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TpoBeseHO HCCIe0BaHHUE PA3INYHBIX CTPYKTYP HEHPOHBIX CeTei Uil peleHust 3a/jauk SKCTPAosLKK Yncna 3BoHkoB Call-nientpa ¢
ydetom u 06e3 ydera apreakToB. PaccMOTpeHBI clemyromue CTPYKTypbl HEHPOHHBIX ceTeil: (HKCHpOBaHHAs CTPYKTypa C HOJHBIMH
I0CIIe/IOBAaTENbHBIMY CBA3SIMH, (PHKCHPOBAHHAs CTPYKTYpa C 0OpaTHBIMU CBS3AMH, IEPEMEHHAst CTPYKTypa. Pe3yinbTaThl 5KCIIEPHIMEHTOB TTOKA3aIN
MIPEBOCXO/ICTBO MEPEMEHHOM CTPYKTYPBI JUIsl pEIIEHHs JaHHOH 3a/1au.

BBenenne

Call-uenTpsl — 3TO OpraHM3aIUK, 3aHUMAIOIIHECS MPOGECCHOHATBHON 00pabOTKOW Teae(OHHBIX 3BOHKOB.
HemnocpencreenHoit paboroi ¢ knuenramu Call-uentpa 3aHuMaroTcst areHThl. KaIplii areHT MMeeT KaKyk-Trdo
KBaTM(HUKALUIO WM HECKONBbKO KBanubukaimid. [lon kBamudukanueil MOHUMAETCs YMECHHE arcHTa HMPUHHMATH
3aKas3bl Ha THUIIY, aBHAOKIeThl U T.1. OOydyeHHe areHTa U MOJy4eHHe UM KBanudukauuu npoucxoaur 3a cuer Call-
LIEHTPA M CTOMT JIOCTaTOYHO foporo. Cama paboyast CHila areHTOB TaKkKe CTOUT J0POTo.

OpnHoil M3 BaxHbBIX 3a1ady, crosuei nepex Call-ueHTpoMm sBiseTcsl mpaBUIIBHOE pacmpejelicHre pabodeit
CHJIBI TaKUM 00pa3oM, 4TOOBI HM OJMH areHT He IpocTanBall Oe3 paboThl, U IIPH 3TOM HH OJMH 3BOHOK KJIMEHTa He
ObuT ToTepstH. JlaHHAs ONTHMHU3AIOHHAS 3aJada BKIIIOYAeT B ce0s CIEAYIONIyI0 HE MEHee CIIOKHYIO IOA3aaady:
TpedyeTcst chOPMHUPOBATH MPOTHO3 YHC/Ia 3BOHKOB Ha MECSII BIIEpen i TOro, 4rodsl Menemkep Call-tientpa mor
MIPaBUIBHO PaCIIPeIeNnuTh pabodyro CHITy.

B nanHO# paboTe MpUBEACHO OMHCAaHWUE PA3NTMIHBIX METOIMK MOCTPOCHUS HEHPOHHBIX CETeH pa3ITUIHOMN
CTPYKTYpBl Ul peLIeHWs] 3afadd OSKCTpamoyisinuu unciia 3BoHKOB Call-ientpa. Ilpu pemieHnd naHHOW 3amadu
aBTOpaMH MCIIONb30BaNack 0a3a nanHbix oxHoro Call-tieHTpa, cogepikaiias TaHHBIC O YKCIE 3BOHKOB B TCYCHHE 0/
c pa30MBKOI 1O moiyaca, a TakKe JaHHbIE 00 apredakraX, TO €CTh O PA3IMYHBIX COOBITHAX, MOTYIIMX Kak-TO
TIOBJIMATH Ha YHCIIO 3BOHKOB.

HeiipoceTeBasi nocTaHOBKA 3a1a4H
Yucio 3B0HKOB U3 6a3sl ganubix Call-1ienTpa npeacraBisier co60i BpeMEHHOU psifl, 33JaHHbIM Ha WHTEPBAIE

[1,M]. M3BectHo, uTo Ha MOBeneHME JAHHOTO BPEMEHHOTO PSIa MOTYT OKA3bIBATh BIMSAHHE A PasTHUHBIX BHJIOB
apTe(hakToB, MPU STOM B Kablii MoMeHT Bpemenn N [] {l, ey |V|} MOXET IIPOUCXOJUTH JTI000E YHUCIIO apTehaKkToB

B JIF000I KOMOMHAIIAH.
ITockonbKy MBI peliacM 3alaqy SKCTPANOJSIIANA BPEMEHHOTO psiia, TO OyaeM (OpMHpPOBATH OOYYAIOIIYIO

BBIOOPKY TIOCPECTBOM HaOMIOAEHHS MHTEpBaNa psaaa AmuHOM | u ynpesxaenus O clemyromux 3HaueHumit psaa. To
€CTh, B Ka)Iblii MOMCHT BpeMeHHn N D{T,...,I\/I —CY} (dbopMupyeTcs JIEMEHT 00ydYaroliei BRIOOPKH, B KOTOPOW
6X00HBIM CUZHAIOM HEUPOHHOMN CETH SIBIISIOTCS:

BEKTOp 3HaueHu# ¢pyHkuuu F (pazmeprocThio 7) Ha HHTEpBaJie HAOIIOACHUS [n =T +1, n] ;

(T +a ) BEKTOPOB apTe(dakToB (KaXIbld pasmepHocThio A), coctosmmx u3 0 m 1. Ecim Ha wHTepBaye
[n -T+1ln+ a] B j-BIii MOMEHT BpEMEHH, | D{].,...,T + a} , BCTpedaeTcs i-biii BH apredakra, | D{l,..., A} ,
TO B j-M BEKTOPE i-blif DJIEMEHT YCTaHABIMBACTCS PABHBIM 1, B IPOTUBHOM Ciiydae oH paseH 0.

