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PaccmorpeHa 3agada cokpalleHust pa3MEepHOCTH NPOCTPAHCTBA MIPU3HAKOB K30HOB YEJIOBEKA C LIETbI0 ONPEIEINTh
UX TeHHYIO MPUHAICKHOCTD. J{J1s1 orleHKH 3(h(heKTHBHOCTH aIrOpUTMOB OTOOpA NMPHU3HAKOB MPOBE/ICHBI BHIYHCIUTEb-
HBIE DKCIIEPUMEHTBI Ha MPUMEPAX SK30HOB 14 U3BECTHBIX I€HOB YEJIOBEKA. YCTAHOBIEHO, YTO 3K30HBI YETKO Pa3AEIUMbI
OTHOCHTEJIBHO T€HHOW MPUHAUISKHOCTH. AJITOPUTMBI aBTOMAaTHYECKOTO 0TOOpA YyBCTBUTEIbHBI K IIYMOBBIM IIPH3HA-
KaM M MO3BOJISIFOT OIIEHUTH KOJMYECTBO TAaKMX NMpHU3HAKoB. COKpalleHne Yuciia MOCIeAHNX yIydIIaeT POU3BOANTEIb-
HOCTb BBIYHCIICHUI U OTpEOIICHUE MaMSsTH, a TAaK)Ke MO3BOJISIET MOTyYaTh 3HAYUTEILHO O0Jiee MPOCThIE MPOTHOCTHYE-
CKHE MOZIEJIM U MOBBIIIAET UX HHTEPIpeTupyeMocTh. [lokazaHo, YTO TPEHHUPOBKA alrOPUTMOB HHIYKTHBHOTO O0yUYEHUS
Ha IpU3HaKax (IaHKUPYIOUIMX HHTPOHOB oOecrieunBaeT Oosee BEICOKYIO PEICKa3aTeNIbHy IO CIIOCOOHOCTh B CPAaBHEHUN
¢ o0yueHHeM aJropuTMOB Ha MPHU3HAKAX SK30HOB. Pe3ynbTarhl Mpe/icTaBIeHHO paboThl OTKPHIBAIOT HOBBIC BO3MOKHOCTH
JUISL M3yYCHUS] OPTaHU3allii TEHOB YEI0BEKA C MOMOIIBIO aJITOPUTMOB MAIIMHHOTO OOYYEHUS.
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SELECTING INFORMATIVE FEATURES OF HUMAN GENE EXONS
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Dimensionality reduction of the human gene exon feature space is considered with the aim of gene identification.
To evaluate the performance of various feature selection algorithms, computational experiments were carried out using
the examples of exons of 14 known human genes. It is proven that exons are clearly separable regarding gene affiliation.
Feature selection algorithms are sensitive to noise features and allow to estimate their number. Reducing the number of
features improves CPU-time, memory usage as well as reduces the complexity of a model and makes it easier to interpret.
Our findings indicate that utilizing of features of flanking intronic sequences leads to better prediction models in compa-
rison with utilizing of exon features. The results of the research provide new opportunities for study of human gene data
using machine learning algorithms.
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BBenenue

HUccnenoBanue opranuzanuy 1 GyHKIMOHUPOBAHHUS T€HOB (B TOM YHCIIC U OHKOI'€HOB) YEJIOBEKA SIBIISICTCS
Ba)XHOU 3amaueii OmonHhopmaruku [ 1]. [€HbI COCTOAT U3 IK30HOB ¥ HHTPOHOB. OCOOBIN HHTEPEC MPEACTABIISIOT
9K30HBI, TIOCKOJIIbKY U3 HUX (hopMUpYIOTCs 3peiibie MosieKynbl PHK, a Ha ocHOBe mociieTHUX TIPOUCXOANUT CHHTE3
OCJIKOB B KJICTKE.

DK30H MOXKeET OBITh OITUCAH C MIOMOIILI0 HA0Opa MPU3HAKOB. [Ipr3HaKaMu SK30HOB SIBIISIOTCS JUIMHBI HYK-
JICOTHHBIX IOCIIEIOBATEILHOCTEH, OMOQHU3MYECKIE CBOMCTBA 3K30HOB, H3MEPEHHBIC DKCIICPUMEHTAIBLHBIM
IyTeM, MpHU3HaKU (MIaHKUPYIONMX HYKJICOTHIHBIX y4acTKOB [2]. DK30H XapaKkTepu3yeTcsl OONBIINM KOJIH-
gecTBOM Tpu3HaKkoB (Oomee 1000), B TO ke BpeMs YHCIO dK30HOB, MPUHAICKAIINX TEeHY, HEBEIUKO (KaK
npasuiio, mexee 200).

[IpoGnema GONBIIOTO YHCIIA PU3HAKOB M OTHOCUTEIHLHO MaJIOTO YHCIIAa 0OBEKTOB HAOMIOACHHH XapaKTepHa
JUTA Bcel obmactu 6nomHpopMaTiky B niesioM. K mpumepy, 17 mpeacka3zaHus albTepHATUBHBIX TPAHCKPHII-
TOB I'€HOB UYEJIOBEKa HEOOXOJMMO TOYHO KIIACCH(DHUIIUPOBATH K30HBI COINIACHO TEHHOM NMpHHAIIe)KHOCTH [1],
OJIHAKO 00yUCHHE aJITOPUTMOB KIIacCU(UKAIINHN 3aTPYAHSICTCS «IPOKISITHEM Pa3MEPHOCTH». BO3MOXKHBIM pe-
IIeHWEM JaHHOW MpOOJIeMBbl SBJSETCS MCIOIb30BaHUE AJTOPUTMOB CHIDKEHHUS Pa3MEPHOCTH MPOCTPAHCTBA
npu3HaKoB [3].

AJTOPUTMBI CHIKEHHS pa3MEPHOCTH JAHHBIX JEJIATCS Ha JIBE TPYIIIHI: alTOPUTMBI IPeoOpa3oBaHus MPH-
3HAKOB (AHIL. feature extraction) U alTOPUTMbI ABTOMAaTHYECKOTO 0TOOpa MPU3HAKOB (aHII. feature selection).
AJTOpUTMBI TPe0Opa30BaHMUs IPH3HAKOB MPOCLIUPYIOT UCXOIHOE POCTPAHCTBO MPU3HAKOB B HOBOE MPOCTPaH-
CTBO HHM3KOW Pa3MEpPHOCTH, KOTOPOE YacTO SIBISIETCS JTIMHEWHBIM WIIM HEIWHEWHBIM MPeoOpa3oBaHUEeM HCXOI-
HOTO TpocTpaHcTBa. Cpenn anropuTMOB NMPEOOpPa30BaHMs MPU3HAKOB CIIEAYET BBIACINTH METOMBI TIIABHBIX
KOMIIOHEHT, (DaKTOPHOTO aHaJM3a, MHOTOMEPHOTO MIKAJIMPOBAHUS, JIMHEHHOTO TUCKPUMHHAHTHOTO aHAIIN3a,
KaHOHMYECKOTO KOPPEJSIMOHHOTO aHaIN3a M CHHTYIISIPHOTO pa3ioxeHus [4; 5]. Anroputmsl oTOopa mpu-
3HAKOB OCYIIECTBISIFOT HEMTOCPEICTBEHHBIN BHIOOP HanboIIee pesieBAHTHBIX TIPU3HAKOB U3 UCXOJTHOTO MHOMXKE-
crBa. OTCyTCTBUE KaKMX-TMOO MPeoOpa3oBaHMi HAJl HCXOAHBIMU MIPU3HAKAMH MTO3BOJISIET COXPAHUTH UX (U-
3U4YeCKHUi cMBICH. JlaHHOE CBOMCTBO SBIAETCS OCOOCHHO 3HAYMMBIM B OMOMH()OPMATHYECKUX MPUIIOKEHUSX,
MOCKOJIBKY KaXKJbI U3 IPU3HAKOB UMEET YHUKAIBHBIH OMOJIOTHYECKHIA CMBICI, BXKHBIN JIJIsl 9KCIIEPTa B ATON
obnactu. [IpumMeHeHre anropuTMoB 0TOOpa JIIsl BhIACTICHUST HanOoee MHPOPMATUBHBIX TPU3HAKOB 3K30HOB
TCHOB YEJIOBEKA MOXKET CYIICCTBEHHO YIYUHIUTh dPPEKTUBHOCTh aHAIN3a F€HOMHBIX JIaHHbBIX, & HMEHHO:
YBEIUYUTH IPOU3BOIUTEIHLHOCTD BHIYUCIICHUH, TOBBICUTH () PEKTHBHOCTD OTIPE/ICIICHIS TEHHOM TPUHAICK-
HOCTH 9K30HOB, YITYYIIIUTh TOYHOCTh MPOTHOCTHYECKUX Mozeiei [3].

