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MOIEJIMPOBAHUE HOPMAJIbHbBIX ITPOLIECCOB
B CTOXACTUYECKHUX CUCTEMAX CO CIIOKHBIMHA
NPPALIMOHAJIbHBIMW HEJTUHEMHOCTIAMU*

W. H. Cuannsie', B. . Cununsin?, D. P. Kopenanos?®

Annoramusa: PaccmatpuBarorcst nuddepeHunanbibie croxactuueckue cuctembl (CtC), B TOM umcie W Ha
MHOTO00pa3usx, ¢ BUHEPOBCKUMM W MTyaCCOHOBCKUMU IITyMaMH U CO CJIIOXHBIMU MPPAIIMOHATbHBIMU HENU-
HeitHocTsiMu (CMPH). Takue Moeny onuchiBalOT MOBEACHE MHOTMX COBPEMEHHbBIX HAHO- U KBAHTOBOOIITH -
YECKUX TEXHUIECKUX cpencTB nHpopmatuku. [1puBonsarcst ypaBHEHUSI METOIOB HOPMAJIBLHOM anmpoOKCUMAaINu
(MHA) u cratuctuyeckoit muHeapusanuu (MCJI) mis aHAIMTHUYECKOTO MOIEIMPOBAHUS HECTAIlMOHAPHBIX
U CTallMOHAPHBIX HOPMAJIbHBIX MpolieccoB. PaccMaTpuBaloTcsi METOAbI BBIYUCAEHUS TUITOBBIX MHTETPAIOB IS
JNEeTePMUHUPOBAHHBIX U CTOXaCTUIECKUX OMHO- 1 MHOToMepHBIXx CUPH ckansipHOTro 1 BEKTOPHOTO apTryMeHTa.
OTmevaeTcsi BO3MOXKHOCTb MCTIOTb30BAHUS MIMHIPUUECKUX (YHKUIWNA UTST aHATUTUYECKOTO pacdyera WHTe-
rpajioB. OOcyxknaeTcsi alropuTMUUECcKoe odecrieyeHue aHATUTUYECKOTO U CTATUCTUYECKOrO MOJEIMPOBaHUSI.
IMpuBonuTcst 7 TecToBBIX MpuMepoB mjist TutoBbix CUPH. PaccmarprBaeTcst BO3MOXHOCTB UCTTOIb30BaHus MCJI
JUTSI HOpMaTn3aluy THOOCOBCKUX pacTipene/eHnit 1 pactipeneseHnii ¢ nuBapuantHoi mepoii ast CtC ¢ CUPH.

KimoyeBble ciioBa: aHaJIMTUYECKOE M CTAaTUCTUYECKOE MOICIMPOBaHUE; TMOOCOBCKOE pacIipeie/icHue; Me-
ToA HOpMajibHO# arnmnpokcuManuu (MHA); Meron cratuctuyeckoit nuneapuzauuu (MCJI); pacnpeneneHue
C MHBapMaHTHOI Mepoii; ClIoXHbIe ppalMoHalbHble HenuHeitHoct (CUPH); cnoxHble KoHeuHble, audde-
peHIMaIbHBIC U MHTErpajbHble HeIMHEHOCTH; cToxacTuueckue cuctembl (CTC); nMIMHIApUIecKe (PYHKIIMT

DOI: 10.14357/19922264150101

1 Bsenenue

BompocaM aHaNIMTUYECKOTO M CTaTUCTUYECKOTO
MOJIETUPOBAHUST HOPMATbHBIX (TAyCCOBCKMX) CTOXa-
ctuueckux mnpoiieccoB (CtIl) B HemuuelHbix CT1C
(B TOM uMcie Ha MHorooopasusix) Ha ocHoBe MHA
u MCIJI nocBsilieHa od1IMpHast iuteparypa (cM. 0030-
pul B [1-5]). B [6, 7] nano pa3sutue MHA (MCJI) mist
CtC co cOXHBIMU KOHEUHBIMU T hepeHITnaTbHbI-
MU Y UHTETPATTbHBIMU HEJTMHEITHOCTSIMU.

PaccmorpuM o6ob61ienne [6, 7] Ha caydait CtC
Ha MHOTO00PAa3usIX, COAEPXKAIINX OTHO- U MHOTOMEP-
Hble JeTepMUHUPOBaHHbIE U cToxacTuuyeckue CUPH
CKaJISIPHOTO U BEeKTOpPHOIo apryMeHTa. CTaThsl COCTO-
WUT U3 BBENEHWS, YEThIPEX Pa3NesioB W 3aKITIOUEHUSI.
B pasn. 2 mpuBeneHbl McXoaHbie nuddepeHInaTIbHbIe
CcTOXacTU4YecKue ypaBHeHUs (TTOHMMaeMble B CMBICIE
HT0), a Takke ypaBHeHust MHA (MCJI) minsg CtC c ne-
TePMUHUPOBAHHBIMU U cToxacTuueckumu CUPH. An-
TOPUTMUYECKOE O0ecIiedyeHre aHAIUTUIECKOTO U CTa-
TUCTUYECKOTO MOJIEIMPOBAHMS PACCMOTPEHO B pa3. 3.
TumoBble MHTETPAJTBI U TECTOBBIE TIPUMEPHI JIJIST TUTIO-
Beix CUPH conep:xarcs B pa3n. 4. B pa3n. 5 obcyxna-
I0TCSI BOITPOCHI MOACMPOBAHUSI HOPMaJTbHbBIX THOOCO-

*Pabora BbiToTHeHa 1pu rtoaepxkke PODU (rpoekt 15-07-02244).

BCKMX M pacOpeneseHnlA ¢ THBApUAaHTHOM Mepoli B ra-
MuJIbTOHOBBIX CTC ¢ IMHEHOI nuccumnanueit.

2 YpaBHEHMS HOpMaJIbHOM
anIpoKCUMaluu
(CTaTUCTUYECKOU TMHEapu3alnN)
JUTSL CUCTEM CO CJIOXHBIMU
WppaLvOHAIbHBIMUA
HEJIMHEVMHOCTIMU

Kaxk u3BecTtHO [1, 2], ypaBHeHNST KOHEUHOMEPHBIX
HETIPePBIBHBIX HEIMHEWHBIX CHCTEM CO CTOXacTHUYe-
CKMMM BO3MYILEHUSIMU MYTEM pacCIIMpEHUs] BEKTOopa
coctosiHuss CTC MOryT OBbITh 3alMcaHbl B BUAE CIEIy-
IOIIIEeTO BEKTOPHOTO CTOXAaCTUYECKOTo auddepeHIIn-
aJbHOTO ypaBHEeHMS UTO:

dY, = a(Yy,t) dt + b(Y;,t) AWy +

+ [ elVistoo)Pdtdo), Y(t) = Yo, (1)
Ro

"Mucrturyr npo6aem nndopmatuku Poccuiickoii akaneMun Hayk, sinitsin@dol.ru
2WuctutyT npobieM nHpopMaTuKK PoccuiicKoii akazeMuH Hayk, vsinitsin@ipiran.ru
3UucTuTyT pobireM nHdOpMaTHKN Poccmiickoit akageMun Hayk, ekorepanov@ipiran.ru
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3nech Y; — (p X 1)-MepHBII BEKTOp COCTOSIHUS, Y; €
€ Ay (A, — MHOroo6pasue cocrosinuit); a = a(Y;,t)
nb = by, t) — m3BecTHBIE (p X 1)-MepHasi v (p X m)-
MepHast pynkunu Y, u t; Wy = Wo(t) — (r x 1)-
MepHbIii BuHepoBckuii CTIl MHTEHCHMBHOCTH vy =
= 1(t); c(Yz, t,v) — (p x 1)-mepHas dyHKIUSA Yy,
M BCIIOMOTaTeJIbHOTO (g X 1)-MepHOro mapamerpa v;
J dP(t, A) — ueHTpUpOBaHHasI [TyaCCOHOBCKast Mepa,
A

onpeacasdaeMan CICAyIOINM 06pasoM:

/dPO(t,A) = /dP(t,A) = /Vp(t,A) dt

A A A

B (1) npunsiTo: f — YHCJIO CKAYKOB ITyaCCOHOBCKOTO

A
CrIl B unTepBane BpeMeHn A = (t1,%2]; vp(t,A) —
MHTEHCUBHOCTH TyaccoHoBckoro CtIl P(t, A); A —
HEKOTOpOe GOPEeNeBCKOe MHOKECTBO ITPOCTPAHCTBA Ry
C BBIKOJIOTBIM HauaJioM. HauanbHoe 3HaueHue Yy npe-
CTaBJIsIET COOOM CITydaiiHyIO BeJIMIMHY (C.B.), HE 3aBH-
csimtyto ot pupatieHuit Wy (¢) u P(t, A) HauHTepBaiax
BpPEMEHU, CICAYIOLINX 3a tg, tg < t1 < to, IS 110O0TO
MHOXeCTBa A.

B caygae anmnuTUBHBIX HOPMAaJIBHBIX (TayCCOBCKMX)
1 0000IIEHHBIX TyaCCOHOBCKKMX BO3MYILIEHUIA YpaBHE-
Hue (1) umeet BUA:

Y =a(Yy,t) +bo(t)V, V=W, Y(to) =Ys. (2)

3nece W — CrIl ¢ He3aBUCUMBIMU MPUPALLIEHUSIMU,
MpeACTaBISIONINI COO0M cMeCh HOPMaJILHOTO K 0000-
1eHHoro nmyaccoHoBckoro CtI1.

s xomnoHeHT (Y7, t) = {an, bij, cn} GyHKUMI
a, b m ¢, apngronuxcss CUPH, npuMem crenyronine
TUTIOBBIE TIPEICTABIICHUS:

(Y, 1) Zz Vo + drt ™7 pr(Y2) 3 (3)

p
a%"
o(Y, 1) ZZT ht H [Yae + dne|™ " pnr(Ye), (4
h=1

raoe lft, lf,ht’ af, Oéi_’w d’l‘ta dht n pr(ﬁ); ph,r(Y;f) -
napaMmeTpbl U CTpyKTypHble hbyHkuuu CUPH.

Ecnu nmpeamnonoXuTh CyllecCTBOBAHUE KOHEUYHBIX
BEPOSITHOCTHBIX MOMEHTOB BTOPOT'O MOPSIIKA IS MO-
MEHTOB BpeMeHU t1 U to, TO ypaBHeHUs1 MHA npumyT
clenytomuii Bun [2, 3]:

— JIJIS1 XapaKTepUCTUYECKUX (DYHKIIMIA:

1
g1 (A;t) = exp [i/\Tmt -3 )\TKt/\} 6

R R
98 1, (A1, Agity, ta) = exp [MTmz ~3 )\TK2/\} , (6)

rae
A=Y = [ mE]
7 [K () Kt t)
2| K (tg, t1) K(tg, t2)

— JUIS MaTeMaTUYECKUX OXHUITaHMIA 1My, KOBapUaIi-
OHHO# MaTpuIbl Ky 1 MATPULIBI KOBAPUAIITMOHHBIX
dyuxmit K (t1,t2):

mt e al(mt, Kt,t) , Mo = m(t()) ; (7)
Ky = as(my, Ky, t), Ko=K(to);  (8)
aK(tlu t2)
T = K(tlatQ)an(mtwKtth)T ’ (9)
K(ti1,t1) = Ky, .
31ech IPUHATHI CIEAYIONIE 0003HAYEHUS:
al :al(mt,Ktut) :MJAVya(n7t)7 (10)

ag = ag(my, K, t) = agy(my, K, t) +
+ az1(my, K¢, t)" + aga(my, Ky, t) 5 (11)
= M} a(Yi,t)Y,"5  (12)
ags = aga(my, Ky, t) = MY o(Y7,1); (13)

o (Yi, t) = b(Yy, t)vo(t)b(Yy, )"
-|-/C(Yt,t,v)c(Yt,t,v)TVp(t,dv); (14)
R§

me =My Y, Y0 =Y,
Ky = MY YYT; K(t,t) =

a1 = ag1(my, Ky, t)

—me;
N v 0y/0T .,
MAy}/;li/;z ’

M ivy — CHMBOJT BBIYMCIICHUST MAaTeMaTUIECKOTO OXKM-
JAHMS JUIsI HOpMaJIbHBIX pacupeaeaeHuii (5) u (6).

Hna crarmoHapHbix CTC HOpMaJbHBIE CTallMOHAP-
Hble CTIl — ecu OHM CyIIECTBYIOT, TO My = m, Ky =
= K, K(t1,t2) = k(1) (1 = t1 — t2), — onpenenstorcs
ypaBHeHUAMH |2, 3]:

al(m,K)ZO; CLQ(TTL,K)Z (15)
kr (1) = ag1(m, K)K k(1) ,
k(0) = K (V7 >0); (16)
k(t) =k(-7)T (V1 <0).

ITpu 3TOM HEOGXOMUMO, YTOOBI MATPULIA az1 (1T, K ) =
= G971 OBIJIa aCUMIITOTUYECKN YCTOMUUBOIA.

B cayyae CtC (2) ypaBHeHuss MHA nepexonst
B ypaBHenuss MCJI Kazakona [2, 3], ecau IpUHATH

CL(}/t, ) —al(mt,Kt)—Fka(mt,Kt)Yt 3 (17)
b(Yz,t) = bo(t); } (s
a(Yy,t) = bo(t)v(t)bo(t)™ = oo(t) ;

6 T
kf(mt,Kt,w:K )ao<mt,Kt,t>T] . (19

3mt
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my = ay(myg, Ky, t);  mo =m(to); (20)
Kt = klll(mt, Kt, t)Kt + Ktkf(mt, Kt, t)T +
+oo(t), Ko=K(o); (21)
OK (11,1 .
% = K(tla t2)Kt2k1 (mtz ) th ) t2)T )
2
K(ty,ta) = Ky, . (22)

Hnst craumoHapHbix CtC  (2) mnpu  ycioBuu
ACHMIITOTMYECKO# yCTOWUMBOCTH MaTpuibl ki (m, K)
B ocHoBe MCIJI nexat ypaBHeHus (15) u (16), 3amnm-
CaHHBbIE B BUIE:

al(m,]_() =0;
ki (m, K)K + Kk{ (m, K)T + 50 = 0;

k(1) = k¢ (m, K)k(1), k(0) =K (V7 >0) ;} 05)

(23)
(24)

k(t) = k(-7)T (V7 <0).

VYpauenus (5)—(9) nexar B ocHoBe MHA nmns
C1C (1), a ypaBHenus (17)—(22) — B ocaHoBe MCJI
mnst CtC (2). st onpenenenus crarmoHapHbx Ctll
cormacHo MHA cnyxat cootHomenust (15) u (16),
a MCJI — (23)—(25).

B 3amauax nmpaktuku 1t CtC co cToXacTUIeCKUMEI
CUPH a, b v ¢ aBAI10TCS HOPMAJIBHBIMU CITydailHBIMU
(GYHKUIMSIMU COCTOSIHUS Y; M BDEMEHU:

A= A(Y,t); B=B(Y;,t); C=C(Yi,t,v).

ITpu u3BecTHBIX ycaoBUSAX [1—3] OHM MOTYT OBITH
TIPECTaBICHBl B BUIE COOTBETCTBYIOIINX KaHOHUYE-
CKUX PA3JIOXKEHUN IO CIIyJYallHbIM HOPMaJIbHBIM CKa-
JISIpHBIM C.B. B aTOM ciyyae B peactanieHusix (3) u (4)
BEJIMYMHBL [, 1 1f,, GynyT He3aBUCHMbIMU C.B. L,
u Lﬁ ht C UBBECTHBIMU MaTeMaTUYECKUMU OXUIAHMSI-
MU mfg’ u mi,“;t U JUCTIEPCUAMMU DTL;’ u lf.,;;t' Beensa

PaCLIMPEHHBIIT BEKTOP COCTOSIHUA Y, cocTosI M 13 Y}

uc.B. LY, uLY?,  u1o6aBus K ypaBHeHUsIM (1) ypas-

nenust LS, = 0udLy, , = 0, npunem k CtC uaa (1).

3 AJTropuTMHUYECKOE OOecrneuyeHue
aHAJIMTUYECKOTO
1 CTaTUCTUYECKOTO
MOAETUPOBAHUSI

Kak cnenyet u3 ypaBaenuii (10)—(14), nis MHA
HEOOXOAMMO YMETh BBIYUCIATH CHEAYIONINE WHTE-
Tpabl:

Ig = Ig(mt, Kt, t) = al(mt, Kt, t) =
= M} a(Yi,t); (26)

IT = I (my, Ky, t) = a1 (my, Ky, t) =

= M} a(Yi,t)Y,"T5  (27)
I§ = I§ (my, Ky, t) = aga(my, Ky, t) =
= Mno(Y;,t). (28)

Hs MCJI 1ocTaTo4HO BBIYUCIUTL UHTErpai (26),
npuyeM uHTerpan I Beraucisercs mno opmyie [2—4]:

me

(9 T
k¢ = kS (my, Ky, t) = Ka—) Ig(mt,Kt,t)T} .

