IHPOPMALIIHI TEXHOJIOT'T TA KOMIT'FOTEPHA TEXHIKA

VK 681.515:519.2

B. M. [lyooBoii, a. T. H., mpo¢.; L. B. [Inmunenko; P. C. Creun

3ACTOCYBAHHS MAPKOBCBKOI MOJEJII JJ151 AHAJII3Y BILJIUBY
HUKJ/ITYHOCTI HA YIIPABJIIHHA PO3I'AJTYKEHUM
TEXHOJIOTTYHUM IMTPOLHECOM

Y cmammi ompumano HeoOHOpPIOHY MApKOBCLKY MoOenb, AKA 00380JAE€ OYIHUMU DUIUK 6APIiaHMi6
peanizayii YukaiuHO20 PO32ANYHCEHO20 MEXHOA02IUHO20 npoyecy U obpamu peanizayilo 3 MIHIMATbHUM
puszukom. Ha ocnosi po3pobrenoi mooeni 30iiCHEHO NPOSHO3YBAHHA WO00 OOYITbHOCMI KiNbKOCHI
NOBMOpEHb YUKIIYHO20 MEeXHON02IuH020 npoyecy. Po3pobieny moolensb 3acmoco8ano 00 MexXHON02iUHO20
npoyecy mecmy8anHs NpocPaAMHO20 3a0e3neyeHHs.

Knrouoei cnosa: yuxniunuii mexnHono2ivHutll npoyec, MapKo8cbKa Mo0elb, pUsuxK.

Beryn

VY 6araThoX rajy3sx MpOMHCIOBOCTI HAUOUIBLIOTO MOMIMPEHHS HA0YJIU CKIIAIHI PO3rally’KeHO-
nuKitigH1 Texnonorigdi mponecu (PLITII) [1].

Huxomiynicts — BiactuBicTh PLITII, 3a sxoi omeparis (abo kimbka orepariii) MOBTOPIOIOTHCS.
Tyt BaxMBe Miclie MOCIIa€ TPUMHSTTS PILIEHHS 100 NpUNMHEHHs HuKiiyHocTi [1]. HasBHicTb
aIIbTEPHATUBU MOBTOPEHHS SIK OKPEMOTO HIINpPOLECy, TaK 1 IPYyNU MIIPOLECIB 1 IPOLIECY 3arajioM
BHU3HAYa€ OCOOIMBICTh LHUKITYHUX MPOLECIB.

Cepen cyuyacHOi JiTepaTypy BaXKJIMBE MICIIE TMOCIIa€ MOJICITIOBAHHS HUKIIYHUX E€KOHOMIYHUX
nporeciB [2]. [ToOynoBa agekBaTHUX MAaTeMaTHYHUX MOJIEJCH €KOHOMIYHUX ITUKIIYHHUX MPOIIECIB
BU3HAUYa€ PO3BUTOK Ta 3aCTOCYBaHHS HOBITHIX IHGOpMaUIfHUX TEXHOJIOTIH Juid 3ajad
aBTOMATH30BAHOTO aHaJi3y Ta MPOTHO3Y EKOHOMIYHUX [HKIIB. Cepen OCHOBOIOJIOKHUKIB
MaTEeMaTUYHOI'0 MOJICJIIOBAHHS Ta aHali3y EKOHOMIYHMX LIMKIIB Taki BiZoM1 BueHl, K CiyLbKuil,
Opim, Jloyca. 1111 TemaTuIll npucBsiueHa 3Ha4YHA KUTBKICTh HAYKOBHX Ipallb, 30Kpema [3, 4].

OpHak jgorenep 3alMINAIOTBCS Majl0 BHUBYEHMMM [MTAaHHSA YIPABIIHHS PpO3Taly’KEHUMU
TEXHOJIOTTYHUMH NPOIIECAMH 3 TIOBTOPIOBAHICTIO (LIUKJIIYHICTIO).

3anaya wmopemoBaHHA IuKIuHUX PTII yckiagHIOETbCS depe3 HEBU3HAYEHICTh KUIBKOCTI
MOBTOPEHb LMKy, a TaKOX Yepe3 3aJeKHICTh MapaMeTpiB olepauiidl HAaCTYIHUX LUKIIB Bij
rapamMeTpiB 1 XapaKTepUCTUK MOTIEPEIHIX, TOMY pO3B’sI3aHHS 3a/1a4i MoaemoBaHHs nukmigaux PTII
€ AKTyaJbHUM.

X1 1 pe3ynbTaTl BUKOHAHHS OKPEMHUX MIAIPOLECIB 3aJI€KaTh Bil BXIIHUX ITapaMeTpiB MPEIMETY
BUPOOHHUIITBA 1 HE 3aJIeKAaTh Bl TOr0, IKUMHU 3ac00aMH 1 SIK 11 TapaMeTpH IpeIMeTy BUPOOHUIITBA
orpuMani. Y nukiigHux PTII Ha Xig BUKOHAHHS OJHOTO HOTOKY Olepaliid MO)Ke BILUIMBATU Xij
BUKOHAHHSI IIUKJIIYHOTO MOTOKY OIepalii, TOMy MOKHa MPUIYCTUTH, 110 uukiaigauii PTII moxe
OyTH OnMcaHU HEOTHOPITHOIO MapKOBCHKOIO MOIEIIO [5, 6].