Lenp maHHOTO MICCNENOBaHMS — BBIICHEHUE MPUHLIUITHAIBHON BO3MOKHOCTH MPECKa3aHUs TeHHOM MpH-
Ha/IJIGKHOCTH DK30HOB 110 MX MIPU3HAKaM, BbIJieJieHIe Harbosiee MHPOPMATUBHBIX IPU3HAKOB 3K30HOB, OIpe-
nenerre dPQGEKTHBHBIX aIrOPUTMOB OTOOpA MPHU3HAKOB MHIYKTHBHOTO OOYYEHHsI B KOHTEKCTE peIIacMoi
3ajgaun. B pabore mpeacraBiieH KpaTKuil 0030p CYIIECTBYIOIINX alTOPUTMOB aBTOMATHIECKOr0 0TOOpa MpH-
3HAKOB OOBEKTOB, BBHITIONIHEH CPAaBHUTEIBHBIN aHAN3 Hanboee 23pGeKTHBHBIX alTOPUTMOB Ha TIPUMEPE IK30-
HOB 14 reHOB UYeJIOBEKA, BBIJCICHBI HAMITYYIIIUE 110 MHPOPMATHBHOCTH TPYIIITLI MPU3HAKOB 3K30HOB.
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AJ'[FOpI/lTMbI ABTOMATHYECKOIO0 0T60pa NPpU3HAKOB 00bEKTOB

BonpmmHCTBO anropuTMOB 0TOOpa MPU3HAKOB OCHOBAHEI HA MPUHITHAIIC BEIOOpa Oosiee WH()OPMATHBHBIX
(peneBaHTHBIX) MPU3HAKOB U yAAJIEHUH BCEX OCTAINBHBIX. IHTYUTHBHO MPU3HAK MOXKET CIYMTATHCS PEJIeBAHT-
HBIM, €CJIH COMAEPKUT HEKOTOPYIO MH(OPMAIMIO O METKE KJIacca XapaKTepu3yeMoro o0bekra. dopMaabHOe
OTIpEJICIICHHE TIPEIUIOKEHO B paboTe [6] 1 MOXKET OBITH CHOPMYIHUPOBAHO CemyIomuM oopazom. [IpusHak X
SBIISIETCSI CMPO20 pPelle8aHMHbIM, €CIH yIaJeHne Mpu3Haka X U3 o0ydaronield BHIOOPKH MPUBOIUT K YXya-
MIEHUIO TIPECKA3aTeIFHON CITIOCOOHOCTH ONTUMAIBHOTO OaliecoBCcKOTO Kitaccudukaropa. Ilpusnak X umeer
cnabyo peresanmHoCmy, €CIIA OH He SBISIETCS CTPOTO PEIEBAHTHBIM H IIPH ATOM CYIIECTBYET MTOIMHOKECTBO
MIPU3HAKOB S TaKWX, YTO TpelIcKa3aTelbHas CIIOCOOHOCTh ONTHUMAIBHOTO 0alleCOBCKOTO KiaccH(HUKaTopa,
00yJeHHOTO Ha HabOpe MPU3HAKOB S, ABISICTCS MEHEE TOYHOW MO CPaBHEHHUIO C MPEACKa3aTeIbHONW CIOCO0-
HOCTBIO TTpu 00y4eHnu Ha S U X. IIpu3HaKk ciemyer cuuTarh HeperesaHmubiM, €CITU OH He SBISIETCS CTPOTO
WJTH CJTa00 PEICBAHTHBIM.

[ToMrMO THTIOB TIPHM3HAKOB Ha OCHOBE PEIIEBAHTHOCTH, MCIOJIB3YETCs OMpeseseHne u30bITouHoCcTH. Ee
CTPOTOE OIpeneeHUE MPEACTABICHO B [7]: IpU3HAK CICAYET CUUTATh U30b6IMOUHbIM, €CIIA OH UMEET CI1adyro
peeBaHTHOCTh M 00pa3yeT MOKphITHE MapkoBa ¢ MOAMHOKECTBOM OCTAJIBHBIX MPHU3HAKOB. ONTHMAaIbHOE
MTOIMHOKECTBO MPHU3HAKOB JOJDKHO COAEPIKATh BCE CTPOTO PEJIEBAaHTHBIE MPHU3HAKU U CIa00 pEeleBaHTHBIC
MIPU3HAKH, KOTOPBIE HE SBIAIOTCA N30BITOYHBIMH.

AJTOpPUTMBI aBTOMAaTUYECKOTO OTOOpa MPU3HAKOB MOYKHO PA3JEeNUTh HA CEMEHCTBAa KOHTPOIMPYEMOTO U He-
KOHTpOJHpyeMoro otoopa. [Ipu koHTpommpyeMoM 0TOOpe BHIOMPAETCS TOAMHOKECTBO TIPU3HAKOB C YIETOM
METKH{ KJIaCCOB OOBEKTOB JAaHHBIX, B TO BPEMs KaK MPH HEKOHTPOIUPYEMOM OTOOpE Takas METKa HE YUHUTHI-
Baercs [8]. B HacTosmie paboTe pacCMOTPEHBI aITOPUTMBI KOHTPOIHPYEMOTO 0TOOpa MPU3HAKOB.

ANTOPUTMBI aBTOMAaTHYECKOTO 0TOOpa MPU3HAKOB, B COOTBETCTBHHU C HCIOJIB3YyEMOU CTpaTerneil moncka
peeBaHTHBIX HAOOPOB MPHU3HAKOB, (POPMHUPYIOT YETHIPE OOIBIITNE TPYIIIIH:

* punpTpyromue (0T aHT. filter);

* 00epToUYHBIC (OT aHTVI. Wrapper);

* BCTPOCHHEIE (0T aHTII. embedded);

e TuOpuaHbIe (0T aHmI. hybrid) [9].

QOUIBTPYIOMKE aNTOPUTMBI BHIOMPAIOT TTOAMHOKECTBO MPU3HAKOB 0€3 PUMEHEHHs MPOLEAYPhl HHAYK-
TUBHOTO 00y4YeHUS, YTO MMO3BOJISIET APPEKTHBHO MCIIOIH30BATH UX B 33/1a4ax aHaln3a OOJBIIIOTO KOJTNIECTBA
npu3HakoB (6osnee 100). OmHaKo BCIEACTBHE JAHHOTO MOIX0/a PE3yIBTHPYIONTNE HA0OPHI IPU3HAKOB HE SB-
JISTIOTCS] B PABHOW CTETIEHN ONITUMAIBHBIMHE TS Pa3IMIHBIX aJITOPUTMOB WHAYKTUBHOTO OOYYEHHS.

O06epTouHbIEC ANTOPUTMBI HTEPATUBHO HCITONB3YIOT MPOIEAYPY HHAYKTUBHOTO O0yUEHUS ISl ONEHKH TOU-
HOCTH TIpeICKa3aHusl Ha MOJMHOKECTBAX MMPU3HAKOB. AJITOPUTMBI XapaKTePU3YIOTCS BEICOKOW BBIUYMCITUTETb-
HOH CJIO)KHOCTBIO M CKJIOHHBI K TIEpe0OyICHHUIO MPU aHAIH3€ BEIOOPOK HEOOIBITHX pa3MEpOB.

BcerpoenHbIe anropuTMBI OCYIIECTBIAIOT OTOOp MPHU3HAKOB HEMOCPEICTBEHHO B XOJE MPOIecca WHAYK-
TUBHOTO 00y4YEeHUS], UTO CITOCOOCTBYET OMpPEEIEHUIO ONITUMAIBHOTO HA0Opa MIPU3HAKOB ISl UCTIOIB3YEMOTO
WHAYKTUBHOTO MeTofa. B cpaBHEHHH ¢ 00€pPTOYHBIMH aJTOPUTMAMH BCTPOCHHBIE alTOPUTMBI UMEIOT 3Ha-
YUTETHHO OOJBINYI0 BRIUUCIUTENHHYIO 3()()eKTHBHOCTH, MMOCKONBKY HE HY)KIAIOTCSI B UTEPATUBHOW OIIEHKE
Ha0OpOB MIPU3HAKOB.

