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Justification. Currently, metalworking machines are used in various industries. The operation of these
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The purpose of this work is to comprehensively analyze the functionality of the Axiom Control CNC
visualization module in order to identify its strengths and weaknesses compared to similar systems on
the market. In the course of the research, a detailed review of existing technologies and visualization
methods used in numerical control systems will be conducted, which will allow for a deeper
understanding of current trends and needs in this area. Materials and methods. To achieve this goal,
the following task has been set, aimed at expanding the functionality of the cutting tool rendering
module in the Axiom Control CNC system, namely, the analysis of existing visualization tools for the
trajectory of cutting tools in CNC systems.
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Development of a Structural Model for
Constructing a Cutting Tool Trajectory Analysis
Module in the Axiom Control CNC System

PazpaboTka CTpykTypHOM Mogenu lNocTpoeHna Moayna AHanm3a
TpaekTopun Pexyero MHcTpyMeHTa B Cucteme Hny «akcrmoma KoHTpo1»

Gusev Sergey Sergeevich

ABSTRACT

Justification. Currently, metalworking machines
are used in various industries. The operation of
these machines, designed for numerical control
(CNC), is impossible without the use of
appropriate systems that allow for the
operational configuration of the system to solve
various technological problems by controlling
the machine's drives.

The purpose of this work is to comprehensively
analyze the functionality of the Axiom Control
CNC visualization module in order to identify its
strengths and weaknesses compared to similar
systems on the market. In the course of the
research, a detailed review of existing
technologies and visualization methods used in
numerical control systems will be conducted,
which will allow for a deeper understanding of
current trends and needs in this area. Materials
and methods. To achieve this goal, the following
task has been set, aimed at expanding the
functionality of the cutting tool rendering
module in the Axiom Control CNC system,
namely, the analysis of existing visualization
tools for the trajectory of cutting tools in CNC
systems.

AHHOTALMA
ObocHosaHnue. B  nacmoswee 8pems 8
PA3AUYHBIX ~ OMpPAcasx  NPOMbIULAEHHOCU
ucnoAb3YymMes cmaMxu 0

Memannoobpabomku. Paboma amux cmauxos,
PACCHUMAHHBIX HA YUCA080€ NPOSPAMMHOE
ynpaeneue (411y) HeB803MOMCHA 6e3

(© 2025 Great Britain Journals Press

UCNO0/Nb30BAHUA COOMBEMCMEYWUX CcuUcmeM,
Komopule noseoasniom ocyujecmennamsy
onepamugHoe KoH@PU2YpUPOBaHiLe cucmembvl 011
PpeweHUus pasAuuHbIX MexHOA02UUecKUX 3aday
nymem ynpasaeHus npueooamu CMmaHa.

Ileav  OdaHHOll pabomwbl  3axkawuaemcs 8
KOMNAEKCHOM aHaauze  PYHKUUOHANLHBIX
803MoxcHOCMell Mo0YyA susyaausayuu

cucmemst YIIY «AxcuOMA Konmpoa» c ueavto
8bl6/1€HUA €20 CUAbHBIX U CAa0blX CIMOPOH NO
CPABHEHUI0 C AHAN02UYHbIMU CUCTEeMaMU Ha
pviike. B npouecce uccaedosaHus 6ydem
npogedeH OemanbHblll 0630p CYUECMBYUUX
mexHono2ull U Memodos  8u3Yyanu3ayul,
UCnoAb3yeMblX 8  cucmemax — 4uca08020
npo2pammHO20 YnpasaeHus, 4Ymo no3e0AUM
2ayboce nNoHAMb Mekywue meHdeHUUU U
nompebHocmu 8 daHHoll obaacmu.

Mamepuanwst u memo0st. /[as docmudceHus ueau

nocmaseneHa caedyrowasn 3adaua,
Hanpas/neHHas Ha pacwupeHrue
PYHKUUOHANLHBIX ~ 803MONCHOCMEU — MOOYAs
OMpuUCOBKU  pexcyuiez0o  UHCMpymeHma 8
cucmeme YIIY «AxcuOMA Koumpon», a
UMeHHO, aHaau3 cywecmsywwux cpedcms
gusyanuzayuu mpaexmopuu pexcywez2o

uHcmpymenma 8 cucmemax 4I1Y.

Keywords: manufacturing, industry, metalwor-
king, technological tasks, visualization of the
axiom control CNC system.

Karoyesble CAOB8Q; TIPOU3BOJCTBO, IMPOMBIIILIE-
HHOCTh, METAJIO00PabOTKA, TEXHOJOTHYECKUE
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TeXHOJIOTUYEeCKHe 3a7jauu, BU3yaIN3aIUN
cucreMbl UITY «AxkcuOMA KoHTpos».

Author: PJSC «Rostelecom», candidate for a degree,
Energy Engineer.

CeedeHuss 06 asmopax. IIAO «Pocrenexom»,
COMCKATETh, WHKEHEeP-2HEePreTHK oTesna
SHEPIreTHKOB,
l. BBEOEHWE

B coBpeMeHHOM TPOMBIIIJIEHHOM TPOU3BO/ICTBE
CTaHKU JUIA MeTauI000pabOTKU  3aHHUMAIOT
LIEHTpaJIbHOE MECTO B TIIpoIecce CO3/IaHUfA
BBICOKOKAQUECTBEHHOU TmpoayKnuu. OcobeHHO
BBIZleIAIOTCA  crtanku ¢ YIIY, xortopsle
XapaKkTepUu3yloTcs BBICOKOM TOYHOCTHIO,
3G HEKTUBHOCTHIO u Hae’KHOCThI0.  OTU

Inpeumynmiecrsa AejaloT HUX He3aMEHHMBIMU B

TaKUX KPUTHUYECKW BaXKHBIX OTPAC/IAX, KaK
a3pOKOCMUYECKAS ITPOMBIIIIJIEHHOCTb,
ITPOU3BO/ICTBO MEIUITUHCKUX 1119)7(010] 00): 8

aBTOMOOWJIECTPOEHHE, a TaKXe B BOEHHOU U
000POHHOU TEXHUKE.

dddexTuBHAsA HSKCIUIyaTalusa CTaHKOB ¢ YIIY
HEBO3MOKHA 0€e3 MHTErpaIuyl CJIO0XKHBIX CHCTEM
yIIpaBJIeHU, KOTOPBIE obecrieynBaoT
omepaTUBHOE KOHOUTYpUPOBaHUE JUTS
BBITIOJTHEHUS] Pa3HOOOPA3HBIX TEXHOJIOTUUECKUX
33/1ay. JTU CHUCTEMBI YIPaABJIEHUSA UIPAIOT
KJIIOUEBYI0 POJIb B IIPOIlECCE AaBTOMATHU3AIUH,
MO3BOJISISI TOYHO  KOHTPOJIUPOBATh  paboTy
MPUBOJIOB CTAaHKA U 00ecreunBas BBICOKYIO
CTEeNeHb COTJIACOBAHHOCTU MEXJy Pa3JTUYHBIMHU
KOMIIOHEHTaMU ITPOU3BO/ICTBEHHOTO IIPOIlecca.

B cymectBylomeil Jureparype IpeziCTaBIE€HO
MHO>K€CTBO IIOJXO/I0B K YIIPpaBJIEHUIO
METAJLIOPEXKYIITUMHI CTaHKaMH, 4To
CBUJIETEJILCTBYET O PasHOOOpAa3UM MeTO/I0B U
TEXHOJIOTHH, MUCIOJIb3YEMBIX B JAHHOU OOJIACTH.
B wacTHOCTH, ONIMCAaHBI IPUHIIUIIBI IOCTPOEHUS U
pyHKIMOHATIBHBIE BO3MOXKHOCTU cucreM UIIY,
BKJIIOUAsA UX KOHCTPYKTHUBHbIE OCOOEHHOCTH U

aJITOPUTMBI  yIIpaBJAeHUA. ITU HCCIETOBAHUSA
[IOIYEPKUBAIOT  BAJKHOCTh  pa3pabOTKu U
BHe/IpeHUA WHHOBAIIMOHHBIX peleHuH,

HaIlpaBJIEHHBIX Ha OINTHMH3AIUI0O IIPOIECCOB

yIpaBJIeHUS u o01ei

IIPpOU3BOAUTE/IbBHOCTH.

IIOBBIIII€HHUA

Kpome Toro, coBpemeHHble cuctembl YUIIY Bce

qgaiie HUHTETPHUPYIOTCA C nepeaoBbIMU
TEXHOJIOTUAMMK, TaKHMH KakK HCKyCCTBeHHbIﬁ
HHTEJIJIEKT u MaIlllTMHHOE o6yquI/Ie, 4qTo

OTKPBIBAET HOBBIE TOPU3OHTHI JIJISI TIOBBIIIEHUS
addekTUBHOCTY W KadecTBa  00pabOTKU
MaTepuayioB. IJTH WHHOBAIUU IO3BOJISIOT He
TOJIBKO YJIYUIIUTh TOYHOCTh OOpabOTKH, HO U
CHUBWTHb 3aTpaThl HAa IPOU3BOJCTBO, YTO
SIBJIIETCSI  BaXKHBIM ~ (DAKTOPOM B  YCJIOBHSAX
JKeCTKON KOHKYPEHIIH Ha PhIHKE.

Takum  obpa3om, JajibHellllee  pa3BUTHE
TEXHOJIOTHH ympapyeHus craHkamu ¢ YIIY u ux
WHTerpanus c COBPEMEHHBIMHU

WHOOPMAIIMOHHBIMU CHUCTEMAMU IIPEJICTABJIAIOT
coboll BakKHbIe HANPABJIEHUS /IS IOBBIIIEHUS
KOHKYPEHTOCITIOCOOHOCTH U 3G PEKTUBHOCTU
MIPOU3BO/ICTBEHHBIX IIPOLIECCOB B Pa3JIUYHBIX
oTpacysx [1].

B gmanHOli paboTe MBI COCPENOTOYMMCSA Ha
(pyHKIIMOHATBHBIX BO3MOKHOCTSIX MOJTYJIS
Busyanuzanuu cuctembl UIIY  «AxkcuOMA
KoHTposi», TpOBOJIsI CpaBHUTEJIBHBIN aHAIU3 C
JIDYTUMU U3BECTHBIMHU CHCTEMaMH aHAJIOTHUYHOTO
THIIA. OcHoBHasA 1eJib HCCJIeTOBAHUS
3aK/II0UaeTcs B pacimpeHu (hyHKIIMOHATIbHBIX
BO3MOJKHOCTEH  MOAYJIs, OTBEUYAIONIEro  3a
OTPUCOBKY TPAEKTOPUH PEXKYIIETO WHCTPYMEHTA
B cucreme UYIIY «AxkcuOMA Kontpon». B

YaCTHOCTH, MbI 6y,ueM AHAJIN3UPOBATH
CyLIECTBYIOIIIHE cpeacrsa BU3ya/In3alluN1
TpaeKTOpHUHU pexynuiero HWHCTPYMEHTA,

HUCIOJIb3yeMble B pasJuuHbIx cucrtemax YIIY,
YTOOBI BBISIBUTH UX CHJIbHBIE U CJTA0bIE CTOPOHBI.

Hayuynas HOBM3HA JTaHHOU PabOTHI 3aKIIOUAETCS
B pa3paboTke METOAWKHN aHaIN3a TPAEKTOPUU
PEeXYIIero HHCTPYMEHTa, KOTOpas OTJINYaeTcs
VHUKQJIBHOM  peaju3alied  aJrOpUTMOB W
MPE/ICTAaBJIECHUEM JAHHBIX. JTO TIO3BOJIUT HE
TOJIBKO TOBBICUTHh TOYHOCTb BU3YJIN3AI[UH, HO U
VJIyYIIUTh B3aNMOJENCTBHE IIOJIb30BaTENs C
CUCTEMOH, cZieJlaB IIpollecc yIIpaByieHHsA OoJiee
VHTYUTUBHBIM U 3¢ @eKTuBHBIM. MBI yBepeHHI,
YTO  NpEIJIOKEHHbIE  YCOBEPIIEHCTBOBAHUSA
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OTKPOIOT HOBBIE TOPU3O0HTBHI /i1 NPUMEHEHUS
cucreMbl «AkcMOMA KoHTposi» B pasJMyHBIX
OTpaCyIAX, CIIOCOOCTBYS MOBBIIIEHUIO KauyecTBAa U
535G EKTUBHOCTH TPOU3BO/ICTBEHHBIX ITPOIECCOB.

Il TNMOCTAHOBKA 3ALAHYN
Ilesrp  pgaHHOW  paboOTBHI  3aKJIOYaeTCA B
KOMILIEKCHOM aHau3e QYHKITMOHAITBHBIX

BO3MOJKHOCTEH MOJTYJISI BU3YaTU3AI[UN CHCTEMBI
UITY «AkcuOMA KoHTpOJI» C 11€/1bI0 BhISIBJIEHUS
€ro CHWJIbHBIX M CJIa0BIX CTOPOH II0 CPAaBHEHUIO C
QHAJIOTUYHBIMM CHCTEMaMU Ha pbIHKe. B
IpoIlecce  WCCJIEJIOBaHUsA  Oy/leT  TpOBeleH
JIeTaJIbHBIH 0030p CYIIECTBYIOIIUX TEXHOJIOTUHA U

METOA0B BU3yajIin3alinu, HCIIOJIb3YEMBbBIX B
CUCTEMAX YUCJIOBOI'O IIpOrpaMMHOTIO
yipaBJIEHHUA, YTO IIO3BOJIUT I‘JIY6)Ke IIOHATDH

TEeKyIlue TEHJEHIIUU U IMOTPeOHOCTH B JTAaHHOU
obOJacru.

Kpome Toro, ocoboe BHUMaHUe OyAeT y/eseHO
paspaboTke MoOAyJA  aHAIN3a TPAEKTOPUU
repeMeleHus pexyl1ero WHCTPYMEHTA,
KOTOPBIM CTaHeT HEOThEMJIEMON YACThIO MOJIYJIA
BU3yasU3aluyu. OTOT HOBBIM  (YHKIIMOHAT
HallpaBJleH Ha  aBTOMAaTH3alui0 Ipolecca
aHaIM3a U yJIydllleHue TOYHOCTU BU3yau3aluu,
YTO B CBOIO OUEpeb II03BOJIUT Olleparopam OoJiee
5ddeKTUBHO KOHTPOJIMPOBATh u
ONTHMU3UPOBATH IPOU3BOJCTBEHHBIE ITPOIIECCHI.

B pesyspraTe BBINOJIHEHUS PAOOTHI IUTAHUPYETCS

He TOJIBKO pacliupuTh  (PYHKIMOHAJIbHBIE
BO3MOKHOCTH MOZYJIl BHU3yaJH3allud, HO U
NIPe/IJIOKUTD peKOMeHjalluu 10 ero

/:[a.anefImeMy Pa3BUTUIO, YTO obecreunt GoJsiee

BBICOKYIK) CTeIlleHb HHTerpanud ¢ JApyrUuMUu
KoMIoHeHTaMu cucrtembl YIIY u noBwIcuUT
OOIIyI0  MPOUW3BOJUTESILHOCTh U KaudyecTBO

obpaboTku MmaTepruanoB. Takum o6pa3om, JaHHAS
pabora OyzeT crocoOCTBOBAThH CO3MaHHIO Oosee
COBEPIIIEHHON U KOHKYPEHTOCIIOCOOHOU CHCTEMBI
UITY «AxkcuOMA KoHTpos1».

. PASPABOTKA OVAIPAMMBbI
MPELEOEHTOB MOOYITA AHATIN3A

HemocpencTBeHHO mepea HayajioM pa3paboTKu
IIOCTPOEHA JAuarpaMMa MpPeNeAeHTOB MOIYJIS
aHajM3a, IJIaBHAs 3ajiladya, KOTOPOH, COCTOUT B

onmucaHuu  (PYHKIMOHAJIBHOCTH  pa3pabarbi-
BAaE€MOTO KOMIIOHEHTA ¥ CTPYKTYPHOH CXEMBbI,
NpeHa3HaYeHNEe KOTOPOU COCTOUT B HATJISITHOM
Mpe/ICTaBJIEHUU B3aUMOJIENCTBUA YacTe MOTYJISA
aHaJIM3a B OCHOBHBIX PEKUMaxX PabOThI.

Jlnsa pa3paboTKu MOAY/A aHAIN3a TPAEKTOPHUU
PEXYIIer0 HWHCTPYMEHTA, B IIEPBYI0 OUYEpenb

Heo0X0A1MO OIpesieTUuTh OCHOBHbBIE
(yuknonasipHble  TpeboBaHUA ~ pa3pabatbl-
Baemoro npuwiaoxkeHus [2]. Ha pwme. 1
IIpe/icTaBJIeHa MOJIHASA AarpaMMa Ipere/IeHTOB.
[TpoBeneHuss  MOJb30BaTeJIeM — AHAJIN3a, B
MpUHITAIIE  HEBO3MOXKHO 0e3  IOCTYIUIEHUS

KaKUX-IM00 BXOJHBIX JAHHBIX, CJIeJ0BATEIbHO,
camMblil TIEPBBIM TIPENE/IEHT JOJIKEH OTpakaTh

obecrieueHnie  AAaHHOU  (YHKIIMOHAJIBHOCTH.
BenencrBue  sroro, chOpMHpPOBaH IIpere/IeHT
«O0bpaboTka BXOJHBIX JaHHBIX», KOTOPBIH

BKJIIOUAET B cels:

pueM ¢aiiza ¢ peaJIbHBIMH KOOPIMHATAMU;
IpreM daitna c paccuYuTaHHBIMU
KOOpJIMHATAMU;

® OCYIIECTBJIEHHE IIPEJIBADUTEIHFHON ITPOBEPKU
JTAHHBIX HAa KOPPEKTHOCTH UX BBOZA.

[Tocne moOCTYIUIEHUS BXOAHBIX JIAaHHBIX, YTOOBI
IMPOBECTH WX aHAIN3, HEOOXOAUMO OCYIIECTBUTD
Ha/i HUMU HEKOTOpble MaHUITYJIAIUH, AJI 3TOTO
HEOOXOUMO BHEAPUTHh AJTOPUTMBI PabOTHI, IO
KOTODBIM  BBITIOJIHAETCA aHaau3. Bce 3TO
COJIEP’KUT TIPEINe/IEHT «BBITIOJTHEHWE PAcUeToOB»,
B KOTOPBIA BXOJIAT:

® pacueT OTKJIOHEHUH MEXKAYy peaJlbHbIMU WU
pacCYUTaHHBIMU KOODAWHATAMU;

® BBIUHNCJIEHUE CpPeIHEKBAPATUUECKOTO
OTKJIOHEHW S,

e BHINIOJIHEHUE AJITOPUTMA K-CpeJlHMX 3a cuer
MAITMHHOTO O0yYeHHUS.

J171s1 TIOJTHOTIEHHOU paboThI ¢ MOIyJIEM aHAJIN3A Y
MOJIb30BaTessl  JIOJDKHA OBITh  BO3MOXKHOCTH
COXPAaHUTH IOJIyYeHHBbIE Pe3yJIbTaThl (IIPEIeeHT
«CoxpaHeHue pe3yJIbTaTOB» ), 8 UMEHHO:

® pACCYMTAHHBIX MOJIyJIEM OTKJIOHEHUH, JIs
ynobcrBa B popmatax TXT wiu EXCEL;
rpaduka IMoCTPOEHHOTO 110 OTKJIOHEHUSIM
rpaduka ¢ pesyabraTaMu pabOTHI aJITOPUTMA
k-cpenmuux.
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Paszymeercs1, Tak Kak pa3pabaTbIBaeMbId MOAYJIb VI B3AUMOJEUCTBUS C dJIeMeHTaMHU (IIperneaeHT
aHaIM3a ABJAETCA  BeO-TIpWIOXKEeHUEeM, OH «KOoHduUrypamnus uatepdeiica»).
JIOJKEH HMeTh MacIITabupyeMbld uHTepdetic

Ouarpamma npeueaeHTOB MoAyns aHanu3a

Kondburypaums
wHTepdeiica

- PaccyuTaHHble KoopaMHaTLI

- PeancHele KoopauHaTh!
- MNpoeepka faHHBIX

- OTknoHenuna (TXT/EXCEL)
- =1 = [pathnK OTKNOHEHW
- Tpadhwk k - cpegHnx

OBpaboTtka BXoaHbIX
JaHHbIX

CoxpaHeHue
peaynsTaToB

BbinonHexne
pac4eToB

- Pacuet oTknoHeHni
- BLIMMCNEHME CPEHEKBAAPATMHECKOND OTKNOHEHNA
- BeinonHeHwe anroputma k - cpeaHmx

Puc. 1: lmarpaMmMa mperesieHTOB MOJTyJIs aHAIN3a

V.  PA3PABOTKA CTPYKTYPHOWM CXEMb| ~ TDHBEZieHHas Ha pHC. 2, OTpakaer obiee
MNOCTPOEHWMSA Moﬂ‘yﬂ 9 AHAJT3A BSaHMO,Z[efICTBHe KOMIIOHEHTOB nu

TPAEKTOPUIN PEXXYLLIEIO

CrpyxrypHas
TpaeKTOpUU

PaccuMTaHHbBIe
KOOPOMHATE B
thopmare bt

PeankbHule
KOOPAWHATE B
thopmaTe .txt

paspabaTbiBaeMOro MOAYJIsA, OTBEYAIoIlero 3a
BBIMIOJTHEHUE aHAJN3a TPAEKTOPHU PEXKYIIETO

NHCTPYMEHTA
WHCTPYMEHTA.
cxema MO/ aHayIn3a
pexy1iero WHCTPYMEHTA,

Otyere
thopmare .Ixt

Pain B
opmare xls

padax

Puc. 2: CTpyKTypHasi cxeMa MOJIyJIsl aHAJIN3a TPAEKTOPUH PEKYIIEr0o MHCTPYMEHTA

B mpepncraBiieHHOM CTPYKTypHOM cxeMe MOJyJIsi aHaJIuM3a HauuHaeTcd C 3arpy3Kd  BXOJHBIX
aHaJlh3a TPAEeKTOPUM PEXyIlero HHCTPYMEHTa, /IaHHBIX.

[IPOJIEMOHCTPUPOBAaHA O0INAasg CBA3b  MEXAY
MoayasimMu. PaboTa IIpeACTaBJIeHHOTO MOAYJIA

BxoyiHble JaHHBIE TIPEJCTABJSIOT COOOU J1Ba
TEKCTOBBIX  JIOKYMEHTa  BBITPY)KEHHBIX U3
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cucrembl UIIY «AxcuOMA KoHTpos», KOTOpBIe
comepxKaT 3HAUYEHHUA PEAJIbHBIX U PAaCCUUTAHHBIX

koopauHat. J[lasmee aispl 3arpykamTci B
MOJyJIb MMIIOPTa, KOTOPBIH B CBOIO Ouepenb
OCYIIIECTBJISIET  IPEJABAPUTEIBHYI0  IIPOBEPKY
JAHHBIX Ha Hatmuue omwubok. ITpousBomutcs
npoBepka (aiiyloB Ha pasjiUYHbIE OIIMOKW,
pasHOe  KOJIMYECTBO CTPOK  KOOpJWHAT,
OTCYTCTBHE OCH, HEKOPPEKTHO 3arpy:KeHHbBIHA
dopmat nokymenTos. IIpu aToM, 3a Tpaduueckoe
IIpe/icTaBjIeHNe BCex 2JIEMEHTOB B
BeO-IIPUIOKEHU U OTBEYaeT MOZYJIb
oJIb30BaTesIbckoro uuTepdeiica [3].

[Tocsie 3arpy3ku U IMIPOBEPKHU KOOP/MHAT JaHHbIE
oOpabaThIBAIOTCS MOJIyJIEM pAacueToB, 33j/1ada
KOTOPOTO IIPOBOJIUTh AaHAJIW3 JIaHHBIX 4Yepes
pabory BCTPOEHHBIX pa3paboTYNKOM
ayropuTMoB. Takke B MOAYJIb PACUETOB BXOMAT
JII00BbIE  pacyeThl, CBsA3aHHbIE CO  CUETOM,
HaIIpUMep, pacuer  OTKJIIOHEHUS  MEXIY
pEUTbHBIMU M PACCUMTAHHBIMU KOOPAHWHATaAMU.
AHamM3 WO QIrOpUTMaM, KOTOpble OyayT
BBEJIEHBI B MOJIyJIb PacyeToB, MOXKHO OyjieT

rpadgpuIecKu YBUJIETH B MOZyJIe
M0JIb30BATEJILCKOTO NHTEPdeTica.
ITosib30BaTETLCKUH uHTepdenc oyner

JIEMOHCTPUPOBATH JIFOOO0E JIeHCTBHIE TpadUIECKH,
3arpy3Ky BXOJHBIX JAHHBIX, & UMEHHO PEaIbHBIX
U PACCUYMTAHHBIX KOODPAWHAT, PaCCUUTAHHbIE
OTKJIOHEHHUS, TaKxke TrpadudyecKkun OTOOpaKaTh
aJITOPUTMBI, TPAdOUKH U BCe KHOIKU J€WCTBUH.
Pexxymuit uncrpyment (PM) cBaszaH ¢ moaysiem
BU3yaJIU3aI[iU OTYETOB.

[Tocye mpoBeieHNA aHAIN3a 34 [Ipe/iCTaBIeHNe 1
COXpaHeHHe pe3yJbTaTOB pabOThl OTBedaer
MOZYJIb BU3YJIH3AIUH OTYETOB. JJaHHBIA MOYJIb
JIOJDKEH  BBIBOAUTH COXpAaHEHUE Pa3JIMIHBIX
MMOCUUTAHHBIX OTKJIOHEHUH B (hailIbl pa3inaHOro
Tuna. Takke HpefOCTaBIATh BO3MOXKHOCTH
IIPOM3BOJUTh COXpaHeHUe rpaduka B OT/IeIbHBIN
daiin, nna DpoBeseHUA JaJbHENIIEr0 aHAIN3a
Tpaektopuu. Ha  BbIBoJle = U3  MOJYJIA
BU3yaJIU3allid OTYETOB, MOIKHO BBIBECTH TPHU
(daiina, a uMeHHO: oTYeT B popMarte *.txt, paiin B
Bujie *.xls, a TakKe BBIBOAUTH rpaduk B hopmaTte
U300paKEeHUS.

V. PA3PABOTKA AJTTOPUTMOB AHAJIN3A
TPAEKTOPVI PEXXYLLEIO
NHCTPYMEHTA

51 [lpogedeHue  aHanusa  mpaekmopuu
pexyuie20  UHCmpymeHma ¢ [OMOWbO
«CpedHeK8adpaMUYHO20 OMKAOHEHUS»

CpenHekBazpaTHUYeCKOe OTKJIOHEHHE — B TEOPUU
BEPOATHOCTU u CTaTUCTHKH, caMBbIH
pacrmpoCcTpaHEeHHBIM TIOKa3aTejlb PacCerBaHUA
3HAUEHUU CJIyJalHOU BEJIMYMHBI OTHOCUTEIBHO
ee MaTeMaTHYeCKOro OXKUJAHUsS. YKa3aHHbIE
TEPMUHBI 0003HAYAIOT KOPEHb KBA/IPATHHIA U3
JVCIIEPCUH  CIIyJalHON BeJIMYMHBI, U WHOI/A
MOTYT O3HayaTh BapHAHT OIEHKH 3TOTO

3Hauenusa. Oboznauvaerca T (curma) wiau S [4].

CpenHekBagpaTUIECKOe OTKJIOHEHHE
Mpe/iCTaBJIsIeT COOOM BaKHBIM CTAaTUCTUYECKHUH
IoKa3aTeab, KOTOPBI W3MepsieTcss B TeX JKe
eIMHUIAX, YTO U caMa CJIydaiiHas BeJIMYHMHA.
ITOT TapaMeTp WUrpaeT KIYEBYID POJIb B
Pa3JIMIHBIX obJacTsax CTaTUCTUKU u
MpUMEHsIeTCA B psfe aHAJIUTUYECKUX 3ajad.

CpeHeKBaIpaTHYECKOe OTKJIOHEHUE
HCIIOJIB3YETCH, HaIpumep, Uil pacuera
CTaHIAPTHOU OLINOKU CpeHero
apI/I(l)MeTI/I‘-IeCKOI‘O, q9To IIO3BOJIAET OL€EHUTDH

HQJIe’KHOCTh IIOJIyYEHHOTO CpeJIHEr0 3HaYeHUs
BBIOODKHU.