B ocHOBe aHATUTHYECKOTO BBIYMCICHUS] MHTETpa-
J10B (26)—(28) JexaT MeTombl, OCHOBaHHBIC Ha CBOW-
CcTBax HuAMHApUYeckux dbyHkumit [§—10]. g guc-
JICHHBIX PAacYeTOB 3THX HWHTETPAJIOB HMCIIOJIB3YIOTCS
meTtonsl [10].

BaxxHo mmeTh B BUIy, 4TO ypaBHeHUss MHA (MCJI)
cojepxar uHrerpansl I[§, I m I§ B BHIE COOTBET-
cTBytomux Koadguuuenton. I[loatomy mnpoieaypa
BBIYMCJIEHUSI MHTETPaJIOB JNOJKHA OBITh COTIlacoBa-
Ha C METOIOM YHCJICHHOTO pEIIeHUS OOBIKHOBEH-
HBIX IuddepeHInaabHbIX YpaBHEHUN mist my, Ky
u K(t1,t2) DT KOdDOUIIMEHTHI HOMycKaloT nudde-
peHIMpoBaHue 1mo m; U Ky, Tak Kak MojJ UHTerpajioM
CTOUT CIVIAXXMBAIOIasi HOpMasibHasl TUIOTHOCTb.

B [5] uznoxeHbl 0o0IIME aArOPUTMbI aHAJIUTUYE-
CKOTO M CTaTUCTUYECKOTO MOICITMPOBAHUS paCIIpee-
JICHUI, B TOM YUCJIe HOPMaTbHBIX B HeMHEHHBIX CTC
Ha MHOTrooopasusix. AJITOPUTMbI aHAJTUTUYECKOTO,
cratuctuueckoro Mmoaeauponanust aist CtC ¢ CUPH,
a TaKKe CMeIIIaHHBIC aJITOPUTMBI Pa3IMIHON CTEIIeH!
TOYHOCTHU OTHOCUTEIHHO II1ara MHTETPUPOBAHMS ITIPE/I-
CTaBJICHHI B [5].

4 TecToBble MPUMEPHI

1. PaccMoTpuM BBIUKCIIEHWE WHTErpajioB (26)
u (27) nns onHomepHbix CUPH ckansipHoro aprymeHTa

(Yo t) = [Yi|* " sign, (29)
(v — HelembIi TOKa3aTeNb).
[Moab3ysce (17), npencrasum (29) B Buze
‘P(th t) = (po(mtv Dta t) + kf(mtv Dta t)}/to .
31ech BBEIEHBI CIIeAyONIe 0003HAUCHUS:
wo(me, Dy, t) =
2 a— g2
=1/= T(a)D* V2e=6/4D_(—&); (30)
0 Dy, t
kY (my, Dy, t) = Bpolme, D) _

3mt

2 D) DO/ e 4D, (—&), (1)

™
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rae I'(a) — ramma-bynkums, & = my/+/Dy — OTHO-
HIeHWEe «CUTHAT—IyM»; D_, (&) — byHKIMs mapa-
oonmyeckoro uuauHapa [8]. Ilpu BelUMCIeHUMU ObLIU
YUTEHBHI clleylolre cooTHomeHus [8, 10]:

oo

— — 27
/a:o‘ Le=Bz =7 g —
0

= (26)/*T'(a) exp (%2) Pre (J%)

(Ref >0, Rea>0); (32)

dD,(z)
dz

= —g D,(2)=Dy-1(z) = gDu(z)—DuH(Z’)

(Re>0, Rea>0, v=—a). (33)

CootHomerus (32) u (33) MOTyT OBITh MCITOJIB30-
BaHbI TaK3Ke JIJIs1 BEIYMCIEHUSI MHTerpaioB (28).

[IpuMeHsisT M3BECTHOE aCUMIITOTMYECKOE pasJio-
XKeHne g (QYHKUIMU 11apaboJIMIecKoro IMIMHIpa
D,(2) 18, 10]

Dy(z) m e /%" |1 - % +
viv—1)(v-2)(v—3)
" 2-42° *

Izl > 1, [z[>wv),

IIpUAEM K CJICAYIOIIMUM aCUMIITOTUYCCKMM BbIPa>kC€HUN -
siv uist o (&, Di) w kf (&4, Dy):

2 o B .
wo@t,m—ﬁr(awi Ve [1—

_ala+1)  ala+1)(a+2)(a+3) ] )
27 ¢! A R
Opo(&,Dy) 1
34 D) = .
1 (§t7 t) 851& \/E
2. Ins onHomepHoit CUPH
p(V) = [Vi|* 1 1(Vy) (34)
nMeeM
1 a/2 g2
©o(&t; D) = Ton T(a+1)Dy"%e /D (i) (=€)
dpo(&r, Dy) 1
34 D) = .
1 (gt; t) agt \/E

3. Jlig HenuHEWHOW omHOMepHOU nuddepeHm-
anbHO C1C ¢ CUPH BHna

Y, = ag; — a¢|Y;|* " LsignY; + b,V (35)

(o, ay, by — KoabbduUIMeHTh; V' — HOpPMaJbHbIN Oe-
JIBIY 1IIyM UHTEeHCUuBHOCTH 1) MCJI npuBOauUT K ciie-
TYIOIIUM YPaBHEHUSIMU:

my = aor — arpo(my, Dy) ;

Dt = —Zatkf(mt, Dt) =+ b?l/t .

3nech o 1 ki onpenenesl mo (30) u (31).

Jnsa cratuctuueckoi cucteMsl (35) npua; = a > 0
MMeeT MECTO CTallMOHAPHBIA PEXUM, IJIsI KOTOPOTo
my = m, Dy = D onpenessitoTcs U3 ypaBHEHU

ao — apo(m, D) =0; —2ak{(m,D)+b*v=0.

4. Jna omHomepHoii muddepennmanpHoin CtC
¢ CUPH u mapamMeTpniecKUM IIyMOM

Vi = ao = Y+ by (Vi sign ¥ ) v

C yuyeToM pe3yiabTaToB Ipumepa 1 cormacHo MHA
UMeeM:

m¢ = aot — At ;

Dt = _2atDt + b?VtSDO(mta Dt) .

3nech ¢ onpenensiercs o (30) mpu § = 2 — 1.
5. JI751 HEKOTOPBIX TUITOBBIX OMHOMEPHBIX HEJN-
HelHbIX Tnddepennmanbabix CTC ¢ CUPH Buma

JOMYCKAOIIMX CTALMOHAPHBIA pexuM my = m = 0,
D; = D # 0, BoipaxkeHust 1ist 19 = (0, D) umetor

COOTBETCTBCHHO BU:

(Yy) = Yy (Y2 +d?) 713

o = \/é efrl1-daym|,  Ge)

raec

- 2 [

0
Y(Yy) =Y Texp(—Y;?);

a/4
o =2 (%) Kapa(2V/57).

rie K (r) — nunmnapuyeckas GpyHKIMS MHUMOTO ap-
rymeHTa, 5 = 1/(2D);

P(Yy) = Y sin Yy

— A2 1+p w3 ’)/2
— /48 P2,
w() e F( 2 )IFI( 272746) ) (38)

(37)
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rae 1F1 — BeIpOXIEeHHas TUIIepreoMeTpuyeckas PyHK-
uust, 5 =1/D >0, Re pu > —1;

P(Yy) = Y cosals;

T, (n1 @
Yo = WlFl (5, 5,—E>

npu 3 =1/(2D),Rey > 0,a > 0;
(V) = Y shyyy;

Yo = I'(2p)(28) " exp (g—5> lD—m <_\/—L25> -

(39)

Y(Y;) = Y TehyYs;

2
Jo = T(241)(28) " exp (g—ﬂ) [D (‘%@) +

+D—2N <\/—L26>‘| (41)
npu 3 = 1/(2D), u > 0.

6. CraTuctuueckas JuHeapu3alys OJHOMEPHOM
CUPH nBymepnoro aprymenra Y; = [Y1; YQt]T IS He-
3aBUCHMBIX HOPMAabHBIX Y;; (i = 1,2) onpenensiercs
CJEAYIOIIMMU BhIPAXKEHUSIMU:

0
0(Y1e, Yaor) = o + kO YL + kLYY, kf = > LA
Mt
3nech o, kj; 3aBucsaT OT my U Dj;. BeipakeHus

st o B cirydasix (29), (34), (36)—(41) noaydatorcs
ITyTeM TIepEMHOXEHUSI COOTBETCTBYIOIINX BHIPAKCHUI
s Yy, . AHaormaHo paccMmatpuBaetcs ciydait CUPH
n-MEPHOTO aprymeHTa (n > 2).

7. TlycThb ogHOMepHasl raycCcoBCKasi CTOXacThye-
ckasgs CUPH annpokcumupoBaHa corjacHo [3] oTpes-
KOM KaHOHMYECKOTO Pa3JIOKEeHUS

A(Yy) = L |vi|*  sign Yy,

Jj=1

rae L; — HesaBUCHMBbIe MeEXIy co0Oi M OT Y; rayc-
COBCKHME C.B. C MAaTeMAaTMUECKUMHU OXUIaHUSIMU m i
u qucniepcusimu DY . Torna MCJI npuBoauT K ciemy-
IOIIEMY MPeICTaBIECHUIO:

nj
A = gt + kY + > kLY.
j=1

L .
3neck koadduumentsr ¢y, ki’ n ki saBucar ot m{,
mLi, DY v DLi v Berancnstiores mo opmynam npume-
pal.

5 IlpumeHeHMrEe K MOJIEIMPOBAHUIO
HOPMAJIbHBIX pacOpeaeacHUM
C MTHBAapUAHTHOMN MepoM

B [11] onucan psim MHOTOMEPHBIX TaMUJIBTOHOB-
ckux cucteM trma Xonra, Pokuca—JlarepcTpema u ap. ,
conepxamux CUPH. 1151 aHaTUTUYECKOTO MOAETUPO-
BaHUsI HOPMaJbHBIX IMPOLIECCOB, alMPOKCUMUPYIOLINX
rnb0COBCKME U pacrnpeaesieHus ¢ MUHBapMaHTHON Me-
poOii, eclu y4ecThb JIMHEHHbIE AMCCUMATUBHBIE CUJIbI
1 HeJMHEHHBICE U TTapaMeTPUIECKIE CTOXaCTUUCCKIE
BO3MYIIEHHS, MOTYT OBITh HEITOCPEICTBEHHO IIPHME-
HUMBI MeTObI [1, 2, 12].

6 3axkiouyeHue

PaccmarpuBatorcss  nuddepenuuanbasie  CtC,
B TOM YWCJIE ¥ Ha MHOTOO0Opa3usX, ¢ BUHEPOBCKU-
MU U myaccoHoBckMMU mymamu n ¢ CUPH. Takue
MOJIEJIU OTIMCHIBAIOT MOBEACHE MHOTUX COBPEMEHHBIX
HaHO- U KBAaHTOBOOITUYECKUX TEXHUUYECKUX CPEICTB
UHMOPMATUKU.

IMpuBongarcsa ypaHenuss MHA nu MCJI nnsa ananm-
THYECKOTO MOJIETMPOBAHMSI HECTAIlMOHAPHBIX U CTa-
IIMOHAPHBIX HOPMAJIbHBIX ITPOIIECCOB.

PaccmaTpuBaloTcst METOIBI BBIUMCAEHUST TUTTOBBIX
WHTErpajioB [Js1 AETEPMUHMPOBAHHBIX U CTOXAaCTU-
yecknx omHo- n MHoromepHbix CMPH ckansproro
1 BEKTOpHOTO apryMeHTa. OTMmedaeTcsl BO3MOKHOCTD
HCTIOJIF30BaHMS IIMJIMHAPUICCKUX (DYHKIIMI U aHa-
JIMTUYECKOTO pacueTra MHTerpajoB. OOcyxgaeTcs aj-
TOPUTMUYECKOE ODecIieyeHre aHATMTUYECKOTO U CTa-
THCTUIECKOTO MOIETUPOBAHNS.

[MpuBomsTCcsT 7 TECTOBBIX TIPUMEPOB TSI TUITOBBIX
CHUPH.

PaccmarpuBaeTcsi BO3MOXHOCTb MCITOJb30BaHUS
MCIJI nng HopMmanu3aluu ruOOCOBCKUX pacrpeese-
HUI U pacIpenejieHuii ¢ MHBApUAHTHOM MEpOW st
C1Cc CHUPH.

Pesynbrathl JoIycKamT 00O0OIIEHME Ha Clydaid
JUCKPETHBIX, MHTerpoauddepeHInaNbHbIX U Onepa-
topHbix CTC u CHUPH, npuBonumbix K nuddepeH-
LIMaJIbHBIM, B TOM YUCJieé C aBTOKOPPEIMPOBAHHBIMU
mymamu. Kak orMmeuasnoch B [6, 7], 0coOBIi MHTE-
pec mipencraBisieT passutne MHA (MCJI) Ha ciydait
CJIOXKHBIX aJire0panyecKux U TPaHCLEHAEHTHbBIX HeTU -
HEWHOCTEN.
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METO/] PACYETA XAPAKTEPUCTUK MHTEP®EPEHLIMU JBYX
B3AVMOIEVCTBYIOLIMX YCTPOVCTB B BECITPOBOJJHOM

TETEPOTEHHOU CETU*

0. B. Taiinamakal, A. K. Camyiinos?

AunHotamus: OJHUM M3 MOKa3arteseil KauecTBa (PyHKIIMOHUPOBAHMSI COBPEMEHHBIX OECITPOBOIHBIX CETEN SIBJISI-
eTCsI OTHOIIIEHUE CUTHaa K cymme uHTepdepeHunu u mryma (SINR, Signal to Interference plus Noise Ratio)
B OECIpPOBOMHBIX KaHalax CBs3M. [lOCKOJIbKY 3HaueHWE 3TOM XapaKTePUCTHKM CYIIECTBEHHO 3aBHCHT OT
paccTostHUSI MeXIy MHTepdepUpyoIUMU YCTpoiicTBaMM, 3ajiava olleHKW 3HaueHusi SINR wacto cBoautcs
K BBIYMCJICHUIO IJTMHBI OHOM M3 CTOPOH TPEYrojibHUKa, B BEPIIMHAX KOTOPOTO HAXOSITCS B3aMMOICCTBYIOIITNE
ycTpoiicTBa. B maHHOI cTaThe pelaeTcs 3amavya HaxoXKISHHsI MaTeMaTHUeCKOTO OKUIaHKS U CpeTHeKBaapaTHie-
CKOTO OTKJIOHEHUSI OTHOILIEHUST CUTHAJ/UHTEephEePeHIIUS Tapbl B3aMMO/IECTBYIOIINX YCTPOCTB B IOCTATOUHO
00IIMX TIPEATOJNIOXEHUSIX O paclpene/IeHM CIyJYaiiHbIX BEJIMYMH (C.B.) PACCTOSHUN MeXmIy WHTepdepupy-
oMy yetpoiictBaMu. [IpenioskeHHBIM MeToJ MOXKeT ObITh MCIOJIb30BaH B KauyecTBE OCHOBBI ISl aHAIM3a
UHTep(dEPEHILIUN B TETEPOTEHHOM CETH C TIPUMEHEHUEM Pa3IMYHBIX OECITPOBOIHBIX TEXHOIOT U, BKIIIOUAs aHa-
J13 6ECIIPOBOIHBIX B3aMMOICCTBIIT OKOHEYHBIX YCTPOMCTB, Ha KOTOPbIe MHTePGhEePEHIIUST OKa3biBaeT Hanboee

CUJIbHOE BO3JIECTBUE.

KmoueBble cioBa: GecripoBonHas ceth; LTE; nuatepdepenuus; SINR; Bzaumoneiictsue ycrpoiicts; D2D

DOI: 10.14357/19922264150102

1 TlocraHoBka 3a1auu

B coBpeMeHHBIX OECITPOBOIHBIX CETSIX, ITOCTPOCH-
Hbix Ha 6a3e TexHosoruu LTE (Long Term Evolution),
OllIeHKa MHTephEePEeHIIUU MEXTY B3aUMOACCTBYIOIIM -
MM YCTPOWCTBAMU SIBJISIETCSI OMHON U3 OCHOBHBIX 3a-
a4y aHajm3a IToKaszaTesiell KadecTBa (DYHKIIMOHHPO-
Banug [1, 2]. Tlom mHTepdepeHIMeir MOHNMAaETCS
B3aMMOJICICTBIE CUTHAJIOB, TIepPeIaBacMbIX pa3HBIMHU
WCTOYHMKAMU Ha OJHOM U TOM Xe KaHaje. WMHTep-
depeHIIMs BbI3bIBAET MCKaXKEHWE CUTHajla paccMmar-
pMBaeMOTO WMCTOYHMKA IIOI BO3IEHCTBHEM CHTHAalIa
CTOPOHHETO MCTOYHMKA. B TeTeporeHHBIX CeTSIX Oec-
IIPOBOIHOTO B3aMMOIEHCTBUSI OKOHEYHBIX YCTPOICTB
D2D (device-to-device) [3], rae MIOTHOCTh UHTEP(dE-
PUPYIOIIUX OOBEKTOB BbICOKA, MHTEphEpeHIsl OKa-
3bIBA€T CYIIECTBEHHOE BIMSIHME Ha MPUHUMaeMblid
OKOHEYHBIM YCTpOCcTBOM curHajl. Ilpu anammse Gec-
IIPOBOIHBIX B3aUMOICHCTBUI YCTPOMCTB OOBIYHO pac-
CMaTPUBAETCSI HECKOJIbKO UCTOYHUKOB CUTHasa (Tiepe-
JATYMKOB), paclpeeICeHHbIX Ha TUIOCKOCTU COTJIACHO
HEKOTOpOMY 3aKOHY [4]. YmpoleHue 3agauym COCTOUT
B TOM, 4YTO, PacCMOTPEB OIWH TEPeIaTIMK M OIle-
HUB XapaKTEePUCTUKN WHTepGhEpPeHIINN Ha COOTBET-
CTBYIOIIIEM €My IIPMEMHOM YCTPOMCTBe (IIpUEMHUKE),
MOXXHO MPEIIOJI0XNUTh, YTO OCHOBHBIE IOKa3aTeau

OyayT MAEHTUYHBI U UISI OCTaJbHBIX IMap «Iepeaar-
YUK—TIpUeMHUK». B JaHHOI cTaThe pelaercs 3amada
HaXOXIEHMSI YMCIOBBIX XapaKTEPUCTUK OTHOLIEHUS
CHUTHaJI/WHTepGhEepeHINS TTapbl B3aUMOICHCTBYIOIINX
YCTPOMCTB.

