al 6061 alloy [18]

Table 2
Machining parameters and their levels
Cutting Parameter Level 1 Level 2 Level 3
Cutting depth, mm 1 1.5 2
Rotational speed, rpom 1000 1500 2000
Feed rate, m/min 200 300 400

cess, rotational speed, feed rate, cutting depth are set
at 1000 rpm, 200 m/min and 1 mm, respectively.
Moreover, the start point of millingisx=0, y= 22,
z=-1 and the end point is related to x=35.
Therefore, the path of the tool movement was in the
x direction. The size and location of the cutting area
are shown in Figure 2. In addition, lubrication was
not used in the milling process. In this study, a
KISTLER dynamometer made in Switzerland (type
9257B) was used to measure the time history of the
cutting forces in different directions (Fy, Fy, and F»).
The sensors and measurements were calibrated so
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that the uncertainty in loading was 0.053, 0.05, and
0.056 for the x-, y-, and z-directions, respectively. All
steps of advice calibration were performed at an
ambient temperature of 24°C and a relative humidity
of 36 %. In addition, a new specific cutting tool
(KORLOY Inc., Korea) was used for each milling
process (Figure 3, @) to avoid tool wear effects on the
experimental results. Moreover, the tool holder was
the cylinder with non-uniform cross-section. The
cross-sectional diameter of the end of the tool holder
tied to the machine is 16 mm, and the other side of
the tool holder to which the tool tied is about 13.3,
and the height of the cylinder is 120 mm
(Figure 3, b). Finally, it should be noted that 2/3 of
the height of the tool holder is closed inside the
machine and 1/3 is free.

Top wiew
P
| MB)
N
35 mim
E s
o ._Cul'tlng area
—i
& Py
¥ £ \M8;
" ) rdy
- : -
i
X=0; y=0; z=0
a

1.3. Design of Experiments by Taguchi method

To study the effect of the process parameters on
the cutting forces, the milling process and force
measurement for different proposed modes were
performed using Taguchi Approach (TA) [19-23].
To this end, the cutting depth (ap), the feed rate per
tooth (f2), and the rotational speed (V.) were
considered as variables (Table 2). In this regard, the
settings of the milling process parameters were
considered in accordance with Table 3. The distance
between the two cutting areas was 6 mm and the
cuttings were performed in two rows. In other
words, to cut the second row, it is necessary for the
tool to move in the X-direction by a negative value
of 35 mm (Figure 4).

a b

Figure 3. a — Special cutting tools,
b —tool holder as equipment used in this experiment

i

rae Sy ‘

b

Figure 2. Size and location of the cutting area:
a —in the schematic form; b — in real terms

282

b

Figure 4. a —a general schematic of all tests;
b —inreal terms
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Table 3
Variables and their levels used as input data in the TA
Experiment No. 1 2 3 4 5 6 7 8 9
Cutting depth, mm 1 1 1 1.5 1.5 1.5 2 2 2
Rotational speed, rpom 1000 1500 2000 1000 1500 2000 1000 1500 2000
Feed rate, m/min 200 300 400 300 400 200 400 200 300

2. Results and discussion

To record the output data, including the forces
and moments in different directions, the sampling
rate and recording time in the dynamometer software
were set at 200 Hz and 10 seconds, respectively. The
results of the first test mode of F. are shown in
Figure 5. Statistical information, including values of
maximum, minimum, mean, and standard deviation,
were calculated from the recorded data and are
reported as force and moment factors in Tables 4 and
5, respectively. It is clear from Table 4 that the
maximum and minimum values of the force history
in the X- and Y-directions are approximately the
same for all tests, and only F. changed dramatically
in the various tests. Therefore, in the next steps, the
focus will be on the Z-force component. Similarly,
based on the data in Table 5, the moment around the
X- and Y-axes will be considered in future studies.
Moreover, increasing the cutting speed resulted in a
decrease in the cutting force and moment this pheno-

menon can be explained by the fact that as the
cutting speed increases, the workpiece material (in
our case, Al6061-T6) is affected by thermal softening
owing to the increased temperature and reduced flow
stress in the primary shear zone. Based on the results
obtained from the experiments, in Taguchi sensitivity
analysis, three variables, force in the z-direction and
moments around the x- and y-axes, are considered as
the output. It is also assumed that the best-case
scenario reduces the number of output variables.
Because of the reduction in cutting forces, less
energy consumption is required. The main effect
plots for the signal-to-noise ratios were used to study
the cutting force (F.) and moments (M, M,) with
respect to the process parameters (Figure 6). The
minimum value of the cutting force in the z-direction
(F) corresponded to the cutting parameters at levels
A>B1Cs. This is 41B,Cs for M, and A41B3C; for M.
Where A represents the cutting depth, B is the
rotational speed, and C is the feed speed.

