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HNHTEJUVIEKTYAJIbHASA CEHCOPHASA CUCTEMA
PAHXKXNPOBAHHNA MOHHOI'O COCTABA
I'PYAHOI'O MOJIOKA

Pa3paboTana u nccineoBaHa HHTEIUICKTyallbHAsl CEHCOPHAsI CHCTEMa, TI03BOJISIONIAst TPOBOJUTH KBAIUTATHBHOE
MEIUIMHCKOE PAH)KUPOBAHUE TPYAHOTO MOJOKAa M MOJIOYHOM MNpPOAYKUIWH. VICTOJIB30BaHBI 3JIEKTPOXHMMUYECKHUE
CEHCOpBI, 00JI/Ial0IINE YyBCTBUTEIBHOCTHIO K OCHOBHBIM 3HaYMMBIM KOMITOHEHTAM HCCIIEAyeMOi OMOJI0TniecKon
cpelbl. Y CTaHOBIICHO, uTO "Iiu(poBEIe 00pa3sl” TPYAHOTO MOJIOKA JKEHIIWH, TEPCHECIINX 3a00JICBaHHS, 3HAUUTEIb-
HO OTJIMYAKOTCA OT TAKOBBIX JIA I'PYHIIBI 3TOPOBBIX KCHIIWH. HpI/IMeHeH METOM TJIaBHBIX KOMITOHCHT JIA PaHXKH-
POBaHUSA TPYAHOTO U KOPOBBETO MOJIOKA, BBISBICHBI IPYMITBI OHMOJIOTHMYECKUX CPEJl, CXOXKHE M0 CBOMM CBOWCTBAM.
AHanmm3upys pe3yibTaThl HCCIIEAOBAHMA, MOKHO TOBOPUTH 00 3P PEKTHBHOCTH MIPUMEHEHHS pa3padaTbiBacMoil Me-

TOJMKH JIJII MEAUKO-OMOJIOrHYECKUX UCCIEIOBAHIT.

Kn. cn.: IpyAHOC MOJIOKO, CUCTEMaA PAHKUPOBAHM, CCHCOPpHAsA CUCTEMA, MCTO I''TaBHbIX KOMIIOHCHT,

QJICKTPOXUMHUYCCKUEC CEHCOPLI

BBEJEHUE

KadecTBeHHBIN MOHHBIN COCTaB TPYIHOTO MOJIOKA
SBJSIETCS. OCHOBHBIM  (DAKTOPOM, ONPEAEISIOLINM
MOJHOIEHHOCTh POCTa, (PU3NYECKOTO W HHTEIUICKTY-
aIBbHOTO 37]0POBbsSl HOBOPOXKACHHBIX B TEYEHUE BCETO
JKU3HEHHOTO IMKIa. VM3yyeHne MHOTOypOBHEBOM CHC-
TEMBl MEXaHU3MOB, OINPEACISAIOIINX U KOHTPOJIH-
PYIOIIMX MOHHBIM COCTAaB MOJIOKAa, — Ba)KHas IPO-
oiema ¢uznonornu nakranuu [1]. I'pyaroe momioko
SBIISIETCSl JIMHAMHYECKON JKUAKOCTBIO OpraHH3Ma,
ObUIM TIpE/ACTaBIICHBl KJIMHUYECKHE J0Ka3aTeNbCTBA
M3MEHEHHs COCTaBa IPyIHOTO MOJIOKA B 3aBUCHMOCTH
0T MeHsoUMXCcs nmorpedHocteld mnaaeHua [2]. I'pya-
HOE MOJIOKO TaKK€ MOXKET aKTUBHO CTHMYJIMPOBATh
YCKOPEHHOE pa3BUTHE 3aIUTHBIX CHUCTEM HOBOPOXK-
JIEHHOTO ¥ TIOJaBJIATh YpEe3MEpPHOE BOCIMAJICHHUE B OT-
BET HA PA3NIMYHBIE PaA3PaXXUTENIH 0 TeX MOop, MoKa
HE pa3oBBETCS COOCTBEHHBIH MMMYHHBIA OTBET KH-
mevyHuka [3].

Hayunas npo0iema, Ha pelieHue KOTOpOH Ha-
MPaBJIEHO HCCIIECOBAaHNUE, COCTOMT B CIOKHOCTH
naeHTH(UKAINN (PYHKIMOHATIHHOTO COCTOSHHUSI CHC-
TEMBbl MaTh — HOBOPOXKJCHHBI B paMKax CTaHAapT-
HBIX MEIUIIMHCKUX METOJIOB aHaiu3a. Llenpro manHOM
paloThI sABISIIOTCS (YyHAAMEHTAIbHBIE UCCIIEIOBAHUS,
HaIpaBJIeHHbIE Ha KOMIUIEKCHOE pelleHue MpoOIeMbl
UACHTU(UKAMY W aHaJIN3a COCTOSIHMS CIIOKHBIX
MHOTOKOMITOHEHTHBIX OMOJIOTMYECKUX Cpei, a UMEH-
HO Ka4eCTBEHHOTO MOHHOTO COCTaBa IPYIHOTO MOJO-
Ka Ha OCHOBE HOBBIX HMHTEUIEKTyaJIbHBIX METOJI0B
JNEKTPOXUMHYECKOT0 aHanmu3a. B Hacrosmee Bpems
OONBUIMHCTBO ~MEIUIMHCKUX YUYPEXKICHUH H3-3a