Mopnens  ynpaBliHHS — PO3Taly)KeHUMH TEXHOJOTTYHUMH TpoLEecaMu IPYHTYETbCS Ha
HEBU3HAUYEHUX LUKIITYHUX Tpadax 1 HEOJHOPIAHUX MapKOBCHKUX JaHItorax [6,7].

MeTta poboTH nosisirae y mooymoBi HEOTHOPITHOT MapKOBChKoT1 Moeni it mukiaiuaux PTII ta
3aCTOCYBaHHI L€l MOJENl A aHali3y BIUIMBY LMKIIYHOCTI Ha YHPABIIHHS PO3TalyKeHUMHU
TEXHOJIOTTYHIUMHU TIPOIIECaAMHU.

Aaroputm neperBopenHs rpaga uukiaiysoro PTII na anukaivyauii

Jlist cripoleHHsT 3aCTOCYBaHHS MAapKOBCHKOI MOJZEIl O HUKIIYHUX MPOIECIB MPOMOHYEMO
MepeTBOpeHHsT LUKIYHOTO Trpada BukoHaHHsa omnepariii PITII Ha exBiBaieHTHHI HOMYy
arukiIiyHuE. CxeMa Takoro nepeTBOPEeHHs MoKa3aHa Ha puc. 1.
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CyTHICTb NIEPETBOPEHHS MOJISATA€ B MOAaHHI KOXKHOT peasi3alii UKy SK BIATIYy>KEHOT YaCTUHU
nporecy (MAmpoIiecy), Mepexim A0 SKOi 3MIMCHIOETRCS B PE3yJabTaTi MPUUHATTS PIIICHHS
HaIpUKIHII nomnepenHboi peanizamii. Ha puc. 1 HOyHKTUpHUMH CTpUIKAMU TOKa3aHO BIUIKB
oTieparliif momepeHpO1 peanizallii MUKy Ha ornepallii HaCTYITHO1 peai3alrii.

oreparis

mignpoiec /

migmnporec 2 \ ______________

mignpoiec 1

Puc. 1. Cxema nepeTBopeHHs IUKIIIYHOTO rpada Ha aluKITiYHAR

Ha ocHoBi puc. 1 po3po6ieHo cmocid nepeTBopeHHs rpada po3ramyKeHOro TEXHOJIOTTYHOTO
MpolLIeCy Ha alMKIIYHUN 3 YpaxyBaHHSM JOMYCTUMOI KPAaTHOCTI BUKOHAHHS MiAIPOLECIB, Y IKOMY
3a paXyHOK BHUKOPHMCTAaHHS OPIEHTOBaHMX rpadiB Ta BpaxXyBaHHsS KPaTHOCTI LIUKIIB JOCATAETHCS
MOXJIMBICTh MOOYIOBH CTPYKTYPH TEXHOJOTTYHOTO MPOIECY PO3TATyKEHOTO0 THIYy B YMOBAax
HEBU3HAUYEHOCT1 BXIJHMX IapaMmeTpiB, L0 MNPU3BOJUTH J0 3HI)KEHHS BTpaT Ta MIJABUILEHHA
€(eKTUBHOCTI MiJ] Yac YIPABJIIHHS TEXHOJOTYHUMH MIPOLIECAMHU.

Anroput™m mneperBopeHHs uukiigHoro rpada PIITII 300paxeno Ha puc. 2. Ha pucynky
no3HayeHo: G — MaTpuls CyMbKHOCTI rpada; N — kuibkicTh BepiiuH; C; — muki; {C;} — MHOXKHUHU
LUKJIIB; M — KUIbKICTb LUKJIIIB; /; — KUIBKICTh BEPIUUH B [-OMY LUK, k; — MaKCUMaibHa KPaTHICTb
IIOBTOPEHHS [-I'0 LIUKITY.

3acrocyBanHs MapkoBcbkoi Mojaesi PTII 1o nukjaivnux npouecis

[IpencraBumo 3actocyBaHHs MapkoBcbkoi Mozeni PTII no mukimiuHuMX mpoleciB, ypaxoBYHOUU
MEePETBOPEHHS LUKIIYHOTO Ipada Ha eKBIBAJICHTHUIN HOMY allUKJITYHUA.

MapkoBCbKY MOJI€Tbh TEXHOJIOTTYHOTO MPOIECY IMPEICTaBUMO SK CYKYIMHICTh MapKOBCHKHX
MO/IeJIeH omepallii 1 mianpoieciB P;. 3a OCHOBY BI3bMEMO HEOJHOPITHY MapKOBCHKY MOJIETH [8].

Ha puc. 3 300paxkeno npuxmnan rpada 3miHu cTaHiB oneparii. [1in «ctanom» OyaemMo po3ymiTi
CYKYIIHICTh 3Ha4€Hb ITapaMeTpIB ONepalrlii.
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ITouaTok

YBeneHHs MaTpUIli CYMi>KHOCTI

rpaga G(N, N')
|

TMowyk muoxkunun wuknis {C;,1 =1..N}

VB €JICHHS MaKCUMaJIbHOL

KPAaTHOCTI KOPEHIB LIUKITY R;

-
o ‘v’Ci’l.