OTHolIeHre CUTHaja K cymMMe UHTepdepeHUUn
u myma, SINR, sBiasgeTcsd omHONM M3 OCHOBHBIX Xa-
paKTepUCTUK KauecTBa KaHajia B 0€CITPOBOMIHBIX CETIX
cBs13u [5—7]. OTHOIIEHNEe CUTHAJIA K CyMMe MHTepde-
PEHILIMHU U IITyMa Ha CTOPOHE MPUEMHMKA OTPEIEIsIeTCs
1o cienyoleit hopmyne:

S

o (1

rae S — MOIIHOCTb MPUHUMAEMOI0 CUIHAIa OT COOT-
BETCTBYIOLIErO MepelaTihKa; o> — MOLIHOCTD IIyMa;
I — MOUIIHOCTh NIPUHWUMAEMOTO CHUTHAaJla OT WHTEpP-
(depupyromux nepegaryukoB. CorracHO JIMHEHAHOM
Moaenu [4]

S =g~ 2)

rme g — 0OasoBasi MOIIHOCTb CUTHajIa TepelaTyuka,
COOTBETCTBYIOIIIETO paccMaTpPUBaeMOMY IPUEMHUKY;
[ — paccTosSHME MEXIy TepelaTInKoOM W IIPHEMHU-
KOM; @ — Koa(dduimeHT moteps (path loss exponent),
MPUHUMAIOIIMIA 3HaueHue OT 2 (MPpU YCIOBUU MPSIMOit

*PaborTa BbITIOJIHEHA TTPpH (pruHaHCOBO# nomaepxkke PODU (ripoektsr 14-07-00090 u 15-07-03051).
'Poccniickuit ynusepcuteT apyx6bl Haponos, ygaidamaka@sci.pfu.edu.ru
2PoccHiicKIil yHUBEPCHUTET APYKOBI HaponoB; TexHoIoruecKuii yHusepcuTeT . Tamriepe, Gunmsaans, aksamuylov@gmail.com
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BUIMMOCTH) 10 6 (B XymmeM ciydae). Bemnumna [
B 3HaMeHareJsie ¢opMyJibl (1) COOTBETCTBYET CymMMap-
HOI MOIIIHOCTH CHUTHAaJIa OT BCEX MHTePdEPUPYIOIINX
TepeaaTInKoB, TIe KaXkIoe ciaracMoe mMeeT Bun (2).
3aMeTHM, 9TO IIPWHIIUII TIOBTOPHOTO MCITOJIb30BaHMS
yactoT (frequency reuse) B 0eCITPOBOAHBIX CETSIX CBSI3U
nokosneHust 4G (4th Generation) mo3BoJisieT Ha3Ha-
yaTh OJHY M TY Xe eIUHUILY pecypca ceTy (Harpumep,
OJIMH U TOT Xe pecypcHblil 010K LTE) HeckoabkuM ma-
paM B3aMMOJIEHCTBYIOIINX YCTPOMCTB, eCI MHTepde-
PEHITNS He TIPEeBOCXOIUT OIIPEACICHHOTO CTaHIapTaMHI
YPOBHSI.

PaccMoTpuM cirygaif, Korma HeCKOJIbKO TTPUHUMA-
IOINX YCTPOUCTB (TIPUEMHUKOB) M OJHO TIepeaaiolee
YCTPOMCTBO (MepeaaTunkK), oopas3yiolre KiacTep, pac-
ITOJIOKEHBI Ha TTOCKOCTH BHYTPU KpyTra paguyca 1o,
MIpUYEM IepeaaTdnK pacIiojioXeH B IIeHTpe Kpyra. Ta-
KOl KJtacTep 00pa3yeTcsl, HalrpuMep, TPy MPOBEICHUT
WHTEPAKTUBHOTO 3aHATHS IIpeIonaBaTelis ¢ yaeHUKa-
MM, KOTJa MOXKHO TIPEATIONIOXHUTH, UTO IepeHaTdnkK
pacrojlaraeTcsl B ILIEHTpe Kpyra, a NMPUEMHUKH paB-
HOMEPHO pacIipeejiecHbl BHYTpU Kpyra. Jlis mepe-
JaYM JAaHHBIX Ha KaXXIyIo TMapy B3aMMOICCTBYIOIINX
YCTPOMCTB BHYTPH KJIacTepa ITIAaHNPOBIITMKOM pacIipe-
JIeJICHUST paaruopecypcoB B OecrpoBogHOl ceTn 4G Ha-
3HayvaeTcs o ogHOMY pecypcHomy 6J10Kky LTE, u Toraa
CHUTHAJTBI B3aMMOJECHCTBYIOIINX Map He MHTeppepupy-
10T Apyr ¢ apyroM. Ho eciu B cocenHeM MOMEIEHUN
TaKKe MPOXOANT MHTEPAKTUBHOE 3aHITHE M TaM HC-
ITOJTb30BaHBI T€ K& PeCypCHBIC OJIOKM, TO TIaphl M3
COCEIHUX KJIACTEPOB, MCIOJB3YIOIINE OIUH U TOT XK€
pecypcHBbIi 010K, OyAyT co3aaBaTh IOMEXU APYT APYTY.
CaezieM 3amady K aHaJIM3y B3aMMOICHCTBUS ABYX Tap
YCTPOMCTB B IBYX KjIacTepax, KaK IToKa3aHo Ha puc. 1.

IMapy B3anMOIEMCTBYIOIINX YCTPOMCTB, IJIsT KOTO-
poii OymeM pacCUMTHIBATh MOKa3aTe)IM KayecTBa KaHa-
Jla, Ha30BeM IIeJIeBOil, a COOTBETCTBYIOLIYIO €l Tapy
yerpoiict o603HaunM TRy = (Txg, Rxg). OcTanbHbie
ITapbl, KOTOPBIE CO3MAl0T TToMexH IiefieBoii mape TRy,

LleneBoit knactep

WuTepdepupyromuit
KJ1acTep

Puc. 1

YCTPOUCTB

CxeMa B3aMMOJEHCTBUSI MHTePMEPUPYIOIINX

o6o3naunm TR; = (Tx;, Rx;) u Gymem Ha3blBaTh WX
uHTepbepupyoimmuMu. Pacctosiaue mexay Rx; u Tx;
o0o3HauMM R;, a pacctosiHue mexay Txg u Tx; 00o-
3HauuM U;. MolHOCTh nHTepGhepUpPYIOIIEro CUrHaua
ot napsl TR; aBisieTcd dyHKUMENR pacCTOSHUS MEXITY
nMpueMHUKOM RXq 13 1ieaeBoii mapbl 1 MHTEpDEepupy-
IOIIMM TiepegaTyukoMm TX;, KoTopoe 0003HauuMm D;.
VYron mexay npsiMoii, CoeIuHSIONIEH LeeBbie Mepe-
matank Txg 1 TpueMHHK RXq, W TIpsmoit, coeamHsI-
o1iei nepenatyuku Txg u Tx;, 0003HAYUM ;.

PaccmoTpuMm crcTteMy OBYX KiIacTepoB, ITOKa3aH-
Hylo Ha puc. 1. B ycioBusix oTcyTCTBUS 1IyMa U OfAWHAa-
KOBOIt 0a30BOiI1 MOIITHOCTHU g CUTHAJIOB 000UX MepeaaT-
YUKOB MCKOMOM XapaKTepUCTUKOM SBIISICTCST OTHOIIIE-
Hue curHa/mHTepdepentns SIR s mpuemanka Rxg,
BBIUHMCIIIEMOE TI0 (hOpMYyJIe:

— Dl “
SIR = (R—O> . 3)

bynem cuurtatsb, uto Ry, U; U 7y; SABASIIOTCS C.B. € 3a-
ITaHHBIMU QYHKIMSIMU pacnpeaesieHns1. 3aiada CocTo-
UT B HAXOXIECHUM YHMCIIOBBIX XapaKTepucTuK c.B. SIR.
JInst peireHus! 3a0a4y B CIIEAYIOLIEM pasfiese CTaTbu
Mpe/TaraeTcs MEeTOl HaXOXICHUSI COBMECTHOM TMJIOT-
HOCTHU pacrpeleneHust ¢.B. Ry u D;, 4TO TO3BOJSIET
BBIYUCIISITh HaYaibHble MOMeHThI E[STR"] c.B. SIR.

2 Merton pacuyeTa OTHOILICHUS
CUTHaJI/MHTephepeHLIMs

Kaxk BugHo u3 dopmyinsl (3), c.B. SIR nponopiu-
OHaJlbHa C.B. D1, KOTOpasl, B CBOIO o4Yepedb, 3aBUCUT
oT c.B. Rg. B aTOM ciyyae misi HaXoXIeHUST Xapak-
TepucTUK C.B. SIR HeoOXommMo HaAWTH COBMECTHOE
pacrpeneneHue ¢.B. Ry u Dy.

Beenem  obOosHaueHust  &1:=Rp, &o:=U1,
&3:=7vy1, m:=Ds. Torna we, ¢, ¢, (21,22, 23):=
= fRo,U1,n (%1,22,23) — COBMeCTHasl IUIOT-
HOCTb pacnpeneineHuss c¢.B. Ry, Ui wu i,

aWe, n, (1,y1):=FfRo,p, (21, Y1) — ICKOMOE COBMECT-
Hoe pacripeneiieHue c¢.B. Ry m D,. Ilo teopeme
KOCUHYCOB C.B. 7)1 sIBIsieTCs (PyHKIIMEH C.B. 1, & U &3:

m =& +8 — 216 costs. (4)

Cnenys [8, 9], BBeast BcmoMoraTebHYyIO TlepeMeH-
HYIO 72 = &3, ICKOMOE pacIipelieieHue MOXXHO HalTh
T10 cenytomeit opmyse:

W51 M (yla y2) =

2
= Z /wfl-,f%fa (yla @i(y17y27y3)7y3) X
i=1y"
3,9

dys, (5
By Y3 (®)

>< ‘
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MerTon pacuera XapaKTepUCTUK UHTEPGHEPEHIINH IBYX B3aUMOIEHCTBYIOIINUX YCTPOICTB B OECTIPOBOIHON TETEPOTeHHOM CeTH

rie ¢; — oOpaTHoe NpeoOpa3oBaHME MPaBOW YacTh
dopmyiibl (4) OTHOCUTETBHO Eo:

¢1(y1,Y2,Y3) = y1cosys + \/y§ —yi +yi cos?ys;

©2(y1,Y2,Y3) = y1coS Y3 — \/y§ - yf + y% cos? y3 .

B dopmysne (5) obnactu 3HaueHUit Yz ; nepeMeH-
HOU y3 MU j-i BETBUM OOpaTHOIO IMpeoOpa3oBaHUS
OIpeeISTIOTCS CUCTEMOI HEPaBEHCTB:

©0i(y1,y2,y3) = 0;
y1 > 0;
y2 > 0;

(6)
0<y3 <2r.

Peias cucremy (6), HETpyIHO YOEAUTHCS, YTO ISt
IEPBOM BETBU OOpPaTHOrO IpeoOpa3oBaHUA Y3 i =
=Y3,UY5,UY3,, e

. 0<y2 <y
Y = 1 2 _9 2 7
o 0 < ys < — arccos (L2y2> , (7)

2 Y1

) 0<y2 <y
Y = 1 2 —_92 2 8
> 2T — — arccos (L2y2> < ys < 27 (8)

2 Y1
Y2 2 Y1;

Yaa= {0 < )

<ys <2,

a 11st BTOpOi BeTBU Y30 = Y3, UY3 ,, rie

0<y2<uy1;

Yi, = 1 292 10
52 0§y3§—arccos<7yl 2y2); (19)
2 Y1

0<y2<wy1;
Y2, = 1 292 11
3,2 2T — — arccos (Lﬂ)gygg%. an
2 Y1

Takum obpazom, nmomydyeHa hopmyJia AJisi BEIYUCTIS-
HUSI COBMECTHOI IIJIOTHOCTH C.B. Rg 11 Dy

Weym (yla y2) =

Ys , (12)

2
:Z / w&,fz,fs(yla@i(y17y2,y3),y3)y2d

=1y \/yS —yi +yicos?y;
rae Ys ; Bbruucisitores no dpopmynaam (7)—(11).

B crenyroiieM pasziene npuBeaeH IpUMep YUCIeH-
HOTrO aHa/Iu3a ¢ Ucrojib3oBaHueM popmyi (7)—(12).

3 Ilpumep YMCIEHHOIrO aHAJIM3a

B paccmaTprBaeMoM IpuMepe MPeIIoXKeHHBIN BbI-
1Ile METOJ MCITOJIb30BaH [IJIsl pacueTa HaYalbHBIX MO-
MeHTOB E[SIR"] oTHOIIIEeHMsI cUTHAJ/WHTepbepeHITHS,
KOTODBIE OIPEACIISTIOTCS CIIeAyIoleil hopmyIoi:

E[SIR"] =

= / /(Z%) Weym (Y1, y2) dyadyy . (13)

0<y1<ro y2>0

PaccmarpuBaeTcst cirydaii, Korma IIeJIeBOM IIpH-
eMHUK RXg HaxommTcsl BHYTPM Kpyra €IWHUYHOTO
pamnyca (rg = 1), B IIEHTpe KOTOPOTIO pacIioJio-
XKEH mepenaTynk TXg, a MHTeppepupyloInii Tepe-
matauk Tx; — B KOJbIIe BOKPYT IepedaTumka TXg
C BHYTPEHHUM PagNyCcoOM 7o U BHEITHUM PamuycoM hg

(puc. 2).

Puc. 2 T[pumep B3auMoaeicTBYsI ABYX YCTPOMCTB

Torma c.B. Ry pacCTOSHUS OT IICJIEBOTO TIepeaaT-
yuka TXg J0 COOTBETCTBYIOILEro eMy NprueMHUKa Rxg
u c¢.B. U1 paccTossHUS OT LieJIeBOTro mepeaaTynka TXg
IIo MHTep(epupyIoNIero rmepeaaTanka Tx; UMEIOT pac-
TIpeaeIeHUs

fro(r) =2r,

2u

fU1(u) - h% 1
Bynem cuutarth, 4TO C.B. yIj1a 1 paBHOMEPHO pacrpe-
neneHa Ha otpeske [0, 27], a koadduumeHT norepsb
B hopmyre (2) mpuHMMaeT 3HaueHne o = 2. [IpuHs-
ThI YCJIIOBHBIEC €AMHUIIBI U3MEPEHMSI: HalpUMep, pac-
CTOSTHME MEX/TY B3aMMOCCTBYIOIIMMHI YCTPOMCTBAMU
MOXET U3MepSThCS B METpax, a BennunHa SIR — B ne-
nuoenax.

ITo dopmymam (7)—(13) paccuntaHo MaTeMaTHIe-
CKO€ OXWJaHWe OTHOIICHUs CUTHaJ/UHTepdepeHIIs
E[SIR], mpencTaBieHHOE B TaOJIUIIEC B 3aBUCMOCTHU OT
paaMyca BHEITHEW TPaHUIIbl KOJIbLIa, BHYTPU KOTOPO-
TO pacrmpezesieHbl nHTepdepupyoe nepenaTinku.
B tabmuiie Takke rmokaszaHbl 3HAUYEHUS] MaTeMaTude-
CKOTO OXUAaHus pacctostHus E[U7] oT 1eneBoro mepe-
natuyuka Txg 1o uHTepdepupymoliero nepegaTunka Tx; .