OTCYTCTBHS HEOOXOANMON METOJO0IOTHYECKOH U MPH-
O60opHOIT 6a3bl BEIHYXIECHBI OIPAaHUYMBATHCS B OCHOB-
HOM CyOBEKTUBHON TPAaKTOBKOH MEIULMHCKUM IIEp-
COHAJIOM aHaJU30B Pa3IUYHbIX THUIIOB, KOTOPBIE MO-
I'yT CyLIECTBEHHO MEHSTHCS B 3aBUCHMOCTH OT CIIe-
[UAIMCTa, W3YYaIOLIETO pe3yJbTaThl, U KOCBEHHBIX
METOJIOB OmpeesieHus] (PyHKIIMOHAIBHOTO COCTOSHUS
CHCTEMBI MaTh — HOBOPO/IEHHBIM.

Brnepsrie pa3zpaboran MeTo[ HEMHBa3UBHOW JTHar-
HOCTHKH, CYLUTHOCTh KOTOPOTO COCTOUT B IPUMEHEHUU
MaccHBa 3JIEKTPOXHMHUYECKHX CEHCOPOB C YYBCTBH-
TEJIBHOCTBIO K OCHOBHBIM 3HAYUMBIM KOMIIOHEHTaM
HCCIIETyeMOM Cpe/ibl, UX aHajIHu3a C TOMOIIBIO UCKYC-
CTBEHHBIX HEHPONOJOOHBIX CHCTEM W MaTeMaTHye-
CKHMX METOJOB 00pabOTKM MacCHBOB MHOTOMEPHOMN
nH(pOpPMAINH, B TOM YHCIE METOJa TIaBHBIX KOMIIO-
HeHT. [Ipennaraemplil MoaX0J OTIMYAaeTCs OT Cyllle-
CTBYIOIIMX METOJIOB TEM, YTO He TpeOyeT BBICOKOTOY-
HOTO OIpeNesICHUsT COAEPXKaHHUsS B OMOJIOTHYECKUX
cpenax omnpezeNIeHHBIX KOMIIOHEHTOB, a MpeAaraeTcs
HCIIOJIB30BaTh MACCUB CEHCOPOB, A€ KX CEHCOP
pearupyeT Ha NPUCYTCTBUE Cpa3y HECKOJBKHUX KOM-
IIOHEHTOB aHaNu3upyeMoi cpeasl. Iloayyaemas coBo-
KyHHOCTh MHOTOMEPHBIX JaHHBIX TpeOyeT COBpeMeH-
HOH MaTtemarmueckoir oOpaboTku. C 3TOH menbio st
00pabOTKH JaHHBIX NPUMEHSAETCS] METOJ MAIIMHHOTO
00yYeHHs: METO/] TJIaBHBIX KOMIIOHEHT.

MATEPHAJIBI 1 METObI
JUid pemieHus 3ajadd KOHTPOJS KAadyeCTBEHHOIO

WOHHOTO COCTaBa TPYJHOIO MOJIOKa Obula oOcyle-
CTBJICHa pa3paboTKa KOHCTPYKUHUH M TPOBEACHBI
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3N1EKTPOHHO-
M3MepPUTENbHbIN MoAY/b

(ALN | CUCTeMHaA naaTa
CEHCOPHbIN MoAayNb

MOZyNb NPOBONOAroTOBKU

Puc. 1. brok-cxeMa UHTENIEKTYalIbHOW CEHCOPHOM CUCTEMBI

UCTIBITAHUSI OCHOBHBIX OJIOKOB HWHTEJUIEKTYalbHOU
ceHcopHO# cuctemsl [4]. B kadecTBe ceHCOPOB OBLIO
MPEUIOKEHO  HMCIOJIb30BaTh  AJIEKTPOXUMHUYECKUE
9JIEKTPOBI HA OCHOBE MOJUMEPHBIX IUIaCTH()HUIIPO-
BaHHBIX MOTEHIIMOMETpHuYeckux memoOpan [5]. [Tomu-
MEpHas OCHOBa BO BCEX IPHMEHSAEMBIX MeMOpaHax
npezacrasisia co0ol NOIMBHHUIXIOPHUI. B kauectse
pacTBopuTeNs-IUIacTHQUKATOPa TPUMEHEHBI JTU-2-
STHITEKCUIIce0aHAaT, 0-HUTPOPEHMITOKTHIIOBEINA 3(up
u 2-propheHun-2-uTpoPeHUIOBBIH 3Hup.