Cropuru macup C ; [1, ni] - TOCTIIOBHICTh BEpPIINH

|
. j=1.(k —1)

- |

. Busenenns
PO3IMKHEHOTO ITUKITY MoHiKOBAHOT
[ matpuui G
30inbIMTH PO3MIpHICTh MaTpulli G: N =N + n; - k;
| |
GIG[m LN +n(j-D+1]=1 Kineusn

GIN+n;- j,N+n;-j+1]:=1

- e=1..N;

—>< f=ln, >—

— l =

GIN +n; - j+ f,e]l=G[Ci[f].e]

Puc. 2. Anropurm nieperBopennst rpada PTII Ha anukitigamii 3 ypaxyBaHHSIM JIOIMYCTHMOi KPaTHOCTI

BHUKOHAHHS ITiITIPOIICCIB
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Puc. 3. I'pac 3minu craniB oneparii

Hexait m — makcumaibHa KUIBKICTh CTaHiB orepauii uukiignoro PTIL Iloznaunmo vepes b,
BIpOTIIHICTH Mepexomy omeparii 3i ctany S, B cran ;. Toxi BiporimHOCTI mepexois oneparii 3

OJIHOTO CTaHy B IHIIMH OMHUCYIOTh MaTPUIIEIO

b]] b]2 b]m
B: b2] b22 b2m ) (1)
bml bm 2 cee bmm

Cxema B3a€MO3B 13Ky MK CTaHAMU OIlepalliil Ta 3MICT [T03HaYeHb 300pakeHo Ha puc. 4.

_________________

[Tianporec
F,
[Tianporec

) 5 ':

E BiporimHictb E

E E Vs 3 E crany b, E
: : napameTpamu: ! .:
! Cran ! : ' :
| S, . : > H'epe{ua 3 .:
: \ Yac 7, | BIPOTiIHICTIO bvij :
o : Bara ¢ | !
' BiporigHicTh : vij ' S |
: b : | Biporignictp !
\ crany b, ! . I |
: : 5 CTaHy bw’ ':

Puc. 4. Cxema 3B’s3Ky IapaMeTpiB MapKOBChKOi Mozeni orepartiii PTII

OcCKUIbKM TepexigHi BIPOTITHOCTI € 3MIHHHUMH, IO 3YMOBJIEHO B3a€EMHHMM YIUIMBOM OIlepalliit
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JBOX MOCIIAOBHUX IMIMPOIIECIB, TO MapKOBChka Moaenb nukiaianoro PTII € HeogHOpiAHOTO.
B [8] Takox HaBeneHa JiiHeapu3OBaHa MOJEIb JUIsl OL[IHIOBAHHS BIPOTITHOCTI CTaHy JIBOX
MIAIPOIIECIB

b, = zm; {EW. -{083 £33 (e 5, )}} v=l.n, i,j=l.m, 5

=1 h=1

ne B — wmarpumms BiporimHocreif cramiB mimmporecis; C, — 4-BuMipHHil MacMB BaroBHX

koedimienTiB [n,m,n+1,m+1].
EnemenT matpuii Clh~~ eC, Bu h [ 1
JI puii  Cy; v 3Ha4a€ BIUIMB /A-TO CTaHy [-TO MiANpOIeCYy Ha BEKTOP

MepexiIHuX BIpOTiIHOCTEW Vv-ro mignpouecy. EnemeHt cfl? — BIPOTIHICTh MEPEXoy V-To
mignporiecy 3 [ -ro B j -ii craH 0e3 ypaxyBaHHs BIUIMBY {HIIUX MiIIPOLECIB.

VYpaxoByroun JeTepMiHOBaHHMM Xapaktep mnociimoBHocTi omnepauiit PHTII 1 Tte, mo
PO3IIIAJIA€EThCSl  BIUIMB  OIEpallii MONEpPEeIHbOro MIANPOLECY Ha XiJ aHaJOriyHOi omnepaii
HACTYIHOTo mianpoiecy, Tooto [ =v —1, monens (2) cpomutyerses

~

m m

-~ 00 )k 7

b, = 2. by - Cyjj + 2 (CS; ) ‘b(v—l),h)
i=1 h=1

Bbynemo posrisigatu Homep craHy omepauii sk BekTop napamerpis X. Toxl monens (2) matume
BUTJISI]

b(x,)= Zm; {Ev (x,)- {cf‘) (X, x, )+ hzm‘? (cv"“’h(Xi,Xj)-l;v_] (x, ))H . 3)

SIkmo BpaxyBaTH BIUIMB MIAIPOLECY V-2, TO OTPUMAEMO
b= S i G0 e ) 3 0,0 ) | @

VYpaxoByroun, o cniBBigHowmeHHS (3) 1 (4) € MojAensIMU pI3HUX peaji3alliii 0JHOIo0 1 TOTO X
MIANIPOIIECY, MOXKHA 3alUCATH

Cgo(Xian):Cool(Xian)zclé

’-
XX )= e (X )= e )

[TincraBnsiemo (4) B (3) 13 ypaxyBaHHAM (5) OTpUMyeMO
Blx,)=3 15, -{c] +ﬂc2 DICREEES Y W RS 3 2 -L)]})]}ﬂ NG

i=1

VY3aranbHuBIH (6), OTPUMYEMO
~ m_ v+l (h-1) h=1
50 - 33T Taet A )
i=1 h=1 r=0

Ha ocHOB1 MapkoBChKOi MOJenl MOXHa BM3HAUUTHU pU3MK peanizauii nuxmaigyHoro PTII, mo
JacTb 3MOTY IMOKpAallUTH SKICTh PpINIEHb MiJ] 4Yac YHOPaBIIHHA pPO3TalyKeHO-UUKITYHUMHU
TEXHOJIOTTYHUMH TPOIIECAMH.

