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Po3rnsanyTo mpoOJjeMHu cucreM 3 KiJIbBKOMa eTanmamMH, KilbKoOMa THIIaMH pecypciB,
KiIbkoMa Tunamu cepgiciB. IIpeacTaBiaeHo MeTon IMHAMIYHOrO YNpaBJiHHSA pecypcaMu AJs
0aratoeTanHUX CHCTEM, 0 BHKOPUCTOBYE THYYKY AHANITHYHY MOJeJb IJsl BU3HAYEHHS
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The problem of growth of the mobile data traffic and the number of services becomes
global, moreover, volume and frequency of control traffic transmitted through the network
areincreasing, and thereforethere is a need for its effective management to ensure the quality
of service required by users and optimal use of mobile network resources. In such
circumstances, the load on the server that is created in the process of establishing the
connection and its serving has its considerations. Wide range of modern information
communication systems implies stagewise processing of incoming requests. In response to a
request such systems perform a sequence of data processing actions, including, in general,
number of steps. Likewise the billing system of mobile telecommunication operator involves
performing succession of operations. Each service provided by the operator or service
provider to the customers is charged using a distinct scheme, thus a billing system is a
bottleneck in the service provisioning. This paper is devoted to the problems of multiple stage
multiple resource multiple service systems. Dynamic resource provisioning in multi-stage
systems is a useful technique for handling the variations seen in communication systems
workloads. Virtualization technology allows to implement this approach. It is non-trivial to
extend provisioning mechanisms designed for single-stage scenarios to multi-stage scenarios.
Classical approaches may merey shift the bottleneck to another downstream stage. For
another thing, in the networks various stages may be located on the same physical machine,
and thus it is necessary to consider a common pool of the resources. An analytic model of a
system would be attractive as it would be able to evaluate system char acteristics under a wide
range of conditions, and to be computed comparatively easily. It is also can incorporate
numerical optimization techniques for system design. Moreover, thereisa need in formulation
and solving of the multi-criteria problem of resource allocation among different nodes with
consider ation for beside the failure probability other criteria— such asthe cost of utilization of
additional amount of resources (i.e. cost of activation of the additional server) or benefit from
the certain service provisioning and so on. In this paper we argue that dynamic provisioning of
multi-stage infor mation communication systems raises new challenges not addressed by prior
work on provisioning single-stage systems. An extended dynamic provisioning technique for
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multi-stage multi-resource multi-service systems that employs a flexible queuing model to
deter mine how much resour ces to allocate to each stage of the system is proposed. The whole
system is modelled as sequence of multidimensional Markov chains. Since the numerical
evaluation of the closed-form failure probability in such system will become numerically
intractable for a large number of traffic classes, a simpler approximate method of calculation
for the state probabilities of the traffic model described is used. To evaluate the proposed
technique M athcad system is used. T he effectiveness of the method is confirmed by simulation
example for the system with two service types, two resource types and three stages. The
proposed model is very general and can be used for analysis of different systems.
Key words: cloud computing, multi-stage system, queuing system, resour ce allocation

Beryn
Haiimupumii criekTp cydacHUX iH(pOpPMaIifHUX CHCTEM MacOBOrO OOCIYrOBYBaHHS Iepeadadac
noeranHy o0poOky 3anutiB (puc. 1), a cucrema Tapudikaiii onepaTopa MOOUILHOTO 3B’ SI3KY — BUKOHAHHSI
MEBHUX oOrmepalliii. Pi3HOMaHITHICTh IMOCIYr Ta BHUIAJKOBICTh MPOIECY HAJXO/PKCHHS 3asBOK Ha iX
Tapupikaiito poOUTh OUTIHIOBY CUCTEMY BY3bKHM MICIIEM.