T'uOpuaHbIC ANTOPUTMBI CO3TAIOTCS HA OCHOBE KOMOMHAIMH (DHIIBTPYIONTNX U OOCPTOYHBIX aJITOPUTMOB.
ABTOMaTH4YecKni 0TOOP MPU3HAKOB BHITIONHSETCS B /1Ba I1ara. Ha mepBom mrare BEIOMpaETCs IIOIMHOXKECTBO
MIPU3HAKOB C MCIIOIB30BAaHUEM MPOLEAYPHI (GMIBTPYIOMIETO alropuTMa. Ha Bropom mrare ocymiecTBiseTcs
0TOOp TPU3HAKOB C MOMOINBI0 0OEPTOYHOTO ANTOpPUTMA. B THOPHUIHBIX aNTOpUTMax CBEIEHB K MHHUMYMY
HEAOCTaTK! QIIBTPYIOMINX U 00EPTOYHBIX aITOPUTMOB.

AnTOpuUTMBI 0TOOpa MPU3HAKOB MOAPA3IEISAIOTCS Ha YHUBAPHATUBHBIC W MYIBTHBApHUATHBHBIC. MYIBTH-
BapHATUBHBIN MTOIXO]] YYUTHIBAET OTHOIICHHUS MHOXKECTBA TIPU3HAKOB 3HAYUTENHHO 3(h(heKTHBHEE yHUBApHa-
THBHOTO M TIO3BOJISIET YCTPAHATh N30BITOYHOCTD MTpU3HAKOB [10].

ITo pesynpraraM MpoBEACHHOTO JUTEPATYPHOTO 0030pa B HACTOSIICH paboTe OBLIO MPUHATO peHIcHHE 00
WCTIONB30BAHUN (DPMITBTPYIOINX AJITOPUTMOB, TaK KaK OHU:

* 00J1a7a10T BEICOKMM OBICTPO/ICHCTBHEM, YTO 00ECIIEYNBAET MMPOBEIEHIE BEIUNCIUTEIHHOTO SKCIIEPIMEHTA
TP MaJTBIX BBIYUCIUTEIBHBIX 3aTPaTax;

* HE 3aBHCAT OT THIIAa AITOPUTMA HHIYKTUBHOTO OOYYEHUS;

* OTHOCHTENILHO MPOCTHI [T TPOTPaMMHON peann3aliiy.

Anropurmsl Relief/ReliefF (ra ocnoBe kputepus Oumiepa u wHaekca [ kiuHn) ObUTH BEIOpaHBI KaK perpe-
3eHTaTHUBHBIE TIPEACTABUTENH TPYTIIHI (PHIBTPYIOMIUX aJITOPUTMOB.

AJITOPUTM Ha ocHOBe KpuTepusi dumiepa OTHOCHUTCS K KIACCy YHHUBApHMATWBHBIX anroputmoB. Hawm-
Ooree nH(OPMATUBHBIMH SBIISIOTCS TIPU3HAKH, UMEIOIIHE OIM3KUe 3HAYCHHS [Tl 9K30HOB, MMPUHAICKAIIINX
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K OZIHOMY T'€HY, M OTJINYHBIC 3HAUEHUS JIs SK30HOB, MPUHAJICKAIINX Pa3HBIM FeHaM. AJITOPUTM TTO3BOJISIET
pamKHpOBaTh MPU3HAKK MO0 WH(OPMATUBHOCTH JUIsl Kiaccudukanuu. [1o mpudrHe TOro 4To ajJropuT™ Ha Oc-
HOBe Kputepus durrepa oleHNBaeT KaKIBIH MPHU3HAK HE3aBUCHMO OT OCTAJIbHBIX, OH HE MOXET OT(hUIBTpO-
BBIBaTh N30BITOYHBIE PU3HAKH.

[Monoxwum umcio npu3HakoB paBHbIM M. Onenka ®umepa g npusHaka f; (i=1,2, ..., M):
< 2
.Z nj(l"li,j - u;')
F(f)=+ :

injo(i, j)2
i=1

IJIe ¢ — YHCIIO KITACCOB; /1; — YHCIIO HaOJIrOIeHuH B Ki1acce j; |, ; — CpeHee 3HaYCHNE PU3HAKa f; 1 00bEeKTOB
’ . o .2
HaOIIIOJIEHNsI, COOTBETCTBYIOLIMX KIIACCY j; |, — CPEIHEE 3HAYEHUE NIPU3HAKa f; (5(1, ]) — 3HAYEHUE HUCTIEP-

CHU TIpU3HAKa f; JUId 0OBEKTOB HAOMIIONCHNS, COOTBETCTBYIONINX KiIaccy j. B kauecTBe HamIydmmx BeIOMpa-
FOTCs k PU3HAKOB ¢ HAKOOJBIIMMU olieHKaMu Durnepa.

AuaroputMm Relief Briepsric mpenoxen B padote [11] s ananmmsa qByXKIaCCOBBIX HAOOPOB JAHHBIX U OT-
HOCHUTCS K KJIaCCY MYJIBTUBApUATHBHBIX. [1010KIM, UTO / 9K30HOB CITyHIaifHBIM 00pa30M BEIOPAHBI CPENIH /1 DK-
30HOB, TOTJa KpUTEPHiA Relief niist Ipu3HaKa f; pacCUUTHIBACTCS CICAYIOIIMM 00pa3oM:

Relief (f) = %éd()((j, i) = X(NM(j), ) - d(X(j.i) - X(NH (/). )),

e d (-) — MeTpuka paccTostHus (HanGonee 4acTo ucnonb3yercst paccrosune Epkimaa); X € R™Y — marpuna
JAHHBIX C 71 9K30HaMu U M npusHakamu; NM ( J ) — Omkalme coceTHIe SK30HbI K IK30HY X; A7t Cltydast Oft-
Horo kiacca; NH ( J ) — Okaiiiue coceIHNe 9K30HBI K 9K30HY X; JUIs CIly4ast pa3HbIX KJIACCOB.

Auaroputm ReliefF nipencrasisier coboii ananranuio anroputma Relief k aHaan3y MHOTOKIIACCOBBIX JIaH-
HBIX C BBICOKMM YpoBHeM Iyma [12]. 3nauenue kpurepus ReliefF BeIUUCISETCS KaK

. 1 1 .. . 1 .. .
RelzefF(fl.)=EZ41 _Wj %(A)d()((], l)—X(r, l))+ 2—% z(' )d(X(], l)—X(r, l)) ,

IJe ¢ — 4ucio knacco; NH ( j) — OmKadiIMe dK30HBI K DK30HY X; B paMKax OJHOIO KJIacca; m; — pasmep-
Hocts NH (j); d(-) — merpuka paccrosams; X € R”*Y — mMarpuua naHubIx ¢ 7 9k30HaMu 1 M IpU3HAKaMK;

NM (j, y) — Gnmkaiiiie SK30HEI K 9K30HY X; B pAMKAX pasHbIX Kiaccos; h, — pasmeprocts NM (j, y); p(y) -

OTHOCHUTEILHOE KOJIMUECTBO OOBEKTOB, UMEIOIIUX METKY Kilacca ).

AJITOPUTM 0TOOPA MPU3HAKOB HA OCHOBe MHAeKca /LKUHM sBisieTcs yHuBapuaTuBHbIM [13]. OH omnpe-
JeTIsieT CTeleHb JUCKPUMHHUPYIOIIEH cocOOHOCTH MPU3HAKa O OTHOLICHHUIO K METKe Kilacca (TeHHOM mpu-
HaJJIS)KHOCTH) € TIOMOIIBIO KpuTepus-unaekca /xunu. Beipaxkenue uist nnaexca Jxunu:

< 2
G(r)=1-X[r(il")]
j=1
IJIe ¢ — YHUCIIO KIIACCOB; p( jl r) — OTHOCHUTENbHAS 9aCTOTa j-TO Kilacca B y3Jie JepeBa 7 (WU 110 BBIIEICHHOMY
MIPU3HAKY).
AHFOpI/ITM O CHUBACT Ka)KI[BIfI M3 MPU3HAKOB HE3aBUCHUMO, ITO3TOMY HE MOXKET BBIACINUTDH I/I36BITO‘IHI)IC
MpHU3HAKH.

