OBPABOTKA WU AHAJIU3 PE3YIIbTATOB

MOOEJNINPOBAHUA

Mpu BbIGOpe MeTOAOB 0O6PAbOTKM CYLECTBEHHYH pPOJSib UrparoT
TP OCOOEHHOCTU MALUNHHOIO 3KCNEepUMeHTa C MoAenbi CUCTEMbI S.

1. BO3MOXHOCTb nosfiy4aTb NMpu MogennpoBaHUU CUCTEMbl S Ha
9BM Oonbwue BbLIOOPKU MNO3BOMSAET KONMMMYECTBEHHO OLEHUTb
XapakKTepucTukm npouecca (PYHKUMOHUPOBAHUA CUCTEMbl, HO
npeBpawiaetT B Cepbe3Hy NpobrieMy XpaHeHUe MNPOMEXYTOYHbIX
pe3ynbTaToB MoAenupoBaHuA. ITYy MNpodornemMy MOXHO pPelUTb,
MCNONb3yA pPEeKYPpPEeHTHbIe anropuTMbl 0OpPabOTKM, Korga OLEeHKM
BbIYUCIIAIOT MO XO04Yy MoAerIMpoBaHUS.

2. CnoXHOCTb uccnegyemMom cuctemMmbl S npm ee MmogennpoBaHUU
Ha 3BM yacto npuBOAUT K TOMY, 4YTO arpuopHoe CyXAaeHue o
XapakTepucTumkax npouecca yHKLUMOHUPOBAHUA CUCTEMbI, Hanpumep
O TUMNe OXuaaemoro pacnpepeneHnss BbIXOOAHbLIX MNepPeMEeHHbIX,
ABNAETCA HEeBO3MOXHbIM. [lo3aToMy npu mMoagenupoBaHMM CUCTEM
IULUPOKO MCMNOSIb3YKOTCA HenapameTpuyeckne OLEHKU U  OLEeHKMU
MOMEHTOB pacnpeneneHus.

3. BNOYHOCTb KOHCTPYKLMM MalwlMHHOU moaenu My, u pasgenbHoe
uccriegoBaHue ONOKOB CBfi3aHbl € MNpoOrpaMMHOM UMUTaUUewn
BXOAOHbLIX MepeMeHHbIX AN OAHOM 4YaCTUYHOU MoAerniM Nno oueHKam
BbIXOAHbIX NEePeMEeHHbIX, NONTyYEeHHbIX Ha APYrou YaCTUYHOU MoAernu.
Ecnn 3BM, ucnonb3yemas Ana moaenupoBaHUA, He no3BonseTr

BOCNOJ1Ib30BaTbCA nepemMeéHHbiM, 3alMNCaHHbIMU Ha BHeLWHUe



HOCUTenn, TO cneayeT nNpeacTtaBUTb 3TU NepeMeHHble B dopme,
yAoOHOM AN NOCTPOEHUA anropuTtmMa X MMmMTaLun.

NMpun wuccnegoBaHMM CHOXHbLIX CUCTEM UM OONbLUOM 4ucre
peanusauun N B pesynbTate mogenupoBaHusa Ha IBM nony4aertcs
3HauYuTenbHbIK 00BbLeM wuHdoOpMauuM O COCTOSSHUAX Mpouecca
¢pyHKLMOHMUPOBaAHUA CUCTEMBI. Moatomy HeobGxoaumMo Tak
opraHMsoBaTb B npouecce BblYUCNEHUN duKkcaumro m obpadboTKy
pe3ynbTaToB MoOAeNIMpoBaHUA, 4YTOObl OUEHKNW Ans  UCKOMbIX
XapaKTepuUCcTUK ¢dopmupoBanucob nocTeneHHo no xoay
MoaenupoBaHusi, T. e. 0e3 chneumanbHOro 3anoOMMHaHMUA Bceun
uHdopmMmauum o coCTossHUAX npouecca (pyHKUMOHNPOBAHUA CUCTEMDI
S.