0<r<1;
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MareMaTnyeckoe OXXnIaHne Be-
mmunHbl SIR

ho E[U1] E[SIR]

2 1,56 4,84985
3 2,17 7,41701
4 2.8 9,54562
5 3,44 11,30286

6
E[U]
Puc. 3 Yucnosble XapaKTepUCTUKY OTHOILEHUS CUTHAJ/UH-

tepdepenuust: [ — E[SIR]; 2 — osir

Taxke ObITM PACCUYUTAHBI MATEMATUYECKOE OKH-
nanve E[SIR] n cpenHekBagpaTnieckoe OTKIOHEHUE

OSIR = \/ E[SIR?] — E[SIR]2 OTHOUIeHUS] CUTHAJ/WH-
TepdepeHns, MoKa3aHHbIe Ha PUC. 3 B 3aBUCUMOCTU
OT MaTeMaTM4YeCKOro OXWIaHWs paccTosiHust E[U]
MEXIy IeIEeBBIM TepemaTInKoM 1Xo m mHTepdepu-
pyroumm nepegarankom Tx;. M3 Tabauiisl v rpaukoB
BUIHO, YTO C POCTOM DPACCTOSIHUSI MEXIYy ILeJeBbIM
U UHTepGEPUPYIOIINM MepeIaTYMKOM 00€ YMCIIOBbIe
XapaKTEePUCTUKU OTHOILIEHUSI CUTHAJ/MHTepdepeH s
pPAaCTyT, ITOCKOJIBKY MOIIHOCTh WMHTEePGhEpUPYIOIIETO
CHUTHaJIa yObIBacT. BBIUMCIIEHUS] MPOBOAMINCH C WC-
ITOJTb30BaHMEM BCTPOCHHBIX CPEICTB ITaKeTa IIPoTrpaMM
Wolfram Mathematica [10].

4 3akiIoyeHue

B Hacrosiiieit ctathe METOI TTPeoOpa3oBaHMUsI C.B.
MPUMEHEH I aHajin3a OCHOBHOWM XapaKTepUCTUKU
KavecTBa (PyHKIIMOHUPOBAHUST OECTIPOBOIHBIX CETEM,
a UMEHHO: OTHOIIICHUSI CUTHAJ/MHTep(epeHIIus TTpr
3alaHHBIX PACTIPEACICHUSIX PACCTOSTHUI MEXKILy MHTEP-
(depupyromymu ycrpoiictBamu. [IpuBeneHHbBIN MpH-
Mep TIOKa3bIBaeT, YTO YMCICHHBIM aHAIN3 SIBIISIETCS
JIOCTAaTOYHO TPYAOEMKHUM JaKe B MPOCTEHIINX TIpen-
TTOJIOXKEHUSX O pacIpeleIeHU MCXOMHbBIX C.B., a JUIs
OLIEHKU XapaKTePUCTUK MHTEP(HEPEHIIMU B YCIOBUSIIX

HaJn4us B 0eCIIPOBOAHON CETU HECKOJBbKUX UCTOYHU -
KOB MHTep(epeHLMU TpedyeTcsl pa3padoTKa mpuov-
JKEHHBIX METOJIOB U UMUTALIMOHHBIX MOZIE/Iel, KaK 3TO
chenaHo, Hampumep, B [11]. 3amaya ¢ HECKOJBKU-
MU HWCTOYHMKAMU UHTEPGHEPEHLIMU B OECIPOBOIHBIX
reTepPOreHHbIX CETSIX B3aUMOAEHCTBYIONIMX YCTPOMCTB
MPEeaCTaBIsIeTCs] OCOOEHHO aKTyallbHOWM BBMIY OBICT-
poro paszButus ceteit 4G u OpUHATUS B OJMKaii-
meM OymyIeM CTaHOAPTOB IJIST OECIIPOBOTHBIX CETEi
5G[12].

ABTOpPBI BeIpaxatoT 6s1aromapHoctb mpod. K. E. Ca-
MYIIOBY 3a TUIOIOTBOPHOE OOCYXKIECHNE W IICHHBIC CO-
BETHI.

Jlureparypa

1. laiioamaxa IO. B., E¢umywruna T. B., Camyiinos A. K.,
Camyiinos K. E. 3agaun onTUMAaIbHOTO TUTAHWPOBAHMS
MEXXYpPOBHEBOI0 UHTepdelica B 6eCrIpOBOIHbBIX CeTsX //
HNubopmaruka u e€ npumenenusi, 2012. T. 6. Boim. 3.
C. 75-81.

2. Basharin G. P., Gaidamaka Yu. V., Samouylov K. E. Math-
ematical theory of teletraffic and its application to the
analysis of multiservice communication of next gener-
ation networks // Autom. Control Comp. Sci., 2013.
Vol. 47. No. 2. P. 62—69.

3. Andreev S., Pyattaev A., Johnsson K., Galinina O.,
Koucheryavy Y. Cellular traffic offloading onto network-
assisted device-to-device connections // IEEE Commun.
Mag., 2014. Vol. 52. No.4. http://ieeexplore.ieee.org/
xpl/tocresult.jsp?isnumber=6807935.

4. Baccelli F., Blaszczyszyn B. Stochastic geometry and wire-
less networks. Vol. I: Theory. — Boston: NoW Publs. Inc.,
2009. 164 p.

5. Erturk M. C., Mukherjee S., Ishii H., Arslan H. Distribu-
tions of transmit power and SINR in device-to-device
networks // IEEE Commun. Lett., 2013. Vol. 17. No. 2.
http://ieeexplore.ieee.org/xpl /tocresult.jsp?isnumber=
6472443.

6. Kim M., Han Y., Yoon Y., Chong Y., Lee H. Modeling of
adjacent channel interference in heterogeneous wireless
networks // I[EEE Commun. Lett., 2013. Vol. 17. No. 9.
http://ieeexplore.ieee.org/xpl /tocresult.jsp?isnumber=
6604524,

7. Andrews J.G., Singh S., Ye Q., Lin X., Dhillon H.S.
An overview of load balancing in hetnets: Old myths
and open problems // IEEE Wirel. Commun., 2014.
Vol. 21. No.2. http://ieeexplore.ieee.org/xpl/tocresult.
jsp?isnumber=6812279.

8. Jlesun b. P. TeopeTnyeckre OCHOBBI CTATUCTUYECKOM pa-

IUOTEXHUKU. — 3-¢ u3n. — M.: Pagmo u cBsi3b, 1989.
656 c.

9. Mardia K., Jupp P. Directional statistics. — Wiley Press,
1999. 441 p.

12 WHOOPMATUKA U EE TPUMEHEHUS tomM 9 Boimyck 1 2015



Method for calculating numerical characteristics of two devices interference for D2D communications in a wireless network

10. Wolfram Mathematica: I[IporpammHoe obGecrieyeHue Harpyskoii // UHdopmatuka u e€ npumeHenusi, 2013.
IUTSI TEeXHUYECKMX BBIYMCICHUIA. http://www.wolfram. T. 7. Boin. 4. C. 20-33.
com/mathematica.

11. laidoamaka [O. B., [lewunkun A.B., Pasymuux P.B., 12. Tehrani M., Uysal M., Yanikomeroglu H. Device-to-

Camyiinos A. K., Camyiinoe K. E., Cokonoe H.A., Co- device communication in 5G cellular networks: Chal-
nun 2. C., Illlopeun C. 4. PactipeneneHue BpeMEHU BbI- lenges, solutions, and future directions // IEEE Com-
XOa M3 MHOXECTBa COCTOSIHUI TIeperpy3Ku B CHCTEME mun. Mag., 2014. Vol. 52. No.5. http://ieeexplore.
M|M|1|(L, H)|(H, R) ¢ THCTepe3UCHBIM yIIpaBICHIEM ieee.org/xpl/tocresult.jsp?isnumber=6815882.

Ilocmynuaa 6 pedaxyuro 20.01.15

METHOD FOR CALCULATING NUMERICAL CHARACTERISTICS
OF TWO DEVICES INTERFERENCE FOR DEVICE-TO-DEVICE
COMMUNICATIONS IN A WIRELESS HETEROGENEOUS NETWORK

Yu. Gaidamaka' and A. Samuylov!+?

LPeoples’ Friendship University of Russia, Applied Probability and Informatics Department, 6 Miklukho-Maklaya
Str., Moscow 117198, Russian Federation
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oulunkatu, Tampere 33720, Finland

Abstract: In wireless networks, one of the key performance metrics is the signal to noise ratio, SINR. As this metric
highly depends on the distance between the interfering devices, the problem of SINR estimation is often reduced to
the calculation of a triangle’s side length, where the vertices represent the interacting devices. This paper addresses
the problem of calculating the numerical characteristics of the signal to interference ratio for a pair of interfering
devices determined by the known distributions of distances between the entities in question. The proposed method
can be used as a basis for analyzing heterogeneous networks, including the analysis of device-to-device (D2D)
communications as one of the interference-limited cases.

Keywords: wireless network; LTE; interference; SINR; D2D
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HEURISTIC CERTIFICATES VIA APPROXIMATIONS

Sh. Dolev! and M. Kogan-Sadetsky!

Abstract: This paper suggests a new framework in which the quality of a (not necessarily optimal) heuristic solution
is certified by an approximation algorithm. Namely, a result of a heuristic solution is accompanied by a scale
obtained from an approximation algorithm. The creation of a scale is efficient while getting a solution from an
approximation algorithm is usually concerned with long calculation relatively to heuristics approach. On the other
hand, a result obtained by heuristics without scale might be useless. The criteria for choosing an approximation
scheme for producing a scale have been investigated. To obtain a scale in practice, not only approximations have
been examined by their asymptotic behavior but also relations as a function of an input size of a given problem.
For study case only, heuristic and approximation algorithms for the SINGLE KNAPSACK, MAX 3-SAT, and
MAXIMUM BOUNDED THREE-DIMENSIONAL MATCHING (MB3DM) NP-hard problems have been
examined. The certificates for the heuristic runs have been obtained by using fitting approximations.

Keywords: heuristics; approximation algorithm; optimal solution; approximation preserving reducibility

DOI: 10.14357/19922264150103

1 Introduction

Many important optimization problems are NP-hard.
This rules out the possibility of finding in polynomial
time an optimal solution (for those that are in NP, unless
P = NP). Instead, commonly, artificial intelligence
(AI) methods are used to try to cope with instances of
these problems. Namely, heuristic solutions are used to
get a near to optimal solution for a given instance of such
problems. However, heuristic may obtain a suboptimal
solution such as a local maxima rather than the absolute
maximum. Evaluation of the result obtained from the
heuristic is the complicated task that is addressed in this
work. The present authors suggest using approximation
algorithms to obtain a scale that may be used to certify
heuristic results.

Heuristic solutions. Heuristic solutions explore various
states and solutions for a given problem in a short time2.
There are well-known heuristics such as: Hill Climbing
search that uses local estimates of the distance to the
goal and expands the node with the smallest estimate;
Branch and Bound search that uses the costs of the al-
ready formed partial paths and expands the partial path
with the minimum cost, and Genetic Algorithms (GA).
In particular, GA will be explored as an example for
a heuristic. Genetic algorothms were invented by John
Holland [1] and others, finding their inspiration in the
evolutionary process occurring in nature. A population
of individuals should collectively adapt to conditions
of some environment. In order to face this, the re-
production and survival of individuals are promoted by

the elimination of useless and harmful features and by
gratifying useful behavior.

The dynamics of the natural evolutionary process
are complex and mostly unknown. Nevertheless, the
artificial optimization approach is feasible if in compar-
ison to another approaches, a good enough solution can
be obtained. One of such different approaches is the
solution that uses approximation algorithms rather than
heuristics.

Approximation algorithms. A way to cope with opti-
mization tasks that do not have a (known) polynomial
solution is by devising an algorithm that finds a so-
lution to the problem in a reasonable time, such that
the solution is suboptimal with a known ratio or bound
from the (unknown) optimal solution. On one hand,
heuristics may perform better than approximations in
practice, namely, obtain a better solution with the same
processing effort, but on the other hand, heuristics are
associated with uncertainty regarding the quality of the
obtained result.

The authors’ contribution. The authors suggest a new
framework in which the quality of a solution that is based
on heuristics is certified by an approximate algorithm.
In this framework, a heuristic solution is accompanied
by a scale obtained from the approximation algorithm.
The usefulness of the framework is demonstrated by
presenting criteria for choosing a fitting approximation
scheme for producing a scale. The SINGLE KNAP-
SACK, MAX 3-SAT, and MB3DM NP-hard problems
are examined.

I'Department of Computer Science, Ben-Gurion University of the Negev, Beer-Sheva 84105, Israel
2The authors do not refer to the A* heuristic search, in which some optimizations for the exponential time exhaustive search are introduced
for obtaining the optimal solution at the price of worst case exponential time.
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Using polynomial time approximation schemes. In some
cases, it is possible to use polynomial time approxima-
tion schemes (PTAS). Let start by demonstrating the
framework for such a case, the case of the SINGLE
KNAPSACK problem. To solve instances of SINGLE
KNAPSACK, galib246 [2] library for genetic algorithms
has been used. In order to certificate the solution ob-
tained from the genetic algorithm, the approximation
algorithm CKPP (Cardinality Constrained Knapsack
Problem) [3], has been used. In the present authors’
experiment [4], each item has weight and profit; the
restricted total weight was 300 weight units and the opti-
mization task was to maximize the profit while respecting
the weight bound. The profit obtained by the genetic
algorithm was 577 profit units (with weight of 293 weight
units). The total profit of all the given items was much
larger — 1,345 profit units. Thus, the authors had no
clue whether the obtained profit is a local maxima that
is way beyond the possible maximum profit. CKPP ap-
proximation certified the heuristic solution as 0.88 of the
possible maximum profit. Since CKPP is PTAS, it can
be tuned to obtain a refined scale using more and more
computation time. Using the performance ratio of 0.75,
the profit of 493 profit units (with weight of 293 weight
units) running in a few seconds was obtained.

Using approximation preserving reducibility. Obtaining
certificates as a part of the practice in using heuristics
may require the design of many approximations, which
is not a simple task. Luckily, in some cases, approx-
imation preserving reductions may be used to obtain
an approximation algorithm from variant of a problem
in hand to a known approximation algorithm. Next,
the way such a reduction is chosen and used will be
demonstrated. The experimental demonstration for this
example obtained a 0.64 certificate for the GA result [4].
MAX 3-SAT. An instance of the MAX 3-SAT problem is
apredicate for which each clause is of not more than 3 lit-
erals. A solution is a truth assignment for the predicate
variables, such that the number of satisfied clauses is the
maximum possible. One may evaluate a given assign-
ment for the predicate variables by the number of clauses
it satisfies. Once again, galib246 library [2] was used to
solve instances of the MAX 3-SAT problem. In their
experimental demonstration, the present authors used
a predicate that consisted of 100 clauses. The heuristic
algorithm found (in a few seconds) an assignment for
the variables that satisfies 58 clauses. Again, the authors
had no clue whether the solution was only 0.58 of the
optima.

Some maximization problems have trivial bound on
solution size which is related to the size of the input.
This bound gives one a preliminary Certificate of the
heuristic solution. This certificate maybe good enough
if the heuristic solution is at least, say, 0.8 of the input
size. This implies that an optimal solution for the given

problem is at least 0.8 of the input size, which is not
a common case. For instance, in the case of the MAX
3-SAT problem, the trivial upper bound is obvious since
all predicate’s clauses may be satisfiable by some truth
assignment. But it is possible that any truth assignment
can satisfy near to half of predicate’s clauses, and in this
case, the trivial upper bound gives a poor certificate to
a heuristic solution. For some problems, it is not easy
to determine a trivial upper bound. For example, for
the SINGLE KNAPSACK problem, the common case
is that only a small part of the items can be put into the
knapsack.

To demonstrate the way reductions are chosen, two
examples are presented: MAX 3-SAT and MB3DM.

For the first example, two reductions from MAX
3-SAT were used: one to MAX2-SAT and the second to
MAX INDEPENDENT SET-B. In this case, both ap-
proximations are not PTAS and, therefore, only a single
scale can be obtained for a given instance. It turned out
that the scale obtained for the particular instance, by
using the reduction to MAX 2-SAT, added no informa-
tion beyond the trivial bound of 100 clauses, while the
reduction to MAX INDEPENDENT SET-B resulted
in a refined scale of 92 clauses.

Also, two reductions were used from MB3DM: one
to minimization of sum of squared machine loads and
the second to STAR-GCA-SIMPLE. In this case, the
reductions once again, both gave a single scale. It will
be shown that according to the all comparable crite-
ria for choosing reduction — quality of approximation
preserve, quality of approximation algorithm of a desti-
nation problem, inflation of input, and the complexity
of reduction (that would be defined later in the pa-
per), the reduction to MINIMIZATION OF SUM OF
SQUARED MACHINE LOADS is a better choice for
producing a scale and a certificate.

Choosing approximation preserving reductions. There are
four main criteria that are suggested using for choosing
aspecific reduction algorithm from a given problem. The
first criterion is the quality of approximation preserve.
This is a reduction preservation ratio, which is implied
by the parameters of reduction constrains. The second
criterion is the quality of approximation algorithm of
a destination problem. This means the performance
ratio of (best) known approximate algorithm for a des-
tination problem. The third criterion is the inflation
of input of a source problem when it is translated to
input of a destination problem. The last criterion is
the complexity of reduction functions. This parameter
represents degree of ease of a reduction usage and also
contributes to the general performance of a reduction.