TenexomyHikawiiiHa cucrema

BXiguuii OTiK 3asBOK| Buxinauii moTik 3asBOK

Puc. 1. Cucmemu 6azamoemantoi 06podku ingopmayii

[cHYIOTH pi3HI MiAXOAM 10 YHPaBIiHHSA KUTBKICTIO BHJAUIEHUX PECYpCiB Uil KOXHOI ITiJCHCTEMH:
¢ikcoBani Ta amantuBHi. ChOromHi Bce OLTBIIOI MOMyNspHOCTI HaOyBae BHUKOPHCTAHHS BIpTyaJbHHX
CepBepiB, SIK1 JIETKO HANAIITOBYIOThCA ITiJ] 3MiHY HaBaHTa)XEHHS Ta J03BOJISIFOTH pealli3yBaTh aJanTHBHUHA
migxig. Tlpouec ympaBmiHHA pecypcaMH € CKIaJHHM 3aBIaHHSM 4Yepe3 KOJNMBaHHA pPoOOYOro
HaBaHTaxeHHsA. OHak 0araTo HaBaHTaXXEHb B JaTAallCHTPaX 3a3BHYail MalOTh MEPIOUYHI IA0I0HH, IPOTE
BUHUKATHMYTh 1 BIAXWICHHS BiJl ICTOPHYHUX MoJelied 4epe3 HemependaveHi (pakTop, Taki sK MMKOBi
HaBaHTakeHHs Toro [1]. Yepe3 MiHIMBICTh HaBaHTAXKEHHS, 110 3a3HAIOTH CYYaCHI CHCTEMH, PO3MIILIICHHS
BIpTyaJIbHMX MAIlIMH MOBHHHO TIOCTIfHO B PEKHMI peajbHOr0 4acy ONTHMi3yBaTuCh [2]. BpaxoByroun
TPYAHOILII Yy TMPOrHO3yBaHHI MIKOBUX HAaBaHTa)KEHb, CHCTEMa MOBHHHA BHKOPHCTOBYBATH KOMOIHAIIIIO
JMHAMIYHOTO HAaJaHHS peCcypciB Ta YNpaBIiHHS 3aluTaMd, 100 BYACHO BiIpearyBaTH Ha 3MiHH
HaBaHTaxeHHs [3]. 3pelToro, HaJaHHs pecypciB He € 6e3KomTOBHUM [1]; iCHYIOTH pi3Hi MMOB’ s3aHi 3 UM
BUTpATH 1 pu3nku. Yacte BUKOHAHHS MPOIEYyPH HAJaHHS PECypCiB CIPHYUHSIE BTPATH 1 TPOJIYKTHBHOCTI,
it eneprii. YacTi nepionuuHi BMHUKaHHS T BAMUKAHHS TIOTY>KHOCTI CEpBEpiB BUKIUKAIOTh “3HOIICHHS , 1110
MOX€E TIPU3BECTH JIO BIIMOBHU cepBepa i mepedoiB y o0CIyroByBaHHi. ToMy IpoBaiiepy MalOTh CIpaBy 3
KOMIIPOMICOM IIIOJ0 CHEProcEKTUBHOCTI — MIHIMI3AIIE CIOKHBAHHS €HEprii 3 OJHOYACHHM
3abe3neueHusM SLA (Service Level Agreement) [2].

