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POBACTHOE YIIPABJIEHUE JJUCKPETHOM CUCTEMOU
MACCOBOI'O OBCJIYKUBAHUSA

Pemena 3aga4a cuHTe3a CHCTEMBI YIIPABICHHS B BUJE MPONOPIUOHATEHO-UHTETPAIEHOH 00paTHO CBSI3M JUIS UC-
KPETHOH MapKOBCKON CHCTEMBI MacCOBOTO oOciykuBaHus. IIpoBeneH aHamM3 acUMITOTHYECKOH YCTOWYMBOCTH U
POOACTHOCTH CHCTEMBI C YIIpaBlieHHeM. [IprBeieHbI pe3ybTaThl MOICIUPOBAHUA.

KiroueBble cil0Ba: IMCKpETHAs CUCTEMa MAaCCOBOTO 00CIIY)KMBaHUS; IIEperpy3Kka; poOacTHOE yIpaBleHHE.

VYnpasnsemble CUCTEMbI MACCOBOTO OOCITY>KUBaHUSI ABISIFOTCA O0BEKTOM HUCCIIE0BAHUS B TEUCHUE HE-
CKOJIBKUX Aecsatunetuii [1-4]. B nmocneqnue ronpl NoSBUINCH HOBBIE 33Ja4y YIIPaBIECHUS CUCTEMAMH C OYe-
pensiMu, CBA3aHHBIE C NPEJOTBPALICHUEM NIEPErpy30K B KOMIBIOTEPHBIX ceTsX. IIpu peleHuu 3tux 3amgay
HaIUTM [IPUMEHEHUE METOABI TEOPUU aBTOMATHYECKOTo ympasieHus. Hampumep, B cucreMax ¢ aKTUBHBIM
ynpasieHueM ouepenpto TCP-nakeroB nmpumensercs ynpasinenue B Buzae [IM u [TN] perynstopos [5-8],
yIpaBiieHHe, ONTUMaIbHOE 10 KpuTepuio H  [9].YnpasieHue B 3TUX CUCTEMaX OCYILECTBIIETCS OTKIOHE-

HHUEM MOCTYNAOIUX MaKeTOB. [[akeThl OTKIIOHSIOTCS C HEKOTOPOU BEPOSTHOCTHIO, 3HAUEHUE KOTOPOH Ofpe-
JeJIsieTCs CUCTEMOH yIpaBJIeHUS.

Hannast paboTa sBiseTcs mpoaonkeHneM padotsl [10], B KOTOpoit ObLIO MPEUIOKEHO pelIeHNE 3a1a4u
YIpPaBJIEHUs] COCTOSIHUEM HENPEPBIBHOW CHCTEMBI MacCOBOI'O OOCIIY>KHMBaHMS C NPUMEHEHUEM IIPOIOPLIUO-
HaJTLHO-UHTETPATbHON 00paTHOH cBs3u. ONMCaHHBIN B HEH MOAXO0M PacpOCTpaHsIeTCS Ha CITydald TUCKpPET-
HBIX 110 BpEMEHU MAPKOBCKUX CHCTEM OOCITY>KUBAHHSL.

Ilon cocTosiHUEM CHUCTEMBI IOHUMAETCS. YUCTIO 3asBOK B CUCTEME B TEKYIIMH MOMEHT BpeMeHU. 3aja-
Yya YIpaBJICHUS 3aKII0YaeTcs B MOAJEPKAHUM 33JaHHOTO CPETHETr0 3HAYEHHs YUCNa 3asBOK B CHCTEME.
VYnpasneHue, Kak U B KOMIIBIOTEPHBIX CETAX C aKTUBHBIM ylpaBieHueMm odepenpio TCP-makeros, ocy-
LIECTBIISAETCS OTKJIOHEHHEM MOCTYMAIOIUX 3asgBOK. BepoATHOCTh OTKIOHEHHUS 3aiBOK PAacCUUTHIBAECTCA
B Ipoliecce (PyHKIMOHUPOBAHUS CUCTEMBI.

[Ipennonaraercsi, YTO BEPOSTHOCTh MOCTYIUICHUS 3asBKU, BEPOSTHOCTh 3aBEPIICHUsT 00pabOTKU 3asB-
KM HEU3BECTHBI U MOTYT MEHATHCS B Mpolecce PyHKIMOHHUpOBaHUS cucTeMsbl. [Ipeanonaraercs Takke, 4To
cucreMa (GYHKIHMOHUPYET B YCIOBHUSIX NEPErPy3KH, KOTJa BEPOSTHOCTh MOCTYIUIEHUS 3asBKU OOJIbILIE BEPO-
SATHOCTH 3aBEPILCHHUS 00paOOTKH 3asBKH.