3acTocyBaHHsI MAPKOBCHKOI MO/IeJi /10 IPoLecy TeCTYBaHHS MPOrPaMHOI0 3ade3nevyeHHst

3anporioHOBaHa MOJIENIb 3aCTOCOBAaHA JIO IMPOIECY TECTYBaHHS MPOTPaMHOIr0 3a0e3MedYeHHS
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(II3) sk poszramxyXeHO-IUKIIYHOTO TEXHOJOryHoro mpouecy. Cxema Impolecy TeCcTyBaHHS
300pakeHa y BUrysii rpada Ha puc. 5.

) J

. [TpoekTy BaHHST Buxonanns AHAJI3 OTPUMAH
[ImanyBaHHS poliT . .
TCCTIB TECTYBaHH pe3yiabTaTiB
a)
Buxonanns AHAJI3 OTPUMAH
TecTyBaHHS N pe3ynbTaTiB N
I I
I
I
oo
Buxonanns AHAJI3 OTPUMAH
TeCTYBaHHA 1 pe3yIbTatiB 1
I I
I I
[IpoekTyBaHHIT Buxonanns AHAJTI3 OTPUMAH
TCCTIB TECTYBaHH pe3yIbTaTiB
6)
Puc. 5. TIpouec TectyBanns [13:

a) MUKJIIYHU rpad mporiecy;
0) mepeTBOpeHHs IMKIIYHOro rpada B auukimivHy Gopmy

ITnanyBanas pobiT

TecTyBaHHS — 11€ OJ]HA 3 TEXHIK KOHTPOJIIO SKOCTI, 1O SIKOT BXOJATD:
— 1uianyBaHHs pooit (Test Management);
— mnpoekrtyBaHHs TecTiB (Test Design);
— BukoHaHHs TectyBaHHs (Test Execution);
— anam3 orpuMaHux pe3ynbratiB (Test Analysis) [9].

i yoTupu eranu € onepauigmu npouecy tectyBannsa [13. KoxkHa onepariiss MiCTUTh CTaHH, SIKi
BapIIOIOTHCS 3AJIEKHO BiJ BXIIHUX IapaMeTpiB Ta IapaMeTpiB BUKOHAHHA MOINEPEJIHbOI OIepalrii.
3okpema «llnanyBannst po6ir (Test Management)» MICTUTH Taki mapamMeTpH, K1 BIUIMBAIOTh Ha
CTaH OTepalrii:

— 1Hbopmarrito ipo cTpykTypy [13 abo cucremy B noxkymeHTarlii («Outa CKpUHBKAY);

— TecTOB1 Ha0OpW JaHMX I MEPEBIPKU MPaBUIBHOCTI pOOOTH KOMIIOHEHTIB 1 CUCTEMH
3arajoM 0e3 3HaHHSI IXHbOI CTPYKTYpHU («4OpHA CKPUHBKAY);

— TpaHU4YHI 3HAYEHHs, TAOJULI NPUHHATTS PIlIEHb, TOTOKU JAHUX, CTATUCTUKY BIIMOB 1

—

1H.;
— 0OyoK-cxeMu MoOyq0BH IporpaM 1 HabopH TECTIB AJIA MOKPUTTS CUCTEMH UMM T€CTaMH
Ta 1H.
[Tinmponiec «BukoHaHHS TeCTyBaHHA» — «AHaNI3 OTPUMAaHMX pE3YyIbTAaTIB» BUKOHYETHCA

IUKJIIYHO JOTH, TOKW BUSBIICHHS AePEKTIB CTaHe MiHIMAIbHUM. [Ipy bOMY MICIS MEPIIOTO MUKITY
BUKOHAHHS MiANpolecy Ha omnepauilo «BUKOHAHHS TECTyBaHHS» BIUIMBAaTUME pE3YJbTaT
MONEPETHHOTO IUKIY, TOOTO pe3ynabTar omepauii «AHamizy». [Ipm 1mpoMmy BXiAHI JaHl JUis
BUKOHAHHSI HAacCTYIHOTO LMKy OyAyTb BapilloBaTHCSl, OCKUIBKM BOHHU 3aJIeKaTh Bl pe3yJbTaTiB
BUKOHAHHSI MPOIIECY HA MOINEPETHBOMY LUKJIL.

B 3anexHocTti Big TOro, sSIKUM 4YWHOM Oyzae 3HaiAeHO nedeKT, CTaH omeparlii 3HaXOHKCHHS
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nedekrty Oyne BapiroBaTUCS:
1) mu ni3Haemocs (abo BkKe 3HAEMO) OUIKyBaHHI pe3yabTaT;
2) wmu aizHaeMocs (a0o Bxke 3HAEMO) (DaKTUUHUHN PE3YNbTaT;
3) mu nopiBHIOEMO | Ta 2 MyHKTH.