JluHamiuHe HaJaHHS PECypCiB — BUIUICHHS 1 3BUIbHEHHS CEpBEPIB IS MPOrpaM — BHBYAJIOCT B
KOHTEKCTI TIpOrpaM OJHOTO PiBHA, TOMI SK y Tpolleci BHBUCHHs OaraTOpiBHEBUX MPUKIAHHUX MPOTrpam
InTepHery yBara 3ocepeKyBanach Ha MUTAaHHAX YHPaBIiHHS JOCTYIOM JUISl MIATPUMKH IUILOBOTO 4Yacy
BIINOBIMI, ajie¢ 3aJa4i BUIUICHHS pECypCiB HE pO3MIAganuch. Po3IIMpeHHS MEXaHI3MIB BUUICHHS
pecypciB, po3poOieHuX i OOCIyrOBYBaHHS CEpBICIB B OJMH €Tal, Ha OaraTtopiBHEBI CIeHapii €
HETPHBIANBHOIO 3ajaueto. KimacuuHi migxoau MOXYTh MPOCTO 3MICTUTH BY3bKe Miclle Ha IHIIMH piBeHb
[3]. Boanouvac, sik mpaBuIio, BUBYAIOTh CUCTEMH 3 €MHUAM THIIOM PECypcCiB. 3aaadi po3noiiay pecypciB y
cucremMax OaraToerarmHoi 0OpOOKH PO3TISIIAIOTHCS TIEPEBaXKHO JIISl IHTEPHET-CHCTEM, TOJI K Taki 3a/adi
BUHUKAIOTh B Pi3HUX cdepax, 30KpeMa B Ipoileci poOdOTH cepBepiB orepaTopa MoOUTEHOTO 3B’ A3Ky. B
OLTBIIOCTI POOIT eTanmy PO3IIIAAAIOTHC HE3aJIeKHO a00 3 He3aIKHIUMU mynamu pecypeis [3, 4]. Ipore B
Mepexax pi3Hi eTany MOXKYTb pO3MILyBaTHCh Ha onHiN (i3nyHil MammHi. B Takux Bumaakax HEOOXiIHO
PO3MJISIATH 3arajibHUM MyJ pecypciB, 1 BUHHMKAE JOAATKOBA 3ajavya — 3ajada ONTHMAJIbHOIO PO3MOILTY
3aralibHAX PecypciB MiX Pi3HUMH eTaraMH.

81



3ayBakuMo, IO JOMLUIbHIIIE 3aCTOCOBYBATH OJHOPA30BE MPHHUHATTS PIIICHHS PO JOCTYII Mij 4ac
HAJXOPKEHHSI 3amuTy. Take OoJHOpa30Be DINIEHHsS JoNoMarae yHHKHYTH BTPaT PECYpCiB y pe3ynbTari
YaCTKOBO 0OCTY)KEHUX 3aIUTIB, SIKi MOXKYTh OYTH BTpadeHi Ha MI3HIIINX PiBHAX.

3HauHy KUIBKICTh JOCIIDKEHb 3MIHCHEHO 3 BUKOPUCTAHHSIM TEopii MacoOBOro 0OCIyroBYBaHHS IS
MojenoBaHHs. Yepe3 TpymHOIII B MaTEeMaTHYHOMY MOJENIOBaHHI CKIQJIHUX XapaKTEPHCTHK Tpadiky
(mampukian, OaraToerarmHoi OOpPOOKM 3asBOK) OUIBIICTh JOCTI[DKEHb B JiTepaTypi BHUKOHAHO 3
BUKOPUCTAHHIM iMiTalliiiHOro MomentoBaHHs. Hampukiaa, pobora, BUKOHaHa B [5], IpyHTYEThCs Ha
iMiTamiHid Momeni. OJHAK peTenbHA peadizallii KOKHOI JeTalli KOHKPETHOI CHUCTEMH 30UIbIIye
CKJIQJIHICTh MOJIEINI 1 3HIKYE SPEKTHBHICTD, 1 TaKa MOJECIb, K MPaBUIO, MOXKE OyTH 3aCTOCOBaHA JIMIIE B
IyXKe 0OMeKeHHX cuTyallisfax. OTKe, aHANITHYHA MOJENIb CUCTEMHU OyJe NMPUBAOJIMBOIO, OCKLIBKH BOHA
3MOJKE OI[IHUTH XapaKTEPUCTHKH CHUCTEMH B IIMPOKOMY Jiala30Hi yMOB 3a JOMYCTUMHH Yac, J03BOJIHTH
3aCTOCOBYBATH ITiJ] YaC MPOSKTYBAHHS CHCTEMHM METOIU YMCI0BOI ONTHMI3aIlil.