WnTennexTyanpHass CEHCOpPHAs CHUCTEMa COCTOUT
U3 JBYX OCHOBHBIX O0KOB. M3MepuTenpHBIN OJ0K
BKJIIO4aeT B ce0si MOJyIH IPOOOIOrOTOBKH, CEHCOP-
HBIH, MUKPOIIPOLIECCOPHBIA U3MEPUTEIBHBIM MOYJIIH.
WHdopManroHHbI OJIOK BKJIOYAET B ceOsS MOAYIH
00yueHHs1, pacrio3HaBaHUs U BU3yaJH3alUu 00pa30B.
brok-cxema onbITHOro o0pasla CeHCOPHON CHUCTEMBI
npuBeieHa Ha puc. 1.

Monynb npoOOomoAroTOBKU COACPKUT yCTPOHCTBO
JUTST yCTaHOBKH CEHCOPOB B HCCIIETYyEMYIO Cpefdy, ee
TEPMOCTaTUPOBAaHUSA M NEpeMelIBaHus Ul odecrie-
YeHHs OJHOPOJHOCTH €€ COCTaBa BJAIU U y MOBEpX-
HOCTH CEHCOPOB.

CeHcopHBIIl MOAYJb NPEJCTABIEH MAacCHBOM IIO-
JIUCENEKTUBHBIX JIEKTPOXUMUYECKIX CEHCOPOB C TIe-
PEKPECTHOM UYyBCTBUTENBHOCTBIO K OHMOJIOTHYECKH
BaXHBIM KOMITOHEHTaM

Monynp 00y4eHus! ¥ paclo3HaBaHUS IPEACTaBICH
B BHJE MAaTeMaTUYECKOM MOJIENH, pean3yrolen
¢GyHKIMN 00yYeHHs CUCTEMBl M PacliO3HaBaHUSI MHO-
roMepHbIX "00pazoB", (OPMHPYEMBIX CEHCOPHBIM
MOyJIEM B Bue MaccuBoB 3HadeHM DJIC.

IKCHEPUMEHTAJIBHBIE HCCJIIEJOBAHUA

Ha monroroButensHOM »Tame MPOBEACHUS HCCIE-
JIOBaHUH OBUTH OTpabOTaHBI COCTaBBI paboOUMX pac-
TBOPOB  JUIA  KAJIMOPOBKH, KOHAMIIMOHHPOBAHUS,

XpaHEHHsI CEHCOPOB U OLIEHKH MX MEePEKPECTHON dyB-
CTBUTEIFHOCTH, & TaK)K€ METOJUKH MOJATOTOBKH CEH-
COpOB K M3MEpPEHHIO, OLEHKH HX XapaKTEepUCTHK
B KOHTPOJIFHBIX PacTBOpax.

HccnenoBanust ObUTM MPOBEACHBI HA YETHIPHAALA-
TH HCIIBITYEMBIX KEHCKOTO TI0JIa B TEPHO/] JaKTaIHH,
a Takxe ObUIM MCCIIEeJOBaHbI IEBATHAIIATE 00pa3oB
YABTPANlaCTEPU30BAHHOIO U LEIBHOTO KOPOBBETO MO-
JIOKa C LeNbl0 OLEHKU M AEMOHCTpalHu padoTocmo-
COOHOCTH HWHTEJUIEKTYaJIbHOW CEHCOPHOW CHCTEMBI
B IUIaHE BO3MOXXHOCTHU MONXy4eHHs "1udpoBeIx oOpa-
30B" HCCIEIyeMBIX TIPOO MOJIOKa M WX BHU3YaJLHOTO
npeacTaBiieHus. bpuld UCNONb30BaHbl 7 TMOTEHIMO-
METPMUYECKUX MOIMCeNeKTHBHBIX ceHcopos (H', Na’,
K", CI', NH,', F", pH) ¢ mepeKkpecTHO}i uyBCTBUTEb-
HOCTBIO.

OBPABOTKA JAHHBIX

IMocTpoenne uudppoBbIX 06pa3on

BusyanpHOe oTOOpaskeHHE pe3yNbTaTOB MCCIIEO-
BaHUs JBYX HanOoJiee TUIMMYHBIX HCIBITYEMBIX, OJJHA
M3 KOTOPBIX B TeUEHHE MOCIEIHEr0 Mecsma nepedo-
Jiea BUPYCHOW WHQEKINEH, IPEeICTaBICHO HA PUC. 2
B BUJIe "00pa30B" UX IPyIHOTO MOJIOKA — CEMHIPaH-
HUKOB C JIy4aMH, UCXOJSANIMMHU OT IIEHTPa K TOYKAM
nepecedyenus rpaneil. J[nnHa myda B Toukax mepece-
YEHHsI TPAHEW COOTBETCTBYET Pe3yJbTaTy M3MEPEeHHS
MOTEHIHAJIA, TEHEPHUPYEMOro KaXKAbIM IOJHUCETICK-
THUBHBIM 3JIEKTPOJIOM.