IIporpammHblie peaju3anuy aJJTOPUTMOB
aBTOMATHYE€CKOro 0TOOpAa NPU3HAKOB

MHorue nomynspHbIe alTOPUTMBI aBTOMAaTHYECKOTO 0TOOpa MPU3HAKOB BXOAAT B COCTaB MPOrpPaMMHOIO
MakKeTa JUIsl HHTEJJIEKTYaIbHOTO aHaINu3a JaHHBIX scikit-feature. Cpenn HUX CIEAYET BBLACITUTH aJTOPUTMBI
Ha ocHOBe KputepueB Duiepa, nujaekca xunu u npupocta uadopmanuu, ReliefF, MunnmansHol n30b1TOU-
HOCTH — MaKCUMaJIbHOH peneBaHTHOCTH. [lakeT pa3paboTaH Ha SI3bIKE MPOTpaMMHUpPOBaHUS Python W TECHO
WHTETPUPOBAH C MMaKeTaMu scikit-learn, Numpy u Scipy.

CpaBHUTETBHBIN aHAIHN3 aJITOPUTMOB 0TOOPA MPU3HAKOB AK30HOB T€HOB SIBISIETCS CIIOKHOM 3a/1a4ei B CBS-
3 C OTCYTCTBHEM anpropHOi HH(opManuu o0 onTUMaIbHOM Habope pPelieBaHTHBIX MPU3HAKOB, HAIMYAEM
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M30BITOYHBIX, HEPEJICBAHTHBIX MTPU3HAKOB, OOJBIIMM YHCIIOM PU3HAKOB, IIO3TOMY BCECTOPOHHEE UCCIIC/IOBAHUE
AITOPUTMOB YacTO MPOBOIAT HA HCKYCCTBEHHO CTeHEPHPOBAHHBIX IAHHBIX, JUIs KOTOPBIX YCTAaHOBJIEHBI HA0OOPHI
peneBaHTHBIX MPpHU3HAKOB. B pabote [ 14] nmpencTaBieHbl pe3ylbraTbl CPABHUTEIHLHOTO aHalk3a 7 QUIBTPYONIHX,
2 00epTOYHBIX M 2 BCTPOCHHBIX aJITOPUTMOB Ha mpuMepax 11 UMHUTAIMOHHO CMOJICITMPOBAHHBIX HA0OOPOB JIaH-
HBIX C HEPEJIeBAHTHBIMHU (IITYMOBBIMHU) M M30BITOYHBIMU MPU3HAKAMHU WM C YHCJIOM MPH3HAKOB, HAMHOTO TIpe-
BBIIIAOIIUM KOJIMYECTBO OOBEKTOB HAOMIOCHUS. YCTaHORBIIEHO, uTo ajaroputM Relief/ReliefF B cpeanem maer
HaWJTy4IlIie pe3yabTaThl U1l HAOOPOB JIAHHBIX C PA3TUYHBIMU CBOMCTBAMHU.

B pabote [15] moka3zaHo, 4TO XapaKTEPUCTUKH UCCIICAYEMbIX HA0OPOB JJaHHBIX (TaKUE KaK YHCIIO0 MIPU3HA-
KOB, YHCJIO HAOIIOCHIH U T. I1.) CUJILHO BIHSIOT HAa CTAOMILHOCTH aJTOpUTMa OTOOpA MPU3HAKOB. I OTIEHKH
MoCJIeIHeH BEIOpaH arOpUTM pacueTa HHACKca cTabuibHOCTH [16].

AJIFOPI/ITM])I HHAYKTHBHOTO 06yqe1mﬂ

D¢ PeKTUBHOCTD AITOPUTMOB KOHTPOJIMPYEMOT0 0TOOpa MPU3HAKOB ONPEACISIETCS C MMOMOIIBIO H3MEPEHUSI
UHQOPMATUBHOCTH OTOMPAEMBIX HAOOPOB TIPU3HAKOB, ISl OLEHKH KOTOPOI HCTIONIb3yeTCs MpeicKa3aresibHast
CIOCOOHOCTh aNTOPUTMa HHAYKTHBHOTO 00y4EHHsI, 00y4E€HHOTO Ha OTOOpPaHHBIX MPU3HAKAX.

B pabote paccMOTpeHBI TpU anropuTMa MHAYKTHBHOTO OOYYEHUs: HAaUBHBIN OaiieCOBCKHI Kiaccu]uKa-
TOP, METOJ k ONMMKANIINX coceneld M MallliHa OTIOPHBIX BEKTOPOB C JIMHEWHBIM siipoM [ 17]. Beibop anropur-
MOB 00YCIIOBJICH HX MOIMYJISIPHOCTBIO, PA3HOPOJHOCTHIO MOAXOIOB K MHYKTUBHOMY O0yUEHHIO, OTCYTCTBUEM
BCTPOCHHBIX MEXaHU3MOB OTOOpa MPU3HAKOB.

[Ipenckazanue BEpOSITHOCTH MPUHAICKHOCTH IK30HA K TE€HY aJTOPHUTMOM KiacCH(UKAIMU MO3BOJISET
MCIIOJIb30BaTh TaK Ha3bIBaeMble€ CKOPUHTOBBIE TpaBuia (WM MpaBuia cUeTa) IS OIIEHKH KauecTBa BEpOsT-
HOCTHOTO Tporuo3a. CTporo KOppeKTHbIE CKOPUHTOBBIE MPaBMiIa, BKIIIOYasi CKOPMHTOBOE IpaBuiio bpaiiepa
U Jlorapu(pMUUECKOe CKOPUHTOBOE TPABHJIO, SIBJISIOTCSI CTAHAAPTHBIMUA METPUKAMHU BEPOSITHOCTHBIX TIPOTHO-
30B [18]. B Hacrosimieli pabore mpuMeHsieTcs CKOPHHTOBOE IpaBmiio bpaiiepa, KoTopoe Ui IBYXKITaCCOBBIX

HAOOPOB JaHHBIX UMEET BU/I
N

. 1 2
Oyenxa_bpatiepa = —z ( /- o,) ,
NS
rae N — 4iCII0 K30HOB B TECTOBOH BBIOOPKE; f, — BEPOSITHOCTD IPUHAAJICKHOCTH 9K30HA ¢ K 331aHHOMY T'eHY;
0, — METKa MPUHAAJICKHOCTH JK30HA ! K 33JaHHOMY TeHY (€AMHHMIA O3HayaeT NPUHAJIC)KHOCTb, HY/Ib — OT-
CYTCTBHE).
CxopuHToBO€ TpaBmio bpaiiepa MHOTOKIIACCOBBIX HAOOPOB JTAaHHBIX (R KIIACCOB) OTpeNeNsieTcs CIeayo-
M 00pa3oM:

N R
Oyenka_bpaiiepa = lz Z( fi—o0,; )2,
NiTS
rie N — 4ncio S5K30HOB B TECTOBOM BBIOOPKE; R — YHCIIO T€HOB; f;, — BEPOATHOCTb MPUHAUICKHOCTH IK30HA ¢
K TeHY i; 0,, — METKa IPHHA/JISKHOCTH SK30Ha f K TeHy .
MuHnManbpHOE 3HaUeHHE CKOPUHTOBOTO IpaBmiia bpaliepa cOOTBETCTBYeT HawTyuIeMy WK Oojiee TOUHOMY
BEPOSTHOCTHOMY IIPOTHO3Y.

3KCI’[epI/IMeHTa.ﬂbHLIe JAaHHbIEC

OKcnepuMeHTalbHbIe TaHHbIEe Toay4deHbl 3 0a3bl Ensembl [19] u cogepxar 1762 yHUKaIbHBIX DK30-
Ha, IpUHaAJeKalMX K 14 Ipou3BOIbHO OTOOpaHHBIM reHaM (Ha3BaHUSI T€HOB 00O3HAYEHBI B HOMEHKJIA-
type Ensembl): ENSG00000239665, ENSG00000166444, ENSG00000165795, ENSG00000205336,
ENSG00000196628, ENSG00000226674, ENSG00000231898, ENSG00000237298, ENSG00000236172,
ENSG00000228486, ENSG00000242808, ENSG00000228956, ENSG00000242086 1 ENSG00000154556.