AKTyalbHOIO € 3ajada IOOYJOBM AaHAJITHMYHOI MOJENiI CHUCTEMH 3 KUIbKOMa THIIAMH IIOCIYT,
KUJTbKOMa THIIAMU BHKOPHUCTOBYBAHUX PECYPCIB Ta KiTbKOMA erariaMu 00CIyTrOBYBaHHS 3alUTiB, OCOOIHBO
y chepi MoOUTBHHX Mepex 3B's3Ky. CkorT J[KopmaH BBIB METOJ MOJCIIOBAHHS CHUCTeM 3 OaraTbMma
THIIAMH CEPBICiB Ta pecypciB y [6]. V crarTi Moan(ikoBaHO Ta PO3IIHPEHO 3aIPOITOHOBAHMN METO IS
3a1adi 0araTOeTarrHOTO BHJUICHHS PECypCiB Ta 3acTOCOBAHO HOTO JUIsS YHPAaBIIHHS JaTa-IICHTPOM
oreparopa MOOLIIBHOIO 3B’ A3KY.

Mogaean cucreMu
Hexait ko)xHOMY cepBicy MOTpiOHa MeBHa KUIbKICTh pecypciB Mepexi. Takumu pecypcamu MOXYTh
OyTH KaHanM 3B’SI3Ky, OIEpPaTHBHA TaM’ siTh, MPOIECOPHHIA dac, AuckoBui mpocrip. Hexaih K — me
KUIBKICTh BY3JIiB CHCTEMH. 3MOJECIIOEMO CHUCTeMy sK K-BUMIpHUH JaHIOr MapkoBa, CTaH SIKOT'O
BI3HAuaeThes Tak: Z=( Z%,..., Z%), ne Z nosnauae cram Bysna j.
Kosxen By3om 3 nmaniiora GyHKiiioHalbHUX OJ0KiB (puc. 2), sskuit 00podiisie 3aABKY, MOICTIOETHCS
Tak, SK TIOKa3aHO Ha puc. 2. [HTCHCUBHICTh HAJXOMKEHHS 3asBOK Ha KOXKEH HACTYIMHUH OJIOK
PO3PaxOBYEThCS K IHTCHCHBHICTh HAIXOMKCHHS 3asBOK Ha IIONEpPenHili OJIOK, IOMHOXXEHA Ha
HMOBIPHICTD YCIIIIIHOTO 00CITYTOBYBAHHS 3asiBKH ITUM TIONIEPEIHIM OJIOKOM.
AL Pogent 2P

obca obca

2t
_'\ Byson 1 _'\ Byszon 2 B

res y3001 K
— —|

Puc. 2. Mooenv cucmemu

K-1 —
APt AK.p

obca

Konu My MomentoeMo cucteMy oHJIaiiH-Tapudikallii, nepeadadaeThes, MO XapakTep HaJaXOPKCHHS
3afBOK Ha TapH(ikailii0o BU3HAYAETHCSA XapaKTEPOM iHIlliai3allii BUKIMKIB aOOHEHTAMU TeIEKOMYHIKAI[IHHOT
Mepexi. Y KIaCHYHOMY BHIAJKYy TaKH XapakTep BiIIOBiJa€ MyacCOHIBCBKOMY MOTOKY. JMCHMILTIHH
00CITyrOByBaHHS OKpPEMHUX THITIB CEpBICIB Mepen0avyaroTh BiANPABICHHS TOBTOPHUX 3asBOK Ha
TapuQikaIlito yepe3 3aaHuil iIHTepBal Yacy, OJHaK, OCKUIbKH KUIbKICTh 3asBOK, K1 OJJHOYACHO HAJXOSTh
Ha OOCIYroBYBaHHs, BEIMKa, TO B MOJENi MOBTOPHI 3asBKM Ha Tapu(ikalifo po3rIIIaroThcsl K HOBI,
OCKUTBKH MTPOXOJISITH OTHAKOBY MPOIENypy 00CITyrOBYBaHHS.