Taxke Obun mony4eHsl "HudpoBbie 0Opa3bl”
TPYJIHOTO MOJIOKA KEHIIUH, KOTOPhIE B TIEPHO/| JIaK-
TallMd TIepeHecIn HHQPEKIUI0 MOJIOYHOM JKele3bl,
CBSI3aHHYIO C JeTopoxkaeHueM. [Ipumeps! " poBbix
00pa3oB" TPYAHOTO MOJIOKA UCIIBITYEMBIX B JIMHAMHKE
TIpeICTaBIIeHBI Ha puC. 3. bBUTO MpoBeieHO HAOI0IeH e
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Puc. 2. "LHudporie 00pa3sr" rpyIHOT0 MOJOKa 30POBOM KESHIIMHEI (a) M KCHIIUHEI,
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Puc. 3. BusyansHoe npeacrasicHue "nndpoBoro oopasa’ rpyaHOT0 MOJIOKA YKCHIIIHHBI
¢ UH(EKIMOHHBIM 3a00JIeBaHMEM MOJIOYHOMN KeJIe3bl 0 MpUeMa aHTHOAKTEPUATbHOM

Tepanuu (a) ¥ mociie npuema tepanuu (0)

32 U3MECHEHHEM COCTOSIHHSI MOJIOKA JI0 U TIOCTIe Tmpue-
Ma aHTUOAKTepUATbHON TEepaIuy.

Pe3ynbTaThl NMpPOBEAEHHBIX HCCIEIOBaHUM MOKa-
3BIBAIOT, YTO "MH(POBOH 00pa3" TpyaHOrO0 MOJIOKA
KOKJIOM M3 HUCHOBITYEMBIX B 3J0POBOM COCTOSIHUU,
(hopMHUpYEMBIA KOMITO3UIIHEH MTOTEHITHAIOB, TCHEPH-
PYEMBIX 7 BIIEKTPOXMMHUYECKHUMH CEHCOPaMHU, UMEET
CBOM HWHAMBHIyaJIbHbIE 0COOCHHOCTH. 3aboJieBaHUs
BUJIOM3MEHSIOT €r0o. YCTaHOBIIEHO, 4TO "IH(poBbIe
00paspl" TPYAHOTO MOJIOKA >KCHIUH, MEPEHECIINX
3a00yIeBaHMs, 3HAYUTEIIEHO OTINYAIOTCS OT AHArpamMm
TPYJHOTO MOJIOKA 3JJOPOBBIX.

BrisiBJICHHBIE B TMPOBEACHHBIX SKCIIEPUMEHTAIIb-
HBIX HCCIIEZIOBAaHUSAX BO3MOXHOCTH HCCIIEIyeMOn
CCHCOPHOU cucTeMbl (JOPMUPOBATH UHIAUBUIYATbHbBIC
"00pa3sl" TPYAHOTO MOJIOKA HCIBITYEMBIX OBLIH HC-
MOJIL30BaHbI [ (POPMUPOBAHUSI AITOPUTMOB 00y4e-
HUSl CCHCOPHOM CHCTEMbI K pacro3HaBaHUIO (DyHK-
IUOHATILHOTO COCTOSIHUSI CHCTEMBl MaTh — HOBOPOX-
JICHHBIHN.

MeToa rJIaBHbIX KOMIIOHEHT

Beutn chopmupoBansl nBe Tabnuibl Buia "o0beK-
THI — IPU3HAKK", TJIE CTPOKaM COOTBETCTBYIOT OOBEKTHI
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WU3MEpEeHHH, a cToj0aM — MpPU3HAKH, T.€. 3aPErucT-
PUpPOBaHHBIE UYWCIEHHBIE CTaHJIAPTH30BaHHBIE TOKa-
3aHUS KQKIOI0 U3 CEMHU JIEKTPOXUMHUYECKHUX aT4H-
KOB.

[lepBast Tabnuma ObpLTa cocTaBieHa Al 00pasloB
TPyIHOIO MOJIOKa, BTOpasi Tabiuua coiepskana aaH-
HBIe, TIONyYEHHBIE TPH aHAIM3€ YIbTParacTepu3o-
BaHHOTO U IIEILHOTO KOPOBBETO MOJIOKA.

Ha ocHoBe 3Tux Tabnuil ObUIM ONPEJICIICHBI IBE 7-
MepHbIe (TI0 YHMCITy HU3MEpPAEMBIX NPU3HAKOB) MaTpH-
Lbl, HA KaXJ0M K3 OCed KOTOPBIX OTKJIAAbIBAIUCH
3HAa4YEeHUS NPU3HAKOB. Tak Kak KaxIblii 00BEKT-TOUKA
B MaTpHIE ONHCHIBACTCS BEKTOPOM C BBICOKOH (7)
pa3MepHOCThIO, TO Ha TMOCIEAYIOUIEM JdTare aHalnu3a
MHQOPMAaMM MPUHUMAIUCH MEpPHl Ui CHIDKEHHS
Pa3MEpHOCTH MPOCTPAHCTBA NAHHBIX C MUHUMAIIbHBI-
MU MOTEPSIMHU UX UHPOPMATHUBHOCTH [6].