U scenaemovim 6vixo0HsimM cucnanom sBIsSETCs BEKTOp 3HaueHMi (yHKumM F Ha mMHTEepBaie [n +1ln+ CY]
pasmeprocTsio O . Takum 06paszom, uncio obyuaronumx npumepos pasgo M —T —d .

Buixoonvim cuznaiom HEWPOHHOH CETM B MOMEHT BPEMEHH nD{T,...,M —a} SABJIAETCS BEKTOP

(pa3mepHOCTBIO () YIPEXICHHBIX Ha HMHTEpBaje [n +ln+a] 3HaueHud ¢yHkumu F, oOo3Hauaemblii wepes
y(m) ={y;(n)..... v, (n} .

Ouiubxa pewenus ONIPEICTACTCS KaK Pa3sHOCTh MEXAY JKEIAeMbIM M JCHCTBUTEIBHBIM BBIXOJHBIM
CHTHANOM HEHpOHHOH CeTH B MWCKPETHBIH MOMEHT BPEMEHH nD{T,...,M —a}, TO €CTh OIIMOKA pEIICHHUS
MOKa3bIBACT PACCTOSHHE A0 MPaBHJIBHOTO 3HaueHWs. B HamieMm ciydae, omubKka pelieHHs B MOMEHT BPEMEHH N

MIPEICTABISIET COOOM BEKTOD, j-bIif DIIEMEHT KOTOPOTO €, (n) paBeH:
g (n)=y;(N-F(n+j), @)
e N - TeKymui MoMeHT Bpemenw, N[ {T veern M — a} :

j - TeKyIas Mo3MIMA Ha MHTEpBaNe ynpexaenns, | [] {1, .. ,a} .

@2001, anekTpoHHas Bepcus nogrotossieHa 3A0 ABTIKC Cankr-lMeTtepbypr, http://www.autex.spb.ru
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Dynkyua akmueayuu NOHKHA OBITh MOHOTOHHOW C BEIIECTBEHHBIM BBIXOJHBIM CHUTHANOM. B pemaemoii B
nanHo# paGore 3anaue dymkuus F(X) nmpunmmaer HeoTpumaTenbHble 3HaueHMs. J[MATIA30H M3MEHEHHS 3HAUCHMIl

(YHKIMU COCTaBISET [O,Zm] , Tne 2M - MakcumanbHoe 3Hauenne dynkiuu F na untepsane [1, M]. Tostomy,
OyzieM UCII0Ib30BaTh (DYHKIMIO aKTHBAIMY TUIIA apKTaHT€HCa BUIa:

o
Yo (0) = m@,—Tarctg(ghk (n))@+ m, @

rae Yy, (n) - Boixon N, -ro neiipona k-ro cost cetu, K [ {l, e K} , B MOMEHT BpPEMeHH I
Oh, (n) - akrupamsa N, -ro neiipona k-ro cios cetn, K [J {1, e K} , B MOMEHT BPEMEHH N.

®yuxyuonan onmumusayuu D(N) ucronb30BANICA OMH JUIA BCEX CTPYKTYp HEHPOHHBIX CETEH, a IMEHHO,

MUHUMU3HPYIOIIKAN CpeNHCKBAAPATUUHY0 OImuOKy. [Ipu oOy4eHWHM Ha N-OM mpHUMeEpe, nD{T,...,M —CY},
(hYHKITMOHA BBITIISANT CIIETYIOIAM 00pa3oMm:
1a,
@(n)=min=Y e, (n), 4
2.5

rae 6, (N) - omm6bka hK -r0 HEHpOHA BBIXOIHOTO CJIOs, BRIYUCIIAIONIasics o hopmyiie (2).

IMonck skcTpemyma (MUHEMYMa) (DYHKOIMOHATAa ONTHMH3AIMK U BCEX CTPYKTYp HEHpPOHHBIX ceTeil
TIPOBOAWIICS 2PAOUEHMHBIM MEMO0OM CO C/IYYAUHBIM 6b100POM HAUAIbHBIX yC106uil. ETo CyTh 3aKit04aeTcs B TOM,
YTO HadalbHBIC 3HAYCHUS BECOB CETH BBIOMPAIOTCS CIydailHBIM 00pa3oM, M janee MpHu oOydeHHWH CeTH mocie N-oi

ureparuu, N[ {T,..., M - a} , KQKJION DIIOXM BBIYUCIIAETCS ONIMOKA, M BCE BECA CETH OOHOBIAIOTCS CIEIYIOIAM
obpazom:
. do(n)
W by (n+1) = W by (n) - K, ; )
hk ’ h(k—l)

*
rac Kk - 9TO KO3(1)(1)I/IIII/I€HT CKOpPOCTH O6y‘I€HI/IH k-ro cnos CCTH, onpeaenﬂ}omnﬁ IHUPpUHY 1Iara mno noBEPXHOCTHU

OIINOKH.
ITocTpoeHre MHOTOCIIOWHON HEHPOHHON ceTH (PUKCUPOBAHHONW CTPYKTYPHI C MOJHBIMH TOCIIE0BATEIEHBIMHI
CBSI3IMHU
Crpykrypa pa3oMkHyTOl K-CIOWHOI CETH ¢ MOJHBIMU MOCIEA0BATEIbHBIMU CBA3SIMU IMIPEACTaBICHA Ha PUC.
1 u onuchIBaeTCs ypaBHEHUEM (3) U CIICAYIOIIAM YpaBHCHHEM:
H )

On (M= > Wy By (M) (6)

h(k-) =0
rue H(k_l) - kormauectso ueiiponos (K —1)-ro cnosi; npu (k—=1) =0, H, =T ;
yh(k_l) (n) - BeIXOAHOl curHan h(k_l) -ro neiipona (K —1)-ro cnos HC; mnpu h(k_l) =0, yo(n) =1; upu
(k-D=0uh>0,y, (N)=FM-h+D;
W, ey T BEC CBA3H OT h(k_l) -ro neitpona (K —1) -ro cnost x N, -my neiipony k-ro cros.