Paper organization. In section 2, the framework will be
presented and the way approximation for the SINGLE
KNAPSACK problem is used will be demonstarated to
certify a solution obtained by a genetic algorithm. An
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overview on Genetic Algorithms (the authors’ choice
for examining heuristics) appears in section 3. Then, in
section 4, a short overview on approximation algorithms
and approximation preserving reductions will be given
including: PTAS, L-reduction, and AP-reduction. Sec-
tion 5 discusses criteria for choosing an approximation
preserving reduction to obtain the best scale. Section 6
concludes the paper.

2 The Framework and the SINGLE
KNAPSACK Problem Example

The framework. First, let define some concepts that will
be used in the paper:

— Input: an instance of hard optimization problem
for which there is no (efficient) exact polynomial
algorithm or good polynomial approximation.

— Heuristic certificate. Given a solution of some heuris-
tic algorithm, the quality of this solution will be
determined, i.e., a (closest) relation between the
heuristic and the optimal solutions of a given prob-
lem instance will be found.

— Solution scale. To define a solution scale, a problem
solution upper bound obtained from approximation
algorithm is used. This scale is used to measure the
quality of the heuristic solution.

— Certificate
Heuristic solution

upper bound (obtained from approximations)

The steps defined by the framework are as follows:

— Choose heuristics, for example, GA to solve the
problem instance.

— Find (at least) one approximation for the problem.
Sometimes, approximation preserving reductions
should be used.

— Choose, using the criteria that will be defined later
in the paper, the approximation that leads to the
best solution scale.

— Execute the heuristic and the approximation al-
gorithms (possibly, in parallel) and compute the
certificate according to the results (possibly, repeat-
edly, in particular, in the case of PTAS and FULLY
PTAS, until the required certificated result is ob-
tained).

SINGLE KNAPSACK problem example. Let consider
the SINGLE KNAPSACK problem. Given items of
different profits and weights, find the most valuable set
of items that fit in a knapsack of fixed weight bound.
This problem is chosen since it has PTAS, i.e., the
algorithm that for each € > 0 produces a solution that
is within e factor of being optimal. The approximation

Table 1 SINGLE KNAPSACK approximation solution

. Approximation Solution Solution
ratio weight profit
0.4 2/3 293 493
Table 2 Genetic algorithm solution
Optimal
Generation | Solution | Solution | solution | Heuristic
id weight profit upper | certificate
bound
12 293 577 740 0.78

algorithm used is the algorithm CKPP [3]. Its running
time is O (n'/¢172) for ¢ < 1/2, and its guaranteed
approximation ratio is ([1/e] —1)/[1/e]. The test
problem instance consists of 30 items, each with integer
profit and weight, and of a knapsack with capacity 300.
The total profit of all items is 1,345 profit units and the
total weight of all items is 1,712 weight units. The run
was performed with e = 0.4 and returns in a few seconds
with the solution presented in Table 1.

The experimental runs of the GA heuristics were
performed by using the galib246 library [2], with a mu-
tation rate p,, = 0.001, crossover rate p. = 0.6, and
a one-point crossover operator [4]. The initial popula-
tion consists of a set of maximal (in respect to inclusion)
feasible solutions that were obtained by the approxi-
mation algorithm during its execution. Therefore, the
initial population set contains a subpart of an optimal
solution assisting the GA to easily find a near-to-optimal
solution. Thus, the use of approximation may result in
an additional advantage for the GA. Several runs of the
GA were performed, each of 50 generations and takes
a few seconds; the best result of these runs is presented
in Table 2.

The quality of the solution that is based on heuristics
by creating a scale for the problem using the approx-
imate algorithm solution has been determined. The
upper bound of the solution can be easily calculated
using the approximation algorithm ratio:

[1/e€]
M/e] -1

X approximation algorithm solution profit.

upper bound =

The performance ratio of the heuristic run is
heuristicsolution/upperbound, which equals 0.78 in
the considered case. Thus, 0.78 is the heuristic certifi-
cate obtained for the heuristic results.

3 Heuristic Choice, Genetic
Algorithms (based on [5])

A GA is an iterative search technique which simulates
a population of individuals. The search space consists
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of candidate solutions to the given problem, each one
is encoded by a finite string of symbols called gnome.
The GA is especially useful for the problems with search
space that is too large to be exhaustively explored. Most-
ly, solutions are represented as binary strings, but other
encodings are also possible, e.g., character-based en-
coding, real-value encoding, tree representation, etc.

The evolution usually starts from a population of in-
dividuals which is randomly or heuristically generated.
Then, it proceeds by iterative generations — the fitness
of every individual in the current population is evalu-
ated according to some predefined objective function,
referred to as the fitness function. Multiple individu-
als are selected from the current population based on
their fitness. One of the simplest selection procedures
is fitness-proportionate selection, where individuals are
selected with a probability proportional to their rela-
tive fitness. This procedure ensures that the expected
number of selections of some individual is proportional
to its expediency for the population. This policy en-
sures that high-fitness individuals get higher chance to
be promoted and low-fitness individuals are commonly
eliminated.

In order to produce new search points, one cannot
use a selection only. For this, genetically-inspired op-
erators like crossover and mutation were used. Selected
individuals are modified, recombined, and possibly mu-
tated to form a new population. Crossover is performed
as follows: two individuals called parents are selected
and parts of their gnomes are exchanged between them
with probability pcross. This forms two new individuals,
called offsprings. The simple example of crossover is
when substrings are exchanged after a randomly selected
crossover point. The mutation is used to maintain genet-
ic diversity from one generation to the next. It prevents
impulsive junction to local optima rather than to optimal
solution. It is performed by flipping random bits with
some usually small probability p.,.¢. The new popula-
tion is then used in the next iteration of the algorithm.
Genetic algorithms are stochastic iterative processes that
are not guaranteed to converge. There are a variety of
termination conditions, e.g., a solution is found that
satisfies minimum criteria, fixed number of generations
reached, computational time limitations, etc. In other
words, the process stops when some acceptable fitness
level is reached.

4  Approximation Algorithms
and Approximation Preserving
Reductions

An approximation algorithm for an optimization prob-
lem generates feasible, but not necessarily optimal, so-

lutions. Since there are no polynomial-time algorithms
to get optimal solutions for NP-hard problems (unless
P = NP), usually, nonoptimal solutions are accept-
ed which can be obtained in polynomial time. Unlike
heuristic, the term approximation algorithm implies some
proven worst case bound on the solution quality in mea-
surable time.

The approximation properties of different problems

vary a great deal. Some problems cannot be approxi-
mated even with a factor of n, for instance, a problem
of finding a maximum clique in a graph. Some oth-
er problems can be approximated only with the factor
of O(logn) like problems related to graph separators,
or with a predefined constant factor like MAX 3-SAT
problem. Only a small quantity of problems can be
approximated with any arbitrary constant factor, i.e.,
have PTAS. One would prefer an approximation algo-
rithm to run in polynomial time and have close to 1
approximation ratio, i.e., the worst-case ratio between
the solution obtained by the approximation algorithm
and the optimal solution. But as the solution given by
approximation gets closer to the optimal solution, the
time cost gets closer to exponential. Therefore, heuristic
algorithm may be preferred to get near-optimal solution
with potentially better approximation ratio.
Polynomial time approximation schemes. PTAS for an
optimization problem A is a polynomial-time algorithm
which input is the problem instance and ¢ > 0 and
output is the solution that approximates a given problem
within the factor of . The run time of an algorithm
PTAS may depend not just on an input size of a given
problem, but also on e.

Approximation preserving reductions (based on [6]).

Definition 1 [6]. Given a class of functions F', an NP-
optimization (NPO) problem A that belongs to the class
F-APX (an abbreviation of approximable) is defined if
an r(n)-approximate algorithm 7" for A exists, for some
function r € F. In particular, APX, log APX, polyAPX,
and expAPX will denote the class F-APX with F' equal
to the set O(1), to the set O(log n), to the set O(n'°8™),

and to the set O(Z"O(log ”)), respectively.

Given an instance I of an NPO problem, |I| is used
to denote the length of I and OPT (I) to denote the
optimum value for this instance. For any solution S'to I,
the objective value of the solution is denoted by ¢(1,.5).
Definition 2 [6]. Given a solution S to an instance I of
an NPO problem, the relative error of S with respect
to [ is defined as

c(I,5)
OPT (1)’

=(1,8) = max{ OPT (1) }

e(1,5)

The above definition is applied to maximization and
minimization problems as well.
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Definition 3 [6]. An approximation algorithm A for an
optimization problem II has performance ratio R(n) if,
given an instance I of IT with |I| = n, the solution A(I)

satisfies
c(l,S)
< .
max { oPT (1) } < R(n)

A solution of value within a multiplicative factor r of
the optimal value is referred to as an r-approximation.

A reduction from a problem A to a problem B speci-
fies some procedure to solve A by means of an algorithm
solving B. In content of approximation, the reduction
should guarantee that an approximate solution for B can
be used to obtain an approximate solution for A. The
reduction functions f and g are used where f maps an
instance of a problem A to an instance of a problem B
and g maps an approximate solution of a problem B into
a feasible solution of a problem A.

Definition 4 [6]. Let A and B be two NPO problems,
a reduction template (f, g) between them is a tuple of
polynomial computable functions such that the follow-
ing properties hold:

OPT (1)
e(1, )

— foranyz € 14, f(z) € Ip;
— for any x € I4, if sol(z) # 0 then also

sol (f(x)) # 0; and
— foranyy’ € sol (f(x)),g(x,y') € sol (z).

Typically, polynomial time reductions do not pre-
serve the near-optimality of the solutions. Indeed,
all NP-complete problems are equally hard from the
viewpoint of obtaining exact solutions. However, from
the viewpoint of obtaining near-optimal solutions, they
exhibit a rich set of possibilities. An approximation
preserving reduction not only has to map instances of
a problem A to instances of a problem B, but it also
has to be able to obtain good solutions for A from good
solutions for B. Approximation preserving reducibili-
ties are defined by imposing some relations between the
performance ratios of ¢ and g(z,y’). Several kinds of
reducibilities may be found in literature: Strict reducibil-
ity, L-reducibility, E-reducibility, PTAS-reducibility, AP-
reducibility. These reducibilities are identical with re-
spect to the overall scheme but differ essentially in the
way they preserve approximability: they range from the
Strict reducibility in which the error cannot increase to
the PTAS-reducibility where there are basically no re-
strictions. Below, only two reductions will be described
in detail: L-reduction and AP-reduction which are used
later in this paper.

L-reducibility [6]. L-reduction stands for linear reduc-
tion because there is a linear blow-up in the relative
approximation error. The L-reduction enforces both
optimal and approximation solutions of an instance [
of A to be linearly related, respectively, to optimal and

approximation solutions of the instance I’ of B to which
it is mapped.

Let f and g be polynomial-time reduction functions
from optimization problem A to optimization prob-
lem B. We say that (f, g) is an L-reduction if there are
constants «, § > 0 such that for each instance x of A:

— theoptimaofzand f(x), OPT (z) and OPT (f(z)),
respectively, satisfy OPT (f(z)) < a«OPT (z); and

— for any solution y’ of f(x) with objective val-
ue ¢/, one can find in a polynomial time a solution

y = g(z,y’) of z with objective value ¢, so that

|OPT (x) — c(y)| < BIOPT (f(x)) — ' (y/')I.

From the definition above, one gets that
Ea(z,g(z,y)) < aBEp(f(x),y). This inequality im-
plies that if A is a minimization problem and an
r-approximate algorithm for B exists, then a (1 + a8(r
—1))-approximate algorithm for A exists. The difficulty
of L-reducibility is, mainly, due to the fact that it does
not allow the function g to depend on €e: as a conse-
quence, this function is forced to map optimum solution
into optimum solution. The L-reducibility preserves
membership in PTAS but does not preserve membership
in APX unless P = NP () co-NP. This means that it
cannot be blindly used to obtain the existence of ap-
proximation algorithms via reductions. The constant /3
will be usually 1.

AP-reducibility [6]. The AP-reduction lets the func-
tions f and g depend on the expected performance ratio
of the reduction. AP-reducibility preserves approxima-
tion but not optimal solution. There are two different
constraints that are put on the computational time of g
and f: the computation time should be polynomial for
fixed values of the performance ratio (to preserve mem-
bership in PTAS) and the reduction should be efficient
even when poor performance ratios are required (to
preserve membership in log APX and polyAPX). Thus,
the computation time should not increase when the
performance ratio decreases.

Definition 5 [6]. Let A and B be two NPO problems,
with instances I, and Ig, respectively. An extended
reduction template (f,g) between them is an ordered
2-tuple of functions such that the following properties
hold:

— for any « € I and for any rational » > 1, f(z,r)
€ Ip and is computable in time ¢ (||, r).

Moreover, if sol (z) # () then also sol (f(z, 7)) # 0;
— for any ¢ € sol(f(z,7)),g9(z,y',7) € sol(x) is
computable in time ¢4(|x], |y, 7);
— forany fixed r, both ¢t (-,r) and t4(-, -, ) are bound-
ed by a polynomial; and

— for any fixed n and m, both t¢(n,-) and ty(n, m,-)
are nonincreasing functions.
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Let A and B be two NPO problems. A is said
to be AP-reducible to B, denoted by A <sp B, if an
extended template (f,g) between A and B exists and
holds 5 properties. The first four properties are of the
extended template above. They ensure that f and g re-
duction functions are polynomial in time, when f maps
instances of A into instances of B and g maps solutions
for instances of B into solutions for instances of A. The
fifth property implies the existence of a positive con-
stant « such that for any = € I 4, for any rational » > 1,
and for any y € solg(f(z,7)), Rg(f(z,r),y) < r im-
plies Ra(z, g(z,y,7)) < 1+a(r—1). Thetriple (f, g, )
is said to be an AP-reduction from A to B.

5 Choosing Approximation
Preserving Reductions

There are four main criteria that are proposed to use
when choosing a specific reduction algorithm from a giv-
en problem. Unlike the traditional criteria, constants
and not only asymptotic functions are considered.

1. Quality of approximation preserve. Some of the re-
ductions preserve approximation by imposing a lin-
ear relation between the performance ratios of '’
and g(x,y’). Others preserve approximation by
putting constrains also on the additive errors of y’
and g(z,y’). The reduction preservation ratio is
implied by the parameters of these constrains.

2. Quality of approximation algorithm of a destination
problem. A performance ratio of the (best) known
approximate algorithm for a destination problem.

3. Inflation of input and the run time complexity of
a destination problem. This parameter is implicit-
ly included in a quality of approximation preserve
parameters. Besides, this parameter impacts on
a complexity of the required execution of the ap-
proximation algorithm of the destination problem.

4. Complexity of reduction functions f and g. This pa-
rameter represents a degree of ease of a reduction

use and also contributes to the general performance
of a reduction.

5.1 Approximation preserve reductions
of MAX 3-SAT

Let examine two examples of approximation preserving
reductions of MAX 3-SAT NPO problem and compare
them.

Example 1. MAX 3-SAT <; MAX 2-SAT

Let consider an instance of MAX 3-SAT ¢ = ¢
Apa A -+ A . with k clauses, each contains at most

3 literals. The reduction f maps ¢ to an instance ¢’ of
MAX 2-SAT, clause by clause, based on the following
roles:

— if ¢; has at most 2 variables, i.e., of the form (x})
or (x} v 2?), then ¢} = ;; and

— if ¢; has 3 variables, i. e., of the form (z} v 22 v 23),
then @} = (x}) A (a2) A (&) A (i) A (2} V 22)
ANENVENAEVE)A V) AV A V),
where y; is the new variable.

Suppose a truth assignment 7 for . If ¢; is of the
first form mentioned above and ; is satisfied by 7, then,
clearly, ¢} is also satisfied by 7. Ifa clause (; is of the sec-
ond form and ¢; is satisfied by 7, it can be shown that 7
can be extended to a truth assignment 7’ for ¢} which
satisfies exactly (and not more) seven clauses of ¢}. Let
consider several cases. In the first case, exactly one literal
among z}, ¥, and 3 is set to #rue. Then, by setting y; to
false, let get an assignment that satisfies exactly seven of
ten clauses in ;. In the second case, exactly two literals
among x}, 22, and z? are set to frue. Then, by setting
y; indifferently to true or false, one gets an assignment
that satisfies exactly seven of ten clauses in ¢}. In the
third case, all literals =}, x?, and z3 are set to frue.
Then, by setting y; to false, one gets an assignment that
satisfies exactly seven of ten clauses in . Finally, if ¢; is
not satisfied by 7, no truth assignment for y; can satisfy
more than six clauses of ¢} while six are guaranteed by
setting y; to false.

Lemma 1 [7]. Given a propositional formula in conjunctive
normal form, at least one half of its clauses can always
be satisfied. (Proof: try some random assignment. If
this does not satisfy half the clauses, then its bitwise
complement will.)