Kpome Toro, Obta mocraBieHa 3aa4a BU3yalln3a-
LMY MHOT'OMEPHBIX JaHHBIX. 151 ee BBIOJIHEHUS ObLI
npruMeHeH Meton rinaBHbIX kommoHeHT (MIK, PCA),
TPaIUIIMOHHO WCHOJB3YIOMNNACS ISl COXpaHEHHUS
MaKCHMaJIbHOTO KOJIMYeCTBa MHPOpPMALUK O Habope
JMAHHBIX B MUHHMAaJbHOM KOJINYECTBE TEPEMEHHBIX,

CHUKas pa3MepHOCTh MIPOCTPaHCTBA [7].
C nomompio MI'’K MOXHO yMEHBIINTH YHCIO TPH-
3HAKOB, BEIOpaB caMmble M3MEHUNBbIE U3 HUX. J[j1s1 9TO-
ro, MCIOJIb3ysl OubnmmoTeky scikit-learn (maker ¢ ot-
KPBITBIM HCXOIHBIM KOJIOM M3 dKocucTeMbl Python),
MPOU3BOANTCS CIEAYIOIUN aNropuT™M JAEHCTBUI:
CTaH/APTHU3ANNI UCXOJHOTO THaNa30Ha aHHBIX, BBI-
YHCIICHUE KOBAPUAIIMOHHOW MATPUIILI JIUIS MCXOJHBIX
JAHHBIX, BBIYMCIACHHUE COOCTBEHHBIX 3HAYCHHUH U COO-
CTBEHHBIX BEKTOPOB KOBapHAIIMOHHON MAaTpHIIBI IS
nepexoa K HOBBIM MEPEMEHHBIM — TJIABHBIM KOMIIO-
Hentam (I'K, PC). Anropurm nondupaer Takue Beca
s TIaBHBIX KoMmoHeHT, 4ToObl K1 u I'K2 umenn
HauOONBIIYIO BRIOOPOYHYIO AWCIEPCHUIO U TIPU ITOM
HE KOppEeIUpOBaIu APYT ¢ Apyrom [8].

M3HavanpHO KOJMYECTBO TJIABHBIX KOMITOHEHT
paBHO YHUCITy HCXOIHBIX TEPEMEHHBIX (IIPU3HAKOB),
KpOME TOTO, CYMMa HUX BBIOOPOYHBIX TUCIEPCHHA paB-
Ha 100%, 3TO 3HAYMT, 4TO BCE IJIaBHBIC KOMIIOHCHTBI
BMECTE TOYHO ONMCHIBAIOT COBOKYIHYIO JHUCIIEPCHIO
WCXOJHBIX TIEpeMEHHBIX [9]. Busyammzamus pomm
OOBSICHIEMOH JUCIIEPCHH Pa3HBIMH KOMIIOHCHTAMU
MpeIcTaBlIeHa Ha puc. 4.

PacnpeﬂeneHHe BBIﬁOpO‘IHB]’X ,I[HCHBPCHﬁ INTAaBHBIX KOMITIOHEHT
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Puc. 4. Bxiiajibl Ka)KJJ0H KOMIIOHEHTHI B OOIIYI0 H3MEHUYMBOCTh UCXOAHBIX JAHHBIX
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Puc. 5. "Hudpossie 006pa3pl" OHOIOTHIECKHUX CPEIl TPYAHOTO U KOPOBHETO MOJIOKA
B IIPOCKIIUU HA TUIOCKOCTH JBYX IEPBbIX TJIABHBIX KOMIIOHEHT MacCHBA JJAHHBIX

QJICKTPOXUMHUYCCKNX CCHCOPOB.

ITo ocu X oTioxkeHa nepBas riiaBHAs KOMIIOHEHTA, 10 OCH ¥ — BTOpas TiiaBHas
koMrioHeHTa. Kitactep 1 — rpyaHO€ MOJIOKO, 2 — LIETBHOE MOJIOKO, 3 — yJIbTpa-

nacTepu30BaHHOC MOJIOKO

B pesynbrare aHanu3a HOAaHHBIM METOJOM MBI
CMOTJIM  BU3yallM3MpPOBaTh IMOJYYCHHBIC JIAaHHBIC
B NPOCTPAHCTBE IEPBHIX IBYX IJIABHBIX KOMIIOHEHT
(I'K1, I'K2), T.K. OHH HMEIOT MaKCHUMaJbHYI0 BBIOO-
POYHYIO IUCIEPCHUI0 W OIMCBHIBAIOT HAHOOJBILYIO
gacTh garacera — 73.1% UCXOIHBIX JaHHBIX, PE3yIIb-
TaT npenacraBieH Ha puc. 5. Kaxnmas ucneltyemas
Ouosornueckas cpena (rpyaHoe MO0 KOPOBbE MOJIO-
KO) XapakTepu3yeTcs JABYMEPHOH TOYKOW, cojaepika-
mell MHGOPMALMIO O €ro HCXOAHBIX MPHU3HAKAX, TaK
YTO MOXKHO OLIEHHUTHh KayecTBO oOpaslia B 3aBUCHMO-
CTH OT €r0 PACIHOJI0KEHHUSI OTHOCUTENBHO chopMupo-
BaBIIIUXCS KJIACTEPOB.