B paGote npoBesieH aHaIN3 aCUMITOTHYECKOH YCTOWYNBOCTH U POOACTHOCTH CHCTEMBI C YIIPaBIICHU-
€M B Bujie 00paTHOH cBs3u. [IpuBeeHbI pe3yIbTaThl MOACIUPOBAHUS CUCTEMBI C YIIPABICHUEM.

1. MaTemaTu4eckasi Moaejib 00beKTa yrnpasJjeHus

BBeneM 0003HaueHMSI: v — BEPOSTHOCTh MOCTYIUICHUS 3asBKU; w — BEPOSTHOCTH 3aBEpIICHUS 00pa-
00TkH 3asBKH; (k) — BEpOATHOCTh OTKIIOHEHUS 3asBKH; n — JIOIMYCTUMOE YHCIIO 3asBOK B cucTeme; p; (k) —
BEPOATHOCTh HAXOXJIEHUSI CUCTeMBbl B cocTosiHud [ = 0,1,....,n B MOMeHT BpemeHu k =0,1,2,.... bynem

CUMTATh, YTO 3HAYCHUS v U w HEH3BECTHBI H MOTYT MEHSATHCS B Iporiecce QyHKIIMOHUPOBAHUS CHCTEMBI.
Bynewm takxke cuuraTh, 4To cricTeMa (DyHKIIMOHUPYET B YCIOBHSIX MEPETPY3KU: V > W.
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CpenHee 3HAUEHIE YKCIIa 3asBOK B CHCTEME B MOMEHT BPEMEHH K pPaBHO
n
y(k)=>"ip;(k).
i=1
3amaua ynpaBIeHUs 3aKIII0YaeTCs B 00ECICYCHNH 3aJaHHOTO CPEHETO 3HAUCHHMS YHCIIa 3asSBOK
yky=y, 0<y<n.

OOBEKT yIpaBleHHUs SIBIISICTCS KOHEYHOU TIeTThI0 MapKoBa U MOXKET ObITh OITMCAH CUCTEMOM ypaBHe-
Huti Koamoroposa [11]:

p(k+1)=Ap(k)+ Bp(kyu(k),  y(k)=cp(k), ep(k)=1, €]
rae
I-v ¢ 0 ... 0 O
po(k) v a a .. 0 0
(k) 0 a a ... 0 O 0
plk)= : , A=| : S R
P, (k) 0 0 0 .. g q 0
p,(k) 0 0 0 ... a aqa w
0 0 0 a 1—-w

ag=1-v)A-w)+w, ag=0-—Vv)w, a=v(l—w),

v b 0 .. 0 0 0
v b B ... 0 0 0
0 b b ... 0 0 0

B=|: i oo
0 0 0 .. B b O
0 0 0 ... b b 0
0 0 0 .. 0 b 0

by=v(l—-w)—vw, b=w, b =—v(1-w),

c=[01 2 ... n, e=]11 .. 1].

3amada cUHTE3a YIpaBJeHUs B BUAE 0OpPaTHOM CBS3U MO BBIXOAY ISl cUCTeMBI (1) sIBIsIeTCs! CIIOKHON
MaTeMaTHYECKOH 3aJaueii, MOCKONbKY 3TO OMJIMHEHHAs CHCTEMa BBICOKOTO MOPsAKa C HEU3BECTHBIMH Mapa-
MeTpamu. [lokaxkeM, 4TO MOXKHO MEpelTH K Oosiee MPOCTOMY OIMCAHUIO OOBEKTa yIpaBlICHHs B BUAE Pa3-
HOCTHOTO YPaBHEHHUS IIEPBOTO MOPSIIKA C HEONPEACIEHHBIM TapaMETPOM M BO3MYILIEHUEM.

CripaBeJTUBBI paBEHCTBA

cA:[v I+v—w 24v—w ... n—14+v—w n—w] ,
cB:[—v -V ... =V O].
CrenoBaTeibHO,
y(k+1)=cAp(k)+ c(Bp(k))u(k) =
= y(k) = v(1=p,(0))u(k) +v (1= p, (k) = w(l = po(k)).
TakuMm 00pa3oM, TMHAMHUKA CPEAHETO YKCiIa 3asBOK B CHCTEME OIMCHIBACTCS YPaBHEHUEM
y(k+1)=y(k)+au(k)+b, 2)
rae
a—= —v(l —pn(k)) , b= v(l —pn(k)) — w(l —po(k)) .