PosristremMo cuctemy 3 N TrmaMu cepBiciB. st 00poOku KOXKHOMY cepBicy OTpiOHAa MHOXKHHA 3 M
TUMIB pecypciB. 3asBKM Ha OOCIYrOBYBaHHS HAQJXOMATH SK HE3aJEXKHI MyacCOHIBCHKI MOTOKH. KoxHa
3asgBKa 3aliMae HEOOXiNHY KUIBKICTh 3aJlaHOrO pecypcy Ha BHUIAJKOBUH OJHAKOBO PO3MOIiICHHH
MPOMDKOK Yacy, II0 Ma€ EKCIOHCHIIHHUN pO3MOAT 1 HE 3aleKUTh BiA IHIIMX 3HAYCHb 4Yacy
o0cimyroByBaHHS. MU MOJEITIOEMO 1[I0 CHCTEMY SIK JIAHIIOT MapKkoBa i BHKOPHCTOBYEMO TaKi MO3HAYCHHS.
Jst By3na j, j=1,2,...K:

A — MaTpust posmipom (M X N), [ Y CTOBIILI | BU3HAYEHO KiMBKICTh KOKHOTO 3 M THIIIB Pecypeis,
110 moTpedye cepric i

b/ — BeKTOp TOBKHHOK M, IO BH3HAYAE KUTBKICTh PECypCiB KOKHOTO THITY B CHCTEMI;

|- ( Sl nj), IHTEHCUBHOCTI HaJIXOJKCHHS 3asIBOK Ha 00CITyrOBYBaHHS;

m— (rr1j, e m,'), IHTEHCHUBHOCTI 00CITyTOBYBaHHS;
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—(r¢, ..., 1), naBanTaxenus, Bu3HaYaeThes Ak ) = | /my;

X —(X¢, ..., Xi), cTan cucremu, 1€ X! — KiIbKiCTh 3aBOK THITY i, 1110 0OPOOIIOKOTECS CHCTEMOIO;
—{X | AX £ b}, T06T0 X 3a5BOK MOXKYTH OIHOYACHO OOPOOIFOBATHCH JOCTYITHUMH PECYPCAMH;
—{X| %1 Zbut (x/, ... x+1, x)) T 7}, noBHa MHOXHHA THITY cepBiCy i, TOOTO MiIMHOKHHA

CTaHIB MHOXMHHU Z), TAKUX, 1O HAIXOUKCHHS 3asBKHM TUITY | CIPUYMHHTD ii BIIKHIAHHS

E/ —{Xj | X1 Z but (le, ey Xij—l, an) I Zj}, MOPOYKHST MHOYKHMHA JIJIs CEPBICY THITY i

7(X) — cTarioHapHi IMOBIpHOCTI.

ITpumyIeHHs CTOCOBHO MPOIECIB HAJXOMKEHHS Ta OOCIyroBYBaHHS MalOTh JIAHIIOr MapkoBa 3
MIPOCTOPOM CTaHIB Z) 3 {HTCHCHBHOCTSIMH MePEXOIiB:

|||J,If xI F)andy = (xlj X +],...,xnj)
=|l>q m',if xi E' andy= (><1j,...,>qj -],...,xnj). 1)
i
t

Jlanmtor MapkoBa 3BOpoTHUI 1 Mae 100pe BimoMy (GopMy CTallioHApHOTO PO3MOALTY:

p'(x)=p ()é(:) P (0)=— - @)

BukopucToBytour OTpUMaHHWH CTaIl[iOHAPHHIA PO3IMONiN, HMOBIPHICTh YCHINIHOTO OOCIYrOBYBaHHS
P/ ma By3ni j 11 cepBicy i MO’kHa OGUUCINTH SIK:

P =1- 4 p,/(x),where| ={xj|ij Fij}. (©)]
|

[HTEHCHBHICTh HA/IXO/DKEHHS 3asBOK Ha 0OCIyrOBYBaHHS [UIs By3ia J, j=2,...K MOKHA BUpa3uTH SIK:
V=@ P07 L R.