Ha puc. 5 npusenensr "mudpossie 06passl" Ono-
JIOTHYECKUX CpEJ TPYOHOTO M KOPOBBETO MOJIOKA
B IPOCKIMH Ha TUIOCKOCTHh JIBYX MEPBHIX TJaBHBIX
komroHeHT. Kiactep, momeuenHslid 1, — TpyaHoe
MOJIOKO, 2 — IIeIbHOE MOJIOKO, 3 — yIbTpamnacrepu-
30BaHHOE MOJIOKO.

B xone mpoBeneHWsT HUCCIENOBAHUS BBISBIICHBI
CJIEAYIOIINE TEHACHIINH!

1. YV Ouonoruueckux cpell HaOMOAAETCSl TEHICH-
IUsI K TPYNIAPOBAHUIO, YTO CBUJIETENBLCTBYET 00 UX
CXOJKECTH 10 ONPEAETICHHBIM KPUTEPHUSIM.

2. I'pynnsl 1enbHOTO U YIbTpanacTepU30BaHHOTO
MOJIOKa CHJIBHO OTJIHMYAIOTCA KaK MEXAy coOoM, Tak
U OT ITPYJHOTO MOJIOKA, YTO BU3YaJbHO OTOOpaXkaeTcs
KaK TPU Pa3IMYHBIX KJIACTepa TOYEK B MPOCTPAHCTBE
JBYX IIE€PBBIX ITTaBHBIX KOMIIOHEHT.

3AKJIIOYEHUE

Pazpaboran, U3roToBIEH 1 UCIBITAH MaKeT UHTE-
JIEKTyaJTbHOW CEHCOPHOW CHCTEMBI (OPMHPOBAHUS
o0pa3a OMOJOTMYECKHX CpEA Ha OCHOBAaHMM aHAIH3a
BBIXOJHBIX CHTHAJIOB MAacCCHBa MOJHCEICKTUBHBIX
CEHCOPOB C MEPEKPECTHON YyBCTBUTEIBHOCTBIO. DKC-
MEPUMEHTAJILHO T0Ka3aHo, 4yTo '"mudpoBoii obOpaz"
IPYIHOTO MOJIOKA KaXIOH W3 HCHBITYEMBIX B 310pO-
BOM COCTOSHUM HMMEET CBOM WHAWBUAYyaIbHBIE OCO-
6enHocTr. 3a0oyeBaHUS BUAOM3MEHSIOT €ro. Ycra-
HOBJIEHO, 4TO "IH(pOBBIe 00pa3bl" rpyTHOTO MOJIOKA
KEHIIUH, TepeHecmnx 3a00JieBaHus, 3HAYUTEITHHO
oTIU4aTcs OoT "HU(POBBIX 00pa3oB" TPyJHOTO MO-
JIOKa 3/I0POBBIX JKEHIIIHH.
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MHTEJUJIEKTYAJIbBHASA

JIOCTaTOYHO MEPCHEKTUBHO M MO3BOJSAET MOIYYHTh
pe3yJsibTaT B MPOCTOM U HarsAHON (popMe B BUJE TO-
YeK Ha INIOCKOCTH JIBYX IEPBBIX TTIaBHBIX KOMIIOHEHT.
IlokazaHa BO3MOXXHOCTH PAHXHPOBAHHUS MOJIOKA
0 TPYTIIaM CX0KECTH.

Pe3ynbraTel mpoBEAEHHBIX HMCCIEIOBaHUNA CBHUE-
TEIBCTBYIOT O BBICOKOH 3(h(PEeKTHBHOCTH HOBOTO Me-
TOJIMYECKOr0 TOAX0a K PELICHUIO MPoOJIeM HICHTH-
(UKaMK U aHaJIM3a COCTOSIHUS CIIOKHBIX MHOT'OKOM-
MIOHEHTHBIX OMOJIOTMYECKHUX CpPEel, 2 UMEHHO KadecT-
BEHHOI'0 MOHHOI'O COCTaBa IPyIHOIO MOJIOKA, HA OC-
HOBE HOBBIX HHTEIUIEKTYalbHBIX METOJOB JJIEKTPO-
XUMHueckoro aHanm3a. llpencraBneHHass B JaHHOMN
paboTe HHTENeKTyaJbHast CEHCOPHAs CHCTEMa MOKET
OBITH HMCIOJB30BaHA TPU CO3JAHWH HOBOTO ITOKOJIE-
HUSl THarHOCTHYECKUX CHCTEM MEIWITMHCKOTO Ha3Ha-
YEHHUS.

Hccnedosanue svinonneno 6 pamkax I ocyoapcmeenmo-
20 3a0anusa Munucmepcmea HayKku u ebicuieco obpazoea-
nust Poccutickoti @edepayuu Ne 075-00761-22-00.
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INTELLIGENT SENSOR SYSTEM FOR RANKING
THE IONIC COMPOSITION OF BREAST MILK

M. M. Guzenko,A. Yu. Zaitceva

Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

An intelligent sensor system has been developed and investigated that allows qualitative medical ranking of
breast milk and dairy products. Electrochemical sensors with sensitivity to the principal significant components
of the biological medium under study were used. It was found that the 'digital images' of the breast milk of
women who had undergone disease differed significantly from those of healthy women. The principal compo-
nent method has been applied to rank breast milk and cow's milk, and groups of biological media similar in their
properties have been identified. Analyzing the results of the studies, it is possible to state the effectiveness of the

developed method for biomedical research.