Ypasuenue (2) OyzmeM paccMaTpuBaTh KaK YpaBHEHUE CHCTEMBI C HEOTIPEICICHHBIM TapaMeTPOM d U
HEKOHTPOJINPYEMBIM BHEIITHUM BO3MYIIEHHEM b.
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2. AJTOpUTM yNIpaBJIeHUs

VYnpasnenue ans cucteMsl (2) OyAeM CTPOUTH B BHIC NMPONOPLUUOHAIBLHO-MHTETPAJIbHON 00paTHON
CBSI3H

u(k) =k, y(k)+hks(k),  s(k+1)=s(k)+ y(k), 3)
rac j/(k) = + — OTHOCHUTCJIbHOC OTKJIOHCHUC CPCAHCTO 3HAUCHUA YUCTIa 3adBOK B CUCTCMEC OT 3aJlaH-

HOTO 3Ha4eHus y , k,, k; — kod(uLMeHTE 00paTHOH CBS3H.

3aMKHyTas 0OpPaTHOM CBA3BIO CHCTEMA OMUCHIBACTCS] YPABHEHUAMU

- - b -
P+ =14+ Sk, (300 +Sks() +=,  sk+1)=s(k)+ 5 (k). @
y y y
XapakTepucTUUECKUI MOJMHOM 3aMKHYTOM CUCTEMBI PaBEH
a a
A(z)=z"+diz+d,, dlz—gkp—z, dzzg(kp—kl.)Jrl. (5)

Cucrema (4) ABISETCS aCHMIITOTUIECCKH YCTOWYUBOM TOTJa U TOJIBKO TOT/AA, KOTJa KOPHU XapaKTepH-
CTUYECKOTO MOIMHOMA (5) JIeXKaT BHYTPU KpPyra SIUHHYHOTO pajnyca |z| <1.
3aMeTHM, 9TO U3 aCUMIITOTHYECKON YCTOHIMBOCTH CHCTEMEI (4) clieayeT
lim y(k)=0, lim y(k)=1Y,
k—o00 k—00
4TO U TpeOyeTCs I PEelIeHHs 3a/1a4l YIPaBICHUS COCTOSTHIUEM cucTeMsl (1).
3anuiieM yCIoBUS aCUMIITOTHUECKOM YCTOMYMBOCTH B MapameTpuueckoM Buue. M3ectHo [12], uTo
KOPHH ITOJIMHOMA BTOPOTO MOPS/IKA JISKAT BHYTPU KPyra eMHHYHOTO Pauyca TOra U TOJIBKO TOT/Ia, KOoraa
l+d,+d, >0, 1-d,>0, 1-d,+d,>0. (6)
W3 HepaBeHCTB (6) MONYYHM yCIIOBYSI, HAKIaAbIBACMbIE Ha KOA(PDUITUCHTHI 0OpaTHOHN CBS3M:
a a a a
_:ki>0’ _:(kp_ki)>0’ 4+2:kp_:kz>0 (7)
y y Y Y
Jnst mapaMeTpa a CrpaBeJIuBO HEpaBEeHCTBO — 1 < a < 0 . CnenoBaTtensHO, HepaBeHCTBa (7) BBINOI-
HSFOTCS TOT/Ia ¥ TOJIBKO TOT/Ia, KOTJa
k,>k>0. 8)

Ycnosue (8) ecTb HEOOXOAMMOE M JTOCTATOYHOE YCIOBHE aCHMITOTHYICCKON YCTOWUNBOCTH CHUCTEMBI
(4). 3ameTum, uto ycimoBue (8) HE 3aBUCHUT OT MapaMeTpoOB OOBEKTa yrpaBieHHUS v, w, n. CleqoBaTelbHO,
cHUCTEMa C OOpaTHOM CBA3BIO 00JIaaeT CBOMCTBOM POOACTHOCTH.

3. Ilpumep

Pacuets! n UMUTAIIIOHHOE MOJEIMPOBAHNE TIPOBOIMIIMCE JIJISl CHCTEM C ITapaMeTpaMu
v=0,5; w=0,3;n=1400,
v=0,7,w=0,5;n=300.
[TycTh xenaeMoe cpeHee 3HaUeHUe Yrcia 3asBoK B cucreMe y = 200. 3agamum K03 PUIMEHTH 00paTHOM
CBSI3U PaBHBIMU kp =30, k£, =0,1.