OCKUIBKM YHUCIIOBUH PO3PaxXyHOK AOOYTKIB CTaHE HEPO3B SI3HUM JUIS BEIIMKOI KIJIBKOCTI KJaciB
Tpadiky, MOKHA 3aCTOCOBYBATH TPOCTIIi PEKYpCHUBHI a00 MPUOIM3HI METOIM PO3PaxyHKy HMOBIpHOCTEH
CTaHIB MOJIEI.

MopentoBaHHs 3alpOIIOHOBAHOI0 BHIIE METOMy MpoBeaeHO B cucTeMi Mathcad 3 BukopucTaHHIM
quCIIOBOT TIpolenypu 3 [7], IO OCHOBaHa HAa NPHHILMUIN YKPYINHEHHS CTaHiB, JUIA 3HAXOIKCHHS
CTAIlIOHAPHOT0 PO3IMOALUTY. AJIFOPUTM MPOMNOHOBAHOI NPOIEAypH Iependavae HasBHICTH JBOX THIIIB
CEPBICIB y CUCTEMI i MICTUTHME HaBEICHI HUXKYe KPOKHU JJIs 3HAXOKCHHS CTAI[lOHAPHOTO PO3MOALTY Ha
KO)KHOMY BY3JIi CUCTEMH 00CIyrOBYBaHHS, 1110 PO3TJISIA€ThHCS.

Kpok 1. PosrisaeThcsi po3LICIUICHHS (Da30BOrO MPOCTOPY CTaHIiB Z) 3a 3HAYCHHSIMH APYroi

4
xomnonentn: Z' = J Z, ] Z, ] 1Z, I=/FEgtg'.
g=0

z,' ={(f.9)1 2':1=0,¢},g=04,
c=mcaxx1j,C:{xlj|ij Z'Ux,’ =g}, d=m§xxzj,D={xzj|ij Zj}.

Kpok 2. Bei mikpocTanu 3 migkiacy Zgj 00’ €MHYIOTHCS B OIMH YKpYIHeHuit cran <g>, g=0,1,...,d.
Bci Taki ykpyImHeHi cTaHu yTBOPIOIOTh YKPYITHEHY MOJEIb 3 IPOCTOPOM CTaHiB 2! ={< g> 'g= O,_d} .

Kpok 3. 3HaxoasTh cTallioHapHUNA PO3MOILUT BCEPEINHI PO3IICIICHUX KiaciB Zgj, 0=0,1,....d.
Crauionapny Hmosipricts crany (f,g) ycepemuni knacy Zg MoKeMO BH3HAYMTH 32 JOMOMOTOI0
¢bopmynu Epnanra:
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(r)
B f=01..c. @)

()

a

ps®(f)=

Kpoxk 4. 3HaxoaaTh e1eMeHTH TopoLKyouoi Matpuii Q=0(<g>,<g' >) — yKpyIIHEHOI MOJEII.
EneMeHTH MOpOIKYIHOUOT MATPHUIl BU3HAYAEMO SIK:

q(<9>v<9‘>)=( ﬁ;} q((f.9).(f".g))ps’(f), ()
(f",%ljizzg;.

ne q((f,9),(f.g+ )=r Jg.

Kpok 5. Buznauaerbcs cTaiioHapHHi po3mnoais ykpynHeHnoi moaeni #(<g>), g=0,1,...,d, ne 7(<g>)
O3HaYae cTalioHapHy HMOBIPHICTB CTaHy <g>.

[Ipu pOMy yKpyITHEHA MOJIENb SIBJISIE COOO0 OJHOBHMIPHHM JIAHITIOT 3 TIOPO/DKYIOUOK MATPHUIICIO
Q. CrarionapHy HMOBIpHICTb CTaHIB YKPYITHEHOT MOJIENI BU3HAYAEMO 32 JIOTTOMOT'0I0 TAKMX BHPA3iB:

p((9))=p((g- D)a((g-1.(g)).9=12..d

) g gt ;

h=1,d

Kpok 6. CrarionapHuii pO3MOIUT BUXIAHOTO IBOBUMIPHOI'O JIAHIIOTa BU3HAYAETHCS SIK:
p'(f,9)@ps’(f)p((g)).(f.9)T Z'. (7)