Kpowme Toro, cpegHekBagpaTUuecKoe OTKJIOHEHNE
SBJISIETCA ~ HEOThEMJIEMBIM  3JIEMEHTOM IIpU
IIOCTPOEHUU  JIOBEPUTEJIbHBIX  HHTEPBAJIOB,
KOTOpBbI€e AI0T BO3MOXKHOCTb OLIEHUTD UAIIa30H,
B KOTOPOM C 33/IaHHON BEPOATHOCTHIO HAXOJIUTCS
HCTUHHOE 3HauyeHUe IapaMeTpa TIeHepaJbHOMN
COBOKYITHOCTU. B KOHTEKCTe CTaTHCTHYECKOM
IIpOBEPKU  TUIIOTE3  CpeHEeKBa/ipaTHyecKoe
OTKJIOHEHHE TaKXKe CJIYXKUT KPHUTEPUEM JIJIst
onpesiesIeHus 3HAYUMOCTH pe3yJIbTaToB,
M03BOJIAA UCCJIEIOBATENIAM JIeJIaTh BBIBOJBL O
HUIMYAU WA OTCYTCTBUHM  CTaTUCTUYECKH
3HAYUMBIX Pa3IUYUI MEXKAY TPYIIIaMU.

CpenHekBaZpaTUUECKOE OTKJIOHEHUE OIIEHUBAET
cTeneHb pa3bpoca 3HAUYeHUH B HabOOpe JAaHHBIX
OTHOCUTEJIPHO CcpefiHero 3HaueHus. Yem OosibIie
3HaYEHHE CPeTHEKBAIPATUUYECKOTO OTKJIOHEHWS,
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TeM OOJIbIllEe paccesHUEe JAHHBIX: 3TO YKa3bIBAET
Ha TO, YTO 3HAYEHUSA CUJIBHO OTJIMYAIOTCA OT
cpenHero. B To BpeMs Kak Masioe 3HauyeHUE
CPeIHEKBAPATHYECKOTO OTKJIOHEHUS TOBOPHUT O
TOM, YTO JIAaHHBbIE CKOHIIEHTPHUPOBAHBI OJIU3KO K
cpenHEMy 3HAUEHUIO.

Takum obpasom, CpelHEKBaIpaTHIECKOe
OTKJIOHEHWE SIBJISIETCA Ba’KHBIM HHCTPYMEHTOM
JUIA aHa/IN3a JAHHBIX, [I03BOJIAS UCCIIeI0BATE I AM
U aHAJUTHKAM IJIyO)Ke IIOHATH CTPYKTYpPY H
XapaKTEPUCTHUKH HCCIIelyeMbIX BeIUYnH. Ero
IIpPUMEHEHHEe OXBaTbhIBAeT IIHUPOKHH CIIEKTP
JUCIAIUIAH, OT SKOHOMUKHM JI0 OMOCTATUCTUKH, 1
obecrieurBaeT 6ostee TOYHOE u
MHQOPMUPOBAaHHOE MNPUHATHE PelIeHud Ha
OCHOBE CTAaTHCTUYECKHX JAHHBIX.

Eciim W4 5TO i-ii 31eMeHT BBIOOPKH, N-00beM

BBIOODKHU, a i — 3TO cpeHeapudMeTHUeCcKoe
BBIOOPKU:

S
£ = — £y — — & - £
nith n 1 i

To craHzapTHOE OTKJIOHEHHE HAa OCHOBAaHUU
CMEIEHHOW  OIleHKU Jiucriepcud  (MHOTZA
Ha3bIBa€MOU IMPOCTO BHIOOPOUHOU AHCIEPCHEL),
OyZ1eT 3aMUChIBATHCA CIIEAYIONTIM 00pa3oM:

S= =3 (2 - 2)
n =

Ecnu rosoputh B INpPSAMOM CMBICJIE, TO 3TO
Cpe/lHeKBa/ipaTUyecKoe pa3HocTel M3MepeHHBIX
3HAUYEeHUU U Cpe/IHer0o 3HaYeHU .

CpenHekBaipaTUYeCKOe OTKJIOHEHHE SBJISAETCSA
BaYKHBIM CTATUCTHYECKUM IIOKasareJseM,
KOTODPBIN IIpefoCcTaBiIsAeT IeHHYI0 UH(pOpManUio
0 pacrpejieJIeHUH JaHHBIX B HAOOpe U3MepeHuH.
OHO 1O03BOJIAET OIEHUTH, HACKOJIBKO CHJIBHO
OT/ZieIbHbIE 3HAUEHU OTKJIOHSIOTCSA OT CPETHETO
apu(pMeTHYECKOTO, T€M CaMbIM JIEMOHCTPUPYS
CTeTlleHb BADUATUBHOCTHU B IAHHBIX.

Cpe/lHEKBA/IpATUYECKOE OTKJIOHEHUE SIBJISIETCS
OMHUM W3 Haubosiee pACIPOCTPAHEHHBIX U
UH(POPMATHUBHBIX CTAaTUCTUYECKUX TOKa3aTeJIeH,
HCIIOJIb3YEeMbIX JIJIsI aHau3a pa3bpoca JaHHBIX B
pasJINYHBIX O0JIaCTAX HAYKH U IpakTUKA. OHO
MIPeJOCTaBasseT  MeHHyI0  HHQPOPMAIHI0 O
BapHaTUBHOCTH Habopa /IaHHBIX, TO3BOJIAA
HCCJIEIOBATEISIM OIIEHUThb CTENEeHb OTKJIOHEHUS
OT/ZIeJIbHBIX 3HAYEHWUU OT CpefHero. BaxkHO
OTMETHUTD, YTO CpeJTHEKBAIPATUUECKOE
OTKJIOHEHHE HE TOJIbKO CJIYKUT WHCTPYMEHTOM
JUIsT BBIYUCIIEHUs pas3bpoca, HO W IOMOTAeT

BbIABJIATD AHOMAJIbHBIE 3HA4Y€HUA, KOTOPbIE
CyIIECTBEHHO OTJIMYalO0TCA oT
CpEAHECTATUCTHUYECKHX.

AHOMaJIbHBIE 3HAUYEHUs, WJIH BBIOPOCHI, MOTYT
MPOSIBJIATHCS KaK UYpPEe3MEPHO BBICOKHE, TaK U
HU3KHE OTKJIOHEHUs, YTO MOXKET YKa3bIBaTh Ha
pasyinuHble TMpoOsieMbl B Ipolecce cbopa
JTAHHBIX. Hamnpuwmep, B MEeIUIIMHCKUX
HCCIIeIOBAHUSAX, T/le aHATU3UPYIOTCS IT0Ka3aTeIN
3/I0POBBSI, TAKME KAaK YPOBEHb XOJIECTEpUHA WU
apTepuajbHOe  JlaBJIeHHWE, OTKJIOHEHUS  OT
HOPMAaJIbHBIX 3HAUEHUU MOTYT CUTHAJIU3UPOBATH
0 HAJWYAM TATOJIOTMU WIN W3MEHEHUsX B
COCTOSIHUU 3/I0POBBSI MAIIMEHTOB. ITU AaHOMAJIHH
TpeOyIOT 0cO0O0r0 BHUMAHMA, IIOCKOJIBKY OHH
MOTYT YKa3bIBaTh HA OIIMOKU B H3MEPEHUX,
HayInuue CUCTEMATHYECKIX cboeB B
o0OpyZIOBaHUM  WJIM  BJIUAHHE  BHEIIHHUX
(dakTOpoB, TakMX Kak CTpecC WIH JueTa, Ha
pesysIbTaThl.

Kpowme TOTO, HCIIOJIb30BaHUE
CpeZHeKBaJ[paTHyecKoro OTKJIOHEHU B
COYeTaHUU C JIDYTUMH  CTaTUCTUYECKUMU

MeToZlaMM, TaKUMU KaK aHaJIu3 BapHalllH,
KOPPEJAIUOHHBIM W PErpecCUuOHHBIN aHAIU3,
MOKET 3HAUUTEJbHO TOBBICUTH TOYHOCTh U
Ha/Ie’KHOCTh BBIBOJIOB. Hampumep, B KOHTeKcCTe
KJIMHAYECKUX WCITBITAHUHT IIpUMeHeHne
CpeHeKBa[PaTUYeCKOr0 OTKJIIOHEHUS IO3BOJIAET
uccaenoBaTesiAsM — Oojiee  TOYHO — OIIEHUBATh
5GdEKTUBHOCTh HOBBIX JIEKAPCTB, BBIABJIAA KaK
obIye TeHJEHIUHW, TaK U WHUBHU/IyaIbHBIE
peaxknuy NanueHToB Ha JIeueHue.

Tak:ke CTOUT OTMETHTh, YTO B COBPEMEHHBIX
HUCCJIEOBAHUAX, OCOOEHHO B 00J1aCTHU OOJIBIINX
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JAHHBIX u oOyJeHwus,
CpPeTHEKBAJpaTUYECKOEe OTKJIOHEHHE  CIIYKUT
OCHOBOH J1J1s1 O0Jiee CJIOKHBIX METO/OB aHAIN3a,
TaKUX KAk MeTOJ IVIABHBIX KOMIIOHEHT U
QJITOPUTMBI  KJIACTEPU3AIUU. ITU  METOJbI
MMO3BOJISIIOT HE TOJIBKO aHAJM3UPOBATH JAHHBIE,
HO ¥ BHU3YJIM3UPOBATh WX, YTO 3HAYUTEIHHO
YIIPOIIAeT MPOIECC MHTEPIIPETAINU PE3YIHTATOB
U IPUHATHSA peleHui [5].

MAaIITMHHOI'O

Takum obpazom, CpeJlHeKBasipaTH4ecKoe
OTKJIOHEHHE ABJIAETCA He IIPOCTO
CTATUCTHYECKUM HHCTPYMEHTOM JJI1 OII€HKU
pasbpoca JIaHHBIX, HO U BaXXHBIM 3JIEMEHTOM B
mporecce IMPUHATUA OOOCHOBAHHBIX peIleHUH.
OHO MOMOTaeT HCCJIeIOBATENISIM M AHAIUTHKAM
BBIABJIATD 3aKOHOMEPHOCTH, OIIpeZIeNATh
HOpMAaJbHbIE I aHOMAaJIbHblE 3HAUEHHSA, a TaKXKe
IIPOBOJINTHL OoJiee TIIyOOKHMI aHAIU3 JAaHHBIX. B
YCJIOBUSIX, KOT/Ia BBICOKAas CTEIeHb JOBEPUA K
pe3yJibTaTaM HCCJIEIOBAHUUA MMeeT KPUTHUYECKOe
3HaueHWe,  HCIIOJIb30BaHUE  CpeJHeKBajpa-
TUYECKOTO OTKJIOHEHUS B COYETAHHUU C JPYTUMU

CTAaTUCTUYECKUMU MeTOoZaMU CTAaHOBUTCA
0COOEHHO aKTyaJIbHBIM, CIIOCOOCTBYs1 OoJiee
TOYHOMY u HaJIeXKHOMY OHUMAaHHIO

nucciaegyeMbIxX SABJIEHUU U IIPpOIIECCOB.

52 [llpumeHeHUe Memooa «R-CPeoHUX» OAS

aHaAusa mpaekmopuu pexyue20
UHCmMpymeHma

Meton k-cpemnmx (k-means) mpezcraBisieT
coboi omumH w3 Haubosee  MOIYJISIPHBIX

QJITOPUTMOB KJIACTEPHOTO aHAJIN3a, KOTOPBIU
HalleJIeH Ha pasjieJieHne m HaOsoeHud Ha k
kinacrepoB (puc. 3). OcHOBHas 3azada 3TOTO
MeTO/Ia 3aKJIIYaeTcsi B TOM, YTOOBI KaxKoe
HabJi0/leHne ObLJIO OTHECEHO K TOMY KJIacTepy,
IIEHTPOU] KOTOPOTO HAXOJUTCs OJIMKE BCETO K

JAHHOMY  HAOJIOJIeHHI0. OJTO  IO3BOJISAET
s dexTrBHO IPyHIINPOBATh JIaHHbIE,
OCHOBBIBAsICh HA UX CXOJKECTH.

[Mpunoun  pabotrel  anroputma  k-cpemHux
3aKjoyaeTcd B MHUHHUMU3AIUU CYMMapHOIO

KBaJI[pATUYHOTO OTKJIOHEHUS TOYEK JAHHBIX OT
IIEHTPOB KJIACTEPOB, YTO BBIpAXKaeTcs dYepes
gyHKIIMIO TIOTEph. AJITOPUTM IOCJIEA0BATEIIHHO
OOHOBJISIET IIOJIOKEHHE IEHTPOHU/IOB, YTOOBI

JIOCTUYh HAWJIYUIIIEr0 BO3MOKHOTO pasfeieHUs
JlaHHBIX. B Havase Iporecca BbIOHUpaeTcsa k
CIyJYaWHBIX I[EHTPOU/IOB, ITOCJIE YEro KaK/10e
HabJTI0/TIeHre KIaCCUDUITUPYETCS] B COOTBETCTBUU
¢ OJMKAMIIUM [EHTPOUIOM. 3aTeM [EeHTPOU/IbI
OOHOBJISIIOTCSI, BEIYUCIASA Cpe/iHee 3HaUEHHE BCeX
TOYEK, OTHOCSIIUXCA K KaXKJIOMy KJIacTepy. OTOT
mporecc IOBTOPsETCA [0 TeX II0p, IIOKa
M3MEHEHHs B IeHTpaX KJIACTEPOB HE CTaHyT
HE3HAUUTEJIbHBIMH WM HE JOCTUTHYT 3apaHee
3aJTaHHOTO YKCJIa uTeparui [6].

Merox k-cpeiHHX HMeeT psii MPEUMYIIECTB,
TaKUX KaK IIPOCTOTA peaJu3allid W BBICOKAs
CKOpPOCTh 00pabOTKH, UTO JieJIaeT €ro OCOOEHHO
MOAXOMAAIUM I paboThl ¢ GOJIBITUMH
HabopamMu JaHHBIX. TeM He MeHee, OH TaKXKe
MMeeT cBOH OTpaHUYEHHUS. Hanpuwmep,
pe3ysibTaThl JITOPUTMA MOTYT B3aBHUCETh OT
HAYaIbHbIX 3HAYEHUH HEHTPOU/IOB, UYTO MOIKET
MPUBECTH K PA3JIUYHBIM pe3yJsibTaTaM IpU
KakzioM 3amycke. Kpome Toro, meros Tpebyer
[IpeIBapUTETHLHOIO 3a/laHusA KOJINYeCTBa
KJIACTEPOB K, UTO MOKeT OBITh 3aTPYAHUTEIHHO B
YCJIOBHSIX HEOIIPEEIEHHOCTH.

s IIpeo/I0JIeHUsA 3TUX OTpaHUYeHUN
uccaenoBaTesl  pa3pabaThiBalOT  pa3IMYHbIE
MogudUKanuyd U YJAydlIeHUs  ajJropurMa

k-cpenuux, Takue Kak MeTOJT K-cpemHUX++ s

Oosee addexTHBHOTO BBHIOOpPAa HAYATBHBIX
IIEHTPOUJIOB WJIM  HCIIOJIb30BaHHE METOJIOB
OIleHKHM, TaKUX KaK MeToj| JIOKTS, JUIs

oTpesieJieHusI ONMTUMAJIPHOTO YHCJIa KJIACTEPOB.
ATU yCOBEPIIIEHCTBOBAHUS TTOMOTAIOT IMOBBICUTH
TOUHOCTh M HAJIeKHOCTh KJIACTEPU3ALUU, UTO
JIeJiaeT METO[ k-cpemuaux MOIITHBIM
UHCTPYMEHTOM /IJId  aHajJu3a JIaHHBIX B
pa3JIUYHBIX 00JaCTAX, BKJIIOYas MapKETUHT,
O61OMH(OPMATHKY U COIHAIbHbIE HAYKH.

JleficTBUE aJIrTOPUTMA TaKOBO, UTO OH CTPEMUTCS
MHHHMH3UPOBAaTh CyMMapHOe KBa/ipaTU4YHOE
OTKJIOHEHHE TOYeK KJIACTEPOB OT I[EHTPOB 3TUX
KJIaCTepOB:
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rne k - umcesno kimactepos, §; - TMOJTydYeHHBIE
KJacTepsl, i-1, 2..., k, a Hi - 1[eHTpbl Macc Bcex
BEKTOPOB X U3 Kj1acTepa J; .

ANTOPDUTM  pa3AeUTeSIbHOU  KJIacTepU3allHH,
TaK’Ke M3BECTHBIH Kak MeToJ Kk-cpenHux,
IpejicTaBiseT co0ol 1oAX0Z K pas30UeHuIo
MHOK€eCTBa 5JIEMEHTOB B BEKTOPHOM
MPOCTPAHCTBE Ha 3apaHee 33/IaHHOE KOJIMYECTBO
kj1actepoB K. JlaHHBIH MeTO/, OTHOCUTCSA K KJIaccy
HerepapxXuueckux aJITOPUTMOB KJIaCTEPU3AIUH,
YTO JIeJIaeT €ro OCOOEHHO IIOMYJIIDHBIM B
3aj1avax, rae Heobxo Mo ObICTPO U 3D HEKTUBHO
TPYHIINPOBATh JAHHBIE.

ITpoyecc pabombvl anzopumma MO*CHO OnuUcCamsy
Kax umepayuoHHy npouyedypy, COCMOoAWY0 U3
HEeCKONbKUX KAI0Ue8blX IMmanos:

1. Ompenenenue uncia kaacrepos k: Ha nepsom
JTame I0JIb30BaTesb WJIN HCCIe[0BATeNb
33JlaeT KOJIMYECTBO KJIACTEpOB, Ha KOTOPOE
Heo0XouMO pa3ouTh AaHHbIE. BrIOOpP 3TOTO
nmapaMeTrpa MOXKET 3aBUCETh OT CIENU(PUKU
33/1Iaud U IIPeIBAPUTEJbHOTO  aHaIu3a
JIAaHHBIX.

2. Vaumuanms3amnus IeHTPOB KjacTepoB: I3
HMCXOJTHOTO Habopa JIaHHBIX CJIyYaHHBIM
obpazoMm BbIOMpaloTCsA Kk 3amuceii, KOTOpPBIE
OyAyT CJIYXUTh HaYaJbHBIMH I[€HTPaMH
KJIacTEPOB. JTOT BJTall BaXKeH, TaK Kak
HavaJbHble 3HAUEHHUs MOTYT CyIIeCTBEHHO
TIOBJIUATH Ha KOHEYHBIHN pe3yJibTaT
KJIacTepU3aIUM.

3. IlpucBoenme 3amucedi  kiacrepaMm: Ha
CIeyIOleM STale Ul KaKAOM 3amucu u3
HMCXO/THOU BBIOOPKU ompeziesisieTcs
OMmKkadlIIui K HeEHd IeHTP Kiacrepa. ITO
JleslaeTcsi C  HWCIOJb30BAaHUEM  METPUKU
paccTosiHus,  dYallle  BCEro0  EBKJIU0BA
paccTostHUs. 3aIucH, KOTOPhIe OJIFKEe BCETo K
oIlpe/ieJIeHHOMY LIEHTPY, 00pasyioT
HauvaJbHble KiacTeppl. Ha »3ToM 3Tame
IIPOUCXO/IUT  IIEPBUYHOE  paclipe/iejieHue
JIAHHBIX 110 KJIaCTEPaM.

4. Bprumcienue tnentpouoB: Ilociie Toro kak
3anucu ObUTU pacmpeziesieHbl IO KJacTepam,
BBIUHCIISIIOTCS IEHTPOUABI (IEHTPHI TAKECTH)
JUIL KaXKAoro kiacrtepa. Kakziplii 1eHTpOu/I

MpEe/ICTaBJIsIeT COOOW  BEKTOP, HJIEMEHTHI
KOTOPOTO SIBJISIOTCS CPEIHUMU 3HAUEHUSIMH
MPU3HAKOB, PACCYUTAHHBIMH IO  BCEM
3aMuCAM, BXOJSAIIMM B COOTBETCTBYIOITUM
KJ1acrep. 3areMm IEHTPBI KJIacTepPOB
OOHOBJIAIOTCA, CMemasch B  CTOPOHY
BBIYHCJIEHHBIX [IEHTPOU/IOB.

5. HWrepamus u CXOIUMOCTbD: IIpomecc

IMOBTOPSIETCsI, HAUWHAsI C dTama ITPUCBOEHUS
3amuced Kjacrepam, JI0 TeX IIOp, IIOKa
TPaHUIBI  KJIACTEPOB  HE  II€PECTaHyT
U3MEHATHCS OT WUTEpPAIUA K UTepaIuu. ITO
O3HAyaeT, YTO Ha KaXJOH WTepalui B
KaKZIOM KJiactepe Oy/ieT ocTaBaThCS OJTMH U
TOT 7Ke Habop 3aIuceil, YTO CUTHATU3UPYET O
CXOAHUMOCTH aJITOPUTMA.

AnroputM  k-cpemHux ~— o0JajlaeT  pAOM
MIPEUMYIIECTB, BKJIIOUASA IIPOCTOTY Pealn3aluu U
CKOpPOCTb PabOThI, UTO JIeJIA€T €rO MOJXOSITAM
JUIsT 00pabOTKU OOJBIINX 00BEMOB JTAaHHBIX. Tem
He MeHee, OH TaKKe UMeeT CBOU OTPAaHUYEHWS,
TaKhe KaK 4YyBCTBUTEJIBHOCTH K  BBIOODPY
HaYaJIbHBIX IIEHTPOB U HEOOXOJUMOCTD 33/1aBaTh
KOJIMYECTBO KJIacTepOB 3apaHee. Kpome Toro,
aJITOPUTM TIPEJIIIOJIaraeT, YTO KJIACTEPHl UMEIOT
chepuueckyio GopMy ¥ OTUHAKOBBIN pa3mep, 4TO
MOJKET He BCErJla COOTBETCTBOBATH pPeaJIbHbIM
JTAHHBIM.

Ins MIOBBIIIIEHUA YCTONYHBOCTHU u
a(pdexTUBHOCTH aIropuTMa B INPAKTUKE YACTO
IIPUMEHAIOTCA pa3/IMYHble MeTO/Abl M TEeXHUKH,
TaKWe KaK MHUIIMAJIU3AIUs C IIOMOIIBI0 METOZa

k-cpennux, KOTOPBIM  yJIy4IIaeT  BBIOOP
HAYaJIBHBIX I[€HTPOB, WU HCIIOJIb30BAaHUE
Pa3JIMYHBIX METPUK PaCCTOAHUA Ui Oosee
TOYHOTO  OmpefeseHuss  OJIU30CTH  MEXAY
3aMUCAMH. Takum  obpasom, aJITOPUTM

pPa3/IeJIUTEeIPHON  KJIaCTEPU3AIUU  MIPOI0JIMKAET

OCTaBaTbCA AKTyaJIbHbIM HUHCTPYMEHTOM B
obsacT  aHaIM3a AaHHBIX W  MAIIKXHHOTO
O6y‘~I€HI/I$I, IIO3BOJIAA nucceiaea0oBaTeIAM

Bq)(beKTI/IBHO IpynmnupoBaTh JaHHbIE U BBIABJIATDH
CKPBIThIE 3aKOHOMEPHOCTH [7].
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Puc. 3: TIpuMep K1acTepu3auyd MeToIoM K-cpeHux

OzHMM U©3 OCHOBHBIX JIOCTOMHCTB MeTO/a
k-cpemHux sBsSeTcsa €ero IpOCTOTa, KOTOpas
MPOSABJISIETCS B BBICOKOW CKOPOCTU BBITIOJTHEHUS
u 3GQPEKTUBHOCTH IO CPAaBHEHUIO C JAPYTUMU
QJITOpDUTMaMH KJIACTEpU3aIUH, OCOOEHHO TIpHU
00paboTKe KpPYIHBIX HAOOPOB JIaHHBIX. OTOT
MeTo/ TO03BoJisieT ObicTpo W 3PPEKTHBHO
paszienATh JaHHble HA TPYIIbI, YTO JieJIaeT ero
0COOEHHO TOJIE3HBIM B  YCJIOBUAX, KOTZAa
HeoOxouMO oOpabaTeiBaTh OOJIbIINE OOBEMBI
nHbOpMAIUH.

Metoa Kk-cpegHMX MOKET CIY:KHUTh HadaJbHBIM
JTAllOM JIJIA  TIPEeABAPUTEIBHOTO pa30HeHust
OOJIBIITX MACCHBOB JIJaHHBIX Ha KJacTepsl. [Tocite
9TOTO 3Tara MOKHO ITPOBOAUTH OOJIee CIIOKHBIN
U MOIIHBINA KJIACTEPHBIN aHAJU3 II0JIKJIACTEPOB,
YTO I03BOJISIET YIVIyOUTh TIOHUMAaHUE CTPYKTYPbI
JTAaHHBIX u BBISIBUTH 6osee TOHKUE
3aKOHOMEPHOCTH. TaKOW IOAXOM CIIOCOOCTBYET
OoJiee JleTaIbHOMY U3YyUYEHUIO JAHHBIX U MOMKET
IIPUBECTH K 0OHaPYKEHUIO CKPBITBIX
B3aHMMOCBS3€l, KOTOpPble He ObLIM OYEBHUIHBI Ha
IepBOM dTare aHaiausa [8].

Kpome Toro, meton Kk-cpegHux MoKeT OBITh

HCIIOJIb3OBaH JJLA OII€EHKU OIITUMaJIBHOI'O
KOJIN4YEeCTBa KJIACTEPOB, UYTO ABJIAECTCA Ba*KHBIM
araromMm B maponecce KJjlaCTepHu3alnnu. On

M03BOJISIET «IIPUKUHYTH» KOJUYECTBO KJIACTEPOB,
d TAaKXe€ BbIABUTH IIOTCHIHAJIbHBIE HEYUYTCHHbIC
JlaHHBle ¥ CBA3M B Habopax. ITo 0cobeHHO
aKTyaJbHO B CUTyalusAX, KOI/la HCCJIe/IoBaTesb
CTaJIKMBAETCA ¢ OOJIBIINMHU u CJIOKHBbIMHU
AaHHBbIMH, TA€ TPAaAUTUOHHbBIE METO/Jbl aHAIN3a
MOTYT OKa3aThCsA HEA0CTATOUHO 3(P(PeKTUBHBIMU.

Takum ob6pasom, meron Kk-cpemHUX HE TOJIBKO
obecieunBaeT  OpicTpyl0 Hu 3¢ deKTUBHYIO
KJacTepu3aluio, HO U OTKPbIBaeT HOBBIE
BO3MOXKHOCTH JjIi 0OoJiee TJIyDOKOTO aHaIm3a
naHHbIX. Ero mpuMeHeHUE MOKET 3HAYUTEJIHbHO
VJIYYIIUTh  Pe3yJbTaThl  HCCIAEAOBAaHUN B
Pa3IUYHBIX O00JIACTAX, TAaKUX KaK MAapKeTHHT,
O6momHpOpMaTUKAa ¥ COIMAJIbHBIE HAyKU, T7e
Ba)KHO BBIABJIEHHE 3aKOHOMEPHOCTEH U CTPYKTYP
B 60sbIIIX 06'beMax HHGOPMAIUH.
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VI. PABPABOTKA METOOWVKWN AHATIN3A TPAEKTOPNI PEXXYLWETO MHCTPYMEHTA C
CIOJIb3OBAHMEM PA3PABATbIBAEMOIO MOLYJIA

Meronuka aHaausa TPACKTOPUU PEXYIIEro MHCTPyMEHTa C HCII0JIb3OBAHHEM paspa6aTb1- BaeMoro

MO/IyJIfl IIpeJicTaBJIeHa Ha PUC. 4.