Kaxib1ii 5K30H OBLT 0XapaKTepU30BaH C MOMOIILI0 1198 unciieHHBIX IPU3HAKOB: 429 MPU3HAKOB HEMOCPE/-
CTBEHHO CaMUX HK30HOB M 769 npu3HaKoB (IIaHKUPYIOLINX YYacTKOB HYKJICOTHIHBIX ITOCIIEA0BATEILHOCTEH
(mmmua nenu coctasisier 100 HykineotnaoB). Paznuumsa mexay ydacTkamu TeHa, COOTBETCTBYIOIIMMHU HPH-
3HAaKaM 3K30HHBIX HYKJIEOTHIHBIX IIOCIIEI0BATEIbHOCTEN, M yUaCTKaMH I'eHa, COOTBETCTBYIOLIMMHU IIPU3HAKaM
(hIIaHKUPYIOMIMX 9K30HOB T0CIEA0BaTEIbHOCTEH HHTPOHOB, MTOKa3aHbl Ha puc. 1. [Ipu3Haku GpnaHKupyOMKX
9K30HOB HYKJICOTHIHBIX YYAaCTKOB MPEACTABISIOT OCOOBI MHTEpEC B XOA€ TECTHPOBAHHS PEaTN30BAHHBIX
QITOPUTMOB, TaK KaK HHTPOHBI HE COAEPKAT CTPYKTYPHOU MH(OpMaLuK 0 OeJike, HO UIPAOT BasKHYIO POJIb
BO BpeMsl CIUTalicCHHTa (COANHEHHMST) SK30HOB, UTO, MPEANONI0KUTEIBHO, JOIKHO TTO3BOJIUTDH AOMOIHUTEILHO
[IPOBEPUTH TOYHOCTH MPOTHO3UPOBAHUS pa3paboTaHHBIX aaroputMmoB. [Ipumep Habopa HaHHBIX JUIS TEHOB
ENSG00000239665 u ENSG00000237298 nemonctpupyercst B Ta0. 1.
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Uuciio 9K30HOB JUISl KXKJIOTO M3 W3YYCHHBIX TCHOB IpHBEACHO B TaOn. 2. MHnekc cOanaHcHpoBaHHOCTH
kiaccoB IR mpencrasisier co0oit oTHOIICHHE YUCia 00BEKTOB HAOIOCHUS (B JIAHHOM CiIydae — K30HOB)
B JIOMMHUPYIOIIEM KJacce K YUclly 00beKTOB HaOIIoIeH!st B MUHOpHOM Kitacce [20].

1 1
— —
[ Oxk30H 1 I Wnrpon 1 I JK30H 2 I Wutpon 2 ]
;;_J ;;_J

Puc. 1. Obnacti cOOTBETCTBUS MPU3HAKAM SK30HHBIX
HYKJICOTHHBIX TOCIeoBaTeabHOCTeH (/) 1 (rraHKUPYyIONX HHTPOHOB (2)

Fig. 1. Regions of compliance with the features
of exon nucleotide sequence (/) and of flanking introns (2)

Tabnuma 1
IIpnMepsI NPU3HAKOB K30HOB T'€HOB YeJI0BeKa
Table 1
Examples of exon features of human genes
DK30H Hpusrax I'en
phastCons TE phyloP TE Exon_length

chr10:13631143-13631363 0,00406171 —-0,394 81 221 ENSG00000239665
chr10:13631288-13631363 0,000 103 605 —0,532445 76 ENSG00000239665
chr10:13631296-13631363 0,000 115794 -0,623316 68 ENSG00000239665
chr10:13631333-13631363 0 —-0,654904 31 ENSG00000239665
chr2:178764186-178764368 0,620799 2,441 66 183 ENSG00000237298
chr2:178764186-178764612 0,464 401 1,98785 427 ENSG00000237298
chr2:178773275-178773335 0,935975 4,4216 61 ENSG00000237298
chr2:178774227-178774319 0,916519 4,30595 93 ENSG00000237298
chr2:178774227-178774658 0,544 692 2,45013 432 ENSG00000237298

[Mpumeuanue. [Ipusnaxu phastCons TE u phyloP_TE noka3siBaroT 2BOIIOIHOHHBIN KOHCEPBATH3M (HEH3MEHHOCTD B XOZI€ 9BO-
JIIOIMN ) SK30HOB, PACCYUTAHBI C TOMOIIBI0 anropuT™MoB phastCons u phyloP coorBetctBenno. [Ipusnak Exon length sBisiercs mepoii

JUIMHBI 3K30Ha, Bpra)KeHHOﬁ B KOJIMUECTBE HYKJICOTHIOB.

Tabnuna 2
XapakTepuCTHKH HAGOPOB TAHHBIX, BKJIIOYAIOIINX 110 2 TeHa,
IJIS ciiydasi OuHApHOH KJaccupuKaMU IK30HOB
Table 2
Characteristics of data sets comprising 2 genes each
in case of binary exon classification
Howmep CocTaBHbIE T¢HbI Hucno 5k30HOB IR Cosowynroe
Hapsl FeHOB YHCIIO K30HOB
ENSG00000239665 93
1 1,37 220
ENSG00000237298 127
ENSG00000166444 121
2 1,04 247
ENSG00000226674 126
ENSG00000165795 106
3 1,01 213
ENSG00000236172 107
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OkoHuyaHue Tabm. 2
Ending table 2

Homep CocTaBHbBIC TCHBI Ywucio 3K30HOB IR CopokynHoe
rapbl TeHOB YHCJI0 SK30HOB

ENSG00000205336 156

4 1,23 283
ENSG00000231898 127
ENSG00000228486 93

5 1,35 219
ENSG00000226674 126
ENSG00000242808 97

6 1,34 227
ENSG00000154556 130
ENSG00000228956 118

7 1,10 225
ENSG00000236172 107
ENSG00000239665 93

8 2,38 314
ENSG00000242086 221
ENSG00000196628 140

9 1,44 237
ENSG00000242808 97
ENSG00000166444 121

10 1,08 251
ENSG00000154556 130

MeTom0J10THsI HCCIETOBAHUS

brok-cxema opraHu3anuy BEIYUCIUTEIBHOTO YKCIIEPUMEHTA JIJISl UCCIIEI0OBAHUS allTOPUTMOB aBTOMATH-
YECKOro 0TOOpa MpPU3HAKOB SK30HOB IOKa3aHa Ha puc. 2. [IpeacTaBiaeHHbIN MOIX0 MO3BOJISET UCCISI0BATh
3aBHCHUMOCTD OILICHKH MPE/ICKA3aTEIBHOM CIIOCOOHOCTH aIrOPUTMOB UHAYKTHBHOTO O0YYEHUS 10 CKOPHHIOBOMY
npaBmty bpaiiepa st paHKHPOBAHHOTO Psijia PU3HAKOB C IOMOIIIBIO ATOPHTMOB aBTOMaTHYECKOTO 0TOOpA.

B Gnoke 1 ¢opmupyercss HaOOp AaHHBIX JUIsl aHAJIM3a. B xome paboThl paccMOTpEeHbI HAOOPHI JAHHBIX
¢ uncaoM reHoB M =2, 3, ..., 14. [Ins Kaxa0ro u3 3K30HOB yKa3aHa MPUHAIJICKHOCTh K MOACIbHOMY T'€HY
yesioBeka. B Or10ke 2 npousBoautces GopMupoBaHUE BHIOOPKH HaOOpa JaHHBIX /it M pa3nuyuHbix reHoB. Ko-
JUYECTBO Pa3HBIX BRIOOPOK YCTAaHOBJICHO paBHBIM 10.

B Gmoxe 3 ocymecTBisercs pa3OneHne TaHHBIX Ha ITOJAMHOXKECTBA TPEHHUPOBOYHOW M TECTUPYEMOW BBI-
0OpPOK, UCTIONIB3YIOIIHECS JaJiee sl IEPeKPECTHOM NPOoBEpKH. B O10Ke 4 BBIMOTHACTCS CTaHAAPTU3AIINS TPe-
HHUPOBOYHOTO M TECTOBOTO MHOKECTB.

B Gi0ke 5 npu3Haky paHXUPYIOTCS 110 3HAYUMOCTH, PACCUNTAHHON HAa OCHOBE IIPUMEHEHHSI 33]JAHHOTO aJi-
TOpPUTMa UX aBTOMAaTHYeCKOro oToopa. B 6moke 6 3HaueHune nHaekca N (KOITUIeCTBO HAMIYUIIUX MPU3HAKOB)
10JIaraeTCsl PaBHBIM CAMHUIIE.