Ywucno HacTpanmBaeMbIX napameTpoB K-clioifHOH HEWPOHHOM ceTH paBHO:
K

Zl(H(k—l) +1)|:Hk , (7)

e H gy - konmuectso weiiponos (K —1)-ro cios; mpn (K =1) =0, H, =T ;

H | - xonmnuectso Heiiponos k-ro cios HC.
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AN R

Puc. 1. Ctpykrypa pazoMkHyTO# K-CIOWHOM CETH C MOJHBIMHE ITOCIIE0BATEIHHBIMU CBSI3SIMHU

ITocTpoeHue TpeXxcIoiHON HEHPOHHON ceTH (UKCUPOBAHHOHN CTPYKTYPHI C IOJTHBIMH TIOCIETOBATEIILHBIME 1

0OpaTHBIMU CBSI3IMHU
CTpykTypa TpEXCIOWHON HEHPOHHOW CETH C TIOJTHBIMH IIOCJIEIOBATEILHBIMA M OOpPAaTHBIMU CBSI3SIMHU

TIpe/ICTaBlIeHa Ha PHC. 2 U ONHCHIBACTCS ypaBHEHUEM (3) U CIEIYIOIMNMHU YPaBHECHUSMH:

W(h,,.) W(hz,h]) W’(hz-hz)
X(nN)g——» 1'5”1' > Yoy (M) ——> 2'°VJ Y, (N)—> 3'”'4 >y
crnoun crnoun crnou
> 0 h, 0] h,O
| e1lHy > (1."H2} » (1."H3}
h’ ﬁ n
[k Vo [ AN (1)

T ey (M)

)W(m,rf”yv(m"“) - Viv(hphé)w(hz,h;’z-z)w h022)

:
- V. - n
(hDM)(n) l 0o | y(tha.a)( )
;
h,

= | W sV s e

W(n],n;) (n,hjz‘l)w(rh,nfz‘l)

Puc. 2. CtpykTypa pa30MKHYTOM TPEXCIOHHOMN CETH C TIOJIHBIMH TOCIICI0BATCILHBIMHU U OOPATHBIMU CBA3SIMHU

Axmusayus hy-20 neipona 1-e0 cioa cemu gy, (n) B Moment Bpemern N [J {T,.. M= a} BBIYUCIISAETCS

o popmyie:
3 D1 Hy

o+ S i+
G ()= 3 FO-T+DEES 5 5 v s e, (). ®

rae K - HHIeKC 10 HOMepaMm CJIOeB, k= {1, 2,3 ;
dk 1 - HOMep OJIOKa 3a1epKKHU, KOTOPBIH BBINOJHSICT 3a€PIKKy BBIXOJHBIX 3HaueHUi K-ro ciiost nepen ux nonayeit

Ha BX0J 1-ro cios;
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Dy, - pasmep Ganka namsrtu (WM MakCHMalbHOE KOJIMYECTBO OJIOKOB 32JEPXKKH), IPU MOAA4E BBIXOAHBIX
3uauenuii k-ro, K = {1,2,3} , ciost Ha Bxox 1-ro ciost HC;
H, - uucno neiiponos k-ro cnos cetn, K = {1, 2,3 :
d . —
h* - h it snement d, , -ro Gnoxa sanepxxn, K = {1,2,3} ;

W - Bec ot N, -To snmementa CIK’1 -ro Gmoka 3azepxkn, K = {1,2,3} , kN, -my netipony 1-ro cnos cern,

hy,hokt
hOfL...,H}

Whl’i - BEC OT i-ro BXoja K hl-My Helipony 1-ro cinos HC;

yhfkv1 (N) - BeIXO h( -TO JJIeMEHTa dk’1 -ro 6110Ka 3anepxkn, K = {1,2,3} , B MOMEHT BpEMEHH N.

Axmusayus hy-20 netipona 2-eo cnos cemu gy, (n) B moment Bpemenn N L[] {T,.. oM - CY} BBIUUCIIAETCA

o popmyue:
3 Dy2 Hy

Hl
RN SEACIO DI IR ©

rae Clk2 - HOMep OJIOKa 3aJepXKKH, KOTOPBIA BBIMOJHSET 3aJCPiKKy BBIXOMHBIX 3HAUCHHWM K-ro cios mepem ux
ImoJiaueii Ha BXoH 2-T0 CJIOS;

Dk 5 - pasMep 0aHka namATH (MJIM MaKCHUMAaJbHOE KOJIMYECTBO OJIOKOB 3aJEPHKKH), IPH MNOJa4€ BBIXOIHBIX
suauenuii k-ro, K = {2,3 , cios Ha Bxox 2-ro caost HC;
dy o —
hk 2. hK -BIH 3JICMEHT dkyz—ro 6noka 3anepxku, K = {2,3 ;

w - BEC OT hK—ro JJeMeHTa dkvz-ro 610Ka 3amepxkky, K :{2,3 , k N, -my meiipony 2-ro cios cern,

hz,hfk’z

h, 0{1,....H} ;