1 JkenopT 3
JaHHbIX O
© pac4UTaHHbIX U Bt et 2 i
[t aHanusa
M peanbHbIX
TpaekTopuu
KoopauHaTax
PU
PW n3 cuctemsl
yny
j—l - 0 - 7 ___t___‘ - - 1
{_ dainnsl, | |F | AHanua | {_ |
e cofepxatune | | | | KOOpAWHAT MO | | OTver s euge |
3HaYeHus MNpensapuTens- | anroputmy |
o | | | rpachuka unu |
5 pearnbHbIX W Has npoBepka | cpeaHekeaapa- |
| o , | | AOKYMEHT B
5 paccYnUTaHHbIX 3HaYeHUn | Tudeckoro |
& | o | | dopmarte
® | koopamkatno | | | KkoopauHat | | OTKIOHeHws | | TXT v XLS |
o | pesyneratam | | | | Unu MeTozom |
(_paGotei¥ |y by keopepwwx I |

Puc. 4: MeToinKa aHQ/IN3a TPAEKTOPUH PEXKYIIETO HHCTPYMEHTA C UCII0JIb30BaHUEM
pa3pabaThIBaeMOTO MOZYJIS

IlepBoHauaIbHO OCYILIECTBJIACTCA  DKCIIOPT
JIAHHBIX O  PACCYMTAHHBIX U  PeaybHbIX
KOOpJIMHATaX  PeXyllero MWHCTpyMEeHTa U3

cucreMbl 4YIIY «AxkcuOMA Koutpon». B
pesyspTaTe 3TOrO Mmporecca (GOPMUPYIOTCSA
TEKCTOBBIE daiter (*.txt), cojiepKariue
3HAYEHU peaTbHBIX u paccunTaHHBIX
KOOp/IMHAT, MIOJTyYeHHbIE 1 {0) HUTOraM

BBINIOJIHEHUsI yIIpaBsoiied mporpammbl (YII).
OTU  KOOpAWHATBI  MOXKHO  U3BJE€Yh U3
CIIEITUAJIPHOTO PeKMMa H3MEPEHUH B CHCTEMeE
UIIY, uro mno3BoJideT TOJIy4yaTh JdaHHBIE 3a
33/ITaHHBIN ~ TIPOMEXKYTOK BpeMeHH. BakHO
OTMETHTb, YTO JaHHble GaWIbl H3BJIEKAIOTCS
HenocpesicTBeHHO u3 YIIY u He 3aBucAT OT
paspabaTbiBaeMoro Moy [9].

Hanee  mpoucxogutr  umMnopt  GalioB  c
KOOpJIMHATAaMH B MOAyJb aHanmuza. llepen
JlTbHENIIIe 00pabOTKON JaHHBIE ITPOXOMAAT
MpeIBApUTEIbHYI0 TTPOBEPKY HA KOPPEKTHOCTb.
Cucrema JOJIKHA BBISAABJISITH OIIHNOKH,

BO3HUKAIOIIME n3-3a
3aIIOJTHEHU A JAaHHDBIX nJjiIn
dopmara panios.

HEIIpaBUJIbHOT'O
HEKOPPEKTHOTO

3aTeM OCYIECTBJISETCS aHaJIU3 TPAeKTOPUH
PEXKYIIIEr0 HWHCTPYMEHTA IIyTEM BBIUUCIIEHUS
OTKJIOHEHHUH, PEICTaBJIAIOININX CO00U pa3HHUILY
MEXKAYy  PacCUYHTAHHBIMU u peasbHbIMU
koopauHatamu. KpoMe TOro, KOOpAUHATHI MOTYT
OBITh TMPOAHAIU3UPOBAHBI C HCIIOJIH30BAHUEM
aJITOPUTMAa CPEHEKBAIPATHUYECKOTO OTKJIOHEHUS
Wi MeToza k-cpeaaux [10].

B 3axitoueHue ¢opMupyeTcs OT4YeT, KOTOPBIU
II03BOJIA€T COXPAHUTH IIOJIyYeHHble JaHHble. DTU
JJaHHbIE MOTYT OBITh IIPEJCTAaBJIEHbI B BHUE
rpapukoB, TEKCTOBOro oruera B (opmare *.txt
win B popmate XLS-daiina [11].

Asiroput™M paboThl pa3pabaThIBAEMOTO MOYJISA
aHaJIM3a TPAEKTOPUM PEKYIIEr0 HHCTPYMEHTA
IIPEJICTaBJIeH Ha PUC. 5.
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KoopauHaT
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[aHHble BepHbI?
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r
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Y

Y
INpeacragneHne OTKNOHEHWA B

Burae rpaduka

MNMpoeegeHne aHanuaa nNo anropuTMam
cpeaHekBagpaTU4eckoro OTKNOHEHWA MK
MeToOoM K-CpenHux

h

Pac4eT BeIMUCIIEHWIA MO anropuTmMam

A J

PeaynetaT paboTtkl anroputmos

il
L}

A 4

CoxpaHeHue pesynbTaTos paboTel

k4

{ KoHeu )

Puc. 5: AnroputM paboThl pazpabaThIBa€MOT0 MOJIYJIsA aHATH3a

OnucaHue asneopumma: 2.

1. Ilepen Hauasiom paboOThI ¢ MOAYJIEM aHAIM3a
MIOJTb30BATENb IOJI?KEH OCYIIIECTBUTH 3arPy3Ky
(aityioB ¢ peasbHBIMH W PACCUMTAHHBIMU
KOOpZIMHATAMH.
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ITocne yero mMpoBOAUTCA MPOBEPKA BXOHBIX
JIAaHHBIX HA COOTBETCTBUE OIpe/ieIEHHBIM
TpeOOBaHUAM, B CJIy4dae €cJd JaHHbIE He
KOPPEKTHBI WIH Ke 3arpy:KeH He TOT popmar
JIOKYMeHTa, TO IIOJIb30BaTeJb IIOJIy4daeT
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yBeioMyIeHHEe 00 OIInOKe, IOCJIe Yero Hy>KHO
3aHOBO IIOBTOPUTH MPOLEAYPy 3arpy3Ku
daityioB MO0 MPOBECTH peaKTUPOBAHHUE B
OKHe IIPOrPaMMBI.

3. /[lajee moOJIb30BATENH  IIyTEM
COOTBETCTBYIOIIEN KHOIIKU
TIPOIIECC BHIYUCIIEHUS OTKJIOHEHHH.

4. TlomyueHHBIE OTKJIOHEHUS MPEICTABIISAIOTCS B
nosie «OTKJIOHEHUsI» B BHUJE cnucka. [lpu
HEOOXOJIMMOCTH, WX MOXKHO IPE/CTaBUTH B
BUJle rpaduka.

5. 3areM TPOBOAUTCA AaHAIM3 U  pacyer
BBIYUCIIEHUH o aJIrOpuUTMaM
CPeNHEKBAJPATHYECKOTO OTKJIOHEHUA WU
MeToZ10M K-cpemHuX.

6. B 3aximioueHue mocse paboTBl ¢ MOAYJIEM
aHayu3a cjefyeT COXpaHeHHe pe3yJIbTaTOB
paboTHI.

Ha>XaTud
3allyCKaeT

VI TNIPAKTUHECKAA PEAJTIM3ALNA
MOLYA AHAJTN3A TPAEKTOPUIA
PEXYLLEIO MHCTPYMEHTA OJ14

CNCTEMDI YIY «AKCOMA
KOHTPOJ1»

71 Bbibop
paspabomku

UHCMPYMEHMANbHLIX — cpedcmea

Jna pa3paboTKu MOy aHaJIN3a TPAeKTOPHUU
pEeXyIIero MHCTPyMeHTa Obla BbIOpaHa cpeza
pa3paboTku, KoTtopas HasbiBaercs Visual Studio
Code. B Hell mpousBoAUTCA peJaKTHPOBAHHUE
HAYIBHOTO KO/Ia, B KOTOPOH MOKHO CO3/1aBaTh

NPUWJIOXKEHUsA, KOTOpble Oyayr paboTtaTh Ha
HECKOJIbKUX CHCTeMax, HamlpuMmep, Takue Kak
WEB, wim npwioxkeHuUsa ¢ Ha3BaHUEM -
o0JlauHbIe. OCHOBHBIMH ¢axropamu,

MOBJIUSIBIIUMU HAa BBIOOD CpEJbl, SBJISJINCH:
becriataocTs, azanranmusa nox OC Windows,
MHOTO Pa3/INYHBIX HACTPOEK BCEH MPOrpaMMBbI U
uHTepdelica, pacmupsieMas 61bimoTeKa
JIOTIOJITHEHWH W TOTOBBIX PEIeHUuN, TaKKe
pezlaKTop MO//IEP>KUBAET OOJIBIIITHCTBO
MIOMYJIAPHBIX SA3BIKOB, KOTOPBIE HCIIOJIB3YIOTCS
JUTST CO3/IaHUS TPUJIOKEHHH, a eIlle TO IIPOCcTasi 1
rubkass cpeza pa3paboOTKU. YUUTHIBAsg BCe
¢dyaknmu u cBorictBa Visual Studio Code, on
OTJIMYHO noaxoauT /it WEB-pazpaboTku, u i
pa3pabOTKu  HHCTPpYMeHTa  BBIOpaH  SI3BIK
IIPOrPaMMUPOBAHUS JavaScript, KOTOPBIH

B3aMMO/IENICTBYET u
BBIOpaHHOM cpesoi [12].

TIO/I/TIEPKUBAETCS

Korzma ny:xHO peanusoBaTh WEB-mpunoxenue,
JUISL BTOU TEJIM XOPOIIO MHOAXOAUT TAKOU sIBBIK
mporpaMMupoBaHusi ~ Kak  JavaScript, oH
HCIIOIb3yeTcs Hanbojiee 4Yacro B OTJIMYUE OT
JIDYTUX S3BIKOB, TMOTOMYy 4YTO 3aTOYeH Ha
BeO-pa3pabOTKy, TaKKe Cpeaud  OCHOBHBIX
0COOEHHOCTEHN MOYKHO BBIJIEJIUTD CJIEAYIOIIHE:

e Heob6xomumocts a1t WEB- pazpaboTku. Jtot
SI3BIK B3aHMO/IENCTBYET c  Jo0ObIMH
MOMYJIIPHBIME Opay3epamMu W IO/JIEP>KHBAET
BCeX UX CKpuUnThl. Takke NPUCYTCTBYET
B3auMoyerictue ¢ HTML, CSS, a Takxe U ¢
CepBEPHOM YacThIO.

e JavaScript 3a cueT CBOell CKOPOCTH, a TaKXKe
MMPOU3BOUTEIBHOCTH, MOKET B KaKOWU-TO
Mepe obpabaTeIBaTh CTPaHUIIBI Ha
MIPOrPaMMHOM obecrieueHUN (T1O0)
M0JIb30BaTENIs, TPU 3TOM He oOpamasch Ha
cepBep. ATO MIOMOTaeT CHUKATh HATPy3Ky Ha
cepBep, SKOHOMUT BMecCTe C 3TUM BpeMs:d, a
TakKe TpaduK.

e B OTKpBITOM J0OCTyle HMeeTcsl OuYeHb
OOJIBITION CITHCOK Y?K€ TOTOBBIX PEIIeHHH,
mosToMy mpu pabote B JavaScript sierde craio

HCIIONIb30BaTh  OWUOJIMOTEKH, IOCPEACTBOM
B3aMMOJIEHICTBUS C HUMH.

e Hesawmpici0BaToe, u resecoobpazHoe
IIPUMEHEHHE.

e Ilonb3oBaTenbcKuil MHTEPDENC UMEeT OYEeHb
yI0OHBIN BHENIHUH BHU. B HEM IpHUCYTCTBYeT
3aroyiHeHNEe (HOPMBI, TAKXKE €CTh aKTUBAIIHA
Pa3sHOOOpPa3HBIX KHOIIOK, BBIOOD PAa3JIMYHBIX
ZeNCTBUM, IIpOBEpKa BBOJIA JAHHBIX, a ellle
pearupoBaHue Ha HaBeJIeHUE B
oTpeJieJiIeHHyI0 00JIacTh WM, Halpumep, Ha
KJIUK MBIIIIH.

e JIErkocTh OCBOEHHU, a TaKXKe OIBIT PabOTHI C
STHUM A3BIKOM ITPOTPAMMUPOBAHUS.

[Iporpamma, koTopas HammcaHa Ha JavaScript
uMeHyeTcA  Kak  ckpunr. CKpUIT HUMeeT
BO3MOJKHOCTh BCTPAWMBAThCA B SI3BIK pPa3ZMETKU
HTML, u 3amyckaeTcd aBTOMaTHYECKH, KOTJa
3arpy:kaetca WEB-cTpanunia, BbIIIOJIHAETCA OH B
BHJIe CaMOTO IpocToro Tekcra [13]. /[y Toro,
qTOOBI 3aIyCTUTD CKPHUIT He HY?KHO
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cneruasm3upoBanHoro 110, a Takke He HAJO
MIPOM3BOAUTh KOMITMJIAIUIO JIJIA 3amycka. B atom
u ecTb oTyimuue JavaScript ot Java. BeiOpaHHbIi
A3BIK MOXKET 3aIyCKAThCA T YTOHO, HAIIPUMeED,
B Opaysepe WM Ha CepBepe, a TaKiKe Ha JIPYTHX
YCTPOHCTBAX, €CJIM OHO COJIEPIKUT CIIEIHATIBHYIO
IporpaMMy,  II0JT  Ha3BaHHEM  «JIBHIKOK»
JavaScript.

JavaScript sBnseTcsa «be30macHbIM», OH HE JIaeT
BO3MOJKHOCTH HHU3KOYPOBHEBOTO JIOCTyNla K
MMaMATH, a TaKKe IPOIECCOPy, W CO3JaBajICAa C
TaKOH I1eJIbI0, IIOTOMY 4YTO Opay3epbl 3TOTO He
TpeOyIoT [14].

IToreHnuan sA3bIKa B3aBUCAT OT OHOJIMOTEK,
KOTOpBIE UCIIOJIB3YIOTCA B paboTe, B pa3paboTke
MoAysiss OyZeT WUCIOoJIb30BaThCcsl OHWOJIMOTEKA
React. B Opaysepe, KOrjla WHCIIOJIb3yeTCs
JavaScript, y I1O ecTp cBA3b C MOJIb30BATENIEM, A
Takke WEB-cepBepom. JlaHHBIA A3BIK HMeeT
BO3MO>KHOCTbD BCTPauBaTh HTML  (xopn),
U3MEHUTh COZEPKHUMOE, KOTOPOE Y»Ke €eCTh B
HAJIUYUU, WA YJIYYIIUTh CTWJIb. Pearmpyer Ha
JII0OBbIE  BO3JIEUCTBUSA TI0JIB30BATENSA, KOTOPBIE
ObuUTM omucaHbl paHee. lMeeT BO3MOKHOCTD
OTIIPAaBUTh CETEBOM 3allpoC Ha YJAJIEHHBIN
cepBep, CKayaTh WU 3arpy3uTb pa3INYHbIE
dainel. ITosyuuts U ycTaHOBUTH cookie, 3a1aTh
BOIIPOCHI Y€JIOBEKY, KOTOPBIH MTOCETUJI CTPAHHUILY,
JIEMOHCTPHUPOBATh Ppas3jIUYHbIE COOOIEHHs, a
TaKyKe MOYKET 3allOMHUTH JIaHHbBIE, UMeEIOIIecs
Ha CTOpPOHE KJIMeHTa [15].

72 Aneopumm @PYHKUUOHUpPOBAHUS rpouecca
npeobpasosaHuUs c UCronb3o8aHuUem
6ubnruomeku pyHKkyUU

3arpy:xkaemMble B MOAYJIb (DalyIbl MPEACTABIISIOT
coboil nBa ¢aiina B Qopmare *.txt, KOTOpBIE
CO/IEP>KaT 3HAUEHUSI PACCUYUTAHHBIX U PEaTbHBIX
koopauHar u3 cucrembl UIIY «Akcuoma
KouTtpos». ®aityibl KOOPAWMHAT COCTOAT U3 Habopa
CTPOK, B KayKJ0H CTPOKe CO/ep KaTcs JaHHBIE O
koopauHatax X, Y u Z. Takke, B K&XKJ0H CTPOKe
KOOpZIMHATA 3alrcaHa 4yepe3 MpoOesi, 3HAUYeHUs
MOTYT OBITh Kak IleJible, TaK W JEeCATUYHBIE.
[Tocme mocnemHeln KOOpAWHATHI IIpoOena He
cleyeT, cpa3y IPOUCXOAUT  Tepexof, K
cIelylomuM KoopauHataM. Mo/iyib TIpOU3BOJIUT

poBepKy (paiyla HA MPABWIBHBIN (Qopmar
(atina, ecsiu oH He cooTBeTcTBYeT hopmaty *.txt
CUCTeMa BBbIIaeT OMIMOKY O HeBepHOM dopmaTe
3arpykaemoro daita. Takke HTPOHCXOAUT
IpoBepKa (paiiyia Ha KOPPEKTHOCTH 3aIIOJTHEHNS,
HalpuMep, €ecJau TEeKCTOBBIA JIOKYMEHT Oyzer
COCTOSITh He U3 IU(pP, KOTOPBIH IPEJICTABIISIET
coboii HabOp KOOpAWHAT, a TEKCTa, TO B TAKOM
ciaydyae otrobpaskeHue Oy/ieT HeKOPPEKTHBIM [16].

ITpumep koopdunam u3 mexcmoeozo @aiira:

46,065 115,220 -18,400
47,197 115,009 -18,230
52,076 114,428 -18,060
53,294 114,428 -17,890
59,160 114,428 -17,720

KoopauHaThl MOKHO 3aITUCHIBATh BPYYHYIO U IIPU
HEOOXOUMOCTH PE€JaKTUPOBaTh, Ja)Ke eCciu
(aiibl y:ke 3arpy;KeHbl B CUCTEMY. 3aTPYKAOTCS

datisipl ¢ pacCUYMTAHHBIMU U peaJIbHbIMU
KOOpZIMHATaMH o HaKaTUIO KHOIIKU
«3arpy3uTth», ngajee BbIOMpaeTcsa daii  Ha

HOCUTEJIE 1 KOOPDAWHATDBI OTO6pa)KaIOTCH B ITOJIAX
KOOpJAuHAT.

73 [poepammHas peanusayus
roAb6308AMENBCKO20  UHMepgeltica  MOOyAS
aHaAu3a — mpaekmopuu U PopMUPOBAHUS

om4yemos

B rsaBHOM oOkHe wuHTepdeiica uMeeTcs JiBe
KHOIIKK «3arpy3uTh», II0 HaXKaTHIO KOTOPBIX
IIPOMCXOJIUT 3arpy3ka (aijioB pACCUUTAHHBIX U
pEeaJIbHBIX KOOPJWHAT, Jajiee ITPOU3BOJUTCS
HaXkaThe Ha KHONKY «PacueT» U B MpaBOM IIOJIE
«OTKJIOHEHUE» OTOOpaKAIOTCS PACCYUTAHHBIE
OTKJIOHeHUs1. OTKJIOHEHUsI MOKHO COXPaHUTH IO
HaKaTHI0 KHONIKU « COXpaHUTh» [17].

ITo HaXkaTUIO KHOIIKU, OTKJIOHEHUS COXPAHAIOTCA
B popmare TXT ninu EXCEL.

Takke mocijie pacyeTa OTKJIOHEHWH, Ha)kKaB Ha
KHOTIKY «IlokaszaThb rpaduk» B JIEBOM BEpXHEM
yIJIy OT IaHeNu «PaccuuTaHHbIlEe KOOPAUHATHI»
oToOpasuTcs rpaduK OTKJIOHEHHH.
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ITocne nHaxatua kHonku «llokaszaTh rpaduk»,
MOABUTCA OKHO ¢ TpauKOM OTKJIOHEHUH,
Npe/icTaBJIeHHOe Ha puc. 6.

Ipaduk oTKNOHEHNA

CkayaTh rpaguk

- -

V‘o Al

Puc. 6: OkHO «I'paduk OTKIOHEHU»

Ha rpacdwuke mnpexacraBjieHbl OTKJIOHEHHSA IO 3
ocsim (X, Y, Z), B aBTOMaTHYECKOM peXUMeE
IIPOMCXOJIUT HACTPOWKa MaciiTaba Mo Yuciaa
orkioHeHui. Ilpum HaBemeHum Ha TpaduUK
oToOpakaeTcss KOHKPETHAsT TOYKa, ee HOMeEp U
oTkJIoHeHUs 1Mo X, Y u Z. Och cjieBa MOKa3bIBaeT
YHCJIEHHbIE OTKJIOHEHUsI, OCh CHU3Yy IOKa3bIBAeT
MIPOHYMEPOBaHHbBIE TOUKH.

Taxke rpaduk MOKHO COXPAHUTH, IIyTEM
Ha)kaTus Ha KHONKY «CkadaTh rpaduk», KOTopas
HaXOJIUTCA B OKHE caMoro rpadmka OTKJIOHEHUH.

TeCTI/IPOBaHI/Ie n OTJyIagKa MOAYJIA aHa/In3a
TPpA€KTOPHHU PEXKYIIEro UHCTPYMEHTA

Jnsa npoBepku pabOTOCIIOCOOHOCTH MOZYJIs,
HY’KHO IIPOBECTH TECTUPOBAHUE, I0CPEJCTBOM
MIPOBEeJIeHNs aHAJIN3a PACCUUTAHHBIX U PeIbHbIX
KoopauHAT u3 ¢aitos *.txt.

HaxxaTneM Ha KHOIKY «3arpys3uTb», 3arpy’kaeM
nBa  aiyla  pacCUMTAaHHBIX U  pPeaJbHbBIX
koopauHat B (popmarte TXT, KOTOpBIE TTOABATCS B
nonax koopauHat. llociie, HaXxuMaeM KHOIIKY

«Pacuer» u IporpamMmma BBICUUTBHIBAET
OTKJIOHEHUsA  MeXJy  PacCUYUTaHHBIMU U
peaJIbHBIMU KOOpZIMHATaMHU, u TaKKe

0To6pa>KaeT HX B IIOJIE <<OTKJ'IOH€HI/I€>>, pa60Ta

MpefcTaBjieHa Ha puc. 7. Ecamu HyXHO,
pe3y/IbTaThl OTKJIOHEHWH MOKHO COXPaHUTH B
dopmare TXT mim EXCEL.
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Mokazatb rpaguk

45,065
47,197
52076
53,204
59,160
50320
55,160
55268
70501
71564
75716
75803
2115
34730
87,150
89557
91902

94355
QA OS0

115223
115,000
114428
114375
114542
114661
115,404
115548
117,048
117454
118370
119415
123118
124193
124674
124657
124175

123172
171228

PaccunTaHHble KOOPAKHATEI

-18.400
-15,230
-18,080
-17,890
-17.720
-17.720
-17.720
-17.720
-17,720
-17.720
-17.720
-17.720
-17,720
-17.720
-17.720
-17.720
-17,720
-17.720
-1772n

2arpyzuTe

IMeToa k-cpetHmy

Y

PeaneHble KOOPAMHETH

45,069
47,200
52085
53280
59,158
60,310
55,175
65270
70,505
71575
75710
75,805
82120
24730
27,150
23548
91,990

94,350
QAR 0AR1

115,229
115,004
114429
114372
114,546
114,686
115,497
115,542
117,052
117458
119,380
119410
123012
124,196
124672
124663
124172

123,174
121 22A

OTknoHeHve
-15410 - 0004 0,006 001 -
18233 -0.002 0.005 0002
-18,066 -0.009 0001 0.008
-17,285 0014 0003 -0.005
17,720 -0.002 0004 0
17,720 oo 0005 0
17,720 -015 0003 0
17,720 -0.002 0,005 0
17,720 -0.004 -0.004 0
17,720 0011 0004 0
17,720 0.006 001 0
17,720 -0.002 0,005 0
17,720 -0.003 0003 0
17,720 0009 0002 0
17,720 0.009 0.002 0
17,720 0009 0,004 0
17,720 0003 0003 0
17720 M 0.005 0,002 0 M
=177 & -Nnne nnng n #
3arpyanTs CoxparnTe
Anroputmel

CpeaHerBaapaTHUecKoe OTKIOHEHME

Puc. 7: PaboTa mporpaMMBbI C PaCCYUTAHHBIMU OTKJIOHEHUSAMU

lanee HakmeM Ha KHOIKy «Ilokasarh rpaduk» Ha pHC. 7 W IPOBEPHUM PabOTOCIOCOOHOCTH
oToOpaskeHus rpadrka, MPoIEMOHCTPUPOBAHO 3TO Ha puc. 8. Takke B OKHe TpaduKa UMeETCs] KHOIIKA
«Ckauatb rpaduK», IJIs1 TOTO YTOOBI IPOBOAUTD AaHAJIN3 B JJaJIbHEHIIIEM.

[paduk oTKnoHeHNA

Ckauats rpaguk

- X =Y z

Puc. 8: OTobpaskenue rpadrKa OTKJIOHEHUH TTOC/IE HAaXKaTus KHONKHU «[TokasaTh rpaduk»

3akpoeM  OKHO

yTJIy) Ipe/icTaBjeHHOe Ha puc. 8.

rpaduka

Ha’xKaB

KHOIIKY
«3aKpBITh OKHO» (KpecTHK B IIPAaBOM BepXHEM

BepHYBIIII/ICI) Ha IJIaBHBIU JKpaH IIpOrpaMMBbl,

HaQKMEM  KHOIIKY
OTKJIOHEHUE» B I10JIE «AJITOPUTMBI».

«CpenHekBapaTuyecKoe

[Tporpamma oro6pa3utr okHO «CpegHEKBa-
patuyeckoe OTKJIOHEHHE», KOTOpOe
IIPE/ICTAaBJIEHO HA PHC. 9.
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@ CpEﬂHEKEﬂ,ﬂpETM YECKOE OTKNOHEHWE

X: 0.00644000653808102279
¥: 0.004350072435547803656

Z:0.00208277462499046209

Puc. 9: BeiBoa anroputMma « CpeIHEKBa/IpaTUUYECKOE OTKJIIOHEHUE»

Haxkumas kHonky «OK» Ha puc. 9, 0KHO 3akpoeTcs U Oy/ieT 0TOOpaKeH IJIaBHBIN BUJI TPOTPAMMEBI.

CHoBa, B moJsie «AJrOpUTMBI», BbIOMpaerca «Meton k-cpemHux» u B pesysbrare oTrobpakaercs
rpaduk, TOKa3aHHbIM HAa PUC. 10.

@ K cpeanux

K-means

¢ trace 0
+ tracel

trace 2
* trace3

] e

Puc. 10: Pe3ynbraT pabotsl anropurma «Metos k-cpequux»

74  TecmupoeaHue  pabomsi

Memooa R-cpedHUX

NmeeTcsas BO3MOXKHOCTh COXPAaHUTH TpaduK Ha
pucyHke 10 B ¢aiin *.png, A JaTbHEUIIETO
aHaInu3a.

aneopumma

Jlasiee moapPOOHO TeCTHPYETCs aJirOPUTM «MeToz,
k-cpemHux», I TIOHMMaHHUA BCEX AacCIEKTOB

Development of a Structural Model for Constructing a Module for Analyzing the Trajectory of a Cutting Tool in the Axiom Control CNC System

© 2025 Great Britain Journals Press



paboThl TAHHOTO AJITOPUTMA U IMOJATBEDPIKIAEHUS
MIPaBUJIBHOCTU €ro paboTOCIIOCOOHOCTH.

B1>16op1<a PE€AJIbHBIX U PACCYUTAHHBIX KOOpAWHAT
6y]_'[eT MaKCHUMaJIbHO COOTBETCTBOBATH PEAJIbHBIM
YCIIOBUAM, JIA 3TOI'O KOOPAWHATHI 3arpyKaroTCA

PaccumtanHbie KOOPAWHAETBI

46,065
47197
52,076
53,294
5,160
60,340
65,161
65,368
70,501
75,368
85,368

115,223
115,009
114,429
114,428
114,428
114,428
114,428
114,428
114,426
114,428
114,428

115,223
115,009
114,429
114428
114428
114428
114428
114,428
114428
114428
114428

PeancHble KOOpPAWHATHI

-15,400
-18,230
-18,060
-17,889
-17,720
-17,720
-17,720
-17,720
-17,720
-17,720
-17,720

B IPOrpaMMy ¥ CYHTAIOTCA OTKJIOHEHHS.
Bribopka mpezcTaByieHa Ha pUc. 10.

Boibupaercss anroputm «Metox  k-cpemHux»,
mocsie  orobpakaercsi rpaduK, B KOTOPOM
MIPOBOIUTCS AaIbHEHIIINI aHATH3.