B Groke 7 ocyiectBisercst 00y4eHHUE alropuTMa MHIYKTUBHOTO OOy4eHHUs Ha N MpPU3HAKaX M OLECHKA
PEEBAaHTHOCTH BBEIOpAHHOTO HaOOpa MPHU3HAKOB C TIOMOIIBIO TOjCUYeTa OlleHKH bpaiiepa. B Oioke 8 mpoBe-
pseTCsl YCIIOBHE MUCCIIC0BAaHUS BCEX MPU3HAKOB. EClM He BCe MPU3HAKK MCCIICIOBAHBI, IIPOUCXOIUT MEPEXO/
K OJI0Ky 9, B KOTOPOM 3Ha4€HHE cYeTYnKa WHeKca N yBeTMInMBaeTCs Ha equHHuITy. B cirydae eciu Bce mpu3Ha-
KU MCCJICIOBAHbI, IPOBEPSIETCS YCIOBUE UCCIICIOBAHUS BCEX MHOXKECTB, CTEHEPUPOBAHHBIX Ui 10-KpaTHOH
riepekpectHoit mpoBepku (0sok 10). Ecau He Bce MHOXKECTBA HCCIIEIOBAHBI, OCYIIECTBISETCS MePEXo K 0J10-
Ky 3, eCIli Bce MHOXKECTBA UCCIIETOBAaHbI — K OJIoKy 11.

B 0Onoke 11 mpousBoauTCs MpoOBEepKa yCIOBHS UCCIEIOBAHUS BCEX BBIOOPOK it M pa3iUYHBIX TCHOB.
[Tepexon x Omoky 2 mis hopMUpOBaHHS HOBOW BBIOOPKH W3 M Pa3IMYHBIX TEHOB ITPOUCXOINT, €CIIH HEe BCe
BBIOOpPKH it M pa3uyHbIX TEHOB MCCieoBaHbl. MHavye ocyuiecTBisieTcs nepexoa K 00Ky 12, B KOTOpoMm
BBITIOJHSACTCS YCPEIHEHNE 3HAYCHUI TOUHOCTH KJTacCHU(DUKAITUH, TIOTYUYCHHBIX JIJIs BCEX BHIOOPOK 13 M TeHOB.

B tabi1. 2 nmpecTaBiieHbl XapaKTEPUCTHKH JICCATH UCCIIECI0OBAHHBIX Map FCHOB JIJIs CIy4asi OMHApHOM Kjiac-
cudukanuy 3x30H0B. OcOOEHHOCTHIO C(POPMHUPOBAHHBIX HAOOPOB SBIISAETCS IOMUHUPOBAHUE YKCIIA TIPU3HA-
KOB HaJ YNCJIOM OOBEKTOB TaHHBIX (B CPEIHEM YHCIIO IPU3HAKOB B 5 pa3 MPEBOCXOAUT YHUCIO OOBEKTOR).

CpaBHUTEIBHBIN aHAIHM3 AITOPUTMOB O0TOOpA MPU3HAKOB C LIEIBI0 OLIEHUTh CTAOUIBHOCTH TAKOro 0TOOpa
MIPOBE/ICH ¢ TIOMOIIBI0 anropuTMa 10-KpaTHOH mepekpecTHOU mpoBepku. OTOMpaeMble Ha TPEHUPOBOYHBIX
MHOXECTBaX PaHXHPOBAHHBIC PSAIbI U3 25 HAWIYUIINX MPU3HAKOB TOCTYMAIH Ha BXOJ aJTOPUTMa OICHKH
CTaOMIBLHOCTH O0TOOpa TMPU3HAKOB. J[JIs1 TOMy4YEeHHs OCTOBEPHBIX PE3YNIBTATOB AKCIIEPUMEHT IMOBTOPSIICS
10 pa3 it pa3nuyHbBIX KOMOWHAIIHI TEHOB, ITOCIJIE YeTO JaHHBIC YCPEIHSINCH.
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Fig. 2. Flow chart of the computing experiment
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KOMHL]OTepHaﬂ regepaunus
AOMOJHUTEJIBbHBIX IPU3HAKOB 3K30HOB

Jl1s IpoBepKM pENeBaHTHOCTH MPU3HAKOB SK30HOB M YYBCTBUTEIHHOCTH AJTOPUTMOB aBTOMaTHYECKOTO
oTOOpa HepeIeBaHTHBIX MIPU3HAKOB PeaIN30BaHa IMHUTAITMOHHAs Mozelb [21]. B Helt mpon3BoguTcs TeHepa-
1M JOTOTHUTEIHHBIX HEePEIEBAHTHBIX MMPU3HAKOB, MPEACTABISIONINX COOOW IIyMOBBIE (3/1€Ch U Aaliee ¥C-
TIOJTE3YETCS TIPSMOM TIEPeBOJl TEPMUHA C aHTII. 1Oisy features) MM HeNMH(OPMATHBHBIE HEKOPPEIUPOBAHHBIC
MIPU3HAKH.

Paccmorpum 3amauy reHepaunu HaOopa OaHHBIX [OMOJHHUTENBHBIX HPU3HAKOB X, i=1,2, .., N,
j=1,2, ..., L, IpeACTaBIAIONINX eANHBIA KJIACTEP C IIEHTPOM L U aucriepcuer D (pazdpoc 00bEKTOB) B PO-
CTPAHCTBE MPU3HAKOB. Peannsaluu 10NOIHUTEIBHBIX KOOPAMHAT SK30HOB X,; 3/[aI0TCs BBIPAKECHHEM

X = U+ zGo,
IJIe z — peanu3alys HOPMAIbHON CTaHIAPTU3UPOBAHHON Clly4ailHOU BeIMYuHbl N (0, 1).

Br16op HOpMaNBHOTO pactpeneseHus Ui TeHepalyy IIyMOBBIX TIPU3HAKOB 00YCIIOBIIEH TE€M, YTO OOIb-
ITMHCTBO MMPU3HAKOB SK30HOB NMEIOT YKa3aHHOE pacrpe/iesieHHe.

Pe3ynbrarsl 1 X 00CyKIeHHE

BrimonHeH cpaBHUTENBHBINA aHATN3 aJTOPUTMOB CITy4aifHOTO 0TOOpa MPHU3HAKOB (AJITOPUTMOB HA OCHOBE
kputepus Gumepa, nanekca [[xwan, Relief/ReliefF) nmpu ncnonp3oBaHny aaropuTMOB HHIYKTHBHOTO 00yde-
HUS (METoq k OMMmKaWIMX COCeel, arOPUTM MaIIMHBI OTIOPHBIX BEKTOPOB C JIMHEWHBIM SIIPOM U alITOPUTM
HaWBHOW 0alieCOBCKOH KIIacCH(HKAINN) Ha MTPAMepax cPOPMHUPOBAHHBIX HAOOPOB MaHHBIX (cM. Tadi. 2). [Tox
CITy9aifHBIM OTOOPOM TIOHUMAETCS BEIOOpKA MPHU3HAKOB, TIOYICHHAS CITydaifHBIM 00pa3oM. 3aBUCHMOCTh OIICH-
KM TT0 CKOPHHTOBOMY TIpaBuiTy bpaiiepa st paH)kKHpOBaHHBIX alTOPUTMaMH PSIOB IPU3HAKOB ITPH BapbUPOBa-
HUY aJITOPUTMOB MHIYKTUBHOTO OOYYEHHS MpeCcTaBIeHa Ha puc. 3.

J1a paccMOTpEHHBIX aJTOPUTMOB KIIACCH(PHMKAIINK XapaKTepHO Pe3Koe yOBIBaHWE OIEHKH OIMIMOKH 0
50—100 mpu3HaKoB, 3aTeM cllaboe yObIBaHHE (METOI OMOPHBIX BEKTOPOB) WM BO3pacTaHue (k Omrkalmmmx
cocenelt m HauBHBIN OatiecoBckuit kitaccudukarop) ot 100 mo 1200 npusHakoB. [lomydeHHbIE 3HAYSHUS OIIECHOK
omMOOK 10 CKOPHHTOBOMY TpaBWITy bpaiiepa MO3BOJNSIOT CAeNaTh Ba)KHBIN BBIBOA O Pa3IEIMMOCTH 3K30HOB,
MIPUHA/ISKAINX Pa3ardHbIM reHaM. Jloctarouno nepBbix 100 pamXupoBaHHBIX TIPU3HAKOB [T TOYHOTO MTPE-
CKa3aHWs TeHHOU TpUHAIIeKHOCTH (omieHka bpaiiepa 0,02—0,04).