Denote the number of 3-literal clauses of ¢ by m.

This implies that opt (¢’) = 6m + opt (¢). By us-
ing the lemma above, one gets that m < 2opt () and
opt (¢') = 6m + opt () < 130pt (). This means that
opt (¢') < 130pt (¢) and o = 13. Given a truth assign-
ment 7’ for ¢, let consider its restriction 7 = g(p, ')
on the variables of ; for such assignment 7, one has:
m(p,7) > m(¢’,7") — 6m. Then opt (¢) — m(p,7)
= opt (¢') —6m —m(p,7) < opt (¢') —m(¢, 7). This
means that opt (¢) — m(p,7) < opt (¢’) — m(¢’,7’)
and 8 = 1.
Conclusion 1. According to [7], there is an L-reduction
with = 13 and $ = 1 which implies approximation
algorithm with ratio of 1/(1 + «3(1/0.955 — 1)) = 0.62
for MAX 3-SAT.

Therefore, the values of the four main criteria men-
tioned before to analyze the quality of the L-reduction
above are:

(1) quality of approximation preserve according to [7]:
in L-reduction, this criterion is measured by mul-
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tiplication of values of the reduction parameters «
and (3 and equals 13 in this example;

(2) quality of approximation algorithm of a destination
problem according to [8]: MAX 2-SAT can be ap-
proximated with the ratio 0.955;

(3) inflation of input and the run time complexity of a des-
tination problem according to |7]: recall that a size
of o is k clauses, where m of them have 3 variables.
Assize of ' is, thus, k —m + 10m = k + 9m claus-
es, since every clause with 3 variables is expanded
to 10 clauses with 2 and 1 variables. The run time
complexity of the used approximation scheme of
MAX 2-SAT is much more than linear; and

(4) complexity of reduction functions [ and g according
to [7]: both functions f and g are linear in a size of
input.

Example 2. MAX 3SAT-B <; MAX INDEPENDENT

SET-B

Let consider an instance of MAX 3-SAT ¢ = ¢
Apa A -+ A with k clauses, where there are at most B
occurrences of each variable, for some constant B. The
reduction f maps ¢ to a graph with vertex degree bound-
ed by B, for some constant B (need not be the same as for
MAX 3SAT-B instance) in the following way. Construct
a graph G with one node for every occurrence of every
literal. There is an edge connecting literal occurrences
from the same clause — a triangle for every 3-literal
clause and a single edge for every 2-literal clause. In ad-
dition, there is an edge connecting any two occurrences
of complementary literals.

Claim 1 [9, 10]. If every variable of ¢ occurs < k times
in the clauses, then the degree of the graph G'is < k + 1.

Every literal has at most 2 edges to the literals that
appear in its clause, and at most £ — 1 edges to its com-
plementary instances in other clauses of ¢. Thus, one
gets that a degree of the nodes in the graph G is upper
bounded by k + 1.

Claim 2 [9, 10]. An independent set of size ¢ corresponds
to a truth assignment that satisfies at least ¢ clauses of ¢.

An independent set cannot select both a literal and
its complement and can select at most one literal from
each clause; so, a truth assignment can be obtained by
setting the variables according to which nodes were in
the independent set. For each node in the independent
set, there is a satisfied clause. Note that there may be
other satisfied clauses of .

Conclusion 2 [9, 10]. Let ¢ be an independent set of G,
and 7 be g(c). Thus,

opt () —m(p,7)
= opt (G) — m(p,7) < opt (G) —m(G,c).

This means that 3 = 1.

Claim 3 [9, 10]. The size of the maximum independent
set in the graph is equal to the maximum number of
clauses that can be satisfied.

For each satisfied clause, there is a node in the
graph G that can be added to the independent set. This
means that opt (¢) = opt (G) and, thus, o = 1.
Conclusion 3. According to [9, 10], there is an
L-reduction with « = 8 = 1, which implies approxima-
tion algorithm with ratio of «3B/6 +o0(1) = B/6+0(1)
or aO(B/loglog B) = O(B/loglog B).

Therefore, the values of the four main criteria men-
tioned before to analyze the quality of the L-reduction
above are:

(1) quality of approximation preserve according
to [9, 10]: in L-reduction, this criterion is mea-
sured by multiplication of values of the reduction
parameters o and 3 and equals 1 in this example;

(2) quality of approximation algorithm of a destination
problem according to [11]: MAX INDEPEN-
DENT SET-B can be approximated with the ratio
B/6+o0(1) or O(B/loglog B) (depends on a value
of B);

(3) inflation of input and the run time complexity of
a destination problem according to [9, 10]: recall
that a size of ¢ is k clauses where m of them
have 3 literals. Denote the number of distinct
literals of ¢ by n. A size of the graph G is,
thus, k —m + 3m+n[k/2]> = k+2m +n[k/2]
edges of a graph G, where 3m stands for number
of edges of a clause with 3 literals, and n[k/2]>
stands for an upper bound on the number of edges
between literals and their complementary liter-
als. Each literal appears at most & times (i. e., in
each clause) and [k/2]” is the maximal size of
full dual graph of k£ nodes. A number of nodes
of graph G is the total number of literals, with
duplicates, in all clauses of ¢. The run time
complexity of the used approximation scheme of
MAX INDEPENDENT SET-B is near to linear:
Nk/(j — 1) + min{k®N, N log N} + |E| where N
is number of nodes in the graph GG; F is the number
of nodes; and j is the maximal degree of cliques
that should be removed from graph G according to
the approximation scheme; and

(4) complexity of reduction functions f and g according
to [9, 10]: both functions f and g are linear in a size
of input.

Comparison of Examples 1 and 2. The approximation
ratio of a source problem depends on the parameter k.
Note that 6/(k + 1) > 0.509 leads to & < 10, and this
is the case when one should prefer MAX INDEPEN-
DENT SET-B reduction according to this criterion.
The inflation of input is better for MAX 2-SAT, but
its run time complexity of destination problem is worse
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Table 3 Comparison of Examples 1 and 2

Quality Approximation ratio Run time Complexitv| Abproximation ratio
Example|of approximation| of a destination Inflation of input of a destination plexity APp
of f and g |of a source problem
preserve problem problem
1 af =13 0.955 k+9m > linear Linear 0.509
N(k/(G—1))
2 af=1 O(BB/?I(—)’_ (f(()l)’B) k + 2m + n[k/2]?|+ min{k*N, Nlog N}| Linear O(BB/?I(—)’_ (f(()l)’B)
808 +|E|, (near to linear) g 708

than of MAX INDEPENDENT SET-B. Besides, MAX
2-SAT approximation scheme is cumbersome. So, there
are trade-offs in choosing of reduction in this case. The
present authors suggest to make a choice according to
a given instance of MAX 3-SAT problem.

In the following, let examine the reductions above
with specific (simplest) approximation algorithms for
MAX 2-SAT and MAX INDEPENDENT SET-B. It
will be shown how to choose a reduction for getting
a scale given an instance of MAX 3-SAT. The compari-
son parameters are summarized in Table 3.

It seems natural to consider first the reduction to
MAX 2-SAT, since MAX 2-SAT and MAX 3-SAT are
common problems, and the MAX 2-SAT approxima-
tion algorithm is easier to implement [4]. Unfortunately,
the reduction to MAX 2-SAT is found useless, and
the present authors turned to examine the reduction
to MAX INDEPENDENT SET-B which resulted with
a nontrivial scale.

Let use the following input ¢ = (x1) A (1) A -+
c A (240) A (220) A (a1 V 2a2) A (243) A (@21 V 233)
/\(.”L'41 V X2 V $43) JANRIEEIVAN ($53 V $54) A\ (1‘55) A\ (1‘33
\/ng,) N (I53 V Tsq4 V $55) of MAX 3-SAT. There
are 100 clauses in ¢, 85 of them are one-literal, 10 of
them are 2-literal, and 5 of them are 3-literal. The
approximation algorithm for MAX 2-SAT is described
in [12] and is called the probabilistic method. The approx-
imation algorithm for MAX INDEPENDENT SET-B
is a Greedy algorithm which is described in [11]. First,
it will be shown that for the input ¢, ahead can be deter-
mine (i. e., without running the reduction code) that the
MAX 2-SAT reduction above does not produce a good
enough scale (in fact, it produces a trivial scale that is
related to the length of the input).

According to the used approximation algorithm for
MAX 2-SAT, the translated input ¢’ is approximated
with the ratio » = 0.37 of an input size. According to
L-reduction properties, this means that the reduction is
1/(14ap(1/r—1)) =1/(1413-1-(1/0.37—1)) = 0.04-
approximative. Assume that the reduction obtains a truth
assignment 7 that satisfies all 5 3-literal clauses of . This
means that exactly 7 of 10 clauses of ¢’ that represent
every 3-literal clause of ¢, are satisfied. Since there are 5
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3-literal clauses in ¢, there are 7-5 = 35 satisfied clauses
of total 145 clauses of ¢’. Since at least 0.37 of ¢’ clauses
should be satisfied, at least 19 2-literal or unit clauses
of ¢’ are also satisfied. These clauses are not transformed
when ¢ is translated to ¢’; so, they are satisfied also in
the reduction solution for . Thus, one gets the upper
bound of min{|¢|,19/0.04} = min{100,475} = 100,
which adds no information beyond the trivial upper
bound of ¢ (i.e., equals to the input size) and implies
the trivial scale. Otherwise, the reduction obtains a truth
assignment 7 that does not satisfy all 5 3-literal clauses
of . In this case, even more 2-literal or unit clauses of
are satisfied by 7 and the reduction once again returns
a trivial upper bound for .

The MAX INDEPENDENT SET-B reduction [4]
results in a few seconds in 0.55 of satisfied clauses of ¢
and its performance ratio is 0.6. This implies a non-
trivial upper bound of 55/0.6 = 92 clauses.

The run of GA for MAX 3-SAT is performed by us-
ing, once again, galib246 library [2] with a mutation rate
pm = 0.001, crossover rate p. = 0.6, and a one-point
crossover operator [4]. The initial population is random.
In a few seconds, a truth assignment was got that sat-
isfies 58 of 100 clauses of . The solution scale from
MAX INDEPENDENT SET-B reduction certifies the
GA solution as 58/92 = 0.64 of the best possible result.

5.2 Approximation preserve reductions
of MB3DM

The MB3DM NPO problem is defined as follows. Given
are disjointed sets A, B, and C' and a subset of triples
T C A x B x C. Let consider the restricted version
of the MB3DM problem where |A| = |B| = |C| = ¢
and each element of these sets appears in one, two, or
three triples of T'. The goal is to find a subset 7V C T
of maximum cardinality such that no two triples of 7"
agree in any coordinate. This version of the MB3DM
problem has been shown to be APX-hard in [10]. Note
that each triple can intersect at most six other triples,
which implies that the maximum matching consists of at
least |T'|/7 triples. Let examine two examples of approx-
imation preserving reductions of MB3DM and compare
them.
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Example 3. MB3DM < MINIMIZATION OF SUM
OF SQUARED MACHINE LOADS

The problem of scheduling unrelated parallel machines
is defined as follows. Given are a set of n indepen-
dent jobs, .Ji,...,.J, and a set of m parallel machines
M, ..., M,,. Each job j can be allocated to one of the
machines in a subset M (j) C 1,..., m. Each machine
can process one job at a time and all machines are avail-
able at start time. Denote the time a job j takes to be
proceeded on a machine M; by p;;. In addition, each
job j has nonnegative weight w;. The goal is to arrange
the jobs to machines so that the minimal sum of the
weighted completion times is achieved.

Denote the sum of weights of jobs assigned to the
machine i by the load /;. Let define Sum of Squared
Machine Loads as the Is norm of the machines load vec-

tor | = (I1, ..., 1), where I is defined by (3 1?)/2.
i=1

Indeed, [- is a measure of the quality of a given assign-
ment.

Let consider an instance I of the restricted version
of MB3DM. The reduction f maps [ into an instance
of the Sum of Squared Machine Loads problem in the
following way. Let define 3¢ machines, a machine M (7T;)
for each triple 7; in 7', and 3¢ — |T'| dummy machines.
Also, let define 5¢q jobs, a job per each element of A,
B, and C and 2¢g dummy jobs. On all machines, each
element job has a processing time 1 and each dummy
job has a processing time 3. The element job can be
assigned only to some triple machine M (T;) and on-
ly if the triple assigned with the machine contains the
appropriate element.

Note that for the restricted version of MB3DM, the
optimal solution Opt (I) consistsofq = |A| = |B| = |C|
triples, since each element of A, B, and C appear in
at least one triple of 7" and a feasible solution consists
of disjoint triples, the size of optimal solution is ¢q. Let
estimate a size of the optimal solution of f(I). The best
case is when all three jobs of each triple T; in Opt (1) are
scheduled to the appropriate machine M (T;). The 2¢
dummy jobs are scheduled to the 2¢ dummy machines,
one job per machine. One gets that every machine has
load 3 (three element jobs with load 1, or one dummy job
with load 3). Then the objective value of this schedule
is the sum of squares of machine load and equals to
32 .3q = 27q. Thus, Opt (f(I)) < 27qg = 270pt (1)
which means that the parameter « of the L-reduction
equals to 27.

Denote by my, k= 0,...,3, a number of machines
in some feasible solution of f(I) that process exactly k el-
ement jobs. Then the total number of machines equals
mo +m1 + me + mg = 3q, and my + 2me + 3ms = 3q
is the total number of element jobs. Note that ac-
cording to the reduction definition, the objective value

c(g(f(1)) = ms.

Lemma 2 [13]. The objective value c(s) of the feasi-
ble solution s of the scheduling instance f(I) satisfies
c(s) > 29q — 2ms.

This lemma yields that |c(g(s)) — Opt (I)] = ¢
~ g = 1/2(29q—2m5—27q) < 1/2]e(s)— Opt (/(1))
which means that the 5 parameter of the L-reduction
equals to 1/2.

Conclusion 4. According to [13], there is an L-reduction
with « = 27 and 8 = 1/2, which implies approxima-
tion algorithm with ratio of 1/(1 + a3(1 + v/2 — 1))
=1/(1+27-1/2-+/2) = 0.05 for MB3DM.

Therefore, the values of the four main criteria men-
tioned before to analyze the quality of the L-reduction
above are:

(1) quality of approximation preserve according to [13]:
in L-reduction this criterion is measured by mul-
tiplication of values of the reduction parameters «
and (3 and equals 13.5 in this example;

(2) quality of approximation algorithm of a destina-
tion problem according to [14]: the SUM OF
SQUARED MACHINE LOADS problem can be
approximated with the ratio 1 + v/2;

(3) inflation of input and the run time complexity of
a destination problem according to [13]: 3q ma-
chines and 5q jobs are defined which implies the
inflation of input to be 8q. The run time com-
plexity of the used approximation scheme of SUM
OF SQUARED MACHINE LOADS is quadratic
in input size; and

(4) complexity of reduction functions f and g according
to [13]: both functions f and g are linear in a size
of input.

Example 4. MB3DM < 4 p STAR-GCA-SIMPLE

Let A and B be two NPO problems. A is said to be
AP-reducible to B, denoted by A <,p B, ifan extended
template (f,g) between A and B and a positive con-
stant « exist such that for any « € I4, for any rational
r > 1,andforanyy € solg(f(x,7)), Re(f(z,r),y) <r
implies Ra(z,g(z,y,r)) < 1+ a(r —1). The triple
(f, g, ) is said to be an AP-reduction from A to B [6].

The problem of STAR-GCA (General Call Admis-
sion control problem in STAR networks) is defined
as follows. A star network is the undirected graph
G = (V, E), when the node 0 represents a unique cen-
tral node and rest of nodes are connected to it and
called outer nodes. The edge set E consists of the edges
e; = (i,0) for i = 1,...,n according to the network
links structure. Each link has a positive capacity c(e).

A request for a connection (call) is defined by a tuple
(us,vi,t;,d;, b, p;) consisting of a source node u; € V,
a destination node v; € V, a starting time ¢;, a du-
ration d;, a positive bandwidth requirement b;, and
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a profit p;. A solution is a set of accepted calls of those
arrived. A feasibility of a solution is determined by the
sum of bandwidth requirements of simultaneously active
calls using the same edge does not exceed the capacity
of that edge. The goal is to maximize the sum of profits
of the accepted calls.

STAR-GCA-SIMPLE is the restriction of the
STAR-GCA problem which is defined as follows. Each
call 7 has one of t; € 0,1, 2 starting times, duration
d; = 2 and unit profit and the needed bandwidth is also
one unit on each call edge. The capacity of each edge
is a unit which implies that only a single path per edge
can be active in every given moment. Thus, the objective
function is a cardinality of accepted calls set.

Let I be an instance of MB3DM problem. The re-
duction f maps I into instance of STAR-GCA-SIMPLE
in the following way. For every element a; € A,b; € B,
and ¢; € C, alink of this element to the central node 0 is
defined. For each triple t; = (a;, b;, ¢;) € T, additional
three nodes d; 1, d; 2, and d; 3 are defined and linked to
the central node. Also, 5 additional requests are added:
ry = (dj,la dj.,?) with time interval [0, 2), ro = (dj72, dj.,3)
with time interval [2,4); r3 = (d;1, a;) with time inter-
val [1,3); r4 = (dj2,b;) with time interval [1, 3); and
rs = (dj 3, ¢;) with time interval [1, 3).