CHayana peluM CHUCTEMY YpaBHEHMH pacIIMpEeHHOH 3aMKHYTOH CHCTEMBI. JTa CHCTEMa ypaBHEHHM
COCTOMUT U3 cucTeMbl ypaBHeHHH Konmmoroposa (1) 1 ypaBHeHuit oopartnoii cBsizu (3). Ha puc. 1, 2 moka3zanbl
rpadUK CpeJHEro 3Ha4CHHUS YHcia 3asSBOK B CHCTEME M TpaduK ympasieHHs. PacueTsl MpoBOIMIUCH NPHU
HavyanbHbIX ycnoBusx: p;(0) =0, i =0,1,2,...,n, i = 221, p,5;(0)=1, s(0)=0.

3aTeM BBINOJIHUM UMUTALMOHHOE MojenupoBanue. Ha puc. 3, 4 moka3aHsl pe3ynbTaThl MOJEINPOBA-
HUS, MOTy4YE€HHBIE TPU HAYaJIbHOM YHCIIE 3asBOK B CHCTEME, paBHOM 221.
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Fig. 4. Probability of rejection of the request in the system: a — v=0,5;w =0,3;n =400, b— v=0,7;w=0,5;n =300
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[Ipu MonenupoBaHWU AJIs OIICHKH CPEIHETO YMCIIa 3asiBOK B CUCTEME MPUMEHSUICS AKCIIOHCHIUAIb-
HBII (QUIBTP TIEPBOTO MOPSIKA
Yk +1) = ox(k) + (1 —a)p(k),
rae x(k)— HaOmromaeMoe YUCiIo 3asSBOK B CHCTEME B MOMEHT BpeMeHHU k, J(k) — OICHKa CpeIHero 3Have-

HUS YUCIIa 3asBOK B CHCTEME B MOMEHT BPEeMEHH k , 0. — mapamerp QuibTpa. 3HaUeHHe napaMmeTpa QuibTpa
OBLTO BEIOpaHO paBHBEIM 0,7.

Pe3ynprarel pacdeToB W MOAETHPOBAHHS MOATBEPKAAIOT CBOWCTBO pOOACTHOCTH CHCTEMBI C 00pat-
HOH CBSI3BIO.

3akiaouenue

B pabote pemeHa 3amada cHHTE3a CHCTEMBI YIPABICHHWA B BHJE MPONOPLHNOHATIHHO-HHTETPATHHON
00paTHOW CBSI3M IS AUCKPETHOW MAapKOBCKOM CHCTEMBI MaccoOBOTO oOchykuBaHwms. IIpoBereH aHamm3
ACUMITTOTHYCCKOW YCTOMYMBOCTH M POOACTHOCTH CHCTEMBI C 00paTHOM CBs3bIO0. [IpeacTaBIeHBI Pe3yIbTaThl
pacyeToB U MOJCIHUPOBAHUS, KOTOPHIE MOATBEPKIAIOT BO3MOKHOCTh IPUMEHEHUS MPEIOKEHHOW CUCTEMBI
YIPaBJICHHUS B CUCTEMaX MacCOBOTO OOCTYXKUBaHUS, (DYHKIIMOHUPYIOIINX B YCIOBUSX MEPETPY3KU.

[Ipennoxennast B paboTe CHCTEMa YIPaBJICHUS MOXKET OBITh HCIIOJIB30BaHA B CUCTEMax Mepeaadd U
00paboTku maHHBIX. HanmpuMep, B KOMIBIOTEPHBIX CETAX C AKTUBHBIM YIPaBICHHEM OYEPE/IbI0 TAKETOB.
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We consider the discrete-time queuing system as a control object. Control problem consists in providing a desired system state.
The system state is defined as the number of requests in the system. The number of requests in the system is controlled by rejection
of arriving requests with some probability.

It is assumed that, the probability of arrival and the probability of service completion of request are unknown and may change
during the operation of the system. It is also assumed that the system operates under congestion conditions when the probability
of arrival greater than the probability service completion of request.

The control system should have a type of feedback and should have property of robustness in relation to change of parameters
of a control object and the entering flow of requests.
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The control object as a finite Markov chain is described by the system of Kolmogorov equations
plk+1)=Ap(k) + (Bp(k)u(k), y(k) = cp(k),
where 4, B, c are system matrices, y is the average number of requirements in the system, u is control signal. This is a bilinear system
with restrictions on the state and control variables. Analysis of this system has shown that it is possible to proceed to a simpler
description of the control object in the form of a first-order difference equation with uncertain parameters
Yk + 1) = y(k) + au(k) + b.

It is proposed to apply the classical proportional-integral feedback to solve the problem of controlling the state of this system.

We have investigated the conditions of stability and robustness of the system with control. The results of numerical experiments
and simulation confirm the possibility of using the proposed control in queuing systems operating under congestion conditions.

Keywords: discrete-time queuing system; congestion; robust control.
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