Wi, 1, - BEC OT hl-ro HelipoHa 1-ro ciost HC h2 -My Heipony 2-ro ciost HC;

o, (N) - Bexox N, -ro smementa d, ,-ro Gnoka sapepxkn, K =12,3 , B MoMeHT Bpemenu n.
pok.2 k,2 p p
3

Axmusayus hz-2o0 Hetipona 3-20 cnos cemu gh3 (n) B MomenT Bpemernn N [] {T,..., M - a} BBIYUCIIIETCS
o popmyue:
Hy D33 Hj
gh3 (n) = Whg,h |:yh (n) + z w dsz 3 [y dsz 3 (n)! (10)
hy= ’ ’ d33=1p %3 o'l "s
2= 337hy° =1

rac d33 - HOMEp O110Ka 3aICPIKKH, KOTOprﬁ BBITIOJIHACT 3aACPIKKY BBIXOJHBIX 3HAYCHHMH 3-ro cios nepea ux

rnojavei Ha BXoJ 3-TO CJos;

D33 - pasmep 0OaHka HaMATH (WIM MaKCHMAJIBHOE KOJIMYECTBO OJIOKOB 3aJICPXKKH), MPHU IMOJAYe BBIXOIHBIX
3HAYeHMH 3-ro cios Ha BxoA 3-ro cios HC;

d o
h,** - h,-nit snement d, 5-ro 61oka 3anepxxu;

\

98 BEC OT I‘E-ro 3JeMeHTa d3’3-ro 0JI0Ka 33aJICPKKH K h,,—My HeHpoHy 3-T0 cJos CeTH, h,, U {l, ..., H 3} ;

W, h, - BEC OT h, -ro neiipona 2-ro cnost HC x h,-my neiipony 3-ro cnos HC;
y R (n) - Bexon hy-ro snementa dj 5-ro Gnoxa 3anepkn B MOMEHT BpemeHH .

ITocTpoeHre MHOTOCIOMHOM HEMPOHHON CETU MEPEMEHHON CTPYKTYPhI

CTpyKTypa ceTH Ha3bIBaeTCs «IEPEMEHHON», HOTOMY YTO YHMCIIO HEWPOHOB M YHCIIO CIIOEB CETH 3apaHee He
U3BECTHO, a ONpefersieTcs B mpouecce co3nanus cetu. [locne cozgaHus ceTh UMEET Ty K€ CTPYKTYpY, UTO U CETh Ha
puc. 1. Ckonbko clioeB U HEWpOHOB B ciosx Oyaer B HC ckaszare 3apaHee HENb3s. DTO ONPEIENIeTCs B MpoIecce
obyuennss HC W 3aBUCHT OT CIOKHOCTH ammpokcumupyemorn ¢yHkmuu F. CyTh co3maHusl ceTH ¢ TepeMeHHOH
CTPYKTYpOH 3aKITIOYAETCS B CICAYIOIIEM.

CriepBa MBI CTPOUM CETh, COCTOSIIYIO W3 OJHOTO HEHpoHa B TEpBOM cjoe u (O HEHPOHOB BO BTOPOM
(BBIXOJHOM) clloe. DTa CTPYKTypa mpeicraBisier co0oii oOydaemblii Oiiok, mokaszaHHeldi Ha puc. 3. st sToro
oOydaemoro OJiOKa JenaeTcsi KaKoe-TO, 3apaHee 3aJaHHOE I0Jb30BaTeNIeM, KOJMYECTBO CIy4YaiHBIX BHIOPOCOB

-4 -
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HavaJlbHBIX 3HAYCHUN BCCOB, N Ilocne Kaxzaoro BLI6p0ca BBIYUCIISIECTCS OLINOKA CETH. KOFILa IMPOU3BEACHBI BCC

vibros *
BBIOPOCHI, 711 00ydaeMoro 0JIOKa BRIOUPAIOTCS T€ 3HAYCHUS BECOB, KOTOPHIE COOTBETCTBYIOT HaUMEHbBINEH ONTHOKE.

[Mocne sToro, 06y4aemsblii 6J10k 00ydaeTcst Ha Nepoch JMOXaX.

Ha30BeM OMMCaHHBI BBIIE MPOLECC Imanom ofyuenus 6aoka (Hamommio, stan coctont w3 N o

CITy9aliHBIX BRIOPOCOB Haua IbHBIX 3HAYECHUI BECOB U Nepoch 00yJaromux d1oX).

3areM, B MEpBBIH CIIOH 100aBIseTCs €lie OJUH HEHPOH, a TakkKe N00aBISIOTCS CBS3M OT 3TOro HEHpOHa K
HelipoHaM BToporo ciosi. Temeps oOydaemblii OJIOK BKJIIOYAeT B ceOs BTOpOW HEHPOH MepBOTo ciosi (Co BCeMH
BXOJSIIIUMY U BBIXOISIIMMH U3 HETO CBA3AMH), a Takke (I HEHPOHOB BTOPOIO CJIOS, HO TOJBKO CO CBA3AMHU OT
BTOPOT0 HEHPOHA IEPBOTO CIIOS U CMEIeHUsIMU. [1J1st T0oro 00y4aeMoro OoKa TakKe BBIIIOJIHSETCS 3Tar 00yueHHsI.