Ecnm npun wmogenupoBaHMuM npouecca (pyHKUMOHMPOBaAHUSA
KOHKPETHOM CUCTEeMbl S Yy4YMTbIBaAlOTCA CrlydauHble dpakTopbl, TO WU
cpeAn pes3ynbTaToOB MOAENUPOBaHUA MNPUCYTCTBYIOT CllyYauHble
Benn4ynHbl. B KayecTBe OLEHOK ANsl MUCKOMbIX XapaKTepucCTUK
paccuymMTbIiBalOT cpeaHue 3HavyeHus, Aucnepcuun, KoppensuuoHHble
MOMEHTbI U T. 4.

NMpu o6paboTKe pe3ynbTaToB MOAENIMPOBAHMUA MOXHO NOAOUTU K
oLleHKe BEepOATHOCTEN BO3MOXHbIX 3HAYE€HUN CINyYanHOU BENINYUHBI,
T. €. 3aKoHa pacnpegeneHunsa. OOnNacTb BO3MOXHbIX 3HA4YeHUM
clqlyYyaMHOM BeNU4YMHbI 7 pa3dbuBaeTcsl Ha 1 UHTepBanoB. 3aTem
HaKannmBaeTCs KONMMYeCTBO nonagaHUnM Criy4yamHOU BeNINYUHbI B 3TU
MHTepBanbl my, k=1, n. OueHKOM AONA BepPOATHOCTU nonagaHus
Cl/lyYyaMHOM BeNMU4YMHbI B UHTEepBas&l C HOMepoM K CRnyXUT BeriM4uHa
my/N. Takmum oOpa3om, npu I3TOM A[AocCcTatovyHO ukcupoBsatb

3Ha4YeHUn my npu obpaboTKe pe3yrnbTaToB MoaenupoBaHus Ha IBM.



Ana oueHKU cpeaHero 3Ha4YeHUA CJly4YauHOW BEeJIMYUHbLI 7
HaKannmMBaeTcs CyMMa BO3MOXHbIX 3HA4Y€HUN CRNy4YanHOW BENINYMHbDI
Yk, k=1, N, KOTOpble OHa NPMHUMAET NPU Pa3fINYHbIX peanu3auusx.

Toraa cpegHee 3Ha4YeHue

J7=(]/N)2)ﬁc.

anI 9TOM BBMAy HeCMelWweHHOCTN U COCTOATEJNIbHOCTU OLI€HKHN

M(y]= M=,
Dly|=DlnyN=02/N

B kayecTBe OLEHKM AUCNEepCUN CriyYyauHOW BeNIUYUHBLI 7) NpU

ob6paboTKe pe3ynbTaToB MOAENMPOBAHNA MOXHO UCMONb30BaTb

sz =2<Yk_)_’)2/N

NMpun o06paboTke pe3ynbTaToB MALUMHHOINO 3KCMNEepUMEHTa C
moaenbo M, Haumbonee 4YacToO BO3HUKAKT crieaylowMe 3apaudu:
onpegeneHne 3MMUPUYECKOro 3aKOHa pacnpeperieHMst criy4YyamHoum
BeJIMYMHbI, MpoBepKa OAHOPOAHOCTU pacnpenesieHMn, cpaBHeHue
cpeAHMX 3Ha4YeHMU U AOUCMEPCUN NepeMeHHbIX, MOJfIy4YeHHbIX B
pe3ynbTaTte MoAeriMpoBaHuA, U T. 4. OTU 3a4a4u C TOYKM 3pPeHuA
MaTeMaTU4YeCKOU CTaTUCTUKU SABMAKOTCA TUMNOBbIMM 3agadyamMum Mo
npoBepKe CTaTUCTUYECKUX TMNoTe3.

3agavya onpegeneHus 3MMNMPUYECKOro 3akoHa pacnpegerieHus
crly4YaMHOM Benun4uHbl Hambonee obLwWwasa U3 nepevyncrieHHbIX, HO AnNs
npaBUNLHOro pelleHUs Tpebyet Gonbwworo yucna peanumsauun N. B