One has to ensure that no more than three requests
for one triple are accepted. Note that according to the
reduction definition above, either the requests r; and r
are accepted since they have disjoint time intervals or
the requests 3, r4, and r5 are accepted since they do not
share any edge. In any case, the accepted requests of one
triple block the rest of the requests of the same triple. Let
obtain an approximate solution M for a given instance
of MB3DM problem using the following

Lemma 3 [15]. There is a greedy procedure that com-
putes a 1/3-approximation for the bounded maximum
3-dimensional matching problem.

Then the reduction function g composes a solu-
tion My using the solution obtained for the instance
f(I) of the STAR-GCA-SIMPLE problem in the fol-
lowing way. If three calls r3, r4, and r5 of some triple
t € T are accepted, this triple is added to the solution
of the MB3DM problem instance I. Then, let choose
the maximal solution obtained from the reduction and
from the approximation algorithm for MB3DM, i.e.,
lg(f(I))| = max{|M|,|Mz|}. From the lemma above,
one gets that |M7| > |M*|/3 where M * is the maximum
matching for 7. By the following

Lemma 4 [15]. Let T C A x B x C be an instance of
the maximum three-dimensional matching problem, and
let (G, R) be the corresponding instance of STAR-GCA-
SIMPLE defined above. There is a feasible solution for
(G, R) that accepts 2|T| + k requests iff T has a matching
of size k.

one obtains that [Ma| > [g(f(1))| — 2|T|. Till now,
the first four properties of AP-reduction have been sat-
isfied. Let show that the fifth property is also holds
with o = 43. According to the lemma above, an opti-
mal solution for f(I) consists of |M*| + 2|T'| requests
where M* is the optimal solution of an instance I.
Assume that one has an r-approximation algorithm
for f(I) that implies a solution @ consists of at least
(|M*| + 2|T'|)/r requests. If r > 45/43, the inequali-
ty |g(f(I))| > |My| > |M*|/3 shows that g computes
a 1/3-approximation. Since 3 = 1 4 43(45/43 — 1)
<1+43(r — 1), lg(f(1))] > M*/(1+43(r 1)) and
1443(r—1) > M*/|g(f(I))|. According to the fifth
property of the AP-reduction, this means that the value
of the reduction parameter « equals 43. Otherwise,
r < 45/43. From |Q| > (|M*| + 2|T'|)/r, one gets

2r|T| + |M*| = 2(r — 1)|T
r

|M*| —

Q[ >

2(r — )|T
. (0= IT]

M*|(1—14(r —1
PR LA (LR IUES)
T

where the property || < 7|M*| mentioned before
in the last inequality was used. As |g(f(I))| > |Ma|
> Q| —2|T| > (1 —14(r — 1))|M*|/r, one gets that
M|
lg(FI) —

|M7]
(1—14(r = 1)) |M*| /r
15
15 — 14r

(r—1)<1+443(r—1)

where the last inequality holds for 1 < r < 45/43.
Again, the fifth property is fulfilled with oo = 43.

Conclusion 5. According to [15], there is an AP-
reduction with o« = 43, which implies approxima-
tion algorithm with ratio of 1/(1 + «(1/1/18 — 1))
=1/(1443(18—1)) =1/732 = 0.001 for MB3DM.

Therefore, the values of the four main criteria men-
tioned before to analyze the quality of the AP-reduction
above are:

(1) quality of approximation preserve according to [15]:
in AP-reduction this criterion is measured by the
value of the reduction parameter « and equals 43
in this example;

(2) quality of approximation algorithm of a destina-

tion problem according to [15]: the STAR-GCA-

SIMPLE problem can be approximated with the

ratio 1/18;

inflation of input and the run time complexity of

a destination problem according to [15]: suppose the

restricted version of MB3DM problem as of the

Example 3 reduction, where |A| = |B| = |C| = ¢

3)
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Table 4 Comparison of Examples 3 and 4

Quality Approximation ratio Run time . . .
L e . . . Complexity | Approximation ratio
Example |of approximation| ofa destination |Inflation of input of a destination
of fand g | of a source problem
preserve problem problem
3 af =13.5 14++2 8¢q Quadratic in input size| Linear 0.05
4 a =43 1/18 11q < --- < 27¢q |Quadratic in input size| Linear 0.001

and ¢ < |T| < 3q. Let add a vertex for each el-
ement of A, B, and C', and for each triple of T,
let add 3 vertices and 5 requests to R. Then the
inflation of input in this case is 3¢ + 8|7'|. Since
q < |T| < 3q,onegetsthat 11¢ < 3¢+8|T| < 27q.
The run time complexity of the used approxima-
tion scheme of STAR-GCA-SIMPLE is quadratic
in input size; and

(4) complexity of reduction functions f and g according
to [15]: both functions f and g are linear in a size
of input.

Comparison of Examples 3 and 4. The approximation
ratio of the destination problem in Example 3 is tighter
than the approximation ratio of the destination problem
in Example 4, namely 1 + v/2 vs. 1/18. Since these
examples use different kinds of reductions, the quality
of approximation preserve cannot be compared directly
but only the approximation ratios obtained for MB3DM
problem. According to this criterion, the reduction of
Example 3 is better: 0.05 vs. 0.001. The input inflation
for Example 3 is only slightly smaller, and the execu-
tion time of both destination problems approximation
algorithms is quadratic in input size. Therefore, this
criterion does not dominate the choice of a reduction.
The complexity of the reduction functions f and g of
both reductions is linear in a size of input.

According to all comparable criteria, summarized in
Table 4, the reduction of Example 3 is better than the
reduction of Example 4.

6 Concluding Remarks

The main goal of this paper is to define a new frame-
work in which the quality of a solution that is based on
heuristics is certified by an approximation algorithm.
The framework was defined and it was verified that it is
feasible, useful, and essential in order to get a certificate
for a heuristic.

It was note that it is possible that the approximation
ratio stated for a particular approximation algorithm is
the worst case ratio over all inputs, one may investigate
tight approximation ratio for a given input. This may
further motivate the designer of approximation schemes
to provide a function from inputs to approximation ratio
rather than only the worst case single bound. Also, it

was found that the approximation results are useful to
define the initial generation of the GA as an important
technique.

The authors hope that the computation of a scale
and a certificate will become a standard practice accom-
panying any heuristics which, in turn, will assist in core
Al tasks such as symbolic planning, scheduling, and
theorem proving.
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HBPUCTUYECKUE CEPTUOUKATHI TIOCPEACTBOM
MPUBJIUXEHUN

1. Tones!, M. Koraun-Canenkas?

L®axynsTeT KOMITBIOTEPHBIX HayK, YHuBepcuteT ben-Iypuon B Herese, W3pauis, dolev@cs.bgu.ac.il
2(akybTeT KOMIBIOTEPHBIX HAayK, YHUBepcuteT beH-Iypruon B Herese, M3pamns, sadetsky@cs.bgu.ac.il

Annotamus: [lpenioxkeH HOBbIF METOM, B KOTOPOM KauyecTBO (HE00s13aTeIbHO ONTUMAIbHOIO) 3BPUCTUYECKOTO
perieHust cepTudUIMPOBAHO MPUOTIKEHHBIM aJITOPUTMOM, 2 UMEHHO: Pe3yIbTaT dBPUCTUUECKOTO PEIICHMS
COMPOBOXKIAETCS LIKAJIOM, MmojydyaeMoii u3 npubdamkeHHoro aaropurma. Co3naHue mkanbl 3(PHEeKTUBHO, B TO
BpeMs KaK MoJlydeHre pelieHrs OT aJlrOpuTMa anmnpoKCUMalMi OObIYHO TPEOYET IIUTEIbHBIX PACYETOB OTHO-
CUTENIbHO 3BpUCTUYecKOTo moaxoaa. C Mpyroil CTOpOHBI, Pe3yAbTaThl, TIOJTYUYEHHbIE C TIOMOIIBIO IBPUCTUKU
0e3 LIKaIbl, MOTYT ObITh Oecrone3HbiMU. McciaenoBaHbl KpUTEPUM /11 BbIOOpA CXEMbl allMpOKCUMALIUU IS
MoJjiyyeHust mKajabl. YTOOBI MOJYYUTH IIKATY Ha MPaKTUKE, MPUOJMXKEHUSI paCCMOTPEHBbI HE TOJbKO MO UX
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Abstract: Data intensive research (DIR) is being developed in frame of the new paradigm of research study known
as the Fourth paradigm, emphasizing an increasing role of observational, experimental, and computer simulated
data practically in all research domains. The principal goal of DIR is an extraction (inference) of knowledge from
data. The intention of this work is to make an overview of the existing approaches, methods, and infrastructures
of the data analysis in DIR accentuating the role of hypotheses in such process and efficient support of hypothesis
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1 Hypotheses, Theories, Models
and Laws in Data Intensive
Science

Data intensive research is being developed in accor-
dance with the Fourth Paradigm [1] of research study
(following three previous historical paradigms of the
science development (empirical science, theoretical sci-
ence, and computational science)) emphasizing that
science as a whole is becoming increasingly dependent
on data as the core source for discovery. Emerging of the
Fourth Paradigm is motivated by the huge amount of
data coming from scientific instruments, sensors, sim-
ulations, as well as from people accumulating data in
Web or social nets. The basic objective of DIR is to
infer knowledge from the integrated data organized in
networked infrastructures (such as warehouses, grids,
clouds). At the same time, “Big Data” movement has
emerged as a recognition of the increased significance
of massive data in various domains. Open access to large
volumes of data, therefore, becomes a key prerequisite
for discoveries in the XXI century. Data intensive re-
search denotes a crosscut of DIR/IT areas aimed at the
creation of effective data analysis technologies for DIR
covering scientific and other data intensive domains (in-
cluding finance, economy, social environment, business,
etc.).

Science endeavors to give a meaningful description
of the world of natural phenomena using that are known
as laws, hypotheses, and theories. Hypotheses, theories,

Law

Which might
become a

Theory

Which might
become a

A prediction

The word
“hypothesis”
could mean

A generalizing
hypothesis

An explanatory
hypothesis

Figure 1 Multiple incarnations of hypotheses

and laws in their essence have the same fundamental
character (Fig. 1) [2].

A scientific hypothesis is a proposed explanation of
a phenomenon which still has to be rigorously tested.
In contrast, a scientific theory has undergone extensive
testing and is generally accepted to be the accurate
explanation behind an observation. A scientific law is
a proposition, which points out any such orderliness
or regularity in nature, the prevalence of an invariable
association between a particular set of conditions and par-
ticular phenomena. In the exact sciences, laws can often
be expressed in the form of mathematical relationships.
Hypotheses explain laws, and well-tested, corroborated
hypotheses become theories (see Fig. 1). At the same
time, the laws do not cease to be laws, just because they
did not appear first as hypotheses and pass through the
stage of theories.

*This work has been partially supported by the RFBR grants 13-07-00579 and 14-07-00548.
nstitute of Informatics Problems, Russian Academy of Sciences, 44-2 Vavilov Str., Moscow 119333, Russian Federation
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Though theories and laws are different kinds of
knowledge, actually, they represent different forms of
the same knowledge construct. Laws are generalizations,
principles, or patterns in nature, and theories are the ex-
planations of those generalizations. However, classifica-
tion expressed in Fig. 1 is subjective. Article [3] provides
examples showing that the differences between laws, hy-
potheses, and theories consist only in that they stand at
different levels in their claim for acceptance depending
on how much empirical evidence is amassed. Therefore,
there is no essential difference between constructs used
for expressing hypotheses, theories, and laws. Important
role of hypotheses in scientific research can scarcely be
overestimated. In the edition of M. Poincaré’s book [4],
it is stressed that without hypotheses, there is no science.
Thus, it is not surprising that so much attention in
the scientific research and the respective publications
is devoted to the methods for hypothesis manipulation
in experimenting and modeling of various phenomena
applying the means of informatics. The idea that the
new approaches are needed that can address both dara-
and hypothesis-driven sciences runs all through this paper.
Such symbiosis alongside with the hypothesis-driven tra-
dition of science (“first hypothesize-then-experiment”)
might cause wide application of another one that is typ-
ified by “first experiment-then-hypothesize” mode of
research. Often, the “first experiment” ordering in DIR
is motivated by the necessity of analysis of the existing
massive data to generate a hypothesis.

In the course of the present study, paying atten-
tion to the issue of inductive and deductive reasoning in
hypothesis-driven sciences will be emphasized. In Fig. 2,
such ways of knowledge production are shown [2]. Here,
“generalization” means any subset of hypotheses, theo-
ries, and laws and “Evidence” is any subset of all facts
accumulated in a specific DIR.

All researchers collect and interpret empirical ev-
idence through the process called induction. This is
a technique by which individual pieces of evidence are
collected and examined until a law is discovered or a the-
ory is invented. Frances Bacon first formalized induc-
tion [5]. The method of (naive) induction (see Fig. 2),
he suggested, is, in part, the principal way by which
humans traditionally have produced generalizations that
permit predictions. The problem with induction is that

Generalization
(law)

Abduction :>

Induction Deduction

Evidence (facts)

Figure 2 Enhanced knowledge production diagram

it is impossible to collect all observations pertaining to
a given situation in all time — past, present, and future.

The formulation of a new law begins through in-
duction as facts are heaped upon other relevant facts.
Deduction is useful in checking the validity of a law. Fig-
ure 2 shows that a valid law would permit the accurate
prediction of facts not yet known. Also an abduc-
tion [6] is the process of validating a given hypothesis
through reasoning by successive approximation. Under
this principle, an explanation is valid if it is the best
possible explanation of a set of known data. Abductive
validation is common practice in hypothesis formation
in science. Hypothesis related logic reasoning issues are
considered in more details in section 3.

In [4], the useful hypotheses of science are consid-
ered to be of two kinds:

(1) the hypotheses which are valuable precisely be-
cause they are either verifiable or, else, refutable
through a definite appeal to the tests furnished by
experience; and

(2) the hypotheses which, despite the fact that expe-
rience suggests them, are valuable despife, or even
because, of the fact that experience can neither
confirm nor refute them.

Aspects of science which are determined by the use
of the hypotheses of the second kind are considered
in [4] as “constituting an essential human way of view-
ing nature, an interpretation rather than a portrayal or
a prediction of the objective facts of nature, an adjust-
ment of our conceptions of things to the internal needs
of our intelligence.” According to Poincaré’s discussion,
the central problem of the logic of science becomes the
problem of the relation between the two fundamentally
distinct kinds of hypotheses, i. e., between those which
cannot be verified or refuted through experience and
those which can be empirically tested.

The analysis in this paper will be focused mostly on
the modeling of hypotheses of the first kind, leaving
issues of analysis of the relations between such two kinds
of hypotheses to further study.

The rest of the paper is organized as follows. Sec-
tion 2 discusses the basic concepts defining the role
of hypotheses in the formation of scientific knowledge
and the respective organization of the scientific experi-
ments. Approaches for hypothesis formulation, logical
reasoning, hypothesis modeling, and testing are briefly
introduced in section 3. In section 4, a general overview
of the basic facilities provided by informatics for the
hypothesis-driven experimentation scenarios, including
conceptual modeling, simulations, statistics and ma-
chine learning methods is given. In section 5, several
examples of organization of hypothesis-driven scientific
experiments are included. Concluding remarks summa-
rize the discussion.
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2 Role of Hypotheses in Scientific
Experiments: Basic Principles

Normally, scientific hypotheses have the form of a math-
ematical model. Sometimes, one can also formulate
them as existential statements, stating that some par-
ticular instance of the phenomenon under examination
has some characteristic and causal explanations, which
have the general form of universal statements, stating
that every instance of the phenomenon has a particular
characteristic (e. g., forall x, if x is a swan, then x is white).
Scientific hypothesis considered as a declarative state-
ment identifies the predicted relationship (associative
or causal) between two or more variables (independent
and dependent). In causal relationship, a change caused
by the independent variable is predicted in the depen-
dent variable. Variables are more commonly related in
noncausal (associative) way [7].

In experimental studies, the researcher manipulates
the independent variable. The dependent variable is
often referred to as consequence or the presumed effect
that varies with a change of the independent variable.
The dependent variable is not manipulated. Itisobserved
and assumed to vary with changes in the independent
variable. Predictions are made from the independent
variable to the dependent variable. It is the dependent
variable that the researcher is interested in understand-
ing, explaining, or predicting [7].

In case when a possible correlation or similar relation
between variables is investigated (such as, for example,
whether a proposed medication is effective in treating
a disease, that is, at least to some extent and for some
patients), a few cases in which the tested remedy shows
no effect do not falsify the hypothesis. Instead, statisti-
cal tests are used to determine how likely it is that the
overall effect would be observed if no real relation as hy-
pothesized exists. If that likelihood is sufficiently small,
the existence of a relation may be assumed. In statis-
tical hypothesis testing, two hypotheses are compared,
which are called the null hypothesis and the alternative
hypothesis. The null hypothesis states that there is no
relationship between the phenomena (variables) whose
relation is under investigation or, at least, not of the
form given by the alternative hypothesis. The alternative
hypothesis, as the name suggests, is the alternative to
the null hypothesis: it states that there is some kind of
relation.