Cran omepauii Tako OyJne BHU3HAYaTUCS TECTOBUMHU JaHHUMH, SIKI BUKOPUCTOBYIOTbCS MJISt
MepeBipKkd poOOTH CHUCTEMHU 1 CKJIAJAOTHCSA PISHUMHU CIIOCOOAMU: TEHEPATOPOM TECTOBHUX JAHMX,
IIPOEKTHOIO TPYNOI0 Ha OCHOBI JOKYMEHTIB a00 HasBHUX (aililiB, KOpUCTyBayeM 31 crenuikarii
BHMOT Ta IH.

Ha ocHoBi BigoMoi cxeMu 3B’s3KIB napaMmeTpiB MapkoBcbkoi Mozeni PTII mokaxemo mpukiaz
PO3paxyHKy BIpOT1IHOCTI CTaHy MIAMPOLIECY CHCTEMH Ha KUTbKOX OTEpaIlisix.

Maemo 2 migmponecu P, Ta P,. Hexail mignponec P; mae 1 ctan — S, i3 Biporiamictio b,,; a
ninnpouec P, mae 2 cramu — S), S, i3 Bimmosiguumu BiporimHoctamu b, Ta b, . Cram S

nianpouecy P, nepexoauTs y ctaH S, 13 BiporigHictio b,,,. Cran S; miampouecy P; BIUIMBa€ Ha
nepexin Mik cranamu Sy — S, mignpouecy Ps: YIUIMB 3 9acOM 7, , YIUIUB 3 Barow c,),. Ckiaaemo

TaOIMITIO 3HA4YeHb (Tabm. 1).

Tabmums 1
MMapameTpu mapkoBcbkoi Mmoaeai PLHTII recryBanns I13
iporimmi Vs L
Luxn Oneparis Cran Biporianicts .Hep.exu.[ i3
CTany qac Bara BiporigHicTIO
Pl OHepaHiH 1 Sl bll _ 0,2
11

P, Omeparis 1 Si by = 0.4 12 212 212

SZ bzz = 0,6

Otxe, po3paxyeMo BIPOTIOHICTH TOTO, IO 2—a (P,) omepaiis CUCTEMH IIICIs BUKOHAHHS 4
LHUKIIB Oyne y 2-My (5>) cTaHi

(4 _ 7(4-D 12 77 (4-2)
n =by - [bn + (0212 by )]

b

b =(0,4)’ -(0,2+0,3-0,2%) = 0,013568..
ITicasa 3 uukiiB:
b =(0,4)*-(0,2+0,3-0,2") = 0,0416.
ITicasa 2 uukiiB:
b =(0,4)"-(02+03-02°)=0,2.

[ToxaxxemMo 3aJIeXHICTh BIPOTIIHOCTI CTaHy omnepauii P, CHCTeMH BII KUIBKOCTI LIMKIIB
BHKOHAHHS Ha puc. 6.
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K-c1p

LIMKJTIB BiporigHicte
1 0.2
2 0.2
3 0.0416
4 0.01
5 0.00518144
6 0.002052915
7 0.000819593
8 0.000327711

BiporigHicTtb

0.25

0.2

0.15

0.1

=—4—BiporigHicTb

0.05

Puc. 6. 3anexHicTh BipoOriAHOCTI CTaHy MiJNporecy P, Bil KiJIbKOCTI onepaniii BAKOHAHHS

[ToOynyemo rpadiku mjis pi3HUX MapaMeTpiB MapKOBCHKOT MOJENI Ta MPOAHATI3ZYeEMO iXHIO

PUPOY.

Hanpukiiaz, 6y1eMo BapiloBaTH MapaMeTp MapKOBCHKOT MOJIEI BILUIMB i3 Baroo c,\, (puc. 7).

1 _
Cy1,=0,5

K-c1B
LHAKITIB

BiporigHicts

0.2

0.28

0.048

0.01

0.0052224

0.002056192

0.000819855

eI EN B Ko N LU/ I ¥ SN QOS I | \9)

0.000327732

0.3

0.25

A

BiporigHicTb

0.2 -

0.15

VA

0.1

0.05

1 2

\ —4—BiporigHictb
3 4 5 6 7 8

Puc. 7. 3anexHicTh BiporiHOCTI cTaHy orneparii P, BiJl KUIbKOCTI LUKJIIB BUKOHAHHSI 3a Bapiallii mapameTpy Baru
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11
c,,,=0,1 . . -
2 BiporigHICcTb
K-ctp S 0.25
. BiporinHicTs
IUKJTIB
1 0.2 0.2
2 0.12
3 0.0352 0-15
4 0.01 0.1 =@ BiporigHicTb
5 0.00514048 '
6 0.002049638 0.05
7 0.000819331
8 0.00032769 o
11 _ - - -
€21270.9 BiporigHictb
K-ctp S 0.5
. BiporinHicTs
IUKJTIB 0.4
1 0.2
2 0.44 0.3
3 0.0608 0.2 —49—BiporigHicTb
4 0.02
5 0.00530432 0.1
6 0.002062746 0
7 0.00082038
8 0.000327774

Puc. 7. 3anexHicTh BiporiHOCTI cTaHy oreparlii P, BiJl KUIbKOCTI LUKJIIB BUKOHAHHSI 3a Bapiallii mapameTpy Baru
BILUTUBY (IIPOJIOBKEHH)

OTxe, 31 3pOCTaHHAM KUIBKOCTI LUKJIIB BUKOHAHHS MIANpPOLIECY BIUIMB Ha BIPOTIHICTH CTaHY
30uTBIIyeThCS. Lle 3yMOBIIEHO B3a€MHUM YIUIMBOM TMIANPOIECIB, [0 BHU3HAYAE€ HEOTHOPITHICTH
MapKOBCHKOTO JIAHI[IOTA.