Keywords: breast milk, ranking system, sensor system, principal component method, electrochemical sensors

INTRODUCTION

The qualitative ion composition of breast milk is
the main factor determining the completeness of
growth, physical and intellectual health of newborns
throughout the life cycle. The study of a multi-level
system of mechanisms that determine and control the
ionic composition of milk is an important problem in
the physiology of lactation [1]. Breast milk is a dy-
namic body fluid, clinical evidence of a change in the
composition of breast milk depending on the changing
needs of the infant has been presented [2]. Breast milk
can also actively stimulate the accelerated develop-
ment of the newborn's defense systems and suppress
excessive inflammation in response to various stimuli
until the digestive tract's own immune response de-
velops [3].

The scientific problem that the research is aimed at
is the complexity of identifying the functional state
of the mother—newborn system within the framework
of standard medical methods of analysis. The purpose
of this work is fundamental research aimed at a com-
prehensive solution to the problem of identification
and analysis of the state of complex multicomponent
biological media, namely the qualitative ion composi-
tion of breast milk based on new intelligent methods
of electro-chemical analysis. At present, most health
facilities, due to the lack of the necessary methodolog-
ical and instrumental base, are forced to be limited
mainly by the subjective interpretation of analyses of
various types by medical personnel. Specialist can
significantly affect the results and indirect methods
for determining the functional state of the mother-
newborn system.

For the first time, a method of non-invasive diag-
nostics was developed, the essence of which consists
in the use of an array of electrochemical sensors sensi-

tive to the main significant components of the medium
under study, their analysis using artificial neural-like
systems and mathematical methods for processing
arrays of multidimensional information, including the
method of the principal components. The difference
between the proposed approach and existing methods
is that the former does not require a highly accurate
determination of the content of certain components in
biological media but proposes to use an array of sen-
sors where each sensor responds to the presence of
several components of the analyzed medium at once.
The resulting collection of multidimensional data re-
quires modern mathematical processing. To this end,
the method of machine learning is used for data
processing: the principal components.

MATERIALS AND METHODS

To solve the problem of monitoring the quality ion
composition of breast milk, a design was developed
and the main units of the intelligent sensor system
were tested [4]. It was proposed to use electrochemi-
cal electrodes based on polymer plasticized potenti-
ometric membranes as sensors [5]. Polyvinyl chloride
served as the polymeric basis for all membranes used.
Di-2-ethylhexyl sebacate, o-nitrophenyloctyl ether,
and 2-fluorophenyl-2-itrophenyl ether were used as
solvent-plasticizers.

The intelligent sensor system consists of two main
units. The measuring unit includes sample preparation
modules, sensor and microprocessor measuring mod-
ules. The information unit includes training, pattern
recognition, and visualization modules. A block dia-
gram of the sensor system prototype is shown in
Fig. 1.

The sample preparation module contains a device
for installing sensors in the medium under study, its

64



MHTEJUIEKTYAJIBHAS CEHCOPHAS CUCTEMA 65

thermostating, and its mixing to ensure the uniformity
of its composition far and near the surface of the sen-
Sors.

Fig. 1. Intelligent sensor system block diagram

The sensor module is an array of polyselective
electrochemical sensors with cross-sensitivity to bio-
logically important components.

The training and recognition module is a mathe-
matical model that implements the functions of train-
ing the system and recognizing multidimensional "pat-
terns" formed by the sensor module in the form of
arrays of EMF values.

EXPERIMENTAL RESEARCH

At the preparatory stage of the studies, the compo-
sitions of working solutions for calibration, condition-
ing, storage of sensors, and assessment of their cross-
sensitivity, as well as methods for preparing sensors
for measurement, assessment of their characteristics in
control solutions, were developed.

Studies were conducted on fourteen female sub-
jects during lactation. Nineteen samples of ultrapas-
teurized and whole cow's milk were examined in order
to evaluate and demonstrate the performance of the
intelligent sensory system in terms of the possibility
of obtaining multiattributive models (digital images)
of the tested milk samples and their visual representa-
tion. 7 potentiometric polyselective sensors (H', Na',
K', CI', NH4", F", pH) with cross-sensitivity were
used.

DATA PROCESSING

Building digital images

The visual representation of the study results for
the two most typical subjects, one of whom had a viral
infection within the last month, is presented in Fig. 2
as "images" of their breast milk — heptahedrons with
rays emanating from the center to the intersection
points of the faces. The beam length at the intersection
points of the faces corresponds to the result of mea-
suring the potential generated by each polyselective
electrode.

Fig. 2. "Digital images" of breast milk of a healthy
woman (a) and a woman who suffered a viral disease
in the last month (6)

Also, "digital images" of breast milk from women
who suffered from a breast infection associated with
childbearing during lactation were obtained. Examples
of "digital images" of the test subjects' breast milk
over time are presented in Fig. 3. A change in milk
condition was observed before and after taking anti-
bacterial therapy.

Fig. 3. Visual representation of the "digital image" of
breast milk of a woman with an infectious breast dis-
ease before receiving antibacterial therapy (a) and
after receiving therapy (0)

The results of the studies show that the "digital im-
age" of breast milk of each of the subjects in a healthy
state, formed by the composition of potentials gener-
ated by 7 electrochemical sensors, has its own indi-
vidual characteristics. Diseases modify it. It has been
found that the "digital images" of breast milk of wom-
en who have had diseases are significantly different
from the diagrams of breast milk of healthy people.

The capabilities of the studied sensory system to
form individual "images" of the breast milk of the
subjects, revealed in the experimental studies, were
used to form algorithms for teaching the sensory sys-
tem to recognize the functional state of the mother—
newborn system.

Principal Component Method

Two tables of the form "objects — features" were
formed, in which the rows correspond to the objects of
measurement, and the columns correspond to the fea-
tures, i.e., the recorded numerically standardized read-
ings of each of the seven electrochemical sensors.

The first table was compiled for breast milk sam-
ples, and the second table contained data obtained from
the analysis of ultrapasteurized and whole cow's milk.

On the basis of these tables, two 7-dimensional
(based on the number of measured features) matrices
were determined, on each of the axes of which charac-
teristic values were plotted. At the next stage of in-
formation analysis, since each dot-object in the matrix
is described by a vector with a high (7) dimensionali-
ty, measures were taken to reduce the dimensionality
of the data space with minimal loss of information
content [6].

In addition, the task of visualizing multidimen-
sional data was given. For its implementation, the
principal components analysis (PCA) was used, which
is traditionally used to store the maximum amount of
information about the data set in the minimum number
of variables, reducing the dimension of space [7].
With the help of PCA, one can reduce the number of
properties by choosing the most variable of them. To
do this, using the scikit-learn library (an open source
package from the Python ecosystem), the following
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algorithm of actions is performed: standardization of
the original data range, calculation of the covariance
matrix for the original data, calculation of the eigen-
values and eigenvectors of the covariance matrix for
the transition to new variables — principal compo-
nents (PC). The algorithm selects such weights for the
principal components so that PC1 and PC2 have the
largest selective dispersion and do not correlate with
each other [8].

Initially, the number of principal components is
equal to the number of initial variables (features). In
addition, the sum of their sample dispersions is 100%,
which means that all the principal components togeth-
er accurately describe the total dispersion of the initial
variables [9]. The visualization of the proportion of
explained variance by different components is shown
in Fig. 4.

Fig. 4. Contributions of each component to the over-
all variability of the input data

As a result of this analysis, we were able to visual-
ize the data obtained in the space of the first two prin-
cipal components (PC1, PC2), since they have a max-
imum sample variance and describe the largest part of
the data set — 73.1% of the original data. The result is
shown in Fig. 5. Each tested biological medium
(breast or cow's milk) is characterized by a two-
dimensional point containing information about its
initial features, so that the quality of the sample can be
assessed depending on its location relative to the
formed clusters.

Fig. 5. "Digital images" of the biological environ-
ments of breast and cow's milk in projection onto the
plane of the first two principal components of the
electrochemical sensor data array.

The X-axis is the first principal component, and the Y-
axis is the second principal component. Clusters: 1 —
breast milk, 2 — whole milk, 3 — ultrapasteurized
milk

Fig. 5 shows the "digital images" of the biological
environments of breast and cow's milk in the plane
projection of the first two principal components. Clus-
ter labeled with 1 — breast milk, 2 — whole milk,
3 — ultrapasteurized milk.

The following trends were revealed during the
study:

1. In biological environments, there is a tendency
to group, which indicates their similarity according to
certain criteria.

2. The groups of whole and ultra-pasteurized milk
are very different both from each other and from
breast milk, which is visually displayed as three dis-

tinct clusters of dots in the space of the first two prin-
cipal components.

CONCLUSION

A layout of an intelligent sensory system for form-
ing an image of biological media based on the analy-
sis of output signals from an array of polyselective
sensors with cross-sensitivity was developed, manu-
factured, and tested. Experimentally, it has been
shown that the "digital image" of breast milk from
each of the subjects in a healthy state has its own in-
dividual characteristics. Diseases modify it. It has
been established that the "digital images" of breast
milk of women who have undergone disease are sig-
nificantly different from the "digital images" of breast
milk of healthy women.

The use of projection methods to build a "digital
image" of biological environments is quite promising
and allows one to get a result in a simple and visual
form of dots on the plane of the first two principal
components. The possibility of ranking milk is shown
by similarity groups.

The results of the studies demonstrate the high ef-
ficiency of a new methodological approach to solving
the problems of identification and analysis of the state
of complex multicomponent biological media, namely
the qualitative ion composition of breast milk, based
on new intellectual methods in electrochemical analy-
sis. The intelligent sensor system presented in this
paper can be used to create a new generation of diag-
nostic medical systems.
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