OTpuMaHHS CTaIlIOHAPHOTO PO3MOILTY Aa€ 3MOT'Y OOYHCIIUTH HMOBIPHICTh BIZIMOB Ta ONTHMIi3yBaTH
ii sk (YHKI[IFO BiJl KIIBKOCTI PeCypCiB, BUALICHUX KOKHOMY BY3IIY 13 3arajibHOro Mmyiy pecypciB. 3agamo
UTBOBY (YHKIIIFO HMOBIPHOCTI HEYCIIIIHOTO 00CIyroByBaHHs (HMOBipHICTh BiiMOB) F sik dyHKIif0 Bix
KUIBKOCT1 PECypCiB, BUALUICHUX KOXKHOMY BY31Y,

(8)

Qo

F(bb7.b¢) =8 &- OF
g (

=1

Qo

i=1

ne P o6uncoerses 3a gopmyioro (3); KUIbKiCTh pecypeiB, BUALICHIX KOKHIN MiICHCTeM], TYT € HesBHO,
y opMi (ha3oBOro NpocTopy craHiB Z sk 0OMEKEHHS KiTBKOCTI CEPBICIB KOXKHOTO THITY, 1[0 MOXYTh OyTH
00CITy>KEH1 0JTHOYACHO.
Hexaii nano B — BekTOp DOBXKHHOIO M, 110 BU3HAYAE 3arajibHy KUIbKICTh PECYPCIB KOXKHOI'O THITY B
cucTeMi. 3ajaya onTUMi3alii MaTMe BUTIISL
minF (b',b?,....b")
9)

3a obmexcenns g b £B’
j

Pe3ynbTaTi MO/IENIOBaHHSI CHCTEMH 3 JIBOMa THIIAMH CEPBICIB, TPhOMa By3JIaMH Ta JIBOMa THIIAMH
pecypciB IMoKa3and, MO MOXJIWBO OTPUMATH BHUIpAlll Yy THUCSYi pa3iB, BUKOPUCTABIIN JHHAMIYHY
MPOLEAYPY MEPEPO3NOILTY PECYPCIB MK €TanaMH Y pasi 3MiHM IHTEHCHBHOCTI BXIJHOT'O HaBaHTAKEHHS,
TOOTO PO3MOJUISIFOYM PECypCH BiANMOBIAHO 10 3HaveHHs Bupasy (9). Burpain 3amporoHOBaHOrO BHIIE
METO/y TOpIBHSHO 3 METOAOM, 3a SKHM PECypCH pO3MOJIUIIOTECS MDK erarnaMu  piBHOMIpHO,
MPOLTIOCTPOBAHO Ha MPUKIAIl puc. 3. 3HAUYCHHS BHUIPAIIy BiJ 3aCTOCYBAHHS 3alPONOHOBAHOIO METOILY
3MIHIOETBCSL Yy pasi 3MIHM KOH(Qirypamii cucremHu, TOMY 3ajaya BH3HAYCHHS YMOB JOIUILHOTO
3aCTOCYBaHHS METOY Ha IPaKTHII Oy/ie MPeJMETOM MOJANBIIOr0 JOCTIHKEHHS.

3a3HaunMo, 0 BU3HAYEHA BUILE MOJICIb € YHIBEPCATIbHOIO 1 MOYKE BHKOPHUCTOBYBATUCH JUTS aHAIII3Y
pI3HUX cUCTEM. 3ampOIOHOBAaHUN IHCTPYMEHT MOXE 3aCTOCOBYBATHUCH B MailOyTHBOMY Uil PO3B’ si3aHHS
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3a]a4i ONTHMaJIbHOTO PO3MOJIUTY PECYpCiB MK PI3HUMH By3JIaMU. METOI0 allrTOpUTMY HaJlaHHS PECypCiB €
BHUIIICHHS JOIIBHOT KITBKOCTI pecypeciB Ui KOKHOTO By3nma (eramy) cucremu, Tak, mo SLA
(AMOBIpHICTh BiIMOBH) 3a/I0BOJIBHSAETHCS HABITH 3@ HASIBHOCTI MIKOBOTO HABAHTA)KCHHSI.