OTknoHeHwne
0.001 0 0
0.001 0 0
0.001 0 0
0 0 -0.001
0 0 0
0 0 0
-0.001 0 0
0 0 0
0 -0.002 0
0 0 0
0 0 0
“ 4

Puc. 11. BbI60pKa PE€AVIbHBIX U PACCHHUTAHHBIX KOOpAWHAT

-15,400 45,064
-18,230 47188
-18,060 52,075
-17,890 53,204
-17,720 58,160
-17,720 60,240
-17,720 65,162
-17,720 65,368
-17,720 70,501
-17,720 75368
-17,720 85,368
s
T
|

I|

0 'I

|

i

( I|

) .Dlag ? #
i
,;535‘}5%

ot

K-means

trace 0
trace 1
trace 2
= trace 3

Puc. 12; Pe3ysbrat BhIIOJIHEHUS anroputMa « Meton k-cpemHix»

B mnpuBenenHoMm mnpumepe anroputMm «Metog

k-cpemHux»

BBIABJIAECT

3aKOHOMEPHOCTHU

B

OTKJIOHEHUAX, IIyTeM IIpoBeAEeHUA
Kitacrepu3anuu JaHHbIX.
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JlanHbim anzopummom O6vL10 chopmuposaHo 4 e Trace 2 (eAUHCTBEHHOE OTPHIATEIBHOE
Kaacmepa: oTkJIOHeHHe 110 X) «Puc. 15»
Trace 3 (egUHCTBEHHOE OTKJIOHEHHE IO Z)

e Trace 0 (MakcuMajbHOE OTKJIOHeHHe) «Puc.
«Puc. 16»

13»
e Trace 1 (ocrarounas rpymmna) «Puc. 14»

0.5 = +

dn 0

Puc. 14: Touku knactepa tracel
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Puc. 16: Toukn kyiacrepa traces3

<<k-Cpe]_IHI/IX>> — 9TO aJropuT™M MAUIIXMHHOI'O
oOyueHUs1, ero paboTa CKpbITA OT MOJIb30BATEJIA,
HEe BcCerga IIOHATHO, II0 KaKHM IIpH3HaKaM
OPOUCXOUT KjaacTepusanusa AaHHBIX. [loaTomy
pe3ysbTaThl pabOThI aJTOPUTMa C Pa3TUYHBIMU
pe3ysbTaTaMu OTKJIOHEHHH W WX KOMOWHAIIMH,
MOKET MPHUBOAUTH K TOMY, UYTO KaXKAbIH pas
pa3bueHre OTKJIOHEHHUH Ha TPYIIIbI AJITOPUTMOM,

OyZeT TpOBOAUTHCA IO  JPYTUM  OOLIUM
MIPpU3HAKaM, KOTOpble  He  TIOXOXKH Ha
IPebIyIIHE.

MoxHO caenaTh BBIBOJ, UTO YEM ApYe€ BbIPpAXKECH
06H1HfI IIPpHU3HAK y IMOCYHHUTAHHBIX OTK.TIOHeHI/If;I,

TeM Jierye dopmupytores KJIacTepBhl.
CnemoBartesibHO, ecqi  O0IMe  NPU3HAKU
BBIPAKEHO €1ab0, TO aJTOPUTMYy TsDKeJee

chopMupoBaTh KacTepbl (YTO BBIABUJIOCH B
IpuMepe, a HMEHHO: TIpyHIla OTKJIOHEHUH
xitacrepa Tracel, cpopmupoBana 060cob1eHHOMN
U BHYTPH UMeeT JleJleHUe Ha 2 TpYIIbI
OTKJIOHEHHUH, KOTOpbIe 110 CBOMM IIpU3HAKAM He
CMOTJIU CTPYIIIMPOBATHCA C APYTUMU KJacTepamu
OTKJIOHEHHWH, W ObUIM CTPYNIUPOBAHBI JPYT C
ZIpyTOM, IO3TOMY, B pe3yJIbTaTe uero MOsABUJICA 4
KJIacTep), a IIOJIb30BATEII0 CJIOXKHEE ITPOBECTH
OIIEHKY MOJIyYeHHBIX IaHHBIX.
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I[Ipu  cBepxOOJBIIOM  KOJIMYECTBE  BXOJIHBIX
JIAaHHBIX, MOJKeT IOTpPeboBaThCA paclIIupeHue
KJIaCTEPOB, HO IIOCTaBJIEHO OrpDaHUYEHUEe B 4
KJIacTepa, KaK ONTHMAaJbHOe.

VI, 3AKJITKOYEHWE

B pesynbraTe 1poBe/ieHHOUW PpabOTHl  OBLIO
yCIIEITHO pa3paboTaHO pelleHue Ul aHaIu3a
TPaeKTOpUU repeMeleHus PeXKyIIero
uHcTpyMeHTta B cucreme YIIY «AxkcuOMA
Kontposni». AHanu3, OpPOBeJIeHHBIM B paMKax

HCCJIeIOBAHNA, IOKa3aJl, 4To MHOTHe
cywecrByomue cucrembl YIIY He peanusyror
pEJIOKEHHBIE (pyHKIIMOHAIbHBIE

BO3MO?KHOCTH, YTO CYIIIECTBEHHO OTPDAHUYHUBAET
UX CIIOCOOHOCTh K TIIOJTHOI[EHHOMY aHaJIu3y
IPOIECCOB 00pPabOTKU. IATO OTKPHIBAE€T HOBBIE
MIEPCIIEKTUBBI /I YJIYUIIEHUs U ONTUMU3AIUH
JTAaHHBIX CUCTEM.

B nporecce paboThl ObLUIA CO3aHA CTPYKTYpHas
cxeMa, KoTopas HaIVIAJTHO JEeMOHCTPUDYET
OCHOBHBIE  DBJIEMEHTbl  CHCTeMbl U  HX
B3auMojielicTBue. JlaHHasa cxema II03BOJIAET
BU3yaJIU3UPOBATh IIPOIeCC 3arpy3ku (aiyioB B
pa3pabaTbIBaeMbIi MO/IYJIb aHaIM3a ®
OTIMCBHIBAET BHYTPEHHHE MEeXaHU3MBbI
B3aUMOJIENCTBUA MOyJIed Mexay coboii. Kpome
TOTO, OHA WUIIOCTPUPYET, KaK pe3yJIbTaThl
aHaIM3a JAHHBIX BBIBOJATCA B Ppa3JINYHbIE
dopmarsl 0TUETOB, BKJIIOUYas rpaduku U ¢aisibl
dopmaToB *.txt um *xls. Ito obecmeunBaer
yZ006CTBO u JIOCTYITHOCTD MIOJIy4YeHHOU
nHdOpMauu JJ1s N0JIb30BaTeNeN.

Taxxke ObLIa paspaborana JirarpaMma
MpeNeseHTOB, B  KOTOPOW  IIPE/ICTaBJIEHBI
KJIIOUEeBbIE BO3MOXKHOCTH HHCTPYMEHTA  JJIA
aHayn3a. JTa AUarpaMma CIy)KUT BaKHBIM
WHCTPYMEHTOM I TMOHUMAaHUA (QYyHKIMOHAIA
CHUCTEMBl U TO3BOJIsIeT Oosee 3PpPeKTHBHO
HCITOJTb30BATh BO3MOKHOCTU MO/YJIA.

TakuMm oO6pa3oM, pe3yJbTaThl JAHHON pabOTHI HE
TOJIBKO MIOATBEPKIAAI0T He0oOXOIMMOCTh
BHeZIpeHMs HOBBIX GyHKIUHN B cucrembl YIIY, HO
U 3aKJa/IbIBAlOT OCHOBY [ JIJIbHEWIIINX
WCCJIEZIOBAaHUU U Pa3paboTOK B 3TON 00JacTH.
Peanuszanus npejjioKeHHbIX pellleHnd M03BOJIUT
3HAQUUTEJIbHO TMOBBICUTh 3(P(PEKTUBHOCTh U

TOYHOCTh OOPabOTKH MaTepHUasioB, YTO, B CBOIO

ouepenib, OyZeT CIIOCOOCTBOBATH YJIyUIIEHUIO
KayecTBa OPOAYKIINU u ONITUMU3AINH
MIPOU3BOJICTBEHHBIX TPOIIECCOB. B  Oymyrem,

,uaﬂbHeﬁmee pa3BuTHEC MOAYJIA aHa/IM3a MOXKET
IIpUBECTH K CO3AaHHUIO 6ostee COBepIHeHHOfI u

KOHKYPEHTOCITIOCOOHOM CUCTEMBI Iy
«AkcuOMA KoHTpoOsi», 4YTO OTKpPOET HOBBIE
TOPHU30HTHI IS I0JIb30BaTeJIe u
MIPOU3BOAUTEIIEH B chepe YHCJIOBOTO

IIPpOTrpaMMHOTO yIIpaBJICHHA.

For Citation: Gusev, S. S. Development of a
structural model for constructing a cutting tool
trajectory analysis module in the Axiom Control
CNC system / S. S. Gusev // Vestnik Rostovskogo
Gosudarstvennogo Universiteta Putey
Soobshcheniya. — 2025. — No. 4. — P. 29—-39. —
DOI

s yumuposanusa: Tyce, C. C. Paspaborka
CTPYKTYPHOU  MOJIeJIU IIOCTPOEHUS  MOZYJIA
aHaJIU3a TPAeKTOPUU PeKyllero MHCTPYMEHTA B
cucreme YIIY «Akcuoma Koutpos» / C. C. I'yceB
// BectHuk PocToBckOro rocyzapcTBeHHOTO
YHUBEpCHUTeTAa IMyTel coobIeHus. — 2025. — N9 4.
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Rehabilitacion y Conversion de Centrales Hidroelectricas Existentes en
Cordoba (Argentina) a Sistemas de Turbinado-Bombeo
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RESUMEN

Esta investigacion presenta una metodologia
integral para la evaluaciéon técnica y ambiental
de la refuncionalizaciéon y modernizacion de
centrales hidroeléctricas existentes en la
provincia de Cérdoba (Argentina) hacia sistemas
de bombeo reversible (Pumped Storage
Hydropower, PSH). El estudio parte del
aprovechamiento de la infraestructura civil ya
instalada, con el objetivo de minimizar impactos
ambientales, optimizar recursos econdémicos Yy
mejorar la gestién energética provincial.

La metodologia propuesta combina criterios
técnicos, hidrologicos, ambientales y de gestion
del recurso hidrico para priorizar sitios con alta
factibilidad de conversion. De un total de
centrales analizadas, se identificaron cuatro con
condiciones favorables: Fitz Simon, Cassaffousth,
Los Molinos I y La Vifia. Posteriormente, se
realizaron campanas de campo y andlisis
especificos para evaluar la viabilidad
técnico-operativa de su reconversion Yy
modernizacion. Los resultados evidencian que las
centrales seleccionadas poseen un alto potencial
para operar en esquemas de almacenamiento
energético a partir de bombeo reversible,
contribuyendo a la integracion de energias
renovables intermitentes y al fortalecimiento de
la red eléctrica provincial.

El caso de la Central La Vifia se presenta en
detalle, dado su proceso actual de
modernizacion, destacandose la oportunidad

(© 2025 Great Britain Journals Press

técnica y economica de incorporar la funcion de
bombeo reversible en simultaneo con la
actualizacion de equipamiento.

Palabras clave: energia hidroeléctrica,
turbinado-bombeo, modernizacion de centrales
hidroeléctricas, = almacenamiento energético,
refuncionalizacion de infraestructura.

ABSTRACT

This research presents a comprehensive
methodology for the technical and environmental
assessment of the refurbishment and
modernization of existing hydroelectric plants in
the province of Coérdoba (Argentina) to use
pumped storage hydropower (PSH) systems. The
study is based on leveraging existing -civil
infrastructure, with the goal of minimizing
environmental impacts, optimizing economic
resources, and improving provincial energy
management.

The proposed methodology combines technical,
hydrological, environmental, and water resource
management criteria to prioritize sites with high
conversion feasibility. Of the total number of
plants analyzed, four were identified as having
favorable conditions: Fitz Simon, Cassaffousth,
Los Molinos I, and La Vina. Field campaigns and
specific analyses were subsequently conducted to
assess the technical and operational feasibility of
their refurbishment and modernization. The
results show that the selected plants have high
potential to operate with pumped storage energy
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storage schemes, contributing to the integration
of intermittent renewable energy and
strengthening the provincial electricity grid.

The case of the La Vinna Power Plant is presented
in detail, given its current modernization
process, highlighting the technical and economic
opportunity of incorporating the reversible
pumping function simultaneously with the
equipment upgrade.

Keywords. hydroelectric power, pumped storage,
hydropower station modernisation, energy
storage, infrastructure refurbishment.
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Fisicas y Naturales (FCEFyN) - Universidad Nacional
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. INTRODUCCION

La incorporacién de sistemas de almacenamiento
energético es un requisito técnico indispensable

para aumentar la penetracion de fuentes
renovables variables en los sistemas eléctricos
modernos. En este contexto, el almacenamiento
hidroeléctrico por bombeo reversible (Pumped
Storage Hydropower, PSH) representa la
tecnologia mas madura, eficiente y de mayor
capacidad a nivel mundial (Simon et al., 2023).

En la provincia de Coérdoba (Argentina), el
sistema hidroeléctrico provincial cuenta con una
serie de centrales de mediana escala construidas
entre las décadas de 1940 y 1980 (ver ubicaciéon
en la Figura 1), que actualmente presentan
subutilizacién de su capacidad instalada debido a
restricciones hidrologicas, de operacion vy
obsolescencia. Este escenario motivo el desarrollo
de un proyecto de investigacion orientado a
evaluar la factibilidad técnica, ambiental y
economica de refuncionalizar y modernizar dichas
centrales hacia esquemas de turbinado-bombeo.

La' '\7.?"1'3'\
A,
\\

B

Centrales Hidroeléctricas
#  Central Hidraulica San Roque
*  Central Hidroeléctrica Benjamin Reolin
#  Central Hidroeléctrica Cassaffousth
I Central Hidroeléctrica Fitz Simon
1 Central Hidroeléctrica La Vifia
I Central Hidroeléctrica Los Molinos I
1 Central Hidroeléctrica Los Molinos 1T
o Central Hidroeléctrica Piedras Moras
1 Complejo Hidroeléctrico Rio Grande
I Embalses

Rios e /\

)._/1_
San Roque

..Los Molinos |

Los Molinos |1

“iReolin

=LA Piedras Moras
Rio Grar"ld_e'\.\ A
0 o

Cassaffousth
Cassaffousth

Figura 1. Embalses y centrales de la provincia de Cordoba. Fuente: Bonillo, Reyna et al., 2024
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infraestructura civil disponible y minimizando
nuevas intervenciones.

.  METODOLOGIA DE EVALUACION
2.1 Criterios de Seleccion

La metodologia de seleccion se estructuré en
torno a siete criterios principales:

1. Infraestructura civil preexistente: Se
priorizaron centrales con estructuras que, en
general, estén en buen estado de conservaciéon
(presa, casa de maquinas, lineas de
transmision y obras de conduccion),
minimizando la necesidad de nuevas obras y
los impactos ambientales asociados.

2. Proximidad entre embalses: Se consider6 la
existencia de embalses superior e inferior. En
caso de ausencia de embalse inferior, se
evalu6 la factibilidad de construir un azud o
dique de restitucion para generar el volumen
de entretenimiento necesario.

3. Elementos de disipacion de sobrepresion:
Inicialmente, se consider6 relevante la
existencia de una chimenea de equilibrio. Sin
embargo, los resultados posteriores mostraron
que basta con disponer de estructuras
adecuadas de descarga o alivio de
sobrepresion, por lo que la presencia de
chimenea no constituye un factor excluyente.

4. Tipo de turbina y aros de operacion: Se
otorgd prioridad a las centrales con turbinas
tipo  Francis, debido a su mayor
compatibilidad con esquemas reversibles. No
obstante, se verificd que los equipos instalados
en la mayoria de las centrales cordobesas
habian alcanzado el fin de su vida til, por lo
que la sustitucion de los grupos podria
resultar  inevitable en escenarios de
modernizacion.

5. Proposito del embalse: Si bien los embalses
multipropdsito pueden presentar limitaciones
en su régimen operativo, se identificd6 que la
incorporacion de bombeo puede optimizar la
gestion del recurso al aumentar las horas de
turbinado y mejorar el aprovechamiento
hidrico, dado que el volumen destinado al

almacenamiento por bombeo es
significativamente menor al de otros usos

prioritarios (agua potable, riego, control de
crecidas).

6. Factor de carga: Las centrales con bajo factor
de carga fueron consideradas candidatas
prioritarias, dado que la incorporaciéon de
almacenamiento  por bombeo permite
incrementar la energia entregada y estabilizar
su régimen de operacion. Las plantas que
operan en punta, con conducciones de mayor
seccion, presentan ademas una mejor
predisposicion hidraulica para incorporar el
modo de bombeo.

7. Condicion estructural y accesibilidad: Se
incluy6 una revision de planos, inspeccion
visual y evaluacion del entorno para estimar la
complejidad constructiva y logistica de las
obras requeridas.

2.2 Seleccion Preliminar

Aplicando los criterios anteriores, se identificaron
como centrales con alta factibilidad de
refuncionalizacién: La Vinia (Rio de Los Sauces)
(Figura 2 y 3), Los Molinos I (Rio Los Molinos)
(Figura 4 y 5), Fitz Simon (Sistema de Rio
Tercero) (Figura 6 y 7) y Cassaffousth (Sistema
de Rio Tercero) (Figura 7y 8). Estas instalaciones
comparten caracteristicas favorables segin los
criterios de seleccion indicados en la seccion
anterior: infraestructura robusta, accesibilidad,
redes eléctricas de media tensidon cercanas y
embalses operativos que se resumen en la Tabla 1.
Si bien estas centrales presentan condiciones
técnicamente viables para su refuncionalizacion,
cada una posee particularidades y desafios
especificos en relacion con la infraestructura
existente, el régimen hidraulico y la
compatibilidad con la operacion reversible. En la
seccion “Evaluaciones especificas y estudios de
campo” se presenta la informacion relevada y
analisis sobre los tres sistemas.
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Tabla 1: Parametros técnicos y evaluacion de factibilidad para la refuncionalizacion a

turbinado-bombeo

Parametro Central La Vina  Central Los MolinosI = Central Fitz Simon  Central Cassaffousth
Salto neto (m) 96 254 41,1 38,8
Caudal medio
disponible 5,5 7 27,6 27,6
(m3/s)
Potencia
instalada actual 16 52 10,8 15
(MW)
Ti i F i j . . . F i j . . .
ipo de turbina rancis de eje Francis de eje vertical rancs de eje Francis de eje vertical
actual vertical vertical
1957 (No ha sido 1943 (No ha sido 1953 (Ha tenido
- 1959 objeto de objeto de .
Ano de . ., reparaciones
. ., (Actualmente en modernizacion modernizacién .
instalacion . . , . recientes en el Grupo
modernizacion) tecnolodgica tecnolodgica o .
; ; N°1 - rebobinado)
sustancial) sustancial)
Regular
Regul
egwar (Infraestructura Regular
. (Infraestructura civil .. .
Deficiente (se civil en buenas (Conducciones
Estado de la aprovechable, .
. encuentra en . requiere forzadas en buen
infraestructura requiere ., .
.. D1 tareas de . modernizacion de estado, requiere
civil e hidraulica ., modernizacion de . .,
reparacion) . . de equipos y modernizacion en
equipos y sistemas de . .
sistemas de sistemas de control).
control).
control).
La descarga
. . inmediata es Embalse Segunda Embalse Tercera
Existencia de sobre un azud de . . . . .,
. . e e . Dique La Quintana. Usina Ing. Usina Ing. Benjamin
embalse inferior restitucion sin ,
. Cassaffousth Reolin.
capacidad de
regulacion.
Volumen util del
] .
embalse superior 183 hm3 307 hm3 560 hm3 560 hm3

a cota labio de
vertedero (hm3)

Presencia de
estructuras para

2 descargadores
de sobrepresion

Una chimenea de

El vastago hueco en

Una chimenea de

actual (%)

descarear or colpe de equilibrio cilindrico la valvula de la equilibrio de tipo
Ba , por 89°p de tipo diferencial. obra de toma. diferencial.
sobrepresion ariete.
Factor de carga
22 22 61 45
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Figura 8: Central Hidroeléctrica Cassaffousth

. EVALUACIONES ESPECIFICAS Y
ESTUDIOS DE CAMPO

Tras la preseleccion, se llevo a cabo la etapa de
relevamiento y sistematizacion de la informacion
disponible de las centrales (Los Molinos I, La
Vinia, Fitz Simon, Cassaffousth y Reolin),
complementada con visitas técnicas a cada una de
ellas. Esta fase permiti6 recopilar los datos
necesarios para desarrollar las propuestas de
refuncionalizacion y modernizaciéon. Estas
alternativas contemplaron diferentes
configuraciones hidraulicas y electromecanicas
posibles, considerando las condiciones actuales de
cada sitio, la disponibilidad de infraestructura
existente y las restricciones operativas asociadas.
En todos los casos se deberan actualizar los
sistemas de control y automatizacion, sistemas de
control y manejo hidraulico y verificar la

sumergencia necesaria para evitar cavitacion al
bombear.

31 Central Los Molinos |

La alternativa técnica evaluada consisti6 en
mantener las turbinas actuales y ampliar la casa
de maquinas (ver Figura 10) para construir una
sala de bombeo en pozo, a fin de garantizar el
NPSH (Net Positive Suction Head) de las bombas.
Se descart6 elevar el nivel del embalse inferior
(Dique La Quintana) por razones estructurales: el
dique que deberia recrecerse es mixto,
conformado por un tramo de gravedad, un tramo
de escollera y un vertedero tipo Creager y se
deberian aplicar técnicas diferentes en cada
tramo. Ademas, presenta problemas operativos en
sus compuertas, lo que haria mucho mas costosa
su intervencion para aumentar su altura.
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El pozo de bombeo se conectaria hidraulica y
eléctricamente a la central existente para permitir
el bombeo de agua desde el embalse inferior al
superior a través de las tuberias forzadas y tineles

CAMINO

TORRE DE TOMA

existentes (un ejemplo de un proyecto similar de
refuncionalizacién es la central en Sloy, Escocia
(SSE Renewables, 2025) que se puede ver en la
Figura 11).
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Figura 9: Esquema de turbinado actual Los Molinos I (Lopez y Rodriguez, 2011)
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Figura 10: Lugar para la ampliacion de la casa de maquinas Central Los Molinos I
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Figura 11: Esquema del proyecto de ampliacion de la central de Sloy, Escocia. La casa de maquinas
nueva, que albergaria las bombas, se encuentra a la derecha de la casa original

3.2 Central Fitz Simon esquema  permitiria minimizar costos 'y
aprovechar la infraestructura en funcionamiento,
incorporando un nuevo sistema de control
automatizado y sincronizado con la red provincial.

La propuesta consisti6 en construir un azud de
restitucion (Figura 13) y adaptar los rodetes
actuales a operacion reversible, manteniendo las
conducciones  hidraulicas  existentes. Este

Toma inferior = Torre de toma

Pantalla de escollera

London Journal of Engineering Research
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/

Figura 12: Componentes del Sistema Hidroeléctrico Fitz Simon
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Figura 13: Modificacion Prevista de la Restitucion de la Central Hidroeléctrica Fitz Simon

3.3 Central Cassaffousth

Al igual que en la central aguas arriba (Fitz
Simon), la propuesta consistio en recrecer el azud
de restitucion actual (Figura 15) y adaptar los 3
grupos (rodete y generador) actuales a operacion
reversible, manteniendo las conducciones

hidraulicas existentes. Este esquema permitiria
minimizar costos y aprovechar la infraestructura
en funcionamiento, incorporando un nuevo
sistema de control automatizado y sincronizado
con la red provincial.

Figura 14. Componentes del Sistema Hidroeléctrico Cassaffousth
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Figura 15: Modificacion Prevista de la Restitucion de la Central Hidroeléctrica Cassaffousth

3.4 Central La Vina e Operar ambos grupos en régimen coordinado,
permitiendo el bombeo en horas valle y el
turbinado en horas pico, optimizando la
gestion energética diaria.

La central La Vina fue seleccionada como caso
piloto debido a su estado operativo, condiciones
hidraulicas y proceso actual de modernizacion. La
central en 2020 alcanz6 un grado critico de
deterioro estructural y funcional con deficiencias
significativas en obras de toma y conducciéon por
lo que se recurri6 a su modernizacion. Aun
cuando, en el caso de La Vina, existe un embalse
compensador aguas abajo, este no podria camplir
el rol de embalse inferior para contener el
volumen de entretenimiento por encontrarse a
gran distancia (mas de 10 km aguas abajo). Para
adaptarla a turbinado/bombeo, se plante6 la
construccion de un pequeno azud aguas abajo
(Figura 16) para generar el volumen de
entretenimiento necesario y garantizar el NPSH
de las bombas en modo de aspiracion. La
propuesta técnica consistio en:

London Journal of Engineering Research

e Convertir el grupo N°1 en maquina/sistema
reversible, manteniendo el grupo N°2 como
generador convencional de base.
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Figura 16: Modificacion prevista de la restitucion de la central hidroeléctrica La Vina

IV.  CASO LA VINA: DIAGNOSTICO Y potencia (6 MW) con mayor factor de utilizacion
OPORTUNIDAD DE (=20 h/dia). El presente estudio propuso una
REFUNCIONALIZACION alternativa mas eficiente, con un mayor

aprovechamiento de la obra civil e hidraulica:
La central La Vina, ubicada sobre el rio de los jpstalar en el Grupo N°1 una turbina reversible,

Sauces, posee actualmente una potencia instalada manteniendo el Grupo N°2 como generador
de 16 MW (dos turbinas Francis de 8 MW). convencional.

Durante el proceso de modernizacion iniciado por
la Empresa Provincial de Energia de Coérdoba
(EPECQC), se registraron dos hallazgos criticos:

e El caudal de disefio historico de 7 m3/s (Agua
y Energia Eléctrica, 1969) result6 mayor
respecto al caudal medio medido entre 1995 y
2019 de aproximadamente 5,5 m3/s (Guida y
Guillén, 2019), indicando wuna posible
reduccion del recurso hidrico asociada a
variabilidad climatica.

e Kl nivel operativo del embalse se mantuvo por
debajo del nivel de disefio (estando, en
promedio unos 10 m bajo el labio del
vertedero). Esto, debido a conflictos con
regantes aguas abajo y a ineficiencias en los
sistemas de riego tradicionales (por gravedad
y surcos).

La primera propuesta de modernizacion
contempl6 anular el grupo N°1 y reemplazar el
grupo N°2 (Figura 17) por una unidad de menor
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Figura 17: Plano en planta de la central La Vina (se indica el grupo turbina-generador N°2 a reemplazar
por una potencia menor, de 6 MW)

Este esquema permitiria:
e Aumentar la flexibilidad operativa.
e Reducir pérdidas por vertido.

e Mejorar la integracion del sistema con
energias renovables variables.

e Maximizar el uso de infraestructura existente.

Adicionalmente, se plante6 optimizar el riego
aguas abajo mediante la implementacién de
sistemas presurizados o de riego por gravedad por
pulsos, con el fin de recuperar el nivel del embalse
de disefio y asegurar la disponibilidad de agua
para el esquema de bombeo.

V. DISCUSION

Lo valioso de las propuestas de refuncionalizacion
y modernizacibon mencionadas radica en
aprovechar la inversion original realizada por la
provincia en infraestructura civil (presas, tineles,
tuberias forzadas, chimeneas de equilibrio, torres
de toma y lineas eléctricas), que representa el
mayor costo de cualquier proyecto hidroeléctrico.
Aun cuando seria necesario realizar una inversion
considerable para adaptar las centrales a este

nuevo esquema, el esfuerzo permitiria revalorizar
obras ya existentes, incorporando capacidad de
almacenamiento energético, un recurso clave en la
actualidad.

El analisis evidencio que la refuncionalizacion de
centrales existentes a turbinado/bombeo es
técnica y ambientalmente viable en Coérdoba, y
representa una alternativa costo-efectiva para
recuperarlas frente a la construccién de nuevas
centrales de almacenamiento. Las ventajas
principales se asocian a:

e Reutilizacion de infraestructura civil existente.

e Reduccion de impactos ambientales y sociales
que ya han sido compensados en el pasado.

e Sinergia con procesos de modernizacion de
centrales hidroeléctricas en curso.

e Incremento de la seguridad y flexibilidad del
sistema eléctrico provincial, permitiendo la
penetracion segura de las energias renovables.

El caso La Vifia, actualmente en modernizacion,
constituye una oportunidad inmediata para
validar la tecnologia a escala piloto y replicarla en
otras cuencas.
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VI.  CONCLUSIONES

La metodologia propuesta permiti6 identificar,
con criterios técnicos y ambientales integrados,
las centrales hidroeléctricas con mayor potencial
de refuncionalizacion en Coérdoba. Segin estos
criterios, Fitz Simon, Cassaffousth, Los Molinos I
y La Vifia presentan condiciones estructurales e
hidraulicas favorables para su adaptacién a
turbinado-bombeo. Particularmente, la central La
Vina, por su proceso de modernizacion y
disponibilidad de infraestructura, constituye el
caso mas factible para implementacion piloto.

La refuncionalizacién de las centrales cordobesas
a sistemas reversibles puede mejorar el factor de
carga, optimizar la gestion del recurso hidrico y
aumentar la participaciéon de renovables en la
matriz provincial. Se recomienda avanzar hacia
estudios de factibilidad técnico-econémica
detallados para cada sitio y promover un marco
regulatorio provincial que incentive proyectos de
almacenamiento hidroeléctrico.