Jlnst mporo BUMAAKy cTtaH S; € OaxxaHum Juis omepanii P,, a cran S, — HeOaKaHUM, TOOTO
BIPOTIIHICTh HE0AXaHOT'O CTaHy > 3MEHILIYEThCS 31 3pPOCTaHHSAM KUIBKOCTI LUKJIIB BUKOHAHHS
MIAIPOILIECY.

BucHosku

[ToGynoBano HEOJHOPIAHY MapKOBCbKY wmozenb i uukimigaux PTII.  3ampomonoBano
3aCTOCYBAaHHA L€ MOJENl JJs aHali3y BIUIMBY LUKIIYHOCTI Ha YIPABIIHHS PO3TalyKEHUMHU
TEXHOJIOTITYHUMHU  mporiecamMu. OTpUMaHWN anmUKIMHUN Tpad pasom 13  HEOTHOPITHOIO
MapKOBCBKOIO MOJIEJIIIO J03BOJIAIOTh OLIHUTH PU3MK BapiaHTiB peanizauii nukiaiuyHux PTII 1
o0paTu peanizalliro 3 MiHIMaJIbLHUM PU3UKOM.
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V. M. Dubovoy, Dc. Sc. (Eng.). Prof.; I. V. Pylypenko; P. S. Stets

MARKOV MODEL APPLICATION FOR ANALYZING CYCLICITY
INFLUENCE ON THE BRANCHED TECHNOLOGICAL PROCESS
MANAGEMENT

The paper presents the obtained inhomogeneous Markov model that makes it possible to estimate the risk
of the variants of branched manufacturing process realization and to select the realization variant that has
minimal risk. On the basis of the obtained model, prediction as to the expedient number of cyclic
technological process repetitions has been made. The developed model is applied to the software testing
technological process.

Key words: cyclic technological process, Markov model, risk.

Introduction

Complex branched cyclic technological processes (CBTP) have found wide application in many
industries [1].

Cyclicity is CBTP property of repeatability of an operation (or of several operations). In this case
it 1s important to take the decision to stop cyclicity [1]. Having the alternative of repeating both a
separate subprocess, a group of subprocesses or a process as a whole is a characteristic feature of
cyclic processes.

In modern literature simulation of cyclic economic processes occupies an important place [2].
Building adequate mathematical models of economic cyclic processes determines development and
application of the latest information technologies for the problems of computer-aided analysis and
prediction of economic cycles. Among the founders of the mathematical modeling and analysis of
economic cycles there are such famous scholars as Slutskiy, Frisch, Lou¢a. A considerable number
of scientific works deal with these problems, in particular [3, 4].

However, the problems of managing branched technological processes with repeatability
(cyclicity) have not been sufficiently investigated yet.

The task of cyclic BTP simulation is complicated by the uncertainty of the number of cycle
repetitions as well as by the dependence of the parameters of subsequent cycles on the parameters
and characteristics of the previous ones. Hence, the task of solving the problem of cyclic BTP
simulation is of current importance.

Running of separate subprocesses and their results depend on the input parameters of the
production object and do not depend on how and by what means the production object parameters
have been obtained. In cyclic BTP Running of one flow of operations could be influenced by cyclic
flow of operations. Therefore, it could be assumed that it is possible to describe a cyclic BTP by the
inhomogeneous Markov model [5, 6].

The model of a cyclic technological process management is based on inhomogeneous cyclic
graphs and inhomogeneous Markov chains [6, 7].

The work is aimed at building an inhomogeneous Markov model for cyclic BTP and using this
model for analyzing the influence of cyclicity on branched technological process management.

The algorithm of transforming the graph of a cyclic BTP into acyclic form

In order to simplify application of Markov model to cyclic processes, we propose to transform the
cyclic graph of performing BCTP operations into the equivalent acyclic graph. A scheme of such
transformation is shown in Fig. 1.

The transformation consists in representation of each of the cycle realizations as a branched part
of the process (subprocess), transition to which is made as a result of taking decision at the end of
the previous realization. Dotted arrows in Fig 1 show the influence of the operations of the previous
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cycle realization on the operations of subsequent realization.