10000 20000 30000' Liooov 50000 100000
0,1 |

0,01
0,001 |
0,0001 |
0,00001 |
0,000001 |
0,0000001

| ——Opn HAMIPTHOMY posnoXis
| —=npn gixcosanomy posmomimi

Puc. 3. Umosipricmo 8iomosu 6 06¢ye08y6anHi
3a 3MIHU IHIMEHCUBHOCTNE HAOXOOJICEHHSL 3aNUMI8 ) J102apUpMIUHOMY Macuimaoi

KpimM TOro, BHKOPHUCTOBYIOUH 3alpOINOHOBaHY MOJIENb, MOXJIMBO AHATITHYHO CHOPMYIIOBATH i
pO3B’si3yBaTH OaraToKpuTepiajdbHy 3alady pO3IMOJUTY PEecypciB 3 ypaxyBaHHIM, OKpIM HMOBIPHOCTI
BIZIMOBH, W IHIIMX KPHUTEPIiB — TaKMX SK BapTICTh 3aJydeHHsS IOTATKOBOrO 00 €My pecypciB (ToOTO
BapTICTh YBIMKHEHHs J0JaTKOBOTO cepBepa) abo BUroja Biji HAJaHHS TOTO YM IHIIOTO CEPBICY TOIIO.
3arajapHy IpodIeMy pO3MOILTY PeCypCiB MOXKHA 3aIIUCATH TaK:

max u(b,P,L). (10)

B(P)

Tyt uinboBa ¢yukiis € ¢ynkiiero kopucHocti U(b,P,L), sika BuU3HA4Yae KOPHCHICTH MaTpHILi
b=(b",..., b) w1t Bexropa mapamerpis P 3 Barowo L, mo € BEeKTOPOM BaroBux KOe(il[ieHTIB I Pi3HHX
nmapamerpiB 3 P; pe3ynbpTaToM mpoliiecy BUOOPY € MaTpHIIsl PO3IOILUTY PECYpPCiB MK PI3HMMH BY3JIaMH, IO
HaifKpale 3aJ0BONbHAE BHMOTM CHCTeMH. MHOXKHHA JONYCTHMMHX 3HaueHb bl B(P) € MHOXHHOIO
JOCTYITHHX 00’ €MiB pecypciB.

Bucnorok

VY poboti BcTaHOBJIEHO, IO AMHAMIYHE HAaJaHHS pecypciB y OaraToeTamHUX TEJICKOMYHIKAI[IHHUX
CHCTEeMax CTaBUTh HOBI 3alladi, He PO3B’si3aHi y MOIEPEHIX TOCTi[PKEHHSIX CUCTEM HaJlaHHS PEecypCiB.
3anponoHOBaHO PO3MIMPEHUH AWHAMIYHMIA METOJ YIPaBIiHHS pecypcamu Ui 0araToeTalHUX CHCTEM,
KM 3aCTOCOBYE THYUYKY aHaIITHYHY MOJENb CHCTEMH MAacOBOTO OOCIYroBYBaHHS Ui BU3HAYCHHS
KUIBKOCT1 pecypciB, SIKy HEOOXIAHO HaJaTH KOXKHOMY €Taly CHCTeMH. B MomajibIInX JOCTIIKECHHSIX
3alpONOHOBAHUI METOJ, MOXKHA PO3IMIHMPUTH Yy MepKax O0araTOKpUTepialibHOI 3a1avi  yrnpaBIiHHS
pecypcam Ta mpobaeMy BU3HAYCHHS MOMEHTY, KOJIH CJIiJl 3aITyCKaTH alTOPUTM TIepPepo3NnoIilTy pecypciB.
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