REFERENCIAS

1. Agua y Energia Eléctrica. (1969). Obras
construidas. Proyectos y estudios realizados
por agua y energia en la provincia de
Cordoba. Jefatura Estudios y Proyectos Zona
Centro - Cuyo. Argentina.

2. Bonillo, P. L., Reyna, S. M., Bartoli Rios, V.,
Giovine, L., Reyna, T. M., Labaque, M.,
Morello, A. L., & Bonini, A. (2025). Analisis
preliminar de refuncionalizacién de centrales
hidroeléctricas en la provincia de Cordoba.
Ingenio  Tecnolbgico (7).  Universidad
Tecnologica Nacional La Plata. Argentina.

3. Guida, J.P. y Guillén, N. (2019). Modelacion
hidrolégica a corto y largo plazo del Dique La
Vifla. Practica Supervisada. Universidad
Nacional de Cérdoba. Argentina.

4. Lopez, F. & Rodriguez, A. (2011). Inventario
de presas y centrales hidroeléctricas de la

Reptuiblica Argentina 3. Buenos Aires:
Ministerio de Planificacion  Federal.
Argentina.

5. Reyna, S. M., Bonillo, P. L., Bonini, A. y
Melano, E. A. A. (2025). Refuncionalizacion
de centrales hidroeléctricas en esquemas de

7.

turbinado/bombeo en Coérdoba, Argentina.
XXVIII Congreso Nacional del Agua. Buenos
Aires.

Reyna, S. M., Bonini, A.,, Bonillo, P. L. y
Melano, E. A. A. (2025). Modernizacion y
repotenciacion de centrales hidroeléctricas en
la Provincia de Cérdoba, Argentina. XXVIII
Congreso Nacional del Agua. Buenos Aires.
Argentina.

Simon, T. R., Inman, D., Hanes, R., Avery, G.,
Hettinger, D., & Heath, G. (2023). Life Cycle
Assessment of Closed-Loop Pumped Storage
Hydropower in the United States.
Environmental Science & Technology, 57(33),
12251—12258. https://doi.org/10.1021/acs.est.
209189

SSE Renewables. (2025). Sloy Power Station.
https://www.sserenewables.com/hydro/sloya
we/sloy-power-station-redevelopment-plans/

Refurbishment and Conversion to Pumped/Storage Systems of Hydroelectric Power Plants in Cérdoba (Argentina)

Volume 25 | Issue 4 | Compilation 1.0

(© 2025 Great Britain Journals Press


https://www.sserenewables.com/hydro/sloyawe/sloy-power-station-redevelopment-plans/
https://doi.org/10.1021/acs.est.2c09189

Scan to know paper details and
author's profile

CNT's based Nanomaterials: An Interesting
Cluster of Biosensors

Irshad Ahmad & Weqar Ahmad Siddiqui

Jamia Millia Islamia University

ABSTRACT

This article outlines the function of carbon nanotubes (CNTSs) in the fabrication of biosensors for
various applications. We explain why CNTs are employed more frequently in biosensor fabrications for
different applications and why CNTs have significant potential in these areas of application by
examining the differences between other members of the nano-carbon family. Furthermore, we
investigated the role of these nano-carbons in the detection of different analytes in bio-sensing. This
chapter focuses on recent breakthroughs in the construction of sensors and biosensors using carbon
nanotubes (CNTs). Biosensors are employed in a wide range of applications, from prosthetic devices to
checking food quality. Because of the unique physical features of CNTs nanomaterials for biosensing
applications, including optical, structural, mechanical, and thermal capabilities, the scientific
community has put in a lot of effort.

Keywords: Carbon nanotubes (CNTs), Functionalization of CNTs, Chirality, Arc discharge, laser
ablation, Biosensors.

Classification: LCC Code: T157.94

Language: English

LJP Copyright ID: 392943

Great Britain Print ISSN: 2631-8474
Online ISSN: 2631-8482

Journals Press

London Journal of Engineering Research

Volume 25 | Issue 4 | Compilation 1.0 [

© 2025. Irshad Ahmad & Weqgar Ahmad Siddiqui. This is a research/review paper, distributed under the terms of the Creative Commons
Attribution-Noncom-mercial 4.0 Unported License http://creativecommons.org/licenses/by-nc/4.0/), permitting all honcommercial
use, distribution, and reproduction in any medium, provided the original work is properly cited.






CNT's based Nanomaterials: An Interesting
Cluster of Biosensors

Irshad Ahmad® & Weqgar Ahmad Siddiqui®

ABSTRACT

This article outlines the function of carbon
nanotubes (CNTs) in the fabrication of biosensors
for various applications. We explain why CNTs
are employed more frequently in biosensor
fabrications for different applications and why
CNTs have significant potential in these areas of
application by examining the differences between
other members of the nano-carbon family.
Furthermore, we investigated the role of these
nano-carbons in the detection of different
analytes in bio-sensing. This chapter focuses on
recent breakthroughs in the construction of
sensors and biosensors using carbon nanotubes
(CNTs). Biosensors are employed in a wide range
of applications, from prosthetic devices to
checking food quality. Because of the unique
physical features of CNTs nanomaterials for
biosensing applications, including optical,
structural, mechanical, and thermal capabilities,
the scientific community has put in a lot of effort.
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[ INTRODUCTION

Biomolecular detection is vital in a variety of
critical sectors, including health medications,
clinical and infectious pharmaceuticals, food
safety, homeland security, and pollution
monitoring, as well as illness detection and
identification and the recognition and viewing of
novel drug molecules [1,2]. As a result, the
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development of dependable and affordable
high-precision/selective technologies that enable
direct and quick analysis of biomolecules in the
detection of biomolecules can have an impact on
human health, allowing for a healthier and more
reliable existence [3]. The development and
translation of innovative carbon nanomaterials
are required for advancements in the field of
biosensors [4]. The current COVID-19 epidemic
has pushed the quest for novel biosensor
materials [5]. The purpose of this paper is to look
at biosensors that comprise carbon-based
nanomaterials as well as their analytical figures of
merit [6]. Biosensors have emerged as a viable
choice for medical and biological investigation in
applications such as environmental, medicinal,
food security, and agricultural [7,8].

The utilization of carbon nanotubes (CNTs) and
fullerenes in the construction of novel biosensors
has recently piqued interest in carbon
nanomaterials research [9]. The inclusion of
sensor components permits the production of
reliable, precise, and rapid biosensors due to the
better capabilities of CNTs. Because of their
outstanding properties in the scientific world,
carbon nanotubes have spawned a plethora of

studies and crucial applications. Chemical
sensors, field emission materials, catalyst carriers,
electronics, contemporary healthcare

applications, and energy storage applications are
all possible uses for CNTs [10]. CNTs have several
features that make them ideal for chemical and
biological sensing because of their unique
structure and nanoscale size. Electrochemical
sensors for food safety, optical sensors for heavy
metal detection, and field-effect devices for virus
detection are just a few of the uses for carbon
nanotube-based sensors [11]. Large surface area to
volume ratios and aspect ratios, strong electrical
conductivities, greater chemical stability, and
luminous characteristics are among these
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qualities [12]. CNTs must be purified and
functionalized with bio-recognition components
to make wuse of this nanomaterial's unique
capabilities in biosensor fabrication. CNTs must
be purified and functionalized with biorecognition
components to make use of this nanomaterial's
unique capabilities in biosensor fabrication [13].
The bio-sensing interface's design is the most
difficult aspect of biosensor development. It must
take into account both the functionalization and
transduction processes. Food safety, health
monitoring,  counter-terrorism, and virus
detection are all possible uses for CNT-based
sensors. Even though carbon nanotubes have
been reported [14,15] for three decades, few
examples of CNT-based sensors have reached the
market. Figure 1 shows the CNTs nanomaterials
based on various types of biosensors [Ref].

The biomedical application range of CNTs is very
broad [16]. There are still obstacles to the
widespread use of CNT-based sensors in the real
world [17], especially related to the integration of
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CNT sensing elements into analytical instruments
and industrial manufacture. In pristine form it is
like wrapped sheet of graphene and generally not
solvable in most of the solvent. In some solvable
solvent, it forms some bundled structure. It
produces bit limitations over its usage.

CNTs' chirality can affect their electrical
characteristics, and controlling this chirality can
be challenging [18]. CNTs and CNT-based devices
face challenges of uniformity and repeatability as
a result of this. Small impurities or flaws can
substantially alter the characteristics of CNTs,
therefore yields and purity are also crucial, and
however, these difficulties will influence SWCNTSs
more than MWCNTs [19]. CNTs must be
synthesized with dependable control of physical

and electrical characteristics in a highly
repeatable way to be feasible for scale
manufacturing of analytical devices [20].

Purification and subsequent functionalization of
the product are required in all of the major
synthesis processes.

Figure 1: Schematic illustration of the CNTs nanomaterials based biosensor. This figure has been
adapted/ reproduced from ref. 83 with permission from Springer, copyright 2020

Carbon nanotubes (CNTs) are hollow carbon
structures having one or more walls, a
nanometer-scale diameter, and a comparably
longer length. They have a well-ordered
arrangement of carbon atoms connected by sp,
bonds, making them the stiffest and strongest
fibers yet discovered [21]. Their advantage over
other nanomaterials comes from a unique mix of
electrical, magnetic, optical, mechanical, and

chemical characteristics, all of which hold
tremendous potential for a variety of applications,
including biosensing [22]. Functionalized carbon
nanotubes can infiltrate individual cells and cross
biological barriers such as cell membranes. This
property, as well as the method by which CNTs
are internalized and released from cells, is of great
interest for biological and, in particular,
intracellular biosensing applications [23].
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Il. STRUCTURE OF CARBON NANOTUBES
(CNTS)

In 1991, Iijima [24] published the first report on
multi-walled carbon nanotubes (MWCNTSs) and
their synthesis, based on findings from an arc
evaporation process for the nanotubes determines
the diameter of an MWCNT. CNTs are classified
into two categories, SWCNTs and MWCNTs each
of which is characterized by a distinct model in
which Separate sheets of graphene manufacture of
C60 fullerenes [ref.19]. CNTs are cylindrical in
shape and have nanometer-scale diameters and

SWCNTs

MWCONT

micrometer-scale lengths. CNTs can be compared
to a rolled-up sheet of graphene in terms of
structure.  Single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes
(MWCNTSs) are the two primary forms of carbon
nanotubes (CNTs). The numbers of concentric are
stacked in concentric cylinders, one within the
other, in the Russian Doll paradigm. In the
Parchment model, a single sheet of graphene is
rolled around itself in the same way as a
parchment scroll or roulade cake is wound around
itself as shown in figure 2.
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Figure 2: Nanostructures of SWCNTs and MWCNTSs, fullerenes and a carbon nano-onion (CNO).
Reproduced with permission from ref. 60, copyright 2008, RSC

Multiple-walled carbon nanotubes (MWCNTSs) are
a particular class of carbon nanotubes with shapes
and characteristics comparable to SWCNTs. They
are also more chemically stable, making them
more resistant to the rather severe chemical
procedures required for functionalization [1]
diameter of less than 2 nm in most cases.
SWCNTs are sometimes referred to as a single big
molecule, whereas MWCNTs are a mesoscale
graphite system with diameters ranging from 2 to
200 nm.

The geometrical structure and C-C bonding of
SWCNTs are responsible for their outstanding
mechanical capabilities. One of the strongest
bonds in nature is the carbon-carbon bond in
graphite's base plane. The Young modulus and

tensile strength of SWCNTs with tiny diameters
are both high. This suggests SWCNTs are overly
stiff and difficult to bend. SWCNTs are, in fact,
quite adaptable. The sidewalls of these tubes are
form of a hexagonal lattice of carbon atoms,
comparable to the atomic planes of graphene, and
one-half of a fullerene-like molecule is normally
capped at both ends. SWNTs have the simplest
form and may be seen as a single graphene sheet
wrapped up in a numerous directions that shown
in figure 3. The structure of a nanotube may be
simply characterized by its chiral vector, which is
determined by the chiral indices and is based on
the orientation of the tube axis about the
hexagonal lattice (n,m). The geometric
arrangement of carbon atoms at the cylinder
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seams is used to classify SWNTs. While the
majority of SWNTs are chiral (m 6= n), a few have
armchair (m = n) or zigzag (m = 0) layouts. They
are flexible enough to be bent like a pipette
without breaking. SWCNTSs can show metallic or
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semiconductor behavior depending on their
diameters and the chiral angle between hexagons
and the tube axis, but MWCNTSs can transport up
to 10° A cm2, are always metallic, and have no
bandwidth.

Figure 3: Rolling a graphene sheet in multiple directions to generate an SWCNT is a creative process

[Ref]
CNTs are the ideal choice for enhancing mobility (100,000 cm2/Vs), and field-effect
bio-sensing instruments because of their mobility (79,000 c¢m2/Vs), and electrical
exceptional  properties, particularly  their conductivity (104 S/cm).

outstanding electrical properties such as electron

(b)

Figure 4: (a) A multi-walled carbon nanotube structure composed of three shells of varying chirality. (b)
A graphene sheet is rolled up, resulting in three distinct forms of CNTs. Reproduced with permission

from [25]. Copyright (2004) John Wiley and Sons
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2.1 Functionalization of Carbon Nanotubes
(CNTs)

CNTs have a number-severing qualities and
benefits, however, dispersion caused by the CNTs'
high surface energy acts as a road-block to future
advancement [25]. Because carbon nanotubes
have a high hydrophobicity, they are insoluble in
water and other common solvents. As a result,
CNTs must be functionalized depending on the
application to increase their solubility and other
functional qualities. The functionalization of
carbon nanotubes has become a need for the easy
production of nano-devices. Non-covalent and
covalent surface modifications are two of the most
popular types of functionalization. The
fundamental benefit molecules stay unchanged,
making subsequent modification exceedingly
difficult. CNTs' solubility and compatibility can be
considerably  altered by direct covalent
functionalization. The functionalization of carbon
nanotubes has sparked a lot of attention since
their carbon chemistry allows for a wide range of
changes. Minimizing aggregation, enhancing their
water  solubility, and improving their
biocompatibility have all been investigated.
Because carbon nanotubes have a vast surface
area, they can accommodate a large number of
functional groups. Chemical, physical, and
electrochemical procedures are the most
prevalent methods for functionalizing carbon
nanotubes. Biosensors are being developed by
these functionalizing carbon nanotubes [26].

2.1.1 Chemical Functionalization

The chemical functionalization of CNTs is still
problematic due to the difficulties in carboxyl,
acyl, and hydroxyl groups are the most widely
described. This procedure, which is usually
reproducibly generating a well-ordered molecular
architecture of the electrode surface under mild
experimental conditions. A variety of techniques
have been developed to change and improve the
functioning of carbon nanotubes. The application
of acid-based oxidization for the introduction of
oxygen-containing combinations is successful in
enhancing oxygen-containing functional groups
on both functional groups such as carried out
using nitric or nitric/sulphuric acid the ends and

sidewalls of CNTs. Oxidative therapy, on the other
hand, might have a wide range of results. Even
though oxidative treatment increases the
hydrophilic character of CNTs, controlling the
degradation of the electrical, optical, and
electrochemical characteristics of CNTs is
typically challenging. Defect sites can be
introduced during oxidative treatment, resulting
in  undesirable chemical and physical
characteristics. =~ The inclusion of these
oxygen-containing functional groups enables the
CNTs to be further modified. These can be used as
a starting point for adding or converting a new
functional group. Strong acid treatments utilized
in chemical methods for CNT alterations were
shown to be successful not only in adding
oxygen-containing functional groups but also in
removing metallic catalysts. However, the time
required for acid oxidation of CNTs is restricted,
and this is frequently deemed undesirable in
industrial applications [27].

2.1.2 Physical Functionalization

By adding oxygen-containing groups on the end
and sidewall of CNTs, several methods for
functionalizing them have been investigated.
Plasma treatment has been used to graft various
functional groups such as carboxylic, hydroxyl, or
amine groups among these methods. A variety of
plasma gases, including oxygen, air, a
hydrogen-nitrogen combination, or carbon
dioxide, might be utilized for this purpose. Plasma
techniques are an efficient means of improving
the hydrophilic character of CNTs, making
biosensor construction easier by allowing
biorecognition components to be immobilized. In
the case of an aligned configuration of CNTs,
microwave plasma treatment with carbon dioxide
or nitrogen/hydrogen not only allowed the CNTs
to be functionalized but also prevented
aggregation, preserving the electrode surface's
alignment structure. When compared to the
traditional oxidative treatment in a solution, the
atmospheric plasma treatment was shown to be
more suited for the functionalization of CNTs with
an aligned configuration [28-29].
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2.1.3 Electrochemical Functionalization

Functionalized CNTs might be functionalized
using electrochemistry under mild reaction
conditions, avoiding unwanted and uncontrolled
reactions. Diazonium salt reactions are a novel
way to functionalize the end-tip and sidewall of
carbon nanotubes. For function-arising CNTs,
interesting findings have been obtained with
diazonium salts; nevertheless, due to the
spontaneous polymerization process of radical
species created by decomposing diazonium salts,
getting monolayers with a well-controlled
architecture remains hard. CNTs can be anchored
to an electrode surface using the diazonium salt
technique. It was shown that a well-organized
assembly of CNTs may be achieved, resulting in a
straight forward method for changing electrode
surfaces using CNTs. Aryl diazonium salt
derivatives have the benefit of being able to be
applied to a variety of surfaces, including CNTs
with metal nanoparticles [30].

2.2 Methods for Preparation of CNTs

The use of CTNs in biosensors is becoming
increasingly common. As a result, the industry's
need for CNT has grown increasingly critical. Arc
discharge, laser ablation, and chemical vapor
deposition are some of the synthesis methods
used.

221 Arc Discharge

The arc discharge is one of the most used ways
of preparing carbon nanotubes, and it was initially
used to generate CNTs by Iijima in 1991 [31]. The
idea of this approach is that CNTs are deposited
on the graphite cathode in a vacuum reactor
under the action of the current. The cathode is a
bulky graphite rod, whereas the anode is a fine
graphite rod; the spacing between the two
graphite electrodes has remained within 1 mm,
and the arc has remained stable. To prevent CNT
oxidation, the vacuum reactor is filled with a
specified amount of inert gas, such as helium or
argon. CNTs are frequently synthesized under
certain loading conditions, such as high current
(50-120 A), high voltage (20-30 V), high
temperature (>3000 °C), and low pressure
(50-700 bar). The graphite and metal catalyst of

the anode graphite rod is vaporized and
consumed continuously during the arc discharge
process under a high-temperature plasma; CNTs
are deposited on the graphite cathode following
the action of metal catalysts. The synthesis of
CNTs is dependent on the selection and
management of process parameters such as arc
voltage, current, inert gas pressure, and electrode
cooling speed. The selection of metal catalysts for
CNT synthesis is equally critical since it affects the
preparation's efficiency. The arc discharge is one
of the most well-established synthetic processes
for SWCNTs, and it is also one of the most widely
employed. Varied catalysts for the production of
SWCNTs result in  different diameter
distributions, according to research [32].

222 Laser Ablation

Smalley and his colleagues developed laser
ablation as a simple and effective new technology
based on arc discharge. To begin, a piece of
graphite is put in a vacuum furnace filled with an
inert gas (for example, helium) and heated to a
high temperature. The high temperature will be
created quickly utilizing a high-energy laser beam
to irradiate the metal catalyst and carbon atoms of
targeted graphite, prompting them to evaporate,
and then the carrier gas will transport these
carbon molecules and catalyst particles to the
high-temperature zone. To make CNTs, the
carbon atom clusters are finally placed on the
collector. The most notable benefit of laser
ablation is the excellent purity and low defect rate
of the CNTs generated. Furthermore, the yield of
CNTs might be as high as 70% to 90%. However,
because this technique of growing CNTs has a
high initial investment cost and significant energy
consumption, it 1is challenging to use in
commercial manufacturing [17,33].

2.2.3 Chemical Vapor Deposition (CVD)

CVD is a thermal dehydrogenation reaction that
requires a transition metal catalyst, and it is one
of the most extensively used and well-explored
methods for the synthesis of CNTs. First, the
carbon source gas and carrier gas enter the
reaction chamber at a temperature of 600—1000
°C, where the gas is decomposed to form carbon
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atoms on a coated catalyst substrate at a high
temperature, and eventually, CNTs are produced.
Co, Fe, Ni, Cu, Cr, Mo, and their alloys are often
used as transition metal catalysts. Carbon gases
such as methane, ethanol, ethylene, acetylene,
and benzene are commonly used as carbon
sources. This may aid in lowering the temperature
necessary for gaseous hydrocarbon breakdown
into carbon and hydrogen. Carbon supply, gas
flux, carrier gas flux, growth temperature, and
catalyst concentration are the most important
CVD process factors. CVD is split into the matrix
technique and floating catalyst method based on
the loading and dispersion methods of the
catalyst. CVD has the benefit that CNTs can grow
directly on the substrate, and the equipment is
simple and inexpensive. It is worth mentioning
that this technology may be used for mass
manufacturing indefinitely [34].

23 Different CNT-based Biosensor's Working
Principles

Clark's 1962 description of the enzyme electrode
inspired the notion of a CNT-based biosensor;
CNT-based biosensors are made up of two parts: a
biologically sensitive element and a transducer.
The biological sensitive element is a CNT
functionalized with biomolecules or receptors,
such as proteins, oligo- or polynucleotides,
microbes, or even complete biological tissues. For
testing and detection, the transducer converts
analyte concentrations to other observable
physical signals such as currents, absorbance,
mass, or acoustic variables. CNT-based biosensors
will be divided into two groups depending on the
interactions between analytes and biologically
sensitive materials, which will be explored in the
following sections: chemical and physical. The
CNTs-field transistors, which have better
characteristics, will be emphasized after this
section [13, 35].

2.4 Biosensors based on Carbon Nanotubes

The first biosensor was produced in 1906, but
Clark et al. invented the real biosensor in 1956
and became the father of biosensors. He then
created an amperometric enzyme electrode for
glucose sensing in 1962. Based on the

interactions between the analytes and the
biological  sensitive  materials, CNT-based
biosensors were divided into two categories
(chemical and physical).

2.4.1 Electrochemical CNT Biosensors

Various signal amplification methodologies using
CNTs have been explored to develop ultrahigh
sensitivity biosensors. Because of the reactive
assemblies on the outer surface of CNTs, they
have fascinating electrochemical characteristics.
CNTs have been hailed as a promising material for
electrochemical biosensors because of their ability
to improve electron transfer. Electrochemical
biosensors function on the premise of
converting/transferring a biological event into an
electrochemical signal wusing a two or
three-electrode electrochemical cell (reference,
working, and counter electrode). High sensitivity,
cheap production cost, rapid response, ease of
operation, and prospective mobility distinguish
CNT-based electrochemical biosensors as
outstanding materials in biomedical applications
[36].

2.4.2 Electrochemical Enzyme Sensors

Since the creation of the first enzyme-based
biosensor for the detection of blood glucose,
electrochemical biosensor technology, and
research have evolved tremendously.
Enzyme-based electrochemical biosensors are a
subclass of chemical sensors that combine enzyme
specificity and selectivity with electrochemical
sensing's high sensitivity. The common enzymes
used in biosensor development of
oxidoreductases, catalyze oxidation-reduction
events involving the production of electro-active
substances. One of the most difficult aspects of
designing enzyme-based electrochemical
biosensors has been achieving effective electrical
communication between immobilized enzymes
and the electrode surface. The benefit of this
generation is that the concentration of diffusive
electroactive species and the measured current
are directly proportional. Biosensors that do not
require the use of a mediator are referred to as
mediator’s biosensors. Electrochemical biosensors
based on enzymes are a type of chemical sensor
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that combines the specificity and selectivity of
enzymes with the high sensitivity of
electrochemical sensors. Several studies using
enzymes such as glucose oxidase horseradish
peroxidase, lactate oxide, and malate
dehydrogenase have been published.
Oxidoreductase-based electrochemical biosensors
including oxidoreductases are enzymes that
catalyze oxidation/reduction reactions by making
electron transfer from reductants (electron
donors) to oxidants easier (electron acceptors).
Electrons are eventually transferred to convert
ADP to ATP in most oxidation processes.
Non-protein chemical substances or metallic ions
that are essential for enzyme action are known as
cofactors. Coenzymes are complex organic
cofactors. Several coenzymes have been found,
and vitamins are the most common cofactors. X +
Y — X + Y . Where, X is the reductant and Y is the
oxidant, is the typical reaction. They work with
inorganic and organic cofactors to act on diverse
functional groups like --CHO, -CHOH, CH2-NHz2,
-CH=NH, or -CH2-CH2-. Electron transfer
reactions between biomolecules catalyzed by
oxidoreductase (especially NAD(P)H) play critical
roles in the metabolism and catalysis conversion
of various materials in plants and liver tissues,
including adenosine diphosphate (ADP) to ATP
cycles, ethanol to acetaldehyde, glucose to
gluconolactone, pyruvate to lactate, and so on.
Furthermore, NAD(P)H's reducing capacity is
necessary for additional metabolic pathways that
are catalyzed by various enzyme and coenzyme
cofactors [37].

2.4.3 Electrochemical Immunosensors

Immunosensors are condensed analytical
biosensor devices based on ligand affinity, in
which immunochemical reaction interaction and
molecular recognition between antigen and
antibodies are connected to a transducer for
selective  detection of various proteins.
Immunosensors are devices that make use of
antibody-antigen binding interactions. A sensor
surface can be immobilized with either the
antibody or the matching antigen, and the binding
of the corresponding member of the pair,
producing a stable complex, can be detected using
several methods. By combining SWCNT forests

with enzymes and horseradish peroxidase, the
electrochemical immunosensor displayed
extremely low and enhanced -cancer-related
detection of interleukin-6, a multifunctional
cytokine. Because of the very particular nature of
their bonding with their respective antigens,
antibodies are commonly utilized in biosensing
applications, and there are several instances of
CNT-immunosensors [38].

Furthermore, MWCNTs-based impedimetric
immunosensors adorned with gold nanoparticles
have been effectively used to detect cancer cells in
serum, particularly in breast cancer patients. The
combination of highly conductive ionic liquid and
MWCNTs, as well as gold nanoparticles, improved
the sensitivity of the proposed immunosensor
while also improving biocompatibility and
amplification power [39].

2.4.4 Electrochemical DNA Sensors

Because of its powerful and very specific
hybridization, DNA  is an  appealing
bio-recognition component for sensors. Medicine
and healthcare, food safety, and counterterrorism
are just a few of the applications that DNA sensors
might be used for. Covalent binding of the nucleic
acids' amine terminal to CNT-functionalized
electrodes is a typical way of immobilizing nucleic
acids onto CNT-functionalized electrodes.

The sensing element of a DNA biosensor is a
nucleic acid, such as single-stranded DNA
(ssDNA) or double-stranded DNA (dsDNA). It has
been discovered that ssDNAs adsorb strongly on
CNTs, but duplex DNAs are unable to attach to
CNTs in a stable manner. This one-of-a-kind
characteristic has been used to meticulously build
CNT-DNA biocomplexes for use in biosensing
technologies for a variety of molecular targets.
The SWCNT serves as a transducer, converting
and amplifying DNA hybridization on Au into an
electrical signal that can be measured
immediately. This newly created sensing platform
has proved to have considerably simpler
chemistry and setup than most currently available
optical and other electrochemical DNA
biosensors.  Furthermore, a simple and
ultra-sensitive DNA biosensor based on MWCNT

CNT’s based Nanomaterials: An Interesting Cluster of Biosensors

Volume 25 | Issue 4 | Compilation 1.0

(© 2025 Great Britain Journals Press



signal amplification and fluorescence polarization
(FP) detection for monitoring the activity and
inhibition of DNA methyltransferase (MTase) in a
homogenous solution has been successfully
created. DsDNA and restriction endonuclease was
used to make the DNA probe. Restriction
endonuclease without DNA MTase cleaves the
FAM-labeled DNA probe [40].

24.5 Non-Biomolecule-based Electroche-mical
Sensors

Sensors based on molecularly imprinted polymers
have gained popularity in recent years (MIPs).
MIPs are antibodies that have been synthesized.
Simply said, polymers are made with the target
molecule attached to the polymer structure either
covalently or noncovalently. While the
biomolecule-based sensors discussed in the
preceding sections are likely the most popular
electrochemical CNT-based sensors, there are
numerous more that do not use biomolecules as
recognition components. CNTs are of particular
importance for MIP applications because they
may increase the porosity and mechanical
characteristics of polymer composites while also
imparting or enhancing electrical conductivity.
CNTs have also been widely employed to
functionalize electrode surfaces to increase the
sensitivity of direct electrochemical detection for a
range of analytes in combination with other
nanomaterials. Noble metal nanoparticles, such as
gold and silver, have been utilized to functionalize
electrodes for the detection of analytes such as
glucose, urea, bisphenol A, and volatile organic
compounds (VoCs) alongside CNTs [41].