Hawnnmydmyro TOYHOCT Cpell HCCIeA0BAaHHBIX aJTOPUTMOB UHAYKTHUBHOTO OOy4YEHHUS JEMOHCTPUPYIOT
MeTox k OmmKkalmux coceneit (1 Ommkalmuii cocen) U MalInHa OTIOPHBIX BEKTOPOB C JIMHEHHBIM SAPOM.
MuHNManbHOE TOCTUTaeMOe 3HaYeHNE OIEHKH M0 CKOPUHTOBOMY TpaBmity bpaiiepa mis o6oux ciydaes co-
crasmset 0,02. IlpuBeneHHbIe 3aBUCUMOCTH CBHUIETEECTBYIOT O TOM, YTO aBTOMaTHYECKU 0TOOP TTO3BOJISET
BBIOPATh OTHOCUTEIBHO HEOOJBIIIOE YUCIIO Hanboiee MHPOPMATHBHBIX MPU3HAKOB (10 50 mpU3HAKOB), TIPH-
BozAIIee K PE3KOMY YMEHBIIIEHNIO OLIEHKH bpaiiepa n ee CyIIeCTBEeHHOMY OTJIHMYHIO OT CIIy4aifHOTO 0TOOpa
BBIOOPOK M3 TAKOTO K€ KOJIMYECTBa MPU3HAKOB. lIpn yBennueHnn 4ncia mpru3HakoB HAOMIOMaeTCs UMb He-
3HAYUTEIHHOE MMPEUMYIIIECTBO aBTOMAaTHYECKOTO 0TOOpa MPU3HAKOB HAJ| CIYYalHBIM. DTO CBUAECTEIHCTBYET
0 TOM, YTO aOCONFOTHOE OOJBITMHCTBO MPU3HAKOB MOTYT OBITH OTHECEHBI K KJIacCy M30BITOUHBIX. CremyeT
OTMETHUTb, YTO YBEITUYCHNE YHCIa MPU3HAKOB MMPUBOANT K HEOOIBIIOMY YXYIIICHHUIO TOYHOCTH KiIaccuuka-
A aITOPUTMOB k OV KaHIIIX coceneld 1 HAaNBHOTO 0aliecoBCKOTO Kitaccudukaropa. Cpean NccaeTo0BaHHBIX
ANTOPUTMOB KJIaCCU(UKAIINN HAUXYAIINE PEe3ybTaThl AEMOHCTPUPYET HAMBHBIN OaiiecoBCKMiA Kiaccupuka-
TOP, YTO 00YCIIOBIEHO OTCYTCTBHEM YUeTa KOPPEIAINOHHBIX 3aBUCIMOCTEN MEX Ty IPU3HAKAMU B aITOPUTME
Kkimaccuduraropa.

Ha puc. 4 npencrasieHa 3aBUCHMOCTD OIEHOK IO CKOPHHTOBOMY TpaBuiy bpaiiepa mms 100 Hambonee
WH()OPMATUBHBIX MTPU3HAKOB ITPH BAPLUPOBAHNHN YHCIa KJIACCOB (TEHOB) U alTOpUTMa 0TOOpa Mpu3HaKoB. [Ipn
9TOM HCTIOIH30BAHbI AITOPUTMBI MHAYKTUBHOTO 00yYeHUs, TOKA3bIBAIOIIIE HAMITYUIIHEe Pe3yIbTaThl: MaIliHA
OTIOPHBIX BEKTOPOB C JIMHEHHBIM SAPOM U METOJ] OTHOTO OJmkaiitiero cocena. [Ipu yBenmueHnn grcia Kiac-
COB XapakTep 3aBHCHMOCTEH cUeTOB bpaiiepa coxpaHseTcs, oqHako 3Ha9eHHs m3MeHstoTces ot 0,1-0,14 mis
Tpex TeHoB 10 0,17—0,22 as mecTu TeHOB, YTO 00YCIIOBICHO YBEIMUYEHUEM BEPOSATHOCTH TPHUHSITHS Ki1ac-
cU(UKATOPOM HEBEPHOTO PEIICHUs. AITOPUTMBI aBTOMAaTHYECKOTO 0TOOPA MPU3HAKOB TIO3BOJISIFOT B CPETHEM
Ha 2,5 % TouHee MpeAcKa3bIBaTh TEHHYIO MPUHAIIE)KHOCTh SK30HOB B CPABHEHHWH CO CIIyYallHBIM OTOOpPOM
TIPU3HAKOB.

B pesynmprare ananmmsza (UIaHKAPYIOUIMX YYaCTKOB HYKJIEOTHIHBIX IOCIIENIOBATEIBHOCTEH OOHApY>KEHO
(puc. 5), aTo Ooylee HU3KWE 3HAYCHUS OIEHOK bpaitepa, paBabie 0,02—0,03, cOOTBETCTBYIOT OOYUEHHUIO all-
TOPUTMOB Ha TIpH3HAKax (MIAHKUPYIOMUX WHTPOHOB B cpaBHeHMH ¢ BenmunHON 0,07—0,08 mis mpusHakoB
9K30HHBIX HYKJICOTHIHBIX TOCIIEIOBATEIBHOCTEH.
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Puc. 3. 3aBUCUMOCTb OLIEHKU [10 CKOPUHTOBOMY IIpaBuily bpaiiepa
JUTS PAaH)KUPOBAHHOTO Psi/ia IPU3HAKOB (2 reHa):
@ — METOJI OTHOTO OJIMDKAMIIEero cocena; 6 — METONI TPeX ONMKANIINX CoCcenei;
6 — MallMHa OMOPHBIX BEKTOPOB C JIMHEHHEIM SIIPOM; 2 — HAUBHBIN OalieCOBCKHUIT KIaccu(pHKaTop

Fig. 3. The Brier score for a ranked list of features (case of 2 genes):
a — 1-nearest neighbor algorithm; b — 3-nearest neighbors algorithm;
¢ — support vector machine with linear kernel; d — naive Bayes classifier

PaccMoTpum paboTOCIOCOOHOCTD aIrOPUTMOB OTOOpa MPHU3HAKOB HA MpUMeEpe J00aBICHUS K DKCIICPH-
MEHTAaJIbHBIM JIAHHBIM JIOTIONHUTEIBHBIX CMOJICIIMPOBAHHBIX MPU3HAKOB JJIsl 2 TeHOB. B xone aHanm3a wuc-
ciez0BaH Habop 178 aydiiux mpu3HaKoB, OTOOPAHHBIX AKCIIEPTHBIM ITyTeM, a Takxke 1020 cMoaeIMpOBaHHBIX

LIMOBBIX IPH3HAKOB, CTEHEPHPOBAHHBIX C HCIIONB30BaHHeM HOpManbHoro pactpenenenns N (0, 1). s pac-
CMOTPEHHBIX 3aKOHOMEPHOCTEH XapaKTepHBI TpU (a3bl Ha TpaduKe OUEHKH OMUOKH (pHcC. 6):

1) pe3koe yobiBanue ommbOku 10 BennunHbl 0,03—0,04 11 nepBbix 20 TPU3HAKOB;

2) (aza yuactka «rmiaro» i npu3HakoB 20—180, Ha KOTOPOM 3Ha4YEHHE OIIMOKH OCTAETCS MPAKTHUECKU
HemsMmenHbIM: 0,03—-0,05;

3) nmuneiinoe ysennyenue ommoku 0,05-0,1 s npuznakos ot 180 no 1198.