9TOM Cliy4yae no pe3ynbTaTaM MALUMUHHOIO 3KCNepuMeHTa HaxoaAaT



3HaYeHUA BbIOOPOYHOro 3akoHa pacnpepeneHus F,(y) (vnu cpyHKUuuM
nrotHocTu f;5(y)) n BbiABUraloT HyneByto runotesy Hy, 4To nony4yeHHoe
3MNMpunYecKoe pacrnpegerieHMe cornacyercsas € Kakum-numbo
TeopeTuyeckum pacnpepeneHuemMm. lpoBepAarwT 3Ty runotesy Hp c
NMOMOLLULI CTaTUCTUYECKUX KputepueB cornacusa Konmoroposa,
NMupcoHa, CMupHoBa 1 T. 4., Npu4eM HeoOGXOAUMMYIO B 3TOM cCriyyae
CTaTUCTUYECKYI0 OOpaboTKy pe3ynbTaToB BeAyT MO BO3MOXHOCTU B
npouecce MmoaenMpoBaHusa cucteMmbl S Ha IBM.

Kputepun cornacua KornmoropoBa OCHOBaH Ha Bblbope B

kayecTBe Mepbl pacxoxaeuusa U Bennumnnbl D = max[E,(y)—F(y)]_

U3 Teopembl Konmoroposa cneayet, uto O = DJN npu N = »

umeeT (pyHKLUIO pacnpenerneHus

F(z)= P{é < Z}= i (— ])ke_ZkZZZ,Z > ().
k=—00

Ecnu BblYUCNeHHOE Ha OCHOBE 3KCNepUMEeHTarlbHbIX AaHHbIX
3Ha4YeHuMe 5 MeHblue, 4yeMm TabriMyHoe 3HaYeHUe npu BbIOPaAHHOM
YPOBHE 3HA4YUMMOCTM Yy, TO runortesy Hy NPUHMUMAKOT, B NPOTUBHOM
crniyyae pacxoxpeHue mexay Fs;(y) v F(y) cuntaetca Hecny4YauHbIM
runoTte3a Hy oTBepraeTcs.

Kputepun  KonmoropoBa Aana  ob6bpaboTkm  pe3ynbTaToB
MoaenupoBaHus LernecoobpasHO NMPUMEHATb B TeX cny4yasx, Korga
M3BECTHbl BCe NapamMmeTpbl TeopeTudeckon (pyHKLUUN pacnpenerieHus.
HepocTtatok MCNoNb30BaHUs aToro Kputepus cBA3aH c
HeobxoaumocTbo ¢ukcaumm B namatm IBM pgna onpepenenunsa D
BCeX CTAaTUCTUYECKUX HACTOT C UeSibi0 UX ynopsaao4vYeHUs B nopspake

BO3pacTaHuA.



Kputepunnn cornacua [InpcoHa OCHOBaH Ha onpeaerieHun B

KayecTBe Mepbl pacxoxaeHus U BennYnHbI

=l -n, )

raoe m; — KOsin4yecTtBO 3HAaYEHUN CNy4YaHOW BeNIMYUHBbI 7, NONaBLWUX B

i1 noAablHTepBan; p; — BEepPOATHOCTb MNoMagaHusa Criy4YyamHoOMu
BefIMYMHbI 17 B i-A NoAblHTepBan, BblYUCMIEHHAsA U3 TeopeTU4YecKoro
pacnpepeneHusa; d — KONMYeCTBO NOAbLIHTEPBAaNoB, Ha KOTopble

pa3buBaeTcA MHTepBan U3MepeHus1 B MalUMHHOM 3KCNepUuMeHTe.

Mpu N — © 3akoH pacnpeaeneHusa BenuuuHbl U, asnsiowencs
MEepoOUu pacxoxaeHusi, 3aBUCUT TOSNIbLKO OT YuUcCria NoAbIHTEepBarioB U

npuobnuxaeTca K 3aKoHy pacnpepeneHvsa ,° (xu-kBagpart) ¢ (d-r-1)

cTeneHAMU cBoboabl, rae r — 4YUCI0O NapamMeTpPoOB TeOpPeTUYeCcKoro
3aKOHa pacnpeperneHus.

U3 Teopembl [lunpcoHa cnepyeTt, 4TO, KakoBa Obl HM Obina

dyHKUMA pacnpeneneHnsa F(y) cnyyanHon BenuuuHbl 1, npu N —

pacnpegerneHve BefIMYMHbI X’ vmeeT BuA
F, (z) = P{)(Z < Z}= ]/[Zk/z F(k/Z)]fe't/Zt(k/z_I)dt, z>0
0
raoe (k/2) — ramma-(pyHKUMA; z — 3HaYeHUe Crly4YauHOW BeNINYUHbLI

2
X , k =d-r-1 — uncno cteneHen ceo6oabl. DyHKUMU pacnpeneneHus

F(z) TabynupoBaHbil.
2 o
Mo BbluMcneHHOMY 3HayeHuo U= u uucny cteneHen cBo6oabl

2 2
k c nomoubio Tabnuy, HaxoAUTCA BEPOATHOCTb P{)(, =X }.Ecnw aTa

BepPpOATHOCTb npeBbillaeT HeKOTOprﬁ yYpOB€Hb 3HA4YUMMOCTU y, TO



cyutaetcsa, u4YTtOo runotesa Hy o0 Buae pacnpeperieHua  He
ornpoBepraeTca pe3yfibTaTaMy MallMHHOrO 3KCNepUMeHTa.

OnAa nNpuUHATMA WM ONpPOBEpPXEeHUsl Trunotesbl BbIOUpaKOT
HEeKOTOpPYI crny4dauHyr BenuuuHy U, xapakTepusylwyr cTeneHb
pacxoXxaeHUss TeOopeTUYEeCKOro M I3MMUPUYECKOro pacnpeneneHus,
CBAI3aHHYIO C HeAOCTaTOYHOCTbIO CTaTUCTUYECKOro martepuana u
APYyrMMM cny4YaMHbiMM MpuyYMHamMu. 3aKoH pacnpegerieHuss 3Tou
CJ&ly4YaMHOM BeNIM4YMHbI 3aBUCUT OT 3aKOHa pacnpeaeneHus criy4yamHoum
BefIM4MHbI 77 W 4Yucna peanusaumn N npu cCTaTUCTUYECKOM
MoAgenupoBaHMnM cuctembl S. Ecnm BepoATHOCTb pacxoXxaeHus
TeopeTn4yeckoro u amnupudeckoro pacnpegeneduun P { Ur 2 U} Benuka
B MOHATUAX MPUMEHSIEMOro KpuUTepusi corfiacusi, To npoBepsiemas
rmnoTte3a o Buge pacnpegeneHusa Hy He onpoBepraetcs. Boibop BMaa
TeopeTuyeckoro pacnpepgenenHma F(y) (wnu f(y)) npoBoautca no
rpachukam (ructorpammam) F,(y) (vnn f;(y)), BbiIBeaeHHbIM Ha ne4yaTb
UMM Ha 3KpaH aucnnes.

XoTA pacCMOTpeHHble OLEHKM WCKOMbIX XapaKTepUCTUK
npouecca (YHKUMOHUPOBAHUA CUCTEMbl S, TnMOfy4YeHHble B
pe3ynbTate MaWMHHOINO 3KCnepumMmeHTa c¢ mopgenbio M,, ABNAKTCA
npocTenwmnmm, HO oXBaTbIBalOT GONbLLWUHCTBO criy4yaes,
BCTpeyarLwmxca B npakTuke o6paboTkm pe3ynbTaToB
MoAenupoBaHMs CUCTEMbl AN uUeneM ee uccrieaoBaHus WM

NMPOEKTUpPpOBaHUA.

C nomowb KOppesiITyUOHHO20 aHaslu3a uccnepoBaTesfib MOXeT
yCTaHOBUTb, HACKOJSIbKO TeCHa CBfi3b MeXxay AByms (unu Oonee)
CNlyYaHbIMU BeNIMYMHAMMU, HabnwgaemMbiMn N (pUKCUpyeMbiMU NpU

MoaenupoBaHMMN KOHKPeTHOU cuctembl S. KoppenAuunoHHbIN aHanus



pe3ynbTaToB MoAeriMpoBaHUA CBOAUTCA K OLEeHKe pa3bpoca
3HaYeHUN 7 OTHOCUTENBbHO cpeAHero 3HauyeHusa ), T. e. K OLeHKe
CuUnbl KoppensaunmoHHon cBsa3un. CyuwecTtBoBaHME 3TUX CBSA3EU U UX
TECHOTY MOXHO AJ1f1 CXeMbl KOppensuMoHHOro aHanumsa y =M[77/§=x]
Bbipa3suTb MNpPU HalM4YMM JIMHEMHOM CBA3U MeXAay uccrieayemMbiMU

BeJINYHNHAMUN N HOPMaAlIbHOCTU UX COBMECTHOIo pacnpepersieHunsa C

nomMmouibio KoadgcpunumeHTa Koppensauumn.

a) a0 8) 2)
i O O<r.< 1
Y1]o o o y o= 1 yl O< re,< 1 y ey
oog ooo ooooo °8 oo°°°°
%0902 ° 0™ 205 &
0" o 090 o° o9
oo o 60 000
0 x 0 X 0 x 0 X

Puc.1. Pasanun4yHble cniy4yan Koppensauum nepeMeHHbIX
AOna Toro 4To6bl OLEHUTb TOYHOCTb MONTY4YEeHHOWU NpU obpaboTke
pe3ynbLTaToB MOAENUPOBaHNA CUCTEMbI S OLEHKN r;,, UenecoobpasHo
BBECTU B pacCMoOTpeHue KkoacpdpuumneHT
w = In [(1+ rg, )/(1-1¢,)]/2,
npuyem w NPUONMXEHHO noa4YnMHAEeTCA rayCcoBCKOMY

pacnpeaeneHuio co cpeaHUM 3Ha4YeHueM n gucnepcuen:

Hy = l”[(]+’”§n)/(]"”§n)J/2
o’ =1/(N-3)

U3-3a BnuaHuA 4ucna peanusauuin npu mopenupoBaHum N Ha

OUeHKY KoadhdhmumeHTa Koppensaumm HeobxoaMmo yoeauTbCA B TOM,

yTo 057”577 <1 OEeNCTBUTeNIbHO OTpa)kaeT Hanuuue CTaTUCTUYECKU

3Ha4Ynmomn KOppeﬂﬂLl,VIOHHOVI 3aBUCUMOCTUN MeXAay wuccneagyemMbiMU



nepeMeHHbIMun moaenu M,. 3To MOXHO caenatb NMPOBEpPKOU rMnoTe3bl
Ho: r.,,=0. Ecnun runnotesa H, npu aHanuse oTBepraeTcs, TO
KOppPensAuUOHHY 3aBUCUMOCTb NMPU3HAKOT CTaTUCTUYECKU 3HAYUMOMN.
OueBngHO, 4YTO BbLIOOPOYHOE pacnpepeneHne BBeAEHHOrNo B

paccmoTpeHue koadpduumeHTa w npm r,,= 0 ABNsAeTCs rayCCOBCKUM C

HyneBbIM cpeaHum u, = 0 U gucnepcuen Oii = (N—3)_].

NMpu aHanuse pe3ynbTaToB MOAENNPOBaHUA CUCTEMbI S BaXHO
OTMETUTb TO OOCTOATENbLCTBO, YTO Aa)Xe eCnu yaanocb YCTaHOBUTb
TECHYK 3aBMCUMOCTb MeXAay ABYMS nepeMeHHbIMU, TO OTCcloaa elye
HenocpeaACTBEHHO He crieayeT UX  MPUYUHHO-CrieACTBEHHas
B3aumMoobycnoBneHHOCTb. Bo3MOXHa cutyaumsa, Korga crnydyamHble §
M 77 CTOXAaCTUYECKN 3aBUCUMbI, XOTA MPUYMHHO OHU ABNAKOTCA ANA
cuctembl S HeszaBucumbiMU. llpn cTtaTUCTUYECKOM MoAennpoBaHUNU
HariMyne Takom 3aBMCUMOCTU MOXET UMeTb MecCTO, Hanpumep, U3-3a
KOppennpoBaHHOCTHU nocriegoBaTesfibHOCTEMN nceBaocny4amHbIX
yucersn, UcCnNonb3yembiX A5 UMUTAUMM COOLITUM, MONOXEHHbLIX B
OCHOBY BbI4YNCIIEHNS1 3HAYEHUU X U ).

Taknm obpa3om, KOppensALuMOHHbIM aHanu3 yctaHaBliMBaeT CBA3b
Mexay wuccnegyeMmbiMU CrlyYavHbIMM  NEePeMeHHbIMU  MaLlMHHOMN
MoAerim U oueHMBaeT TeCHOTy 3Tou cBsA3n. OgHaKo B AOMOJNIHEHUe K
3TOMYy  XenaTesfibHO pacnonaraTtb MoAaenbio 3aBUCUMOCTHN,

Nnosily4eHHoMn nocrie o6paboTKn pe3yrnibTaToB MOoAeNIMPOBaHUSL.

PezpeccuoHHbIl aHanu3 paeT BO3MOXHOCTb NOCTPOUTbL Mogerb,
Hauny4ywuMm o6pa3oM  COOTBETCTBYHWLIYH  HaAbGopy  AaHHbIX,
NOJlyYeHHbIX B XOA4e MAaLUMHHOro 3KcnepumeHTa ¢ cuctemon S. MNMop

Hauny4ywumm cooTBeTCTBUEM nOoOHUMaeTCH MWHUMUN3NpPOBaAHHaA



(pyHKUMA OWMOKU, ABNAKOLWAACA Pa3HOCTbLIO MeXAy NPOrHo3upyemMmou
Moaesnbi U AaHHbLIMU 3KcnepumeHTa. Takon (hyHKUMEn OWMOKKU npu

perpecCMOHHOM aHalrin3e CIyXxXmTt CyMmmMma KBagpatoB OLIMOOK.

NMpu obpaboTke M aHanuse pe3ynbTaToB MoAeNIMpOBaHMUSA 4acTo
BO3HUKaeT 3agaya cpaBHeHUs cpeaHux Bbloopok. Ecnu B pe3ynbTarte
TakoM TMNpPOBEPKM OKaxXeTcs, UYTO MaTemMaTu4yeckoe OXupaHue
COBOKYNHOCTEW CRy4YailHbix nepemeHHbix {V"}, {V?}, ... {y™}
OTNMYaeTcA  He3HauYuTenbHO, TO CTAaTUCTUYECKMM  maTepwuan,
NOJSIy4YeHHbIM B pe3ynbTate MoAeSIMPOBaAHUSA, MOXHO CUYMUTaTb
OAHOPOAHLIM (B cny4yae paBeHCTBa ABYX NepBbiX MOMEHTOB). JTO
AaeT BO3MOXHOCTb 00beAMHUTb BCe COBOKYNMHOCTM B OAHY W
No3BOJIeT CYLIEeCTBEHHO YBenn4YuTb UWHdoOpMauulw O CcBOMUCTBaXx
uccnepyemoun mogenun M,,, a cnegoBaTtesibHO, U cucTteMbl S. NMonapHoe
ucnonb3oBaHne ANA 3TUX ueneun KkputepueB CmupHoBa n CtbloaeHTa
ANs NPOBEPKU HYFieBOMU rMnoTtesbl 3aTPYAHEHO B CBA3U C Hanuumem
GonbLworo 4yncrnia BbIOOPOK Npu mMoaerupoBaHuUU cuctembl. [MoaTomy
AnNSA 3TON uenu ucnosnb3yeTca ducrnepcuoHHbIU aHanus.

AucnepCcUOHHbLIN aHanNU3 NO3BOJIAET BMECTO NMPOBEPKMU HyreBOMn
rmnoTesbl O paBeHCTBE CpeAHMX 3Ha4YeHUN BbIOOPOK NpoBOAUTL NpPU
ob0paboTKe pe3ynbTaTOB MOAESNIMPOBaAHMUA TMPOBEPKY HyreBOMu
rmnote3bl O TOXAECTBEHHOCTU BbIOOPOYHONM U reHeparibHOM
ancnepcumn.

Bo3aMoOXHbI M AgpyrMe nogxoabl K aHanu3sy UM UHTepnpetTauuu
pe3ynbTaToB MOAenMpoBaHUA, HO NPU ITOM HEeoOXOAMMO MOMHMUTDL,
4yTO UX 3PPEKTUBHOCTb CYLIEeCTBEHHO 3aBUCUT OT Buaa U CBOWUCTB

KOHKPEeTHOM MOoAenupyeMon cuctemMsl S.