24.6 Optical Biosensors

The CNTs have shown great optical behavior and
the feature of showing different kind of
luminescent behavior makes them an ideal optical
probe for Dbiosensing. They have shown
photoluminescence, fluorescence, electrolumine-
scence, cathodoluminescence, Raman scattering
etc. The CNT’s can play very important role in the
fabrication of variety of optical biosensors.
Specifically, the single walled carbon nanotubes
[SWCNTs] are very promising one for the
purpose. CNTs' luminous features may be used for

biosensing applications using a range of
biomolecules. Optical biosensors work on the
premise of sensing photons (absorbance,
reflectance, or fluorescence emissions) rather
than electrons to detect and analyze interactions
between target biomolecules and analytes. Optical
transduction methods are extensively utilized in
biosensors because they have excellent sensitivity,
stability, and multiplex detection capabilities.
CNTs are commonly used in fluorescence sensors
and biosensors because their fluorescent
characteristics are strongly reliant on their
physical structure. CNTs can also be used to
quench fluorescent light. Fluorophores can be
used to mark bio-recognition elements like
oligonucleotides. The oligonucleotides are then
non-covalently linked to CNTs, quenching the
fluorophores. Surface plasmon resonance (SPR) is
a very sensitive optical method that is frequently
used in chemical and biological detection. It uses
optical stimulation to induce the creation of
surface plasmon waves at the interface between
metal surfaces, such as gold, and a dielectric. The
fact that SWCNTs emit light between 700 and
1400 nm qualifies them as biocompatible
fluorescence probes. SWCNTs have a wavelength
range that permits rays to penetrate deeply
through layers of skin, allowing in vivo imaging of
biological tissues and organs with a dosage limit
that is nearly 15 times lower. SWCNTSs have also
been used as NIR fluorescent markers for precise
cell probing and imaging. The fluorescent
characteristics of carbon nanotubes have also
been used to detect COVID-19. A simple and quick
fluorescent sensor for the SARS-CoV-2 spike
protein was demonstrated by non-covalently
binding the protein ACE2, which has a high
binding affinity for the SARS-CoV-2 spike protein

[42].

2.4.7 Cnts as a Field-Effect Transistor Biosensors

Field-effect transistors (FETs) are three-channel
devices with source (S), drain (D), and gate (G)
electrodes that are often employed to amplify
weak signals. The voltage generated in the device
is controlled by the gate electrode. Because
silicon-based transistors have hit their scaling
limit, CNT-based transistors are currently seen as
one of the most promising possibilities to replace
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existing silicon FETs. With an increase in current
density, the device transistor footprint
encompassing all components (S, D, and G) can
be lowered to less than 4onm during the next
decade. As we all know, the existence of high
hysteresis in CNTs degrades their performance as
a transistor, which is a key downside as an
energy-efficient material. To lower conductivity,
the first biosensor-based SWNTSs were bound with
the enzyme GOx. However, when dissolved in
glucose, these semiconducting SWNTs serve as
reversible pH sensors, implying that they may be
used as an enzymatic biosensor. The FET
biosensors based on N-acetyl-D-glucosamine
(GleNACc)-fSWCNTs controlled secretion (or
exocytosis) of PCi2 cells in real-time detection.
Because CNTs have a high conductance, these
networking molecules can make them more
sensitive to the electrochemical concentration at
the surface [43-45].

. FUTURE PROSPECTIVE

The physical and electrical features of CNTs have
been highlighted in the preceding sections as
being excellent for the construction of biosensors.
To improve or exploit these properties, CNTs may
be mixed with a variety of different nanomaterials
to make composite materials. Food safety, health
monitoring, counterterrorism, and virus detection
are all possible uses for CNT-based sensors. Even
though carbon nanotubes have been around for
three decades, few CNT-based sensors have made
it to market. There are still obstacles to the
widespread use of CNT-based sensors in the real
world, especially related to the integration of CNT
sensing elements into analytical instruments and
industrial manufacture. As the world's health
systems respond to the effect of the coronavirus
pandemic in the early 2020s, research interest in
quick viral diagnostic techniques, as well as areas
like point-of-care patient monitoring, will likely
increase. CNTs have attracted a lot of attention in
biomedical engineering during the last decade
because of their diverse surface characteristics,
size, and form. CNTs are becoming a promising
material due to their inorganic semiconducting
capabilities as well as their organic—stacking
features. As a result, it could successfully interact
with biomolecules while also responding to the

light. CNT-based nanomaterials might be utilized
to produce biomedical applications in the future
by combining these features into a single entity.
CNT-based analytical devices will undoubtedly
play a prominent part in many of the approaches
to these difficulties because of their potential for
building biosensors with high sensitivity and
quick reaction times.

V. CONCLUSION

CNTs' exceptional electrochemical characteristics
have cleared the way for their usage as platforms
for the development of a wide range of
electrochemical biosensors with better analytical
performance. In vivo detection with reduced
cytotoxicity, high sensitivity, and long-term
stability is possible using CNT-based bio-sensing
for reliable point-of-care diagnostics under
physiological —settings. Furthermore, these
applications are not limited to the medical area,
but also have a wide range of uses in the food,
water purification, and agricultural industries,
among others. As a result, it's safe to state that
CNTs' genuine bio-sensing applications are still a
ways off. Although CNT-based biosensors appear
promising, there are still several practical
problems in terms of implementation. Biosensor
manufacture, for example, often requires a precise
size and helicity, but controlling the size of CNTs
during production is difficult. It's also difficult to
mass-produce CNTs in a cost-effective and
high-purity manner, which is why the present
market price of CNTs is far too exorbitant for any
practical commercial application.
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ABSTRACT

These days, nanotechnology has provided an
enormous benefit to the aviation and aerospace
industries  for  improved manufacturing,
spacecraft, fuels, health, and more. The objective
of this paper is to review and propose a higher
level of nanotechnology development in the
aviation industry. While space exploration and
tourism have sparked an appreciation for Earth's
environmental changes from space, numerous
criticisms have highlighted the significant
negative impact space travel has had on the
environment. Here, nanotechnology is presented
as a field that can both enhance space tourism
and mitigate its environmental impact on the
Earth. Specifically, this paper starts with a
review of what material properties are needed
for space exploration and suggests the use of
nanotechnology in the development of improved
composite materials for jet engines, propulsion,
and durability, considering aeronautical
standards and aerospace developments, and
introducing the implementation of artificial

intelligence  (AI). This research includes
aerospace and aeronautical industry
manufacturers, their new nanotechnological

strategies and breakthroughs, as well as failed
attempts during manufacturing or operations.
Addressing the failures, this research indicates
possible  future  steps  for  developing
nanotechnology in unmanned and manned
aircraft to reduce harm to the environment while
still achieving space exploration.

Author a: LANDAU School, Baku, Azerbaijan.
0. Brown University, Division of Pre-College and
Undergraduate Studies, Providence, USA.
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|, THE MOST EFFICIENT, FASTEST, AND
IDEAL TRANSPORTATION OF HUMANS

OR GOODS AROUND THE GLOBE:

The most efficient, fastest, and ideal
transportation of humans or goods around the
globe is when using aircraft, which are operated
by ideal engines. Similarly, current technologies
provide spacecraft with thrusters to enable

transportation to space; however, such
approaches can  significantly = harm the
environment. For instance, aircraft emitted

approximately 1000Mt CO2 per year in 2023 and
are estimated to emit more according to future
global development, as seen in Graph 1. However,
rockets transmit an outsized amount of pollution
compared to airplanes, with rockets transmitting
~200-300T of CO2 per dispatch. As of 2022,
NOAA evaluated that rockets radiate ~1,000T of
dark carbon into the environment each year (1). In
large part, the enormous amount of energy
needed to get into the upper atmosphere and/or
space lies in the aircraft and spacecraft materials
available to us today, which are heavy due to
strength, thermal, radiation opacity, and other
requirements. New lighter materials meeting such
properties would decrease energy needs. In
addition to lighter, more energy-efficient
materials, the quest for new materials has risen in
part because the melting point of superalloys that
are already in use is only about 1,850°C. This
presents a problem in terms of discovering
materials that can tolerate higher temperatures. A
probe visiting Jupiter, for example, would require
a conductive surface with high heat resistance to
ward off electrical jolts from Jovian
charged-particle belts. An example of such a
superalloy is Dunmore (2). Metals like tungsten,
molybdenum, niobium, and tantalum possess
high melting points. They are applicable for
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extreme heat conditions like furnaces, jet engines,
and aerospace components (3). A major factor
driving demand for these new materials is the
introduction of lean-burn engines, which have
temperature potentials as high as 2,100°C (4).
Further, engines need to be lighter without
sacrificing thrust to attain higher efficiency.
Higher operating temperatures also need to be
simultaneously reached. However, such materials
(such as the heavy metals mentioned above) are
not environmentally friendly, and in addition
population caused by their use, they also present
high carbon footprints during manufacturing.
New material families that are lighter with higher
melting points and higher inherent strengths that
don’t harm  the  environment  during
manufacturing need to be developed.

The above implies that heavy materials can be
replaced with light materials or novel surface
treatments of light materials to provide optimal
properties. For instance, Kernite plasma
electrolytic oxidation (PEO) also protects
components from their aggressive surroundings.
The investigation and inception of how the
current materials used in outer space are evolving,
and the use of light materials as coatings, is
paving the way for more ambitious undertakings
(5). The secret to increasing lighter coating alloys
may not be new to space, but the innovations that
enhance them are becoming ever more capable.
Transformation coatings, like PEO, can provide
erosion protection, passive thermal control, and
reflectivity control needed in space, in addition to:
security against cold welding, galling, and
physical impacts; great attachment to avoid
molecule generation, which can reduce the
lifetime of optical assemblies in space; radiation
resistance in its many forms, including AO, P+,
E-, and optical; resistant to extreme temperatures
and thermal shocks; materials with extreme
temperature resistance of up to 450 °C and
cryogenic temperatures as low as -185 °C; and
corrosion resistance during time spent in
operation.

The viability of space travel that does not harm
the environment may lie in nanotechnology, and
more specifically, nanomaterials. Nanotechnology
is the use of materials with at least one dimension

in the nanometer range. Nanotechnology not only
creates improved lightweight and strong materials
with more fuel efficiency, better control systems,
and automated AI, but it can also create materials
able to withstand the high temperatures of aircraft
and spacecraft engines. Fundamentally, compared
to conventional materials, due to their greater
surface area to volume ratio, nanomaterials are
stronger, more temperature resistant, more
conductive, possess greater radioactivity, are
lighter, and more. One of the ideal options for jet
engine manufacturing or rocket booster
manufacturing is nanotechnology: a promising
technology that promotes efficiency, durability,
compatibility, and an advanced approach for
future aviation and aerospace needs. The objective
of this paper is to review what has been
accomplished in the search for new materials,
specifically nanomaterials, for simultaneously
traveling to space without significantly harming
the environment in the process.

. METHODS
2.1 Data Source and Participants

The research was completed for this study by
using literature searches on the Web of Science
over the past 2 years. The Brown University
Pre-College and Undergraduate Program course
entitled “Space Tourism” provided -crucial
additional information to conduct research and
develop an analytical understanding of aerospace
composites and sustainable engineering, and how
nanotechnology can be beneficial. Additionally,
this research used the Sustainable Development
Goals (SDGs) of the United Nations, specifically

addressing  all clauses and  aerospace
nanotechnological advancements and
developments according to SDG-9, SDG-12,

SDG-13, and SDG-17 which are calling upon all for
“Industry, innovations and infrastructure”,
“Responsible consumption and production”,
“Climate action” and “Partnerships for the goals"
accordingly (19). Lastly, this manuscript
references the United Nations Office for Outer
Space Affairs (UNOOSA) and over 40
acknowledgments and papers signed for the
future development of space affairs (20).
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. RESULTS AND ANALYSIS

3.1 Overall

Results from the study demonstrate that
nanomaterials have a strong future outlook for
space travel. For example, to reduce the negative
impact of aircraft and spacecraft on the
environment, jet engines can be made of
sustainable, efficient, malleable, and versatile
composite materials, as seen in Figure 1.
Moreover, there are numerous promising
applications of nanomaterials in aircraft and
spacecraft, as highlighted in Table 1 and grouped
according to their promising properties below.

3.2 Thermal stability

Materials requiring a high degree of wear
resistance and thermal stability can be made with
silicon carbide (SiC) nanoparticles. Because of
these characteristics, nano SiC is a perfect
material for parts found in spacecraft
high-temperature areas like jet engines, where it
helps to sustain performance under harsh
circumstances. Boron nitride nanotubes (BNNTSs)
also stand out for having excellent electrical
insulation and thermal stability (8). Their
application lies in spaceship thermal protection
systems, where they offer superior heat resistance
while reentering Earth's atmosphere. In the
extreme heat experienced during space missions,
this material guarantees the structural integrity of
the spaceship. Structural composites of jet
engines should also employ carbon nanotubes
(CNTs) for their incomparable strength and
flexibility, making them the best choice for
aircraft frames and jet engine manufacturing (9).
Airbus and Boeing implemented CNTs in fuselage
composites and wing manufacturing for aircraft to
minimize weight, prove the flexibility of the
structure, and increase the fuel efficiency of the
aircraft. Looking ahead, the proceeded integration
of nanotechnology in aviation holds the guarantee
of assisting headways in fabric execution,
empowering the advancement of lighter, more
effective airplanes, and clearing the way for
advancements that may revolutionize air travel
(10). A large number of nanomaterials,
particularly inorganic materials and some organic

materials like graphene, have high-temperature
resistance, meaning they can survive extremely
high temperatures without degrading. These
substances add fire-retardant qualities to other
substances when they are combined with them,
for example, in the various polymers used in
aircraft or the textiles used for the upholstery. The
addition of nanoparticles to other materials can
not only increase their fire resistance but also
lessen the number of harmful gases that are
emitted if they catch fire. Vibrations that enter an
aircraft's cabin can also be reduced by adding
nanomaterials to the airframe and other
structural parts. This might lessen the outside
noise that enters the cabin (11). Nanotechnology
improves the aero arena, proving the newest
technology for the development of jet engines, and
elements such as lithium, Kevlar, carbon, silicon,
iron, and aluminum are reinforced to composite
nanomaterials for the manufacture of aircraft and
spacecraft. For instance, nano lithium batteries
are used in the aerospace industry and, despite
not being very popular, are an incredible source of
sustainable power and energy for spacecraft and
aircraft.

3.3 Electrical properties

Additionally, nanomaterials have improved
electrical properties. Depending on the kind and
quantity of nanoparticles utilized, nanomaterials
might give composite electrical conductivity or
insulating qualities. This characteristic may be
useful for aircraft parts that need electrical
features or protection against electromagnetic
interference (EMI). As seen in Table 2, we present
the temperatures for melting superalloys, a
characteristic used as protection from EMI, and
we provide several perfect composite materials for
space and aircraft manufacturing, such as
Nano-Li, nano silicon carbide, nano nickel,
nanofibers, and nano titanium, that should be
further investigated for this purpose.

34 Mechanical properties

Furthermore, some nanomaterials possess the
ability to cure or fix themselves mechanically
when failing,  allowing for  matching
nanocomposites to self-heal minor damages.
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Aerospace  structures exposed to hostile
environments may have a longer lifespan and be
safer because of this trait (12). The casing and fan
should be manufactured out of aluminum oxide
nanoparticles, the combustion chamber out of
nanotechnologically developed tungsten and
tantalum/ceramic mixes, the exhaust nozzle and
turbine out of nickel nanoparticles, and the
compressor out of cobalt/nickel nanoparticles.

Moreover, because nanocomposites can alter
surface characteristics and lower drag, their
application in the design of aeronautical surfaces
can result in enhanced aerodynamics and stealth
qualities. Considering lowered drag and air
resistance and the result of enhancements in
aerodynamics, aircraft require less fuel and can
have a higher operational range, allowing the
aircraft to operate longer-haul flights, widening
the benefits for the airline operator. Also, aircraft
have greater endurance and higher speeds due to
enhancements. As depicted in Graph 2,
nanotechnology has been and should continue to
be applied to the transportation industry on the
road towards high-energy-density batteries (13).

3.5 Solar Sails

Nanomaterials have advanced to the point that
lightweight solar Sails (a method of spacecraft
propulsion using radiation pressure exerted by
sunlight on large surfaces). Employing carbon
nanotubes creates solar sails that are lightweight
and drive spaceships by harnessing the pressure
of light reflected from the sun onto a solar cell
that resembles a mirror. This eliminates the need
to launch enough fuel into orbit to sustain
spacecraft on interplanetary voyages. These
developments could drastically reduce the cost of
entering orbit and space travel by lowering the
amount of rocket fuel needed. Furthermore, novel
materials in conjunction with nano sensors and
nanorobots may enhance the functionality of
spacecraft, spacesuits, and other tools used for
planet and moon exploration. Using carbon
nanotube-based composites to minimize weight
while maintaining or even improving structural
strength in spacecraft is a promising future
direction.

3.6 Space Elevators

A space elevator (a proposed type of
planet-to-space transportation system) cable is
now feasible. In the traditional conception of a
space elevator, a cable would be anchored in the
ground and reach around 42,000 kilometers
(26,098 miles) above  Earth, beyond
geosynchronous orbit. A cable like that would be
quite heavy. It would therefore need to be
balanced at the opposite end by a comparable
orbital mass to prevent it from falling. Centrifugal
forces would subsequently be used to support the
elevator. The scale of these forces has long
fascinated scientists, science fiction authors, and
visionaries, but the results have unfortunately
discouraged them. Not even the strongest
contemporary carbon fiber polymers, nor spider
silk, Kevlar, or any other material, are strong
enough to withstand these forces (14).

Constructing the space elevator's required cables
out of carbon nanotubes is a method that might
significantly lower the cost of lifting cargo into
orbit. Including spacesuit layers with bio-nano
robots. The outermost layer of bio-nano robots
would react to spacesuit damage by sealing holes,
for example. In the event of an astronaut
emergency, an inner layer of bio-nano robots may
react by supplying medication (15). This decreases
the thruster system weight and complexity when
employed on interplanetary journeys. Rather than
designing and fabricating separate engines for
different-sized spacecraft, these thrusters can
draw on more or less of  the
Micro-Electromechanical Systems  (MEMS)
devices, depending on the size and thrust needs
of the spacecraft. This feature helps to save costs.
Further, by monitoring the performance of the life
support systems on board, a spacecraft using nano
sensors can track the amounts of trace substances.
Given the small size of nanowires, nanoparticles,
and nanotubes, it only takes a few gas molecules
to alter the electrical characteristics of the sensing
elements. This makes it possible to detect
chemical vapors at extremely low concentrations.
The idea is to have cheap, tiny sensors that can
detect chemicals in the same way that dogs are
used in airports to detect the smell of drugs or
bombs (15). The faster, better, and cheaper space

Development of Nanotechnology for Manned and Unmanned Aircraft: Perspectives on Jet Engines, Fuels, Spacecraft, Al, and Sustainability

Volume 25 | Issue 4 | Compilation 1.0

(© 2025 Great Britain Journals Press



transportation incorporates nanotechnology and
depiction of the size of the discussed tiny sensors
and nanotubes, as seen in Figure 2.

3.7 Sterility

In spacecraft, sterility is largely attributed to the
engine and operating parts of the machine (6).
Hence, sterility and durability of the engine are
merits of nanotechnology, allowing for the
prevention of bacterial growth around the
spacecraft and aircraft, which also provides a safe
environment for the crew and passengers
onboard. Further, many additional
nanochemistries can be used in space tourism and
space exploration, as seen in Table 3. For
example, since silver nanoparticles have strong
antibacterial qualities [7], they should be
employed as coatings and filters to sanitize craft
surfaces, space suits, and air in cramped areas of
spaceships and aircraft. Moreover, our research
showed that not only can nanomaterials help in
space travel based on improved thermal,
electrical, mechanical, solar, etc. properties, but
those same materials have enhanced biological
properties to prevent, diagnose, and treat
diseases. Clearly, when one is in space, new
materials are not available for treating unexpected
health problems, and nanomaterials may then be
transferred from other functions to improving
health.

Improved properties while reducing harm to the
environment: As discussed, the results from the
study found that nanomaterials have numerous
attractive properties for space travel, including
thermal, electrical, mechanical, solar, biological,
and more. Impressively, it has been demonstrated
that fewer nanomaterials can achieve similar and
even Dbetter properties than larger-scale
conventional materials. This provides for less
material usage, manufacturing, and less harm to
the environment. Moreover, due to these
attractive properties, nanomaterials foster new,
less environmentally harmful ways to get into
space, such as the aforementioned solar sails and
space elevator. Thus, this study found that
nanomaterials possess the ability for more
efficient space travel with less harm to the
environment.

V. DISCUSSION, LIMITATIONS, AND
IMPLICATIONS

4.1 Nanotechnology's
Innovation

Impact on Aerospace

A business analysis earlier this year estimated the
value of the aerospace nanotechnology sector at
US$5.6 billion by 2022. The market would
develop at a compound annual growth rate
(CAGR) of 4.6% and reach US$8.1 billion by
2030, according to the analysis. According to a
report by Infinium Global Research, the aerospace
nanotechnology market is primarily driven by the
growing use of carbon nanotube nanocomposites
in the manufacturing of airframes. The strength
and durability of a material are increased when
carbon nanotubes are reinforced into it (16).
NASA spacecraft components and missions like
Chandrayaan-3 are utilizing nanotechnology's
enormous potential. They are setting the stage for
historically significant advancements in space
exploration by utilizing nanomaterials and
nanoscale sensors. Through these breakthroughs,
the space industry is increasing the potential for
extraterrestrial exploration while also stretching
the bounds of human knowledge (17). Spacecraft
components are becoming stronger and lighter
because of the usage of nanomaterials like carbon
nanotubes, which enable one to build and develop
more sophisticated and effective spacecraft. Our
comprehension of the universe is improved using
nanoscale sensors, which are essential for
gathering information and keeping an eye on the
space environment. The effects of nanotechnology
don't end there. With features like UV protection,
self-cleaning capabilities, and ideal thermal
management, it has completely changed the space
suit industry.

This expansion in materials enabled by
nanotechnology indicates the possibility for
further breakthroughs in material science, fuel
economy, aerospace technology, and overall
industry sustainability, in addition to providing
economic opportunities. The reduction of the
weight of nanomaterials in aerospace causes
greater fuel efficiency and lower release of carbon
dioxide gas, as well as toxic gases such as
methane. Aircraft components can break in
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high-stress locations due to the varied stresses
they experience during flight. A structure may
collapse and people may die if structural
components are not routinely inspected and fixed.
Cracks may also worsen with time. Nevertheless,
airlines must pay for the examination and
maintenance of aircraft. The necessity for
increased fuel efficiency has also been highlighted
by rising fuel prices and global climate change
initiatives. Rapid, inexpensive manufacturing of
dependable, effective, and easily maintained
aircraft with greater load and range is encouraged
by the intensifying global rivalry. To put it briefly,
the issue facing the aerospace sector is to create
innovative materials that are at the same time
safer, lighter, stronger, and more economical (18).
Now is the time might be able to produce almost
ideal materials with nanotechnology for space
exploration and tourism, improving performance
and passenger safety while saving a substantial
amount of money and the environment.

In conclusion, research on the development of
nanotechnology in the fields of aerospace and
aeronautics has substantially enhanced.

The understanding of the effect of nanomaterials
on the fuselage of spacecraft and aircraft, green
development of fuels, sustainable implementation
of nanotechnological advancements to jet engines,
and analysis of the aerospace market for
sustainable and friendly advancements. The paper
highlights spacecraft components and
nanomaterials, which are composite materials for
the manufacturing of future spacecraft and
aircraft. Furthermore, research specifies a faster,
cheaper, and more efficient way of space
transportation, which is by wusing carbon
nanotubes and specific launch advances that need
to be accounted for before takeoff. The study also
demonstrates the future of nano sensors and
scenarios for astronaut or pilot emergencies, and
how sensors and AI can react in such situations.
MEMS systems are discussed from a broader view
and understanding. Research considers using
thrusters and adjusting more or less of the MEMS
unique food for different spacecraft, rather than
designing and manufacturing separate engines
and motors for spacecraft. In short,
nanotechnology has opened the door for the use

of numerous lighter, yet more effective, materials
for aircraft and spacecraft, which would reduce
the environmental impact of space tourism.

4.2. Occupational and In-flight Health Risks

Airborne particles with a diameter of less than
100 nm are thought to be very harmful to human
health, and air pollution is one of the most serious
environmental health risks. For reasons that are
still unclear, their origin, among other factors,
influences their inherent toxicity. They are created
by a variety of sources, including internal
combustion engines, burning wood and biomass,
and burning fuel and natural gas. The aerosol
fraction contains gaseous pollutants, including
NOx, SO2, and ozone, and many of the
nanoparticles' constituents are toxic or at least
dangerous, such as heavy metal compounds and
polycyclic aromatic hydrocarbons (PAHs). These
substances can all lead to oxidative stress,
mitochondrial damage, lung and other tissue
inflammation, and damage to cellular organelles.
Airborne pollution may have an impact on the
neurological, cardiovascular, and respiratory
systems, according to epidemiological studies.
Furthermore, the cellular inflammatory re-sponse
to the pollutants, in which the release of cytokines
encourages the multiplication of pre-existing
mutant cancer cells, has been connected to
particulate matter's increased risk of lung cancer.
This carcinogenic effect is not related to DNA
damage. Using animal models or cell cultures, the
mechanisms  underlying toxicity can be
empirically  examined.  Although  several
approaches to collecting particulate matter have
been investigated, consistent procedures are
required to guarantee that the samples correctly
reflect chemical combinations found in the
environment. Nanoparticle toxic components can
be investigated in cellular and animal models;
however, it might be difficult to provide realistic
exposure conditions. By simulating the intake of
particles into the lungs, the air-liquid interface
(ALI) device exposes cells directly. To
comprehend the effects of nanoparticles and other
air-borne pollutants and to create proactive
measures to reduce the hazards they pose to
human and environmental health, ongoing study
and monitoring are crucial (26).
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The number of people living in urban regions has
doubled worldwide between 1950 and 2018, and
by 2023, 4.4 billion people—or 55% of the world's
population—will be urban dwellers. By 2050, the
UN predicts that the tendency will have increased
to 68%. As the urban population continues to rise,
Urban Air Mobility (UAM) is one of the key
technologies that is anticipated to help develop
solutions.  Either hybridized or fully zapped
control makes the propellers more energetic.
Unmanned Aerial Systems are currently being
used extensively for observation and recording,
and their importance in the context of UAM is
growing. Given their operational requirement to
vertically take off and arrive within "vertiports"
established in densely populated cities, future
UAM systems will unavoidably be accompanied
by innovative impetus design, such as a cluster of
distributed drive frameworks (DPS), multi-rotor
arrangements, as well as Al and nanotechnology.
Nanotechnology is and will be widely used in the
manufacturing of aerial vehicles and UAM
systems, such as civil tiltrotor. Nanomaterials
such as carbon-polymer nanocomposites and
CNTs for sensing and actuation in unmanned
systems, and chitosan-based nanoparticles may be
applied in the delivery systems. Additionally,
nanotechnology plays a vital role in enhancing the
performance of the communication and
digitalization systems used for navigation,
tracking, and data services, such as vision-based
navigation in UAM and 6G networks.
Permissioned blockchains and smart contracts are
used to enhance the data security of aerial
vehicles and UAM (27).