Table 4
Statistical information of force recorded data in different test modes
Force in the different directions, N
'I;‘e:t X-direction Y-direction Z-direction
Min Max Mean Stdev Min Max Mean Stdev Min Max Mean Stdev
1 -100 100 16.37 50.43 -100 100 22.74 56.27 -90.54 119.09 25.46 35.62
2 -100 100 14.09 42.94 -100 100 16.10 48.79 -72.41 94.30 11.42 23.37
3 -100 100 11.06 39.35 -100 100 11.18 42.74 -49.80 128.70 12.78 29.99
4 -100 100 15.09 46.39 -100 100 16.79 45.86 -162.3 154.76 3.48 40.60
5 -100 100 11.95 39.57 -94.41 100 12.51 37.38 -128.6 97.97 5.44 26.37
6 -100 95.52 -21.31 48.03 -100 100 -18.41 52.86 -59.86 66.64 21.49 18.27
7 -100 100 -9.6 40.73 -100 100 -11.30 44.40 -170.5 150.64 2.99 30.97
8 -100 100 -24.78 53.53 -100 100 -24.75 60.40 -66.86 74.93 13.59 20.80
9 -100 97.86 -17.74 45.37 -100 100 -16.69 51.33 -59.23 92.38 17.57 19.78
Table 5
Statistical information of moment recorded data in different test modes
Moment around different axes, N.m
-Le;t X-axis Y-axis Z-axis

Min Max Mean Stdev Min Max Mean Stdev Min Max Mean Stdev

1 -3.87 24.00 3.88 7.12 -11.30 6.57 -1.54 4.20 -7.74 2.28 -1.5 2.39
2 -5.27 19.43 1.84 5.36 -12.04 5.72 -1.19 3.60 -7.73 2.89 -0.54 1.74
3 -6.68 17.67 1.39 4.21 -12.21 6.59 -0.72 3.05 -7.73 4.09 -0.26 1.45
4 -12.78 24.71 2.57 6.64 -16.10 9.85 -1.62 5.42 -7.75 5.42 -0.19 2.16
5 -10.39 21.20 1.51 4.99 -15.81 8.71 -1.37 4.46 -7.74 6.30 0.01 2.01
6 -17.80 5.13 -2.89 5.58 -4.80 12.33 2.01 4.00 -7.73 3.11 -1.23 2.02
7 -30.00 10.13 -2.13 7.08 -9.83 16.28 1.55 5.15 -7.74 4.29 -0.44 1.80
8 -22.15 7.57 -3.90 7.7 -6.84 15.18 2.77 5.72 -7.77 4.54 -0.77 2.26
9 -20.92 9.16 -2.72 5.83 -6.76 14.64 1.97 4.90 -7.74 6.26 -0.24 2.18
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Figure 5. The measurements for the first test mode of cutting force in the Z-direction
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Figure 6. Means of SN ratios of different outputs under the impact of milling process parameters, including:

a —mean of cutting force in the z-direction, &6 —mean of cutting moment around the x-axis;
¢ — mean of cutting moment around the y-axis
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A higher feed rate reducesthe standard deviation
of the thickness errors, leading to a more homo-
geneous thickness distribution owing to the dynamic
behaviour (creating lower vibration amplitudes) of
the milling process [17]. Furthermore, the results of
Taguchi approach show that the effective parameters
for the cutting force (F,) are the feed rate (41.17 %),
rotational speed (33.29%), and cutting depth
(25.44 %). In addition, for the My analysis, they are
the feed rate (60.39 %), cutting depth (21.78 %), and
rotational speed (17.83 %). It can be concluded that
the feed rate is the most effective factor for the
cutting force in the z-direction and cutting moment
around the x-axis. However, the cutting depth had the
greatest effect on the cutting moment around the
y-axis (45.96 %). Nonetheless, in this analysis, the
impact value of the feed rate is equal to 42.66 %,
which is not significantly different from the impact
value of the cutting depth (owing to the possibility of
error in the calculations for the reasons described
above, this difference is negligible). Hence, the feed
rate is the most effective factor for minimising the
cutting forces and moments compared to other
milling process parameters. The results of Taguchi
approach are presented in Figure 7.

Cutting depth B Rolational speed DOFeed rate

80

60 —

40
20 |:|:|
0
Fz Mx

Figure 7. The Results of Taguchi approach
for studying the effect of milling process parameters
on the cutting forces and moments

My

Conclusion

In this study, the influence of machining para-
meters on the cutting forces and moments in the
milling of aluminum aloy AI6061T6 was investi-
gated. Taguchi method was used to design the
experiment and establish the relationship between
cutting parameters and cutting forces and moments.
The results of the experiments showed that the
maximum and minimum values of Fy, Fy, and M, did

not change, and only the F,, M,, and My have changed
dramatically in the various tests. It is concluded that
the effective parameters of the cutting force (F,) are
the feed rate (41.17 %), rotational speed (33.29 %),
and cutting depth (25.44 %). In addition, for the My
analysis, they are feed rate (60.39 %), cutting depth
(21.78 %), and rotational speed (17.83%). The
cutting moment along the y-axis was mainly affected
by the cutting depth (45.96 %). The most dominant
factor affecting the cutting force and moment is the
feed rate. It is also found that the minimum value of
the cutting force in z-direction (F;) corresponded to
the cutting parameters at levels AoB1Cs. This is
A1B,C3 for My and A1BsCs for My. Asrevedled in this
study, the machining parameters can be controlled to
minimise the cutting force in milling Al6061-T6.
This can help to choose the appropriate cutting
parameters, and more importantly, by optimising
them, it would be possible to design desired cutting
tools and estimate the required power.
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