AHaJOTMYHBIM 00pa30M HEHPOHBI MPOJOIDKAIOT T00ABIATECS B NMEPBHINA cilod. [Ipu 3TOM, KaXkIplii HEHpPOH
JIOJDKEH yJydIlaTh OOIee KauyecTBO almpoOKCHMAalUH psijia ceTblo. KauecTBo ammpoKcHManuy psifia OLEHHBACTCS C
TIOMOIIBIO OLUIMOKH, YCPETHEHHOI M0 BCEM IIPUMEPaM U 110 BCEM BBIXOaM:

1 1 M-a a
&, (n), (12)

Ry —a—TEnZTh;

rae €, (n) - ommbka hy -ro eitpona Bbixoanoro K-ro cios HC, nosyyennas Ha N-M npuMepe.

Puc. 3. O6yuaemsrii 610k hy-ro HelipoHa

Ecnm odepenHoii, 100aBIICHHBINA B MEPBBIA CIOW HEHPOH, HE YJIydIIaeT Ka4eCTBO AlMPOKCHUMAIIMH, TO dTall
oOyuenus moBTopsiercsi. O003HAYMM MaKCHMaIbHOE YMCIIO TIOBTOPEHHUH dTana oOy4eHHs JJIs OJHOTO HeWpOoHa depes

N povtor *
omunOKa TEKyIIero HeMpoHa He CTajia MEHbBIIE ONTMOKH MPEbIYIIero HelpoHa), TO TeKyIIuid HeHpOoH yaamseTcs, a B
CEeTh TO0ABJIAETCS TPETHH CIIOH, cocTosmuid 3 O HepoHoB. Teneph cirydaitHIM 00pa3oM BRIOUPAIOTCS TOJIBKO Beca

Eciu uepes N MOBTOPEHUH TEKYIIMHA HEHPOH HE CTal YIydllaTh KayecTBO aNIpPOKCHUManuu (T.e.

povtor

Mexay O HedipoHamm 2-To cos U O HeifpoHamu 3-To cros. ITpu 3ToMm Tarke mpomssoautces N CITy4yalHBIX

vibros

BEIOPOCOB HAdYaNBHBIX 3HAYCHHWH STHUX BECOB, 3aTE€M INPOBOAUTCS Nepoch 00yJarommx 310X, U €ClIH JT00aBICHHBIN

CJIOM HE CTaJI yJIy4dIlaTbh Ka4CCTBO AIIIPOKCHUMAIINHU, TO BBIMICOIMMCAHHBIN MPOIECCC MOBTOPACTCA MaAKCUMYM N povtor

pa3. Ecmm uepes N TTOBTOPEHHH 3-H CJIOH Tak M HE CTal yJIydllaTh KAYeCTBO allPOKCUMAITUH, TO OH YAAJSETCS

Neoon 2 N

vibros 1 epocl

povtor

U CYHHMTACTCsA, 4YTO MNpU 3adaHHbIX 3HAYCHUAX N HCJIB3s AOCTUYb JIYy4IIEro KadYeCTBa

povtor
anmpokcuMmaruu. Ecii sxe 3-# ciioit yirydnmvin Ka4ecTBO armpoKCHMAIIi|, TO BO 2-H CJIOH MPOJODKAIOT JO0ABIATHCS
HEHPOHBI TAKUM ke 00pa3oM, Kak 1 B 1-ii cioi.

ITono6HBIM 00pa3oM CO3MaeTCs CTONBKO CIIOEB, CKOJBKO HEOOXOOUMO IJIs JOCTHOXKEHHS Tpedyemoro
Ka4yecTBa almmpoOKCUMAINH BPEMEHHOTO psia.

Jis yMCHBIICHUS CTPYKTYPhl CETH W YBEIMYCHUS ANMPOKCHUMHUPYIONINX CBOMCTB KaXIOrO HEHpOHa,
nosnesHo BBectn napametp A\, , NOKa3bIBAIOIMIA Ha CKOJBKO KaX/bIil HEMPOH JOJDKEH ylydmaTh 00IIee KaqecTBO

annpokcuManuy GyHkimu F HelipoHHOI ceTblo.
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Pe3ysibTaThl 3KCIIEPUMEHTOB M BHIBOABI

Brutn mpoBeieHbl AKCIIEPUMEHTHI Ha ONKMCAHHBIX BBIIIE TPEX THMAaX CTPYKTYp HEUpOHHBIX ceTeil. [Ipu aTom
U Kakaon cTpykTypbl HC mpoBOIMIIOCH 1Ba THITA SKCIIEPUMEHTOB: ¢ y4ETOM apTe(aKkToB B 00ydaromiei BEIOOpKeE,
u 0e3 yuera apreakToB B 00y4aromei BeIOOpKe. BbumH MoTydeHsb! ClIeIyonue pe3yabTaThl.

Ommbka oOyuenus Ha TpexcioiiHoW HC QuKCHpOBaHHOW CTPYKTYpPBI C TOJHBIMH TIOCIIEIOBATEIHLHBIMU
cBsa3saMHU Oe3 yuera apredakroB coctaBmia 10% oT MakcHManbHOTO 3HA4eHUsS (DYHKIWH, TecToBas ommmOka — 5%.
Ommbka oOy4yeHUst Ha TOHM e CTPYKType, HO ¢ yueToMm apredakrtoB, cocraBmna 6%, a tecroBas omudka — 12%.
Takoe yBenmuueHne TeCTOBOI OMIMOKN BBI3BAHO H0OABJICHHEM B CETh OUYEHb OOJIBIIOTO YHCIIa BECOB OT apTe(haKTOBBIX
BXO/I0B (Bcero B oOyuwaromied BbIOOpke Obuto 20 apredakToB, 3HaUeHHE MHTEpBaja HabmoneHust T Obiio B3sTo 30
JIHEH, TO ecTh YNCII0 apTe(aKkToBBIX BecoB paBHO 600). YuuTHIBasl, YTO Ha BCEM BPEMEHHOM psZe YHCIO apTe(akToB
OJJHOTO BH/Ia PEIKO TPEBBIIIATO 5, CTAHOBHUTCS MOHATHO, YTO Beca OT apTe(akTOBBIX BXOIOB OBUIM HECIIOCOOHEI
00YyYUTHCSI HA TAKOM MaJIOM YHCIIE IIPUMEPOB, ¥ MPUBOAMIN K 3aLIyMJICHHUIO BBIXOJHOTO CUTHAJIA HEHPOHHOW CETH.