[ Beginning ]
|

Introduction of the adjacency

matrix G(N ,N )

|
Search for the set of cycles {C;,i =1..N}

Introduction of the maximal

multiplicity of cycle roots R;

—— v,
\ l
Creation of array C ; [1,n ; ] - sequence of the open-
1 ; Deriving a
cycle vertexes modified matrix
[ G
Increasing the dimensionality of matrix: ;y = § + n; - k;
|
GIGIn LN +m(j-D)+1]:=1 The end

—_ j=10 =D
|
GIN+n;- j,N+n;-j+1]:=1

—>< f= l.l.ni >—

=\ e=1.N;
|

GIN +n; - j+ f,e]l=G[Ci[f].e]
|

Fig. 2. The algorithm of transforming the BTP graph into acyclic form taking into account the permissible
multiplicity of execution of subprocesses

On the basis of Fig.1 a method is developed for transforming the graph of a branched
technological process into acyclic form taking into account the permissible multiplicity of performing
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subprocesses. The method makes it possible to build a structure of the branched technological
process in the conditions of uncertainty of input parameters by means of using oriented graphs and
taking into account multiplicity of the cycles. This results in the reduction of losses and increased
efficiency of the technological process management.

The algorithm of a cyclic BCTP graph transformation is presented in Fig. 2 where the following
designations are adopted: G — adjacency matrix of the graph; N — the number of vertexes; C; — cycle;
{ C; } — set of cycles; m — the number of cycles; n; — the number of vertexes in the i-th cycle; k; —
maximal multiplicity of the i-th cycle repetitions.

Application of Markov BTP model to cyclic processes

Let us present application of Markov BTP model to cyclic processes taking into account the
cyclic graph transformation into an equivalent acyclic form.

We present Markov model of the technological process as a set of Markov models of operations
and subprocesses P;. Inhomogeneous Markov model is taken as a basis [8].

Fig. 3 shows an example of the graph of operation state variations. The “state” is understood as a
set of values of the operation parameters.

Fig. 3. The graph of operation state changes

Let m be a maximal number of states of cyclic BTP operation. Let us designate the probability of
operation transition from state S, to state S j as bij- Then probability of the operation transition

from one state to another will be described by the matrix

b]] b]2 b]m
B: b2] b22 b2m ) (1)
bml bm 2 cee bmm
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The scheme of the relationships between the states of the operations and the meaning of
designations is presented in Fig. 4.

Subprocess Pv

Subproces PI

E Probability of
E E Influence with E state bw- E
: I the parameters I ':
E State .S, E X .. . |
: . : » | Transition with !
E E Time 7, E probability bvij E
| . | N/ ! i
i Probability of | Weight ¢y, j; . . |
: ~ : - ' Probability of
« state blh - ! 77 :
: : : state bW- :

.................

Fig. 4. The scheme of the relationships between Markov model parameters of BTP
operations

Since transition probabilities are variables, which is determined by a mutual influence of
operations of two sequential subprocesses, Markov model of cyclic BTP is inhomogeneous.

In [8] a linearized model is also presented for estimating probability of the state of two
subprocesses.

_ m
=1

b, = . [;W, . Cgi(])' +> (célfj -blh) v=1.n, i,j=1.m, ()

where B® s a probability matrix of the states of subprocesses; C,, — four-dimensional array of
weight coefficients [n,m,n +1,m +1]

The matrix element Cg;-j € C, determines the influence of the /-th state of the /-th subprocess on the

vector of transisiton probabilities of the v-th subprocess. Element ng is the probability of the v-th

subprocess transition from the i -th to the j -th state without taking into account the influence of

other subprocesses.

Taking into account a determinate character of the sequence of BCTP operations and the fact that
the influence of the previous subprocess operation on the similar operation of the next subprocess is
considered, i.e. / =v —1, model (2) is simplified as:

m m

-~ -~ 00 )k 7

b, = 2. by - Cyjj + 2 (CS; ) ‘b(v—l),h)
i=1 h=1

Let us consider the number of the operation state as a vector of parameters X. Then model (2)
will have the form of

m

EV(XJ-)=Z gv(Xi)' CSO(XioXj)JFi(va_l’h(Xian)‘gv—l(Xh» SE)
i=1 h=1
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If the influence of subprocess v-2 is taken into account, then
ha(X,)=2 {b (x,): [csz (0 )+ e (0, X4 ) Ba (X, ))}} | )

If the relations (3) and (4) are the models of different realizationsst of the same subprocess, we
can write

v—

Cgo(Xian):Cool(Xian)zclé

C:_l’h(Xian):va:lz’h(Xian):Cz- (%)
Substituting (4) into (3) and taking into account (5), we obtain
Ev (Xj ): i{g\z '{01 + i[cz i {EH fep + i(cz 'i{gv-z e + i(cz 'Ev—s )]})]}ﬂ}' (6)
i=1 h=1 i=1 r=l1 i=1 r=l1

After generalization of (6), we obtain
m v+1 (h-1)

EV(XJ)ZZZ 2 chcg_llij(l)gv—h()(i)

i=lh=1

On the basis of Markov model the risk of cyclic BTP realization could be determined, which will
make it possible to improve the quality of taking decisions connected with the management of
branched cyclic technological processes.

Markov model application to the software testing process

The proposed model has been applied to the software testing process as a branched cyclic
technological process. The scheme of the process is presented as a graph in Fig. 5.

) J

Test Management Test Design Test Execution Test analysis

Test Execution 1
|
|
Test Design Test Execution
b)

Fig. 5. Software testing process:
a) cyclic graph of the process;
b) cyclic graph transformation into acyclic form

Test analysis 1
I

I
Test Management Test analysis
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Testing is one of the quality control techniques that includes:
— Test Management;
— Test Design;
— Test Execution;
— Test Analysis [9].

These four stages are operations of the software testing process. Each operation contains states
that vary depending on the input parameters and the parameters of the previous operation execution.
In particular, “Test Management” contains the following parameters that influence the state of the
operation:

— information about software structure or system in documentation (“white box™);

— test data sets for verifying proper operation of the components and the system as a whole

without the knowledge of their structure (“black box”);

— limit values, decision taking tables, data flows, statistics of failures, etc.;

— block-diagrams of building programs and test suites for covering the system with these tests,

etc.

_Test execution” - “Test Analysis “ subprocess is executed cyclically until the minimal number
of defects is revealed. In this case, after the first cycle of the subprocess execution “Test execution”
operation will be influenced by the previous cycle result, 1. e. the result of “Test Analysis” operation.
The input data for the next cycle execution will vary since they depend on the results of the previous
cycle process execution.

Depending on how the defect is found, the state of the defect revealing operation will vary:

1) we learn (or have already learned) the expected result;

2) we learn (or have already learned) the actual result;

3) we equalize points 1 and 2.

The state of the operation will also be determined by test data which are used for checking the
system operation and are derived in different ways: by test data generator, by the design group on
the basis of the documents or the existing files, by the user from the requirement specification, etc.

On the basis of the known scheme of the relationships between Markov model of BTP
parameters, we will give an example of calculating the system subprocess state probability for several
operations.

We have 2 subprocesses P; and P,. Let subprocess P; has one state — S with probabilityb,, and
subprocess P, has two states — S, S, with respective probabilitiesh,, and b,, . State S, of subprocess
P, passes to state S, with probability b, , . State S; of subprocess P, influences the transition between
two states S) - S, of subprocess Ps: the influence with time 7, , the ifluence with weight c,,. Let us

compose a table of the values (Table 1).

Table 1
Parameters of the Markov model of software testing BCTP
Influence 4 :
Cycle Operation State State probability Transition W.lth
time weight the probability
Pl Opel‘ation 1 Sl bll _ 0’2
11
= T,=2 | €y, =03 b,,,=0,7
P, Operation 1 Si by =04 12 212 212
SZ bzz = 0,6

Let us calculate the probability of the second operation (P,) being in the second state (5,) after
execution of 4 cycles:

~(4) T (4-1) 12 7 (4-2)
by’ = by : [bll + (CZIZ by )]

b
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b =(0,4) -(0,2+0,3-0,2%) = 0,013568 .
After 3 cycles:
b =(0,4)*-(0,2+0,3-0,2") = 0,0416.
After 2 cycles:
b =(0,4)"-(02+03-02°)=0,2.

Let us show that probability of the state of operation P, depends on the number of execution
cycles (Fig. 6).

Number of - Probability
cycles Probability
1 0.2 0.25 -
2 0.2
3 0.0416 0.2
4 0.01
5 0.00518144 015
6 0.002052915 0.1 —4— Probability
7 0.000819593
8 0.000327711 0.05
0
1 2 3 4 5 6 7 8

Fig. 6. Dependence of the probability of subprocess P, state on the number of execution operations

Let us build graphs for different Markov model parameters and analyze their nature.
E. g., we shall vary the Markov model parameter, the influence with weight c,', (Fig. 7).

€31,=0,5
Probability
Number of 0.3
cycles Probability
1 0.2 0.25
2 0.28 02
3 0.048
0.15
4 0.01 ==& Probability
5 0.0052224 0.1
6 0.002056192
0.05
7 0.000819855
8 0.000327732 0 -+ T T T T
1 2 3 4 5 6 7 8

Fig. 7. Dependence of the probability of P, operation state on the number of execution cycles for the variable
influence weight parameter
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€31 0.1 Probability
Number of 0.25
cycles Probability
| 0.2 e
2 0.12
3 0.0352 015
4 0.01 o1 —&— Probability
5 0.00514048
6 0.002049638 0.05
7 0.000819331
8 0.00032769 Y
c;]n =0,9 PrObability
Number of 0-5
cycles Probability 0.4
1 0.2
2 0.44 0.3
3 0.0608 0.2 == Probability
4 0.02
5 0.00530432 0.1
6 0.002062746 o
7 0.00082038
8 0.000327774

Fig. 7. Dependence of the probability of P, operation state on the number of cycles for the variable influence weight
parameter (continuation)

Hence, with growing number of subprocess execution cycles, the influence on probability of the
state increases. It is determined by the mutual influence of subprocesses, which causes
inhomogeneity of Markov chain.

For this case state S; is desirable for operation P, and state S, is undesirable. The probability of
undesirable state S, reduces as the number of subprocess execution cycles grows.

Conclusions

Inhomogeneous Markov model for cyclic BTP has been built. This model is proposed to be used
for analyzing cyclicity influence on the management of branched technological processes. The
obtained acyclic graph together with the inhomogeneous Markov model makes it possible to
evaluate the risk of cyclic RTP realization variants and to select the variant having minimal risk.

Application of such models under uncertainty conditions is prospective for wide-class BCTP
management.
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