Alternative hypotheses are generally used more often
than null hypotheses because they are more desirable
to state the researcher’s expectations. But in any study
that involves statistical analysis, the underlying null hy-
pothesis is usually assumed [7]. It is important that the
conclusion “do not reject the null hypothesis” does not
necessarily mean that the null hypothesis is true. It sug-

gests that there is not sufficient evidence against the null
hypothesis in favor of the alternative hypothesis. Re-
jecting the null hypothesis suggests that the alternative
hypothesis may be true.

Any useful hypothesis will enable predictions by rea-
soning (including deductive reasoning). It might predict
the outcome of an experiment in a laboratory setting
or the observation of a phenomenon in nature. The
prediction may also invoke statistics assuming that a hy-
pothesis must be falsifiable [8] and that one cannot
regard a proposition or theory as scientific if it does not
admit the possibility of being shown false. The way to
demarcate between hypotheses is to call scientific those
for which we can specify (beforchand) one or more
potential falsifiers as the respective experiments. Falsi-
fication was supposed to proceed deductively instead of
inductively.

Other philosophers of science have rejected the cri-
terion of falsifiability or supplemented it with other
criteria, such as verifiability (only statements about the
world that are empirically confirmable or logically nec-
essary are cognitively meaningful). They claim that
science proceeds by “induction” — that is, by finding
confirming instances of a conjecture. Popper treated
confirmation as never certain [8]. However, a falsifica-
tion can be sudden and definitive. Einstein said: “No
amount of experimentation can ever prove me right;
a single experiment can prove me wrong.” To scientists
and philosophers outside the Popperian belief [8], sci-
ence operates mainly by induction (confirmation), and
also and less often by disconfirmation (falsification).
Its language is almost always one of induction. For
this survey both philosophical treatment of hypotheses
are acceptable. Sometimes such way of reasoning is
called the hypothetico-deductive method. According to it,
scientific inquiry proceeds by formulating a hypothesis
in a form that could conceivably be falsified by a test
on observable data. A test that could and does run
contrary to predictions of the hypothesis is taken as
a falsification of the hypothesis. A test that could but
does not run contrary to the hypothesis corroborates the
theory.

A scientific method involves experiment to test the
ability of some hypothesis to adequately answer the
question under investigation. A prediction enabled by
hypothesis suggests a test (observation or experiment)
for the hypothesis thus becoming testable. If a hypoth-
esis does not generate any observational tests, there is
nothing that a scientist can do with it.

For example, not testable hypothesis: “Our universe
is surrounded by another, larger universe, with which we
can have absolutely no contact;” not verifiable (though
testable) hypothesis: “There are other inhabited planets
in the universe;” scientific hypothesis (both testable and
verifiable): “Any two objects dropped from the same
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height above the surface of the earth will hit the ground
at the same time as long as air resistance is not a fac-
tor” (http://www.batesville.k12.in.us/physics/phynet/
aboutscience/hypotheses.html).

A problem (research question) should be formulated
as an issue of what relation exists between two or more
variables. The problem statement should be such as to
imply possibilities of empirical testing; otherwise, this
will not be a scientific problem. Problems and hy-
potheses being generalized relational statements enable
to deduce specific empirical manifestations implied by
the problem and hypotheses. In this process, hypotheses
can be deduced from theory and from other hypotheses.
A problem cannot be scientifically solved unless it is
reduced to hypothesis form, because a problem is not
directly testable [9].

Most formal hypotheses connect concepts by spec-
ifying the expected relationships between propositions.
When a set of hypotheses are grouped together, they
become a type of conceptual framework. When a concep-
tual framework is complex and incorporates causality or
explanation, it is generally referred to as a theory [10].
In general, hypotheses have to reflect the multivariate
complexity of the reality. A scientific theory summarizes
a hypothesis or a group of hypotheses that have been
supported with repeated testing. A theory is valid as long
as there is no evidence to dispute it. Scientific paradigm
explains the working set of theories under which science
operates.

Elements of hypothesis-driven research and their re-
lationships are shown in Fig. 3 [11, 12]. The hypothesis
triangle relations, explains, formulates, and represents,
are functional in the scientist’s final decision in adopt-
ing a particular model m; to formulate a hypothesis A1,
which is meant to explain phenomenon p;.

In [12], the lattice structure for hypothesis intercon-
nection is proposed as shown in Fig. 4. A hypothesis
lattice is formed by considering a set of hypotheses
equipped with wasDerivedFrom as a strict order (from
the bottom to the top). Hypotheses directly derived from
exactly one hypothesis are atomic, while those directly
derived from at least two hypotheses are complex.

The hypothesis lattice is unfolded into model and
phenomena isomorphic lattices according to the hy-
pothesis triangle (see Fig. 3) [12]. The lattices are
isomorphic if one takes subsets of M (Model), H (Hy-
potheses), and P (Phenomenon) such that formulates,
explains, and represents are both one-to-one and onto
mappings (i. e., bijections), seen as structure-preserving
mappings (morphisms). Example of the isomorphic
lattice is shown in Fig. 5 [12]. This particular lattice cor-
responds to the case in Computational Hemodynamics
considered in [12]. Here, model m; formulates hypoth-
esis k1, which explains phenomenon p;. Similarly, ms
formulates ho, which explains ps, and so on. Prop-
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Figure 3 Elements of hypothesis-driven research
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Figure 4 A lattice theoretic representation for hypothesis
relationship

erties of the hypothesis lattices and operations over them
are considered in [13].

Models are one of the principal instruments of mod-
ern science. Models can perform two fundamentally
different representational functions: a model can be
a representation of a selected part of the world, or
a model can represent a theory in the sense that it
interprets the laws and hypotheses of that theory.

Here, let consider scientific models to be represen-
tations in both senses at the same time. One of the
most perplexing questions in connection with models is
how they relate to theories. In this respect, models can
be considered as a complement to theories, as prelim-
inary theories, can be used as substitutions of theories
when the latter are too complicated to handle. Learning
about the model is done through experiments, thought
experiments, and simulation. Given a set of parameters,
a model can generate expectations about how the sys-
tem will behave in a particular situation. A model and
the hypotheses it is based upon are supported when the
model generates expectations that match the behavior
of its real-world counterpart.
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Figure 5 Hypothesis lattice unfolded into model and phenomenon isomorphic lattice

A law generalizes a body of observations. Generally,
a law represents a group of related undisputable hy-
potheses using a handful of fundamental concepts and
equations to define the rules governing a set of phenom-
ena. A law does not attempt to explain why something
happens — it simply states that it does.

Facilities for support of the hypothesis-driven exper-
imentation will be discussed in the remaining sections.

3 Hypothesis Manipulation
in Scientific Experiments

3.1 Hypothesis generation

Researchers that support rationality of scientific dis-
covery presented several methods for hypothesis gen-
eration, including discovery as abduction, induction,
anomaly detection, heuristics programming, and use of
analogies [14].

32

Discovery as abduction characterizes reasoning pro-
cesses that take place before a new hypothesis is justi-
fied. The abductive model of reasoning that leads to
plausible hypotheses formulation is conceptualized as
an inference beginning with data. According to [15], an
abduction happens as follows:

(1) some phenomena pi,ps,ps,... are encountered
for which there is no or little explanation;

(2) however, p1,p2,ps,... would not be surprising if
a hypothesis H were added. They would certain-
ly follow from something like H and would be
explained by it; and

(3) therefore, there is a good reason for elaborating
a hypothesis H — for proposing it as a possible hy-
pothesis from which the assumption p1, p2, p3, . . .

might follow.

The abductive model of reasoning is primarily a process
of explaining anomalies or surprising phenomena [16].
The scientists’ reasoning proceeds abductively from an
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anomaly to an explanatory hypothesis in light of which
the phenomena would no longer be surprising. There
can be several different hypotheses that can serve as
the explanations for phenomena; so, additionally some
criteria for choosing among different hypotheses are
required.

One way to implement abductive model of reasoning
is the abductive logic programming [17]. Hypothesis
generation in abduction logical framework is organized
as follows. During the experiment, some new observa-
tions are encountered. Let B represents the background
knowledge and O is the set of facts that represents ob-
servations. Both B and O are the logic programs (set of
rules in some rule language). In addition, I stands for
a set of literals representing the set of abducibles, which
are candidate assumptions to be added to B for explain-
ing O. Given B, O, and I', the hypothesis-generation
problem is to find a set H of literals (called a hypothesis)
such that:

(1) Band H entail O;
(2) B and H are consistent; and
(3) H issome subset of T'.

If all conditions are met, then H is an explanation
of O (with respect to B and I'). Examples of ab-
ductive logic programming systems include ACLP [18],
A-system [19], ABDUAL [20], and ProLogICA [21].
Abductive logic programming can also be implemented
by means of Answer Set Programming systems, e. g., by
the DLV system [22].

The example abductive logic program in ProLogICA
describes a simple model of the lactose metabolism of the
bacterium E.Coli [21]. The background knowledge B
describes that E.coli can feed on the sugar lactose if it
makes two enzymes permease and galactosidase. Like
all enzymes (E), these are made if they are coded by
a gene (G) that is expressed. These enzymes are cod-
ed by two genes (lac(y) and lac(z)) in cluster of genes
(lac(X)) called an operon that is expressed when the
amounts (amt) of glucose are low and lactose are high or
when they are both at medium level. The abducibles, T',
declare all ground instances of the predicates “amount”
as assumable. This reflects the fact that in the model, it
is not known what are the amounts at any time of the
various substances. This is incomplete information that
should be found out in each problem case that is exam-
ined. The integrity constraints state that the amount of
a substance (S) can only take one value.

## Background Knowledge (B)
feed(lactose) : - make(permease),

make (galactosidase) .
make (Enzyme) : - code(Gene,Enzyme) ,express(Gene) .
express (lac (X)) : —amount (glucose, low),

amount (lactose,hi) .
express(lac(X)) : —amount (glucose ,medium) ,

amount (lactose,medium) .

code(lac(y) ,permease) .
code (lac(z) ,galactosidase) .
temperature (low) : —amount (glucose,low) .

false :- amount(S,V1), amount(S,V2), V1 != V2.

## Abducibles (')
abducible_predicate (amount) .

## Observation (0)
feed(lactose).

This goal generates two possible hypotheses:
{amount (lactose,hi), amount(glucose,low)}
{amount (lactose,medium) ,amount (glucose ,medium)}

Below, just a couple of another examples of real
rule-based systems, where abductive logic programming
is used, are presented. Robot Scientist (see subsec-
tion 4.4) abductively hypothesizes new facts about the
yeast functional biology by inferring what is missing from
a model [23]. In [24], both abduction and induction
are used to formulate hypotheses about inhibition in
metabolic pathways. Augmenting background knowl-
edge is done with abduction; after that, induction is
used for learning general rules. Authors of [25] use
SOLAR reasoning system to abductively generate hy-
potheses about the inhibitory effects of toxins on the rat
metabolisms.

The process of discovery is deeply connected also
with the search of anomalies. There are a lot of methods
and algorithms to discover anomalies. Anomaly detec-
tion is an important research problem in data mining
aimed at search of the objects that are considerably dis-
similar, exceptional, and inconsistent with respect to the
majority data in an input database [26].

Analogies play several roles in science. Not only do
they contribute to discovery but they also play a role
in the development and evaluation of scientific theories
(new hypotheses) by analogical reasoning.

3.2 Hypothesis evaluation

Being testable and falsifiable, a scientific hypothesis
provides a solid basis to its further modeling and test-
ing. There are several ways to do it, including the
use of statistics, machine learning, and logic reasoning
techniques.

3.2.1 Statistical testing of hypotheses

The classical (frequentist) and Bayesian statistic ap-
proaches are applicable for hypothesis testing and se-
lection. Brief summary of the basic differences between
these approaches are as follows [27].

Classical (frequentist) statistics is based on the fol-
lowing beliefs:
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— probabilities refer to relative frequencies of events.
They are objective properties of the real world;

— parameters of hypotheses (models) are fixed, un-
known constants. Because they are not fluctuating,
probability statements about parameters are mean-
ingless; and

— statistical procedures should have well-defined long-
run frequency properties.

In contrast, Bayesian approach takes the following
assumptions:

— probability describes the degree of subjective belief,
not the limiting frequency. Probability statements
can be made about things other than data, includ-
ing hypotheses (models) themselves as well as their
parameters; and

— inferences about a parameter are made by produc-
ing its probability distribution — this distribution
quantifies the uncertainty of our knowledge about
that parameter. Various point estimates, such as ex-
pectation value, may then be readily extracted from
this distribution.

The Bayesian interpretation of probability can be
seen as an extension of propositional logic that enables
reasoning with hypotheses, i.e., the propositions whose
truth or falsity is uncertain.

Bayesian probability belongs to the category of evi-
dential probabilities; to evaluate the probability of a hy-
pothesis, the Bayesian probabilist specifies some prior
probability, which is then updated in the light of new,
relevant data (evidence) [28]. The Bayesian interpreta-
tion provides a standard set of procedures and formulae
to perform this calculation.

Hypothesis testing in classical statistic style. After null
and alternative hypotheses are stated, some statistical
assumptions about data samples should be done, e.g.,
assumptions about statistical independence or distri-
butions of observations. Failure in providing correct
assumptions leads to the invalid test results.

A common problem in classical statistics is to ask
whether a given sample is consistent with some hypoth-
esis. For example, one might be interested in whether
a measured value x;, or the whole set {z; }, is consistent
with being drawn from a Gaussian distribution N (u, o).
Here, N (u, o) is the null hypothesis.

It is always assumed that we know how to compute
the probability of a given outcome from the null hy-
pothesis: for example, given the cumulative distribution
function, 0 < Hy(z) < 1, the probability that we would
getavalueat leastaslarge asx; isp(x > x;) = 1— Ho(z;)
and is called the p-value. Typically, a threshold p value
is adopted, called the significance level o, and the null
hypothesis is rejected when p < « (e. g., if & = 0.05 and

p < 0.05, the null hypothesis is rejected at a 0.05 signif-
icance level). If one fails to reject a hypothesis, it does
not mean that its correctness is proved because it may be
that the sample is simply not large enough to detect an
effect.

When performing these tests, one can meet with two
types of errors, which statisticians call Type I and Type 11
errors. Type | errors are the cases when the null hypoth-
esis is true but incorrectly rejected. In the context of
source detection, these errors represent spurious sources
or, more generally, false positives (with respect to the
alternative hypothesis). The false-positive probability
when testing a single datum is limited by the adopted
significance level o«. Cases when the null hypothesis
is false but it is not rejected are called Type II errors
(missed sources, or false negatives (again, with respect
to the alternative hypothesis)). The false-negative prob-
ability when testing a single datum is usually called (3
and is related to the power of « test as (1 — [3). Hy-
pothesis testing is intimately related to comparisons of
distributions.

As the significance level « is decreased (the criterion
for rejecting the null hypothesis becomes more conser-
vative), the number of false positives decreases and the
number of false negatives increases. Therefore, there is
a trade-off to be made to find an optimal value of «,
which depends on the relative importance of false neg-
atives and positives in a particular problem. Both the
acceptance of false hypotheses and the rejection of true
ones are errors that scientists should try to avoid. There
is discussion as to what states of affairs is less desirable;
many people think that the acceptance of a false hy-
pothesis is always worse than failure to accept a true one
and that science should in the first place try to avoid the
former kind of error.

When many instances of hypothesis testing are per-
formed, a process called multiple hypothesis testing, the
fraction of false positives can significantly exceed the
value of a. The fraction of false positives depends not
only on « and the number of data points, but also on
the number of true positives (the latter is proportional to
the number of instances when an alternative hypothesis
is true).

Depending on data type (discrete vs. continuous ran-
dom variables) and what one can assume (or not) about
the underlying distributions, and the specific question
one asks, different statistical tests can be used. The un-
derlying idea of statistical tests is to use data to compute
an appropriate statistic and then compare the resulting
data-based value to its expected distribution. The ex-
pected distribution is evaluated by assuming that the null
hypothesis is true. When this expected distribution im-
plies that the data-based value is unlikely to have arisen
from it by chance (i.e., the corresponding p value is
small), the null hypothesis is rejected with some thresh-
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old probability «, typically 0.05 or 0.01 (p < «). Note
again that p > « does not mean that the hypothesis is
proven to be correct.

The number of various statistical tests in the litera-
ture is overwhelming and their applicability is often hard
to decide (see [29, 30] for variety of statistical methods in
SPSS (Statical Package for the Social Sciences)). When
the distributions are not known, tests are called non-
parametric, or distribution-free tests. The most popular
nonparametric test is the Kolmogorov—Smirnov (K-S)
test, which compares the cumulative distribution func-
tion, F'(x), for two samples, {x1;}, 7