OkcniepuMmeHTsl Ha TpexciorHoi HC ¢QukcmpoBaHHOW CTPYKTYpHl C TOJHBIMH TOCIEAOBATEIbHBIMU H
0OpaTHBIMHU CBSI3SIMH TPOBOJMINCE 03 ydera apTredakToB, OMMOKKA OOyYEHUS M TECTUPOBAHWS COCTABHIM OKOJIO
25% xaxngas. Takoe pe3koe yBelnHueHHe OMMOOK ObLTO BBHI3BAHO BBEACHHUEM OOJBIIOTO YHCIIA BECOB, HEOOXOIMMBIX
JUTSL peau3alii 0OpaTHOM CBSI3W C XOTS OBl SMUHHYHON 3aaep)kkoi. [ToCKOIbKY aBTOPHI HE 3HAJM, KaK MPaBHILHO
BBIOMpATh HAaYaJIbHBIC 3HAYCHHS BECOB OOPATHBIX CBS3CH, a BHIOOP BECOB CIIy4alHBIM 00pa3oM MPHUBOIWI K OYCHb
00JBIIION onTMOKe, TO SKCIIEPUMEHTHI Ha JAHHON CTPYKTYpE ¢ y4eTOM apTe(akToB Ha MPOBOIUIIHCH.

B pesynbrare skcnepuMentoB Ha HC nmepeMeHHOH CTpyKTypbl ObUIa MOJTydeHa JIBYXCIOHHas ceTh. Ommoka
JUISL JaHHOM CTPYKTYphI Oe3 ydera apTedakToB cocTaBmia 8% Ha oOydaromei BeIOOpKe, 1 5% Ha TECTOBOW BHIOOpKE.
OmnbKa JuIst TaHHOH CTPYKTYpHI ¢ ya4eToM apTedakToB coctaBuiia 4% u Ha oOy4aromiell 1 Ha TECTOBOH BBIOOpKaXx.

TakuM 00pa3oM, OSKCIEPUMEHTHl NOKa3ajlk, YTO HauOojee TMOAXOJSMEeH CTPYKTYpOH Ml 3anadu
9KCTPAMOJISIIIHY Yrcsia 3B0HKOB Call-1ieHTpa sABsieTcss HefpOHHAs CEeTh IIEPEMEHHON CTPYKTYPBHI.
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ABOUT ONE PROBLEM OF CALL-CENTER MANAGEMENT USING NEURAL NETWORKS
Tomashevich N.S,, Tomashevich D.S., Galushkin A.l., Muromsky M.U., Shachnev E.A.

Scientific Center of Neurocomputers
107066, Moscow, st. Novaya Basmannaya, 20

Investigation of different neural network frames for decision of problem of calls number of one Call-center extrapolation taking into account and
without taking into account artifacts is carried out. Defferent frames of neural networks are considered: fixed frame with full consecutive
connections, fixed frame with feedbacks, variable frame. Experimental results have shown superiority of variable frame for decision of the given
problem.

I ntroduction

Call-centers are organizations which are engaged in professional processing of telephone calls. Agents of
Call-center immediately interact with clients. Each agent have any skill or severa skills. Skill is understood as a knack
of agent to take an order on pizza, airplane tickets and so on. Teaching of agent and getting by him of any skill is
performed at the expenses of Call-center and costs sufficiently expensive.

One of the important tasks arising to Call-center is the correct allocation of manpower so that any agent
didn't stand without work, and at the same time any client's call wasn't lost. This optimization problem includes
following complicated subtask: it is required to form the forecast of calls number for one month forward so that
manager of Call-center could correctly allocate a manpower.

Description of different methods for construction of neural networks of different frames for decision of the
problem of calls number of one Call-center extrapolation is adduced. At decision of this problem authors were used
database of one Call-center, containing datas about calls number during one year with quantization interval equal to
half-hour, and also datas about artifacts, which are different events which can somehow influence on calls number.

Neural network problem definition

Calls number from database of one Call-center represents itself a time series specified on interval [1L, M]. It
is known that A different kinds of artifacts can influence on behavior of this time series, at that arbitrary number of
artifacts in arbitrary combinations can happen in every point of time N[ {l, e M} .

Since we decide an extrapolation problem, let’s form learning sample by observing interval of time series of
length T and by predicting a following values of this time series. That is in each point of time

n D{T,..., M —a} an example of learning sample is generated, in which the input signal of neural network
consists of:
- vector of function F values (of length 7) from observation interval [n -T+1 n] ;
- (T +a) vectors of artifacts (each of length A) consisting of 0 and 1. If i-th kind of artifact, i O{L,..., &,
presents on interval [n -T+Ln+ a] in j-th point of time, | D{l, O I 0{} , then the i-th item of j-th vector
is setting up equal to 1, otherwiseit isequal to 0.
And desired output signal is the vector of function F values on interval [n +1ln+ a] of length O . Hence,

the number of learning examplesisequalto M —T —a .