4.3 Future Pathways in the Implementation of Al
and Nanotechnology

The growing intersection of Al and
nanotechnology presents several difficulties as
well as new research opportunities. This
convergence relies heavily on interdisciplinary
collaboration, which brings together specialists
from a variety of disciplines, including computer
science, medicine, and materials science.
Although it can be extremely difficult, closing the
knowledge gap between these fields is crucial to
the effective creation of novel solutions. The
quantity and quality of the data present a

significant obstacle in this convergence. Large,
high-quality datasets are essential for Al systems
to flourish. Getting enough data can be a problem
in many uses of nanotechnology. For reliable
Al-driven solutions, it is essential to guarantee
data accessibility, diversity, and accuracy. The
quantity and quality of the data present a
significant obstacle in this convergence. Large,
high-quality datasets are essential for Al systems
to flourish. Getting enough data can be a problem
in many uses of nanotechnology. For reliable
Al-driven solutions, it is essential to guarantee
data accessibility, diversity, and accuracy. Data
privacy, intellectual property rights, and fair
access to Al-driven inventions are among the
ethical issues brought up by the responsible
application of Al in nanotechnology. In addition
to fostering public trust, addressing these ethical
concerns is crucial to ensuring the equitable and
responsible use of developing technology.
Regulations frequently find it difficult to keep up
with the quick advancements in nanotechnology
and artificial intelligence. To maintain safety,
security, and moral standards in these developing
industries, governments and international
organizations must adjust and enact rules.
Al-driven nanomanufacturing procedures and
nanodevices can be expensive and difficult to
scale up for real-world uses. A constant issue is
achieving scalability without sacrificing accuracy
and effectiveness. Hence, security and privacy
issues become increasingly pressing. It is essential
to mitigate security flaws and protect data privacy
to stop abuse and online threats. Future
developments in science and technology will
continue to be influenced by the convergence of
AT and nanotechnology. To traverse this changing
world, ethical principles, standards, and best
practices for responsible AI use will be crucial.
Al-driven materials will also enable the
development of new nanomaterials with
specialized features, which will help various fields
(28).

SUMMARY

These days, nanotechnology has provided an
enormous benefit to the aviation and aerospace
industries  for  improved  manufacturing,
spacecraft, fuels, health, and more. The objective
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of this paper is to review and propose a higher
level of nanotechnology development in the
aviation industry. While space exploration and
tourism have sparked an appreciation for Earth's
environmental changes from space, numerous
criticisms have highlighted the significant
negative impact that space travel has had on the
environment. Here, nanotechnology is offered as
a field that can both improve space tourism and
decrease its impact on the Earth’s environment.
Specifically, this paper starts with a review of
what material properties are needed for space
exploration and then suggests the use of
nanotechnology in the development of improved
composite materials for jet engines, propulsion,
and durability, considering the aeronautical
standards and  aerospace  developments,
introducing the implementation of artificial
intelligence (AI). This research includes aerospace
and aeronautical industry manufacturers, their
new nanotechnological strategies and
breakthroughs, as well as failed attempts during
manufacturing or operations. Addressing the

Investigation Tables

failures, this research indicates possible future
steps for developing nanotechnology in
unmanned and manned aircraft to reduce harm to
the environment while still achieving space
exploration. Future ethical guidelines, standards,
and best practices should direct the responsible
application of Al in  nanotechnology.
Nanotechnology will be crucial in determining the
direction of healthcare, environmental
sustainability, and energy solutions in the future,
while Al-driven materials discovery will continue
to provide amazing breakthroughs. Al-driven
quantum computing has the potential to
completely transform various sectors and areas of
research. In conclusion, human ingenuity and
inventiveness are demonstrated by the merging of
Al and nanotechnology. This convergence can
easily change our world by tackling difficulties
and moral dilemmas  while pursuing
state-of-the-art research and development. It
could solve some of the most important problems
of our day and open new horizons in knowledge,
digitalization, innovation, and technology.

Table 1. Use of Nanotechnology in Aircraft and Aerospace (10)

Use of Nanotechnology in Aircraft Aircraft parts and structures

Lightweight materials

Fuselage and fuel efficiency systems

Improved structural integrity

Aircraft construction (tensile strength)

Enhanced thermal protection

Sensitive electronic equipment

Anti-corrosion coatings

Paints, coatings, and resistance to oxidation &

environmental degradation

Sensing and repair nanotechnology

Cracks, corrosion, and excessive heat

Table 2: Applications, Composite Materials, and Future Composite Nanomaterials for Aerospace
Equipment

Applications of the
equipment in Aerospace

Aerospace

equipment

Composite
materials

Future composite
nanomaterials

Booster rockets Space explorations Titanium Nano-titanium
Space balloon Space travel Carbon Carbon nanotubes
Elevator physics Space travel Graphite Graphene
Aircraft Aeronautical transportation travel Aluminum Aluminum nanoparticles
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Virgin Galactic Space travel Carbon Carbon fiber
Spacesuit Space travel operations Nylon/Carbon Nano Silicon Carbide
Space sensors Spacecraft operations Wires Nanowires
Jet engines Aircraft operations Nickel Nano Nickel

Table 3: Nano Chemistries and Applications in Space Exploration (25)

Chemistry Application in Space Exploration

Interfacial chemistries Stabilize the interfacial bonding between nanomaterials

Crew habitats, space suits, scaled-up fabrication of CNT

Improved CNT nanocomposites . . - .
P P nanocomposites, and developing Silicon Carbide nanotubes

Biologically inspired materials | Discover novel biological materials and mimic desired properties

High-throughput methodology | Generate a wide variety of candidate nanomaterials and high-throughput

for nanomaterial design screening
£
.. . JURT =]
Bioinspired and. self-reliable Damage tolerance and sensing characteristics @
materials 3
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Figure 1. Proposed composite materials of a jet engine and areas of nanotechnological incorporation to
reduce the impact on the environment. Reprinted with permission of the “PreScouter.” (22)(23)
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Figure 2: Electron microscope images showing patterned nanotubes that would operate as an electron
emitter in a new instrument now being developed for analyzing extraterrestrial samples. The right
image is a close-up of one of the bumps. To create these highly versatile structures, technicians place a
silicon wafer or some other substrate inside a furnace. As the oven heats, they bathe the substrate with
a carbon feedstock gas to produce the thin coating of nearly invisible hair-like structures.

VI.  GRAPHICAL AND TABLE ANALYSIS

(a) Annual historic and future annual carbon dioxide (CO2) emissions of aviation following four
scenarios: No pandemic, back to normal, zero long-term growth, and long-term decline. (b) Daily
flights of selected airports globally between 2019 and November 2020 and annual averages for all
scenarios. (c) Cumulative warming-equivalent emissions of CO2 and non-COz2 effects of aviation since
1940 and the corresponding aviation-induced global warming. Scenarios are color-coded as in (a) (21).
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Graph 1. Aviation's contribution to global warming till 2050

Reprinted with permission of “The Innovation Energy” Journal. (13)
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Graph 2: Road towards high-energy density batteries
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ABSTRACT

The translation of speech from a source to speech in a target language with generative artificial
intelligence is an area of research that is presently being actively explored. This is aimed at solving
global language barriers thereby ensuring seamless communication between the individuals
involved. It has been well developed for high-resourced languages like English, Spanish, French and
Chinese. Currently, objective evaluation metrics such as Bilingual Evaluation Understudy Scores
(BLEUS), and subjective metrics such as Mean Opinion Score Naturalness (MOSN) and Mean
Opinion Score Similarity (MOSS) are being used to evaluate the performance of the output of
speech-to-speech models. However, low resourced languages are still undeveloped in the area of
speech processing applications, especially the African indigenous languages. The output speech in the
target language needs to be evaluated to determine the closeness to the ground truth, as well as how
natural and intelligible it is to the intended listeners. This paper presents a review of trends from the
current metrics to emerging ones such as Recall Oriented Understudy for Gisting Evaluation-L
(ROUGE-L) and BLASER. The applications of speech models’ metrics on various leaderboards and
modern Al platforms were also discussed. The outcome shows that while BLEU score and MOSN
metrics are prevalent for speech models, there is a need to explore metrics such as ROUGE-L, and
BERTScore which are machine translation metric due to their benefits.

Keywords: BERTscore, bilingual evaluation understudy scores (BLEUS), BLASER, leaderboards, mean
opinion score naturalness (MOSN), mean opinion score similarity (MOSS), recall oriented understudy
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l. INTRODUCTION

The translation of speech from one language, the source, to another language, the target, demands an
efficient evaluation metric for its evaluation. Researchers in the area of speech processing applications
are considering objective evaluation metrics such as the Word Error Rate (WER), Bilingual Evaluation
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Understudy (BLEU) scores, and BERTScore as well as subjective evaluation metrics such as the Mean
Opinion Score (MOS) Naturalness and Similarity for evaluating the output of such models. Currently,
there are no standard objective evaluation metrics applied directly to the generated output target
speech [1]. This is because all objective evaluation demands speech output to be converted to texts.
Hence, there are issues associated with such metrics. For instance, to utilise the BLEU score metric, the
output speech needs to be transcribed to texts after which the texts are being compared or evaluated
against the reference or ground truth texts. Researchers have observed overtime errors introduced in
the obtained BLEU score due to the Automatic Speech Recognition (ASR) model utilised for such task.
According to them, using an evaluation metric that takes the output target speech directly will be better
than the ASR for computation of BLEU score. The ASR models have inherent errors that alter the
expected metric result obtained using the BLEU score. To overcome this issue, some researchers have
utilised large ASR models such as Whisper, based on large hours of data training to generate the
transcripts to be compared with the ground truth [2 - 5]. Other researchers have also explored MOS
Naturalness and MOS Similarity which are both subjective evaluation in conjunction with objective
metrics. Here, raters are sourced to evaluate the performance of the generated output speech using
their natural instinct to rate the speech model’s output. Such metrics are being utilised to evaluate the
fluency, accuracy, quality, and correctness of the generated speech, and the ratings are based on human
judgments. To further enhance the objective evaluation metrics, it was confirmed in [1] that
character-based performance metrics like character-based F1 score (chrF), and character-based BLEU
score (chrBLEU) [6] are more robust metrics for speech-to-speech translation and speech synthesis
tasks [1]. They were discovered to show a high correlation with human judgment than BLEU and MCD
[1]. Some state-of-the-art speech-to-speech translation models such as Whisper [26], Translatotron,
Translatotron2, SeamlessM4T and AudioPalm, and speech models developed by other researchers have
utilised the aforementioned metrics to evaluate their models.

Metrics such as the Metric for the Evaluation of Translation with Explicit Ordering (METEOR) [1] that
shows high correlation with human judgment [7], ROUGE — L, and BLASER have found low utilisation
for computation of speech model evaluation. METEOR, ROUGE - L are mostly utilised for texts
summarisations, and other Natural Language Processing (NLP) tasks such as machine translation and
question answering [7]. Translation Error Rate (TER) is another metric for machine translation [7]
which could be explored for speech-to-speech translation tasks [8] as it could be used to evaluate the
texts equivalents of the target speech. As a result, it is suggested that researchers could explore
ROUGE-L for the speech-to-speech translation tasks since it is evaluated on the texts obtained from
generated target speech. The ROUGE - L is a metric that makes use of non-contiguous subsequence
obtained from both the predicted texts and ground truth texts by comparing the two texts. It has been
shown to have relationship with the well-known statistical metrics such as precision, recall, and
f1-scores, by setting the beta parameter in its formula. Other variants of ROUGE such as the ROUGE-S,
and ROUGE-W (ROUGE-Weighted) [9] have performed successfully in machine translation tasks [7,
9]. Other common ROUGE used in translation tasks are ROUGE-WE (ROUGE-Word Embedding),
ROUGE-G (ROUGE-Graph based) and ROUGE-1, ROUGE-2 [7]. WER, an objective evaluation is
mostly utilised for Automatic Speech Recognition (ASR) where the transcribed texts are compared with
the reference texts. In addition to this is the BERTScore that is mostly utilized for machine translation
models. This has been confirmed to perform better than ROUGE-L, METEOR, and BLEU score due to
its high similarity measure between the candidate (machine translated output) and reference or ground
truth samples using the cosine similarity procedure [7]. However, it lacks word ordering. It can also be
utilized for speech-to-speech translation model by using the transcribed texts rather than the target
speech obtained. There is also Cross Lingual Semantic Textual Similarity (XSTS) [10-11], a human
metric that measures semantic similarity between a source speech and target translation. At present,
more Al platforms and leaderboards are being engaged in the areas of the Natural Language Processing
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(NLP) to rate and compare AI models. Some are known to speech models to evaluate the performances
of various SOTA models. Examples of such are the Hugging Face Leaderboards, IWSLT Challenge etc.
[45-50] and some are specifically for speech-to-speech translation models. Each platform has its own
metrics used to evaluate speech models. Going by the aforementioned, there are numerous
metrics/models that have been used in the past and are currently being engaged with varying
performance levels. Hence, there is a need to evaluate the performance of some of the models to
ascertain their efficiency. This is the basis for this study. Various metrics that are used in
speech-to-speech translation tasks and speech processing applications were reviewed with a view to
comparatively determining their efficiencies.

ll.  PERFORMANCE METRICS

The evaluation of speech-to-speech translation models are either carried out on the target output
speech (Subjective evaluation), transcribed texts of the target output speech using an ASR model
(objective evaluation), or spectral representations of the target output speech. At other times, the
evaluation could be carried out in subjective approach in terms of comparing the target output speech
with the source speech as in the case of Cross Lingual Semantic Textual Similarity (XSTS). Others are
statistical evaluation metrics such as Accuracy, Precision, Recall, and F1-Score.

2.1 Subjective Performance Metrics

In this evaluation metrics, raters are hired to judge the output speech obtained from the
speech-to-speech model. In order words the evaluation is performed directly on the speech obtained.
Examples of such metrics are MOS Naturalness, MOS Similarity, XSTS etc.

2.1.1 Mean Opinion Score (MOS)

This is a subjective performance metric that is based on the judgment made by the observer on the
output translated speech of the target language. It is the most utilised for speech- to-speech evaluation
metric [3]. It could be MOS Naturalness or MOS Similarity. In this type of subjective evaluation, raters
are sought, who then score the output generated speech on a scale from 1 to 5 which could be 1 = Poor,
2 = Satisfactory, 3 = Good, 4 = Very good, and 5 = Excellent.

2111 Mean Opinion Score (MOS) Naturalness

In MOS Naturalness, the raters judge the quality, naturalness, and appropriateness of pro nunciation of
the speech output on a scale of 1 to 5. In this case, an incorrectly translated natural target output speech
will be rated higher [2] when compared with a correctly unnatural target output speech.

2.1.1.2 Mean Opinion Score Similarity

In MOS Similarity, the raters score the output speech obtained by comparing it with a reference or
ground truth output (which can be human-generated speech or synthesised) on a scale of 1 to 5 using
quality such as the fluency (flow or correctness of grammar), and adequacy (how deviated speech is
from its intended meaning or deviation from the ground or reference speech) of the generated output
speech.

2.1.2 Cross Lingual Semantic Textual Similarity (XSTS)

This is a subjective evaluation that is carried out by human raters to assess the quality of the translated
target speech. It is conducted by comparing the adequacy (how close it is to its intended meaning) of
the generated speech to the source speech. This implies that the human rater or judge must be bilingual
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to be able to access such target speech for its meaning. The human annotator judges the semantic
similarity rather than fluency between the source and target speech [10-11]. Using a score on a scale of 1
to 5, the annotator assigned each language pair (source-translated target speech) for semantic meaning
where a score of 3 or more indicates the two speeches are close in terms of meaning being conveyed.
XSTS is a subjective evaluation metric that also checks for the audio quality as it is utilised directly on
the audio generated output target speech. It was originally developed for texts evaluation [12]. To
obtain the final XSTS results, an average value is computed across selected XSTS computed scores by
the human annotators.

213 Blaser

This is a modality agnostic evaluation metric that works on both speech and texts [13-14]. A version of
BLASER, BLASER 2.0 utilised in [14] was a modification on the first version [13]. For speech-to-speech
translation tasks, it offers the advantage of being text-free unlike the ASR BLEU performance metric.
For BLASER 2.0, the source speech, the translated target speech and the reference texts are converted
into Sentence-level multimOdal and language-Agnostic Representations (SONAR) embedding vectors
(hm, hmt, and hre f). These vectors are then fed into a small dense neural network for prediction of

XSTS scores for each output of the translation for the supervised version of BLASER 2.0. For the
unsupervised version, the cosine similarities between the source and target translated output is
obtained for BLASER computation.

2.2 Objective Performance Metric

In the objective, the target output speech of the speech-to-speech translation model is fed to an ASR
model to obtain the texts or transcripts equivalent of the speech. Evaluation is then performed on these
texts to assess the performance of the model. Examples are the WER, BLEU Score, ROUGE-L,
BERTScore, etc.

2.21 Bilingual Evaluation Understudy (BLEU)

This is an objective n-gram evaluation that involves the comparison of the speech target output with
that of the reference or ground truth. To compute the BLEU score, the output of the speech translation
is fed to an ASR model to generate the text equivalent. The texts generated are then compared with the
ground truth texts, and the BLEU score is computed. Mathematically, the BLEU score is computed
using equation (1) [15]:

N
BLEU score = BP * expexp Y, wp, (1)
i=1
where:
BP = Brevity Penalty = exp exp (1 — %) (2)
which is also computed as:
BP = Brevity Penalty = (1, %) (3)
r = length of machine translated output (text or speech)
¢ = length of reference translation (text or speech)

p,=n— gram modified precision score of order i, which is given in equation (4) as:

Count Clip (matches, max—reference—count) ( )
pi - candidatae n—gram 4
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N = maximum number of n — gram order to consider (usually up to 4)
w, = weight forn — gram precision of order

2.2.1.1 Evaluation of BLEU Score Computation

Given the information below for both the machine-translated output (obtained using ASR) and
reference output text:

Machine Translation (MT): The picture the picture by me.
Reference (Ref) 1: The picture is clicked by me.

Where:
r=2=6
c=6

The n-gram modified precision score of order 7, as depicted in equation (4) is computed using Table 1.

Table 1. A summary results for the Computation of n-gram Modified Precision Score

Min
MT Ref (MT,

Ref) =
=
<
2

“the “the ) the Qqé
PRI . . picture
the 2 1 1 pictur 2 1 1 picture 1 0 o) the 1 0 o) 80
e” the” . » [=
picture =
“pictur “picture $
“picture “pictu e the the o
» 2 1 1 » 1 0 0 - 1 0 o) . 1 o] 0 .=
re the picture picture %)
” by” :
. “the “the M
“by” pictu . . S
y 1 1 1 » 1 o (¢} picture 1 o o picture 1 (o} (¢} o
re by’ by »
V. by me =
“by “pictur o
“me” 1 1 1 A 1 1 1 e by 1 0 0 =
me » =
me o
ar)
4 _ 2 2 0 _ 0 _
Py= %= 3 P,= 7 py= 34 =10 p,=3=0 g
o
=
Q
—

Hence, using equation (3), the Brevity Penalty is computed as:
6
BP =(1, %) = (1, ?)= (1,1 =1

Substituting BP with other parameters into equation (1) gives:

N
BLEU score = BP * expexp ). wp,
i=1

4
BLEU score = 1 * expexp Y, wp,
i=1

BLEU score = 1 * expexp (0.25% + 0.25% + 0 + 00) [w, =w, = 0.25 w, = 0, w, = 0];

BLEU score = 0.718 = 71.8
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2212 Character-level BLEU (charBLEU)

This is a BLEU score metric that computes the BLEU score on the character level rather than on the
sentence level [6]. It is a better evaluation metric than the ASR BLEU score.

2.2.1.3 Weaknesses of BLEU Score

1. It is an n-gram precision-based metric that does not take into consideration the recall, and its
reliance on the exact matching of the n-gram [7].

2. It does not show correlation when compared with human judgment for speech-to-speech
translation tasks [7].

2.2.2 Word Error Rate (WER)

For speech-to-speech translation tasks, the WER, an objective evaluation for comparing the ground
truth word string to machine translated word string is obtained using equation (5) [16-17] as:

WER = 2% (5)

where:

S = The number of substitutions

D = The number of deletions

I = The number of insertions

N = The number of words in the reference

2.2.2.1 Computation of WER in Speech-Speech Translation

Given the reference text (ground truth) of the target language (Yorub4) as GT and the Translated text
equivalent of the translated speech of the target language (Yoruba) of the output of the translator as MT
as given below, the WER is computed using equation (13) as illustrated below:
GT: A beré imulo ajesara iba ponju — pontd ni odin 1938.
MT: A bére imalo awdn ajesa iba ponju — pontod oduni .
The WER is computed using equation (13) as:
S = 2 [ajesa for ajesara and oduni for odun
D = 2 [ni and 1938 deleted in the MT obtained from ASR (input from target speech output)]
I = 1 [awdn inserted in the MT output]
N=9
S+D+1 242+1

5
WER = —— = 5— = 5 =0.55

2.2.3 Recall-Oriented Understudy Gisting Evaluation (ROUGE - L)

This is an evaluation metric that compares the machine translated text sequence (ASR output obtained
from speech audio output) with that of the ground truth text sequence by finding the Longest Common
Subsequence (LCS) of words. It is mostly used in texts summarisation models like the GPT-4 [18] as
well as machine translation [7]. According to findings it is much more efficient to compute the
non-contiguous LCS of words than its contiguous counterpart to capture more flexible matches
between the ground truth and machine translation texts as the order of words may be different.
Statistical metrics such as precision, recall and f1 score can be computed using the LCS of both the
ground truth word strings and machine translation word strings.
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Given that:

X = Reference or ground truth word or sequence

Y = Machine Translation word or sequence output

LCS(X, Y) = LongestCommon Subsequence of X, and Y (non contiguous)

The statistical metrics are computed as giving in equations (6) to (8) follows [9]:

precision, p = JLen(LCSCH V) chs L0 (6)
en(Y)
len(LCS(X, Y
recall, r = EMT&))) (7)
2\ % %
f1 — score = A& - (8)

where:

len(LCS(X, Y)) = Lengthof the LCS of X, and Y
len(X) = Length of the ground truth word string or sequence
len(Y) = Length of the machine translated word string or sequence

B = Parameter that is chosen to compute the f1 — score and controls the trade — of f between

Note that setting B = 1 makes equation (8) equals equation (9) (for computation of the statistical, f1)
as illustrated below:

2*Precision*Recall

f1 — Score = Precision+Recall
((1+121*p*r).
f1 — score = ©)

(r+(1"p))

- - )
f1 — score )

When the value of B = 1, the weight of recall, r is equal to that of the precision p. The value B can also
be set below or above 1. When § = % more weights are allocated to the precision, p and this applicable
where precision, p is crucial and when f = 2, more weights are allocated to the recall and it is utilised
where recall, r is crucial.

Note that § is also obtained using % [9].

2.2.3.1 Computation of Statistical Metrics and F-Based ROUGE-L in Speech-Speech Translation

Given the reference text (ground truth) of the target language (Yoruba) as X and the Translated text
equivalent of the translated speech of the target language (Yoruba) of the output of the translator as Y
as given below, the precision, recall, and F1-Score are calculated for ROUGE-L using equations (6-8) as
illustrated below:

X: A bereimulo ajesara iba ponju — pénto ni odun 1938.

Y: A bére imulo ajesa iba ponju — pdéntd oduni 1938.

LCS(X, Y) = A béreimulo ajesa iba pénju — péntd odun 1938. (non contiguous subsequence)
len(X)=9
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len(Y)= 8
len(LCS(X, Y))= 8

.. len(LCS(X, Y)) 8
precision, p = = 5 =1

len(Y)
! len(X) 9 )
(1485 *p *7) ((1+1%)* 1 * 0.88) 2%1%0.88 1.77
1—-0b» d ROUGE — L = = = = = 0.94
f ase (r +(BZ “»)) (088 +(12 “1)) 0.88+1 1.88

Note that in the first example given in this section using equations (6-8), the computation of precision,
recall, and fi-score were carried out using word level counting and the parameter, p = 1

Considering the character level ROUGE — L computation, the following is obtained:

len(X) = 50
len(Y) = 46
len(LCS(X, YV)) = 45

Note that all characters such as alphanumerical, and special characters as well as white spaces are
counted as characters.

precision, p = M%}f)’_}/&: 1_2 -0
Len(LCSX V) _ ‘;—(5)= 0.90

recall, r = Ten(X)

2\ 4 2\ 4 % * *
f1 — based ROUGE — L = ((1+87) *p *r) _ ((1+17)%0.97%0.90) _  2%0.97*0.90 _  1.746 ~ 0.93

(r+(8**p)) (090+(1**x0.97)) 0904097 T 1870

2.2.3.2 Advantages of using ROUGE-L for Speech-to-Speech Translation Model

The ROUGE-L score takes into consideration the longest common subsequence between the machine
translated output and reference texts. This subsequence can either be contiguous or non-contiguous.
For machine translation, utilising the contiguous nature of ROUGE-L ensures it avoids the consecutive
matching of words for word level metric or consecutive matching of character for character level
matching. This ensures it generalises across the whole texts capturing differences between the machine
generated and ground truth texts. For speech-to-speech translation models, it could be used in
integration with BLEU, and METEOR to enhance the translation model performance since it is possible
for two different texts (sharing relationship to the ground truth text) to have same ROUGE-L score
when compared to the ground truth texts [9]. In addition to that, the ROUGE-L score can also be
utilised for assessing the quality of the translated texts which is essential in speech-to-speech
translation tasks.

2.2.3.3 Limitation of using ROUGE-L for Speech-to-Speech Translation Model

ROUGE-L being a text-based metric, shows it has the capability to introduce errors typical of
text-based speech processing metrics that could affect the performance of the model developed.
Another limitation to utilising ROUGE-L is its usage in evaluating or comparing two similar machine
translated texts obtained from two different models when compared to the ground truth texts. This is
because, ROUGE-L cannot tell which one is close to the ground truth, rather it is an analytical approach
to computing the performance metric. Such a limitation could be handled by the subjected evaluation
using MOSN or MOSS where raters rate the speech output directly. In addition to that, ROUGE-L is not
suitable for evaluating the naturalness, or quality of speech as this can be harnessed from the speech
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translated output. It is only used to evaluate the quality of the texts which may have deviated from the
original speech due to ASR errors.

2.2.4 Mel-Cepstra Distortion (MCD)

This is a performance metric that compares the predicted target mel-cepstra with the reference
mel-cepstra [19]. It is calculated as the difference between the MFCCs of the predicted target and
reference audio. Mathematically, it is represented in equation (10) as proposed by [20]:

L T K A2
MCD, = +% \/zl(mtk - m,) (10)

t=1 k=

where:

m, = kth MFCC of the t — th frame from the reference audio
rr:tk = kth MFCC of the t — th frame from the predicted audio

Then, MCD . is the sum of the squared differences over the first K MFCCs. When the length of the two

MFCCs sequences are not equal, Dynamic Time Warping (DTW) is utilised to compute the minimum
distance MCD obtainable [19-21]. This is used to evaluate speech synthesis models.

225 BERTScore

This is language generation [39] evaluation metric that is mostly utilized for machine translation. It can
also be utilized for speech-to-speech translation models by feeding the output speech obtained to an
ASR model and then compares the texts obtained with the reference texts. BERTScore is based on
pretrained BERT contextual embeddings. Hence, it computes the cosine similarity of the machine
translation texts and ground truth or reference texts-this it does by finding the sum of the cosine
similarity between their respective token’s embeddings [39]. BERTScore was known to perform better
than n-gram metrics such as BLEU score, METEOR, as well as ROUGE-L in machine translation [7]. It
addresses two major problems associated with n-gram metrics, which are penalizing
semantical-ordering of words, inability to capture distant dependencies, and their inability to match
paraphrases. It was confirmed to have evaluation performance close to human judgement [39].

Given:

The reference / ground truth parameters as:

Tokenized sentence: y = Oy Yy YV v V)
Embedding vectors of y: Y = Y, Y, Y, Y, ..Y)

The machine translated output parameters as:

A

Tokenized sentence: y = (y Yy

VY e ym)

A

273
Embedding vectors of y: Y = (V¥ , Yo Y,Y, Y ),

1 m

The recall, precision, and F1-score are computed for BERTScore using equations (11-13) as [39]:
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— L Ty
RBERT Tyl X Yi Yj (11)
v ey
1 T
BERT — |y] Z Yi Yj (12)
Jey
F — Z*PBERT*RBERT (1 )
BERT ~—  P__+R 3

BERT BERT

The computed BERTScore of equations (11-13) are within the cosine similarity range of -1 to 1, which
does not affect human correlation or ranking of BERTScore. To ensure human readability, the range is
adjusted to fall within o0 and 1. This is carried using empirical lower bound, b that is computed using
Common Crawl monolingual datasets. The rescaled BERTScores for equations (11-13) are computed
using equations (14-16) as [39]:

A R —b
_ UBERT
BERT ~ 1-b (14)
A P —b
" BERT
BERT ~ 1-b (15)
A F.__ —b
_ __BERT
BERT ~ 1-b (16)

It is to be noted that scaling carried out above is an optional step. Prior to this step, another optional
step that involves weighting with Inverse Document Frequency (IDF) score can also be done to obtain
the weighted BERTScores instead of equation (11-13).