@a3pl 1) 1 2) XOpOIIO cOmIacyroTcs ¢ pe3ylbTaTaMy aHaJIN3a IOJIHOTO 3KCIEPUMEHTAIBHOTO Habopa mpu-
3HAKOB 9K30HOB 0€3 yueTa CMOJIEJIMPOBAHHBIX IIyMOBBIX IPU3HAKOB. BimsHueM nocinenHux oOycioBiieHa
¢aza 3). DTo MO3BOISET MPEIIONIOKUTD, YTO JJOOABICHUE TYMOBBIX, HEPEICBAHTHBIX, HEKOPPEIUPOBAHHBIX
MPU3HAKOB JOJKHO MPHBOJUTH K TMHEHHOMY YBEJIMYCHUIO OMIMOKH, PACCUNTAHHON COTIACHO CKOPUHTOBOMY
npasuny bpaiiepa.
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3aBUCUMOCTH OICHKH OIMMOKHM JUISl CITy4aiiHOTO O0TOOpa MPU3HAKOB MMEET MOHOTOHHO YOBIBAaIOIIMH Xa-
PAKTEP U 3HAYUTECIIbHO MPEBLIIIACT CPECAHIOIO BCJIMUYMNHY OLCHKU OIINOKHU IJId JITOPUTMOB aBTOMAaTU4€CKOIo
0TOOpa MPU3HAKOB. 3HAYEHUS OUTHOOK /IS BCEX PACCMOTPEHHBIX aJTOPUTMOB COBITAAIOT JIJIsI HTOTOBOTO Ha-
6opa 1999 skcrieprMeHTaNbHBIX ¥ CMOAEITUPOBAHHBIX TPU3HAKOB. Pa3zimmumns ommOOK /IS alrOpUTMOB CIIy-
YafHOTO M HECTYYaiiHOTO 0TOOpa MPU3HAKOB MTO3BOJISIOT CHIENATh CIIEAYIONINE BEIBOIBI:

* peaJIn30BaHHbIE AJITOPUTMBI OTOOpA IMPU3HAKOB KPaliHE YYBCTBUTEIBHBI K HAJTMUHUIO IIYMOBBIX TIPU3HAKOB;

® IPU3HAKU 3K30HOB HE ABJISIIOTCSA ITYMOBBIMU,

* HAJIMYHE IIYMOBBIX IPU3HAKOB MPUBOJUT K JJMHEHHOMY YBEJIMUECHUIO OIMOKH npaBuiia bpaiiepa;

* KOJIMYECTBO IIYMOBBIX MTPU3HAKOB MOKET OBITH OIleHeHO 10 TpaduKy ommoOkn bpaiiepa 1 cOOTBETCTBYET
YHUCITy TPU3HAKOB, JIJIs1 KOTOPBIX HAOMIOMaeTCs yBEINISHNE OTHOKH.
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a — MalliHa ONOPHBIX BEKTOPOB C IMHEHHBIM SIAPOM; 6 — METOJ] OJHOTO OIIDKANIIEro cocena
Fig. 4. The Brier score for 100 features versus the number of genes:
a — support vector machine with linear kernel; b — 1-nearest neighbor algorithm
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Fig. 5. The Brier score for a ranked list of exon features (a)
and a ranked list of features of flanking nucleotide sequences (b)
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Fig. 6. The Brier score for a ranked list of features,
when 1020 artificial noisy features are added

B 3aBepiienue paccMOTpUM MOBEJCHUE HHACKCA CTAaOMIIBHOCTH, PACCUMTAHHOTO B X0/ aHanu3a (Tadn. 3).
PeannzoBanHbIe alTOPUTMBI IEMOHCTPUPYIOT Bhicokue 3HaueHus (0,75—1) nnaekca cTaOMIbHOCTH JUIs aJIro-
PUTMOB aBTOMATHYECKOr0 0TOOpa mnpu3HakoB. CTa0WILHOCTh CIy4aliHOro 0TOOpa MPU3HAKOB paBHA HYIIIO.
Anroput™m Ha ocHOBe KpuTepusi Duiiepa 1 anroput™ oTOOpa MpU3HAKOB HA OCHOBE WHeKca JkuHu 001anaioT
HAMBBICIIUMHU 3HaUeHUssMU uHzekca (0,85-1).

Tabnuna 3
3HaueHHs] HH/IEKCOB CTA0UIBLHOCTH
Table 3
Stability index values
KosinyecTBo reHoB a OCHOB?EJSE:S:L Duiepa Relief/ReliefF Wupexc xuan
2 0,863 0,794 0,850
0,864 0,759 0,853
0,881 0,759 1
14 0,926 0,835 1
3akiaoueHue

HccnenoBana 3ppeKTUBHOCTD aITOPUTMOB OTOOpa MPHU3HAKOB (aJTOPUTMBI HAa OCHOBE KpHuTeprueB Du-
mepa, Relief/ReliefF, mamekca J)KuHN) M adrOpUTMOB WHIYKTUBHOTO OOy4YeHUS (HAWBHBIN OaileCOBCKUH
Kiraccuurarop, METO k O KANIIIMX cocenel C OMHUM U TPeMsI OIKANUIITIMU COCEISIMU, MAIlIMHA OTIOPHBIX
BEKTOPOB C JITHEWHBIM SIIPOM) Ha MpUMepax KiacCH(UKAIUU K30HOB FCHOB YEJIOBEKa. YCTAHOBJIEH (akT
CYIIECTBEHHOW Pa3JeIMMOCTH MEX/y 3K30HAMH, MPHUHAJISKAIINMHI pa3HbIM reHam. Hawmydinas TOYHOCTb
KIaccu(UKAIIUHU JIOCTUTACTCS [Tl HAOOPOB, COCTOSIIIMX M3 DK30HOB 2 TEHOB, KOT/Ia 3HAUYEHHE OLIEHKH 110 CKO-
puHTOBOMY TIpaBuiIy bpatiepa mocturaer 0,02.

ABTOMaTHYECKHUI 0TOOp MPU3HAKOB TO3BOJISIET BRIOPATh OTHOCUTENBHO Hebombimoe uucio (mo 100) nau-
Oosee nHPOPMATUBHBIX MPU3HAKOB. Cpeau HCCIETOBAHHBIX aJITOPUTMOB 0TOOpA IPU3HAKOB aJITOPUTM Ha OC-
HOBe Kputepus Duiiepa 1eMOHCTPUPYET HAMBBICIIYIO BEIYUCIUTEIHHYIO 3P PEKTUBHOCTD TIPU NPAKTHYECKU
WJICHTHYHBIX TIOKA3aTeNIsIX TOYHOCTH M, KaK CJICJICTBUE, SIBISICTCS HAMIYYIIMM JUISl 0TOOpa MPU3HAKOB 3K30-
HOB. B KOHTeKCcTe cTaOMIIBHOCTH 0TOOPA MPU3HAKOB DK30HOB HAMITYUIIIUM SIBIISIETCS aJlTOPUTM, OCHOBaHHBIN
Ha BBIYMCIICHUH UHJIeKca JIKUHH.

B xone paboThbl MpoBeIeHO MCCIieNOBaHUEe HAOOPOB JaHHBIX C JOOABJICHUEM CMOJICIUPOBAHHBIX ITYMO-
BBIX MPU3HAKOB. YCTAHOBJICHO, YTO aJITOPUTMbI aBTOMAaTHYECKOTO 0TOOpA MPU3HAKOB KpaifHe 4yBCTBUTEIHHBI
K HAJIWYHIO NTYMOBBIX IMPU3HAKOB, KOTOPOE MPUBOJIUT K THHEHHOMY YBEIHUYCHHUIO OITHOKHU TI0 CKOPUHTOBOMY
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npaswty bpaiiepa. KonmnuecTBo myMOBBIX TIPU3HAKOB MOXET OBITH OmNpejiesnieHo 1o rpaduky omneHku bpaiiepa
U COOTBETCTBYET YMCIY MPU3HAKOB, JUIS KOTOPHIX HaOrofaeTcsl yBenuueHne omuoku. [Ipu aToM nmpusHaku
9K30HOB B OOJIBIITMHCTBE CBOEM HE SIBJISIOTCS ITYMOBBIMHU. TPEHHPOBKA aJTOPUTMOB HHAYKTUBHOTO OOY4YEHHUS
Ha NpHU3HaKaX (IaHKUPYIOMIUX UHTPOHOB oOecreunBaeT Oosiee BBICOKYIO MPEICKa3aTeIbHYI0 CIIOCOOHOCTD
KJ1acCH(PHUKATOPOB TI0 CPAaBHEHHIO ¢ 00yUEHHEM Ha IPU3HAKaX AK30HOB. DTO HAOIIOECHHE TPeICTaBIsIeT 00Ib-
I0M MHTEpeC U TpeOyeT NabHEHINEro NIETaJbHOTO U3YyYEeHHS C TIOMOIIBI0 METOIOB OMOMH(pOPMATHKH, a TAKKE
9KCTIEPHUMEHTAIILHBIX METOJIOB MOJIEKYIIAPHOI OHOJIOTHH.
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