Output signal of neural network in point of time N D{T,..., M —a} is the vector (of length ') consisted
of preceded by neura network function F values on interval [n +1ln+ a] , denoted by
y(m) ={ys(n),.... Yo (n}

Decision error is defined as difference between desired and real output signal of neura network in discrete
point of time N D{T,... M - 0{} , that is decision error shows the length up to right value. In our case decision error

in point of time n representsitself vector, which j-thitem €, () isequal to:
e;(n) =y;(n-F(n+j), @)
where n — current point of time, nD{T,...,M —a} :

j — current position on extrapolation interval, | [ {ZL s ,0{} .
Activation function must be monotonic with real-valued output signal. In the problem decided in this paper
function F(X) takes on only non-negative values. Size of function values changing is [O,Zm], where 2m is the

maximum value of function F oninterval [1, M ] . So, let’s use the following activation function of arctangent type:

Y, (N) = m arctg(ghk (n))H+ m, €©)
Ot O

-7-



3-a MexxayHapogHasa KoHdepeHuns DSPA-2000

where Y, (Nn) - output of h, -th neuron of k-th network layer, k [J {1, oo K} , in point of time n;
0, (N) - activation of h, -th neuron of k-th network layer, k D{l, s K} , in point of time n.
Optimization functional @(N) was taken the same for al neural network frames, namely, minimizing mean-
square error. At learning on n-th example, N [ {T veotn M — a} , the functional is computed as:
a
@(n) = min%hgleﬁK (n), (4
where €, (n) - error of hK -th neuron of output layer, computed by formula (2).

Search of extremum of optimization functional for al neural network frames was carried out by gradient
method with random choice of initial conditions. The gist consists in that the initia weights values are chosen in a
random way, and then at network learning after n-th iteration, N D{T,..., M —a} , of each epoch the error is
computed, and all network weights are adjusted in following way:

() -k, 32M )

Py Ny

(n+1):th,

W
Py s Moy hk-1)

where K; - is a coefficient of learning velocity of k-th network layer, which determine width of step on the error
surface.

Construction of multilayer neural network of fixed frame with full consecutive connections
Frame of K-layer network with full consecutive connections is shown in fig. 1 and it is described by equation
(3) and following equation:
H )

On (M= Wo iy By (M) ( 6)

hen =0
whereH ;) - number of neuronsof (kK —1) -th layer; when (k=1) =0, H, =T ;

Y (n) - output signal of N, -th neuron of (K —1)-th NN layer; when h, _; =0, y;(n) =1; when
(k-)=0and h, >0, y, (N)=F(n-h, +1);
W, ., - Weight of connection from hy, ) -th neuron of (k —1) -thlayer to B, -th neuron of k-th layer.

Number of adjusted parameters of K-layer neural network is equal to:
K

;(H(H) +1)H, . %

where  H ;) - number of neuronsof (k —1)-thlayer; when (k=1) =0, H, =T ;

H - number of neurons of k-th NN layer.

Fig. 1. Frame of K-layer network with cull consecutive connections
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Construction of three-layer neural network of fixed frame with full consecutive connections and feedbacks
Frame of three-layer neural network with full consecutive connections and feedbacks is shown in fig. 2 and it

is described by equation (3) and following equations:
Activation of hy-th neuron of 1-st network layer g, (n) in point of time n [l {T M - a} is computed

by formula:

HN T . H_I_ 3 Dyi Hy
g, (N) = S, + .leh“i F(n-i +1)D Zldzﬁlhggﬂwm'hfm [Vhfk,l (n), ®)

where k —index by numbers of layers, kK = {ZL 2,5} :
dk'1 - number of delay block, which delays output values of k-th layer before their feeding on input of 1-st layer;

Dk'1 - size of memory bank (or maximum number of delay blocks) at feeding of output values of k-th,
k= {1,2,3 , layer oninput of 1-st NN layer;

H, - number of neurons of k-th network layer, k = {1,2,3} :

hé* - h -thitemof d, ,-th delay block, k ={1,2,3 ;

W o, - weight from R -thitem of d,,-th delay block, k = {1,2,3 , to h; -th neuron of 1-st network layer,
1k
h O{L...,H} ;

W, i - weight fromi-th input to h, -th neuron of 1-st NN layer;
Y acx (M) - output of R -thitemof d, ; -th delay unit, k = {1.2.3 . in point of timen.
Kk

Win) Win, ) Wik, )
i(H)D—> 1-st g V(m (n > o > y(h )(n)4> £ > y(ha) (n)
layer layer layer
> h, 0 h,0 hy O
| f1.H1 > (1..H2} > (1..H3
{ )

v y %3 (n)
y(hzﬂz,z)(n) (h5™%)

o= BV
ot n22) . bt s M 59) =

thz,z)

Fig. 2. Frame of three-layer neural network with full consecutive connections and feedbacks

Activation of h,-th neuron of 2-nd network layer g, (n) in point of time N [J {T M - a} is computed
by formula:
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H]_ 3 Dk,z Hk
gy, (N) = ZWr12,r.1 Oy, (n) + Z Z z W aa I:yhdk,z (n), )
=0 RdondTg " “

where dk,2 - number of delay block, which delays output values of k-th layer before their feeding on input of 2-nd

layer;
Dk'2 - size of memory bank (or maximum number of delay blocks) at feeding of output values of k-th,

k= {2,3 , layer oninput of 2-nd NN layer;
hi*? - h -thitemof d, ,-th delay block, k ={2,3 ;
w

hz,hfk'z

h, 0{1,....H} ;

W, 1, - weight from h, -t neuron of 1-st NN layer to h, -th neuron of 2-nd NN layer;