2.2.5.1 Pseudo Code for the Computation of BERTScore for Speech-to-Speech Translation Model
A. Pseudo code for BERTScore (Precision BERTScore)
1. Begin

2. Compute the tokenised sequences y, and y of both the reference texts and machine translation
respectively.

Compute the embeddings Y and Y of both the reference texts and machine translation respectively.

For the first word y , in the machine translation, compute the cosine similarity between its
embedding, Y and all embeddings Y Y, Y, Y, Y, in the reference texts.

5. Compute the maximum value given as: YiTYj

A A

6. Repeat step 5 for the remaining words y p VgV v ¥ N the machine translated output.

7. Compute the sum of the results of step 5 and 6 as: YiT);j
Yiey
8. Divide the result of step 7 by the total number of tokens in the machine translation output
(candidate output) given by - Y Y'Y toobtainP, .
ly| * i BERT

jey
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_ Ppgrr—b

9. Compute the optional scaling precision score using: P =12

10. End
B. Pseudo code for BERTScore (Recall BERTScore)

1. Begin
2. Compute the tokenised sequences y, and y of both the reference texts and machine translation
respectively.

3. Compute the embeddings Y and Y of both the reference texts and machine translation respectively.
4. For the first word y,in the reference texts, compute the cosine similarity between its embedding, Y,

A

and all embeddings YLY, Y, Y, Y in the machine translated output.

. . TA
5. Compute the maximum value given as: Y. Y,-

6. Repeat step 5 for the remaining words y g YV o Y, in the reference texts.

7. Compute the sum of the results of step 5 and 6 as: ), YiTl?_
yey

8. Divide the result of step 7 by the total number of tokens in the reference texts given by

1 T" .
™ y{:y Yz Yj to obtain RBERT.

b

R -
_ BERT

9. Compute the optional scaling recall score using: R BERT = — 1.5

10. End

2.2.6 Real Time Factor (RTF)

This metric is utilised to calculate the performances of ASR models. It measures the processing speed
of audio. A higher RTF value shows a faster processing of audio signals. Mathematically, it is computed
as the ratio of processing time to audio duration given in equation (17) as [61, 62]:

REAL — TIME FACTOR (RTF) = -rocessing Time_ (17)

Audio Duration

2.2.7 Sort-Time Objective Intelligibility (STOI)

This metric measures the intelligibility of the speech signals. It can be used to evaluate how clean a
speech signal is from its degraded replica. It is mostly utilised for text-to-speech models. For
speech-to-speech translation task, it can be utilised to find how intelligible the target speech is from its
reference speech. It is measured on a scale of 0 to 1 where 0 denotes unintelligibility while 1 means
perfect intelligibility. The steps to compute the STOI of a speech signals are as follows [60]:

2.2.7.1 Steps to Compute the STOI of Speech Signal

1. Split the speech signals into short-time frames which is typically between 32 — 64 ns (256 — 512
samples with 50 % overlaps.

2. Calculate the Sort-Time Fourier Transform (STFT) for both the clean and degraded speech signals
of each frame.
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3. Compute the spectral magnitude of the STFT for each frame of both the clean and degraded speech
signals.

4. Normalize the calculated spectral magnitude to have the same energy in each frame for both the
clean and degraded speech signals.

5. Compute the correlation coefficients between the clean and degraded speech signals for each frame.

6. Calculate the STOI score by finding the average of step 5 across all frames.

2.2.8 Perceptual Evaluation of Speech Quality (PESQ)

This measures the quality of speech signals obtained from speech models. It is mostly used for speech
synthesis models. It can also be used for speech-to-speech translation models. It measures speech
quality on a scale of -0.5 to 4.5 where a higher score means better speech quality. A PESQ of -0.5 means
bad speech quality while 4.5 PESQ denotes excellent speech [59, 63].

2.2.81 Steps to Compute the PESQ

1. Pre-process the clean and degraded speech signals (reference and target speech in the case of
speech models) using pre-processing techniques such as filtering, and normalization.

2. Carry out time alignment of both the degraded and clean speech to check for any distortions or
delays.

3. The disturbance or degradation which is the difference between the clean and target speech signals
is computed.

4. Mapping of the disturbance to a PESQ score that ranges from -0.5 to 4.5 to calculate the score.

2.3 Statistical Evaluation

This refers to the utilisation of machine learning evaluation metrics. This involves Precision, Recall,
F1-Score, etc.

2.3.1 Accuracy

This is the ratio of the sum of True Positive (TP) and True Negative (TN) to the sum of TP, TN, False
Positive (FP), and False Negative (FN). It is obtained using equation (18) as [23]:

____TP4TN
Accuracy = oy TrrEN (18)

2.3.2 Precision

This is the ratio of TP to the sum of TP and FP. Mathematically, it is obtained as given in equation (19)
as [22-24]:

.. TP
Precision = —5 = (19)

Relating it to speech-to-speech translation tasks, it is computed using equation (20) as [25]:

No of correctly translated words (bold)
Total number translated words

(20)

Precision =
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2.3.3 Recall
This is the ratio of TP to the sum of TP and False Negative (FN). Mathematically, it is obtained as given
in equation (21) [22-24]:

Recall = TPZ—PFN (21)

For speech-to-speech translation tasks, it is computed using equation (22) as [25]:

No of correctly translated words (bold) (22)
Total number reference words

Recall =

2.3.4 F1-Score

This is the ratio of the product of precision and recall to the sum of precision and recall.
Mathematically, it is obtained using equation (23) [22-24], which is same as equation (9) as:

2*Precision*Recall
Precision+Recall

F1 — Score = (23)

For speech-to-speech translation tasks, it is also computed using equation (9) which is same as
equation (23).

2.3.5 Computation of Precision, Recall, and F1-Score in Speech-Speech Translation

Given the reference text (ground truth) of the target language (Yorub4) as RT and the Translated text
equivalent of the translated speech of the target language (Yoruba) of the output of the translator as MT
as given below, the precision, recall, and Fi-Score are calculated using equations (19), (21), and (22)
respectively as illustrated below [25].

RT/GT: Abe réimulod ajesara iba po nju-ponto ni odin 1938.
MT: Abe ré imald djesa iba po nju-pénto odini 1938.
No of correctly translated words (bold) = 6

Total number translated words in the output of the translator = 8

Total number of reference words = 9

.. _ Noof correctly translated words (bold) 6 __
Precision = Total number translated words -8 0.75
No of correctly translated words (bold 6
Recall = 2L - bold) — 5 — 0,66

Total number reference words 9
2*Precision*Recall 2*0.75*%0.66
F1 — Score = Precision+Recall 0.75+0.66 0.702

. COMPARATIVE ANALYSIS OF THE DIFFERENT EVALUATION METRICS

Table 2 shows the comparison of some of the speech-to-speech translation metrics so that researchers
can make right choices for their speech-to-speech models. It details the subjective and objective
evaluation metrics, such as MOS Naturalness, MOS Similarity, BLASER, & XSTS; and BLEU score,
WER, METEOR, ROUGE-L, BERTScore, & MCD respectively. The table also highlights the statistical
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metric that could also be explored for speech-to-speech translation tasks [7, 9]. Table 3 gives highlights
of when, application areas and how each of the discussed metrics are utilised.

Table 2: Comparison of Various Performance Metrics for Speech-to-Speech Translation Tasks

E‘ﬁlel;g[clgn Application Adequacy Audlzzr;riltiatlon Naturalness
Subjective
Evaluations
MOS Target output Excellent Excellent
Naturalness speech
MOS Similarity Target output Excellent Excellent
speech
BLASER Target output Excellent. It is
speech text-free. [12]
XSTS Target output Excellent Excellent [12]
speech
Objective
Evaluations
Text obtained from Excellent
BLEU score Target output Excellent [9] Excellent [12]
speech [o]
Text obtained from
ROUGE-L Target output Excellent Good
speech
Text obtained from Excellent
WER Target output Good [9]
speech [o]
Cepstral features of
MCD both source and Excellent
target speech
Statistical
Metrics Text obtained from
(precision, Target output Excellent Good
recall, and speech
f1-score)
Text obtained from It has high [thas hl.gh
METEORS Target output Excellent correlation with Cf)rrelatlon
speech [7] human judgment. with human
judgment.
Text obtained from
BERTScore Target output Excellent Excellent
speech

Table 3: When, where, and how to use the Speech Translation Metrics

Performance
metrics

Speech-to-speech Sourcing human raters to

1. Fluency, adequacy, . .
. . translation, automatic | judge the target speech

MOS Naturalness | and audio quality are . .

needed speech translation, | using a scale of 1 to 5 where
’ speech synthesis tasks 1 = Poor, 2 = Satisfactory, 3
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= Good, 4 = Very good, and
5 = Excellent.
h-to- h
1. Fluency, adequacy, Speec t o-Speec .
NP . . translation, automatic
MOS Similarity | and audio quality are . Same as above
needed speech translation,
’ speech synthesis tasks
Translated output speech is
converted into vectors and
the vectors are then fed
. - into a small dense neural
BLASER ;ésf;liidlo quality is to be tsrzizclgt_;;—lsg;izh network for prediction of
' XSTS scores for each
output of the translation
for the supervised version
of BLASER 2.0
It is used by human raters
who are bilingual and judge
1. Adequacy, and audio | Speech-to-speech how adequate the target
XSTS . . .
quality are needed. translation tasks. speech is to be source
speech on using a score on
a scale of 1 to 5.
Speech-to-speech
translation, automatic
1. Fluency, adequacy, . Computed on n-gram
. . speech translation, .
BLEU score and audio quality are . words, and evaluated using
needed speech synthesis, equations (1) to (4)
’ machine translation
tasks
1. Non-contiguous
subsequence order of | Speech-to-speech Computed on
words or character is | translation, machine | word-to-word matching. It
ROUGE-L . . .
needed. translation, texts | is evaluated using
2. Quality of texts is | summarisation equations (6) to (9)
needed.
Speech-to-text,
1. Quality of texts is | text-to-speech, Computed on texts using
WER .
needed. speech-to-speech equation (5)
translation tasks.
MCD 1. Audio quality is Speech synthesis tasks Computed on texts using
needed. equation (10)
Statls'tl'cal Metrics 1. Quality of texts is [ Speech-to-speech Computed on texts using
(precision, recall, needed translation tasks equation (17) to (22)
and f1-score) ’ ’ ! 7
1. When word-to-word
matching is needed Computed on the texts
between the reference | Speech-to-speech obtained from the ASR
METEORS . . .
and machine translated | translation tasks output fed with target
output. speech.
2. Word order is needed.
. W deri
! qrd ordering and Speech-to-speech Computed on the
capturing of . . .
_ translation tasks, | contextualized embeddings
BERTScore dependencies is needed.
sentence between the reference and
2. A good score for .. .
.. summarizations, machine translated texts. It
paraphrasing is needed.
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machine translation

tasks.

is evaluated
equations (11) to (16)

using

1. Processing speed of

Computed using equation

needed

RTF target audio signal is | Speech-to-text (17)

needed 7

1. Speech intelligibility Text-to-speech, Computed using the steps
STOI . speech-to-speech . 1 . .

is needed. . highlighted in section 2.2.7

translation tasks

1 Speech quality is Text-to-speech, Computed using the steps

PESQ ' P quatity speech-to-speech P 5 P

translation tasks

highlighted in section 2.2.8

IV. STATE OF THE ART (SOTA) SPEECH-TO-SPEECH MODELS PERFORMANCE METRICS

The performance metrics utilised by some SOTA speech-to-speech translation models metrics utilised
by researchers in this field are highlighted in Table 4. It shows that some researchers utilised the BLEU
score along with MOS for speech-to-speech translation tasks. Some new metrics like the BLASER,
XSTS, and ROUGE - L are beginning to be used by researchers in this area of research including
speech-to-texts, and automatic speech-to-texts translation [27].

Table 4: Speech-to-Speech Translation Metrics Utilised for well-known SOTA models

Performance Statistical ROUGE-L
Metrics BLEU MOS MOS AHISHCE L/
) h Models / scores  Naturalness Similarities Precision, LCID) RN
peech vlodels Recall, f1-score / BLASER
Authors
Ref. [11] MOS MOS WER
Ref. [19] BLEU Yes
score
Ref. [20] BLUE MOS MOS WER Latency
Ref. [28] - ASR
AudioPalm BLEU Yes Yes WER
Phoneme
Teamdomotron | score | Y Yes Error Rate
(PER)
Ref. [29] - BLEU Yes Yes
Translatotron2 score
Ref[26] - BLEU
Whisper score Yes
Ref. [21] BLEU MOS MOS
score
BLEU-
4, METEOR.
Ref. [27] Google Yes ROUGE-L BERTScore
BLEU
BLASER 2.0,
XSTS,
ASR MOS percentage
Ref. [12, 30] BLEU | Naturalness ASR chrF acceptable
translation,
METEOR
BLEU
Ref. [15] score Yes
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BLEU
Ref. [31] score
Character
Ref. [32] BLEU Error Rate
score (CER)
ASR
Ref. [33] BLEU
Units-B Speaker
LEU Encoder
Ref. [34] ASR MOS SMOS ASR chrF BLASER 2.0 Sii(l)isl;r:
BLEU ty
(SECS)
Character
Ref. [35] BLEU Error Rate
(CER)
ASR
Ref. [36] BLEU
WER,
Ref. [16] ROUGE-L
Word
Ref. [17] WER Recognition
-7 Rate (WRR),
RTF
Ref. [8] BLEU
Ref. [37] MCD

V. APPLICATIONS OF SPEECH METRICS ON LEADERBOARDS AND MODERN Al
APPLICATIONS

In this modern-day era, speech models are mostly compared with other models to know how they
perform among themselves. Different models are evaluated or tested using the same dataset and
ranked based on their performance. For instance, speech-to-speech translation models such as
Whispers [26], Translatotron, SeamlessM4T may be benchmarked with same datasets of different
varieties, across different databases such as FLUERS, LibriSpeech, MustC, Fisher datasets, and then
the BLEU scores are computed for each model across these datasets and are ranked based on these
metrics. When more than one source of datasets is utilized, the average across these sources is
computed to rank each model.

At present, there are quite a few leaderboards and modern Al platforms [45-46] that evaluate and rank
speech models such as the Hugging Face, International Workshop on Spoken Language Translation
(IWSLT), Real-World Speech-to-Text API Leaderboard, Open ASR leaderboard etc [40-41, 42-43,
46-48]. Metrics such as BLEU scores, WER, METEORS, Real Time Factor (RTF), Short-Time Objective
Intelligibility (STOI), Perceptual Evaluation of Speech Quality (PESQ), CER, are being utilized to
evaluate and rank speech models. There is no known information about whether subjective metrics
such as MOS Naturalness, MOS Similarity, BLASER, and MCD are being used on any of these
platforms. BERTScore, METEOR, ROUGE-L, and BLEU scores are used on Hugging Face for texts
generation models like texts summarization, and machine translation models. On the Open ASR
Leaderboard on Hugging Face, ASR models are being compared and ranked, and metrics of choice are
the WER, and Real Time Factor (RTF). Where the WER and RTF are utilized to evaluate the
performance, the speech-to-texts models and are ranked based on these metrics. However, this review
paper is suggesting the utilization of BERTScore for speech-to-speech translation models where it can
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be used on the transcribed texts of the target speech. Then the text is compared to the reference text by
computing the cosine similarity between them. In such application, it is important to not rely on the
BERTScore alone but to integrate it with other metrics such as the subjective evaluation metrics, and
the BLEU score because the BERTScore cannot evaluate speech quality even though it evaluates the
word order. Some metrics are peculiar to each leaderboard as well as speech models. For instance, on
the Hugging Face leaderboard, A detailed overview of these leaderboards is given in the next sub
section.

5.1 Hugging Face Leaderboard

Hugging Face leaderboard is an AI platform that evaluates the SOTA AI models such as the image
processing models, text-based models, and speech processing models [42-43, 46-48, 50-51]. The
platform evaluates and compares ASR models on its Open ASR Leaderboard [50]. ASR models are
ranked using the WER, and RTF. TTS models are also being ranked via this platform [47-48, 51].

5.2 ICASSP 2024 Speech Signal Improvement Challenge

This is a speech models competing leaderboard that aims to improve speech signals by evaluating
speech models for their speech signals quality and intelligibility. Speech signals are evaluated using
techniques such as filtering, noise reduction, and speech enhancement. The metrics utilized here are
Short Time Objective Intelligibility (STOI), and Perceptual Evaluation of Speech Quality (PESQ), Word
Accuracy (WAcc) [65].

5.3 IberSPEECH 2024 Challenge

This platform was developed to promote research and development in speech processing applications
such as speech synthesis, ASR etc. It looks into the evaluation of speech recognition and speech
synthesis models. WER, and Character Error Rate (CER) are used to evaluate the ASR models while
text-to-speech models are evaluated using PESQ, and STOI [64].

5.4 International Workshop on Spoken Language Translation (IW/SLT)

This platform promotes research in Spoken Language Translation (SLT) such as speech-to-text,
speech-to-speech translation, automatic speech translation, Speech synthesis etc., [40-41].
Speech-to-texts and speech-to-speech translation models are evaluated and ranked on this platform
where BLEU scores, and METEOR are utilized to evaluate the ASR models, while speech-to-speech
translation models are evaluated using BLEU scores, METEOR, and WER.

5.5 Speech Generation Evaluation and Leaderboard

This platform evaluates and ranks speech generation models using metrics such as speech
intelligibility, which is measured by speech recognition error rates; Naturalness, which is predicted
utilising speech models trained on human naturalness ratings; and Similarity, which measures the
cosine similarity speaker embeddings mostly used for voice cloning systems [46, 49].

VI. TYPICAL LEADERBOARD RATINGS FOR DIRECT AND CASCADED
SPEECH-TO-SPEECH TRANSLATION MODELS.

6.1 ASR BLEU Speech-to-Speech Translation on FLEURS X-ENG

For the ASR BLEU metric, the speech-to-speech translation tasks from other language to English on
FLUERS corpus shows that GenTranslateV2, GenTranslateV1, SeamlessM4T LargeV2, SeamlessM4T
Large, AudioPaLM2, WhisperV2, SeamlessM4T Medium have ASR BLEU scores of 32.3, 30.1, 29.4,
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25.8, 24.0, 23.5, and 20.4 respectively, where the highest BLEU score of 32.3, was obtained for
GenTranslateV2, with SeamlessM4T Medium having the lowest BLEU score. This leaderboard is
available on this link: https://paperswithcode.com/sota/speech-to-speech-translation-on-fleurs-x-
eng?utm_source=chatgpt.com. It should be noted that the authors of the GenTranslateV2 developed
both end-to-end and cascaded system where the end-to-end models performed better than all the other
models over 30 languages to English translation on both FLEURS X-Eng and CoVoST X-Eng datasets.
For 15 languages to English on FLEURS X-Eng dataset, it achieved an average BLEU score of 32.3
while GenTranslateVi, SeamlessM4T LargeV2, SeamlessM4T Large, AudioPalLM2, and WhisperV2
have average BLEU scores of 30.1, 29.4, 27.1, 24.0, 23.5 respectively. For the cascaded system,
GenTranslateV2, GenTranslateVi, SeamlessM4T V2, SeamlessM4T, and WhisperV2 have average
BLEU scores of 34.2, 34.0, 32.3, 31.9, and 31.2 respectively. This shows GenTranslateV2 still performs
better in the cascaded speech-to-speech translation task [52].

6.2 ASR BLEU For Speech-to-Speech Translation on CVSS dataset

On another rank, where both SeamlessM4T Large and SeamlessM4T Medium were ranked, results on
the leaderboard shows that SeamlessM4T Large had the best ASR BLEU with a value of 36.5 in
comparison with 28.1 for SeamlessM4T Medium when both were trained on CVSS Dataset. The link is
available here: https://paperswithcode.com/sota/speech-to-speech-translation-on-cvsss

6.3 ASR WER Speech-to-Text Translation on Hugging Face Leaderboard

Using the 8 datasets used in the ESB paper [53], which consists of LibriSpeech clean, LibriSpeech
other, VoxPopuli, TED-LIUM, GigaSpeech, SPGISpeech, Earnings-22, and AMI datasets as the
benchmark datasets, Granite-speech-3.3-8b which was trained on public and synthetically generated
datasets for ASR, and Automatic Speech Translation (AST) tasks achieved the best WER of 5.85 in
comparison to Massively Multilingual Speech (MMS) - Finetuned ASR - FL102 with a wave2vec
architecture which has the worst WER of 39.8. SOTA Whisper large, and Whisper medium have WERs
of 7.94, and 8.09 respectively. Whisper-large-v3 has the best WER amongst all the Whisper models
ranked with a value of 7.44. Facebook’s Hubert-xlarge-ls960-ft has WER of 22.55. It should be noted
that all models ranked on this leaderboard were trained with the same 8 training datasets
aforementioned after which comparison were made. The average WER across all the 8 datasets were
computed for each ASR model [54].

6.4 WER for ASR on TedLium Dataset

In another leaderboard for ASR WER on TedLium dataset (a dataset that contains English language
TED Talks which spans from 118 to 452 hours sampled at 16 kHz with their respective transcripts),
United-MedASR trained on 764 parameters, parakeet-rnnt-1.1b, Whispering-LLaMa-7b, and
SpeechStew trained 100 M parameters yielded WERs of 0.29, 3.92, 4.6, and 5.3 respectively, which
shows that United-MedASR has the best WER. This leaderboard is available at this link:
https://paperswithcode.com/sota/speech-recognition-on-tedlium

VIl. CASCADED & DIRECT SPEECH-TO-SPEECH PERFORMANCE METRICS

The conventional approach to speech-to-speech translation models before the exploration of machine /
deep learning-based methods involves utilising cascading of traditional statistical approaches such as
Hidden Markov Model (HMM), Forward Algorithms, Viterbi Algorithm etc. for ASR, statistical
approaches such as HMM, analysis of transcribed words for machine translation and concatenative
approach, rule-based approach, statistical approach for text-to-speech [4, 20, 55-56]. At a later time
when Al is evolving, the machine learning based approach involving deep learning such as neural
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networks, LSTM etc., [20, 57-58] are being applied in this cascaded approach to modeling
speech-to-speech translation task. Due to the availability of high computing power [61, 62], coupled
with big data, deep learning based a direct end-to-end approach begins to take over the training of
speech-to-speech translation model, where texts representation as seen in the cascaded approach is not
available [4]. Of course, one, would expect that metrics of evaluation for the cascaded approach will
involve integration of metrics for ASR, MT, and SS models, whereas the metrics of the direct approach
involves a single metrics per time to evaluate target speech output. Table 5 highlights some of the
metrics utilised for cascaded and direct speech-to-speech translation tasks.

Table 5. Summary of Cascaded and Direct Speech-to-Speech Translation Metrics

Performance Metrics Approach
Speech-to-Speech Metrics Used
Speech Models / Authors p P
Ref [1] Direct BLEU, METEOR
Cascaded (MT, speech MT- BLEU score, ChrF, CharBLEU,
Ref. [19] synthesis, speech Speech synthesis - MOS Naturalness,
recognition) MOS Similarity, MCD
Streaming ASR (WER), Simultaneous
MT (BLEU score), Incremental
Ref. [20] Cascaded Multi-lingual TTS (MOS Naturalness,
MOS Similarity), Latency
Ref. [28] — AudioPalm Direct ASR BLEU, MOS Similarity, BLEU, WER
Direct, (compared with BLEU score, MOS Naturalness, Phoneme
Ref. [4] - Translatotron cascaded) Error Rate (PER)
Ref. [29] - Translatotron2 Direct B.L E.U SCoTe, MOS Naturalness, MOS
Similarity
Ref [26] — Whisper Direct / Self-supervised BLEU score, MOS Similarity

BLEU-4, Google BLEU, MOS Similarity,
ROUGE-L, METEOR. BERTScore, NIST
ASR BLEU, MOS Naturalness), ASR
Ref. [12, 30] - Seamless M4T Direct chrF, BLASER 2.0, XSTS, percentage
acceptable translation, METEOR

BLEU score, MOS Naturalness, MOS

Ref. [27] Cascaded and Direct

Ref. [15] Cascaded Similarity

Ref. [31] Dlrectg;)cr:gzge):d with BLEU score

Ref. [32] Direct BLEU score, Character Error Rate (CER)

Ref. [33] Direct ASR BLEU
Units-BLEU, ASR BLEU, MOS, SMOS,

Ref. [34] Direct Speaker Encoder Cosine Similarity
(SECS)

Ref [10] Direct ASR BLEU

Ref [6] Cascaded (compared with BLEU Scores, MOS Naturalness

Direct -Translatotron)

VIIIl. DISCUSSION

The study highlights the various performance metrics utilised by researchers for speech processing
applications, particularly speech-to-speech translation tasks. Based on the findings as reported in this
work, most of the existing speech-to-speech translation models have utilised objective BLEU score
performance metric for evaluation [7, 9, 15, 30-33]. MOS Naturalness, and MOS Similarity follow next
as the performance metrics in this domain [12, 28-29, 34]. Other metrics that could be utilised for
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speech-to-speech translation tasks are METEOR, and ROUGE-L [1], [27]. Other metrics such as the
WER, CER, NIST, XSTS, SER, PER, and BLASER are also of interest in this field of speech processing
applications.

A thorough analysis of the various performance metrics utilised for speech-to-speech translation tasks
show that all the subjective evaluations are computed on the generated output speech while that of the
objective evaluation metrics show they are computed on the transcribed text string using a STT model
except the MCD which is mostly utilised for TTS [35-37]. Hence, it is expected that the subjected
evaluation metrics gives the best performance when compared to its objective counterpart due to no
errors introduced as a result of the absence of ASR transformation [19]. Findings show that when it
comes to adequacy which shows how close the predicted target output speech is to the source speech,
MOS Similarity as well as XSTS, BLEU score, and ROUGE-L could be utilised to perform evaluation.
MOS Naturalness can be utilised to check the naturalness of the output speech. For audio translation
quality, the MOS Naturalness, BLASER, XSTS, as well as BLEU score could be utilised to achieve that
[12]. The outcome of the study further suggests that ROUGE-L performance metric and its utilization
in the NLP tasks such as machine translation and speech recognition [7], [27] should be given priority
as an evaluation metric for speech-to-speech translation tasks. This is due to the fact that it is to be
applied on the transcribed texts [1] obtained from the generated output target speech just like the case
of the BLEU score metric. However, care must be taken due to its limitation of not being able to give
good evaluations of two or more different translated texts that have same number of words (word-level)
or characters (character-level) but different order - same ROUGE-L scores [9]. It is therefore advisable
that it is integrated with other metrics such as BLEU, and METEOR. Coupled with that, ASR chrF is
known to perform better than ASR BLEU due to its ability to perform more matching between the
translated output texts and ground truth texts at the character level. WERSs are mostly utilised for ASR
models, but they can also be used for speech-to-speech translation tasks. MCD has little application for
speech translation tasks. They are mostly utilised for speech synthesis from texts (TTS model) [36-38].

The study went further to survey some of the present leaderboards and modern Al tools available for
evaluating and comparing speech models [44-45]. Some of the existing leaderboards such as
Facebook’s Hugging Face, IWSLT etc., [40-41, 42-43] evaluates speech models such as the TTS, and
ASR. These evaluations give experts insight into how the speech models perform in comparison to one
another. There are also leaderboards specifically for TTS and speech generations [49, 50] that compare
TTS models with one another. The choice of metrics utilized in any of the leaderboards is dependent on
the speech models being considered, as well as the leaderboards of interest. For instance, on Facebook’s
Open ASR leaderboards, the WER, and RTF are being used to compare and evaluate ASR models.

IX.  CONCLUSION

The various metrics utilised for speech-to-speech translation models, their benefits and the comparison
of the metrics were highlighted in this study. The results showed that among the various speech models
metrics that have been employed, BLEU score is predominant, followed by MOS Naturalness and MOS
Similarity. Metrics such as the BLASER, XSTS, ROUGE-L, BERTScores, and METEORS are beginning
to gain recognition particularly for speech models. Leaderboards ratings of speech models show that
existing BLEU scores, WER, and RTF are mostly utilized for speech models. This further suggests the
importance of these metrics. RTF even though it is being utilized on the leaderboards, has the least
utilization by researchers. Also, metrics such as ROUGE-L, METEORS, and BERTScore have been
utilised successfully in machine translation, they could be explored for speech-to-speech translation
particularly when they are used in conjunction with each other coupled with BLEU score. The findings
show that the subjective metrics are computed directly on the target speech output, which depicts a
good evaluation of the quality of speech model, unlike the objective metrics that are prone to errors
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introduced due to the ASR utilization. The study therefore serves as an eye opener to researchers or
readers hoping to develop speech-to-speech translation models to make the right choices on the
performance metrics of their models.
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