- weight from h, -th item of d, ,-th delay block, K = {23 . to h, -th neuron of 2-nd network layer,

Y oz (n) - output of h -thitemof d, ,-th delay block, K = {2,5} , in point of time n.
3

Activation of hg-th neuron of 3-rd network layer g, () in point of time N D{T,..., M —a} is computed
by formula:

H, D33 Hj
= + d3,3 d3 3 ) 10
O, (N) hZZOWm,hz By, () dgzlhs%zzlwwz, D e (n) (10)

where d3'3 - number of delay block, which delays output values of 3-rd layer before their feeding on input of 3-rd
layer;

D3’3 - size of memory bank (or maximum number of delay blocks) at feeding of output values of 3-rd layer on
input of 3-rd NN layer;

hy** - h,-thitem of dj 5-th delay block;

W o, - weight from hy-th item of dj;-th delay block to hy-th neuron of 3-rd network layer,
31113
h,Of1,....H} ;

W, 1, - Weight from h, -th neuron of 2-nd NN layer to h,-th neuron of 3-rd NN layer;
Y, (n) - output of h,-thitemof d, ;-th delay block in point of time n.

Construction of multilayer neural network of variable frame

Frame of network is named «variable», because the number of neurons and number of layers of network are
unknown in advance, and they are determined in process of network creation. After creation the network has the same
frame as network in fig. 1. It is impossible to say beforehand how much layers and neurons will be in NN. This is
determined in process of network learning and depends on complexity of approximated function F. Gist of network
with variable frame creation is following.

Firstly, we build network with only one neuron in first layer and @ neurons in second (output) layer. This
frame represents itself the learning block, shown in fig. 3. For this learning block some number of random choices

Ngoice Of inital weights values, before defined by user, is performed. After each random choice the NN error is
computed. When all choices are done, weights values for learning block, which correspond to minimum error, are
selected. Then learning block teachs N, epochs.

-10 -
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Fig. 3. Learning block of hy-th neuron

Let's name the described above process by block's learning phase (this phase consists of N random

choice

choices of intial weights values and of N learning epochs).

epoch
Then one more neuron and connections from this neuron to neurons of second layer are added in first layer.
Now learning block consists of second neuron of first layer (with all input and output connections) and of @' neurons
of second layer, but only with connections from second neuron of first layer and with bias. Block's learning phase is
carried out for this neuron, too.
Similarly, neurons are added to the first layer. At that each neuron must improve approximation quality of
time series by neural network. Approximation quality is appreciated using error, averaged over total learning sample

and over al outputs:
1 M-a o

S e ). (11)

T M-a- Ta = et

where €, (n) - error of hy -th neuron of output K-th NN layer on n-th example.
If the next added to first layer neuron doesn't improve approximation quality, then phase of block's learning
is repeated. Let's denote the maximum number of block's learning phase repeats for one neuron by N If after

Nrepeat
than error of previous neuron), then current neuron is removed, and new third layer of ' neurons is added to neural
network. Now we choose in a random way only weights between ' neurons of 2-nd layer and 0 neurons of 3-rd

layer. At the same time N random choices of initia weights values is accomplished, then N learning

repeat

repeats the current neuron doesn't improve approximation quality (that is error of current neuron is not less

choice epoch

epochs is carried out, and if added layer doesn't improve approximation quality, then described above process is

repeated at most N times. If after N repeats 3-rd layer doesn't improve approximation quality, then it is

repeat repeat

removed and we draw conclusion that with given values of N Nepon @d N, ooy it isimpossible to achieve

choice *
the better approximation quality. If 3-rd layer improves approximation quality, then we continue to add neurons to the
2-nd layer in the same way, asto the 1-st layer.

Similarly, we create so much layers as it is necessary to achieve the required approximation quality of time
series.

To decrease NN frame and to improve approximating capabilities of each neuron, it is useful to introduce
parameter A, , which shows on how much each neuron must improve total approximation quality of function F by

neural network.

Experimental results and conclusions

Experiments on described above three frames of neural networks were carried out. At that for each NN frame
two kinds of experiments were carried out: taking into account and without taking into account artifacts of learning
sample. Following results were achived.

Learning error on tree-layer NN of fixed frame with full consecutive connections without taking into account
artifacts was equal to 10% from maximum function value, and test error — 5%. Learning error on the same frame, but
with taking into account artifacts, was equal to 6%, and test error — 12%. Such increasing of test error is caused by

-11 -
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adding to network of very big quantity of weights from artifact inputs (total number of different kinds of artifacts is
20, value of observation interval T is 30 days, that is number of artifact weights is equal to 600). Since number of one
kind of artifacts in time series wasn't exceeding 5, it is understood, that weights from artifact inputs couldn’t be
teached on such small number of examples, and resulted noisiness of output signal of neural network.

Experiments on three-layer NN of fixed frame with full consecutive connections and feedbacks was carried
out without taking into account artifacts, both learning and test error was equal approximately to 25%. Such sharp
increasing of errors was caused by introduction of big quantity of weights, which are necessary to readlization of
feedback with at least one delay unit. Since authors didn't know how to right choice initial values of feedback
weights, and choice of weights values in a random way results a big error, then experiments on this frame with taking
into account artifacts wasn’t carried out.

As a result of experiments on NN of variable frame we received two-layer network. Error for this frame
without taking into account artifacts on learning sample was 8% and on test sample 5%. Error for this frame with
taking into account artifacts was 4% for both learning and test samples.

Thereby, experimental results have shown, that neural network of variable frame is the most suitable frame
for decision of problem of calls number of Call-center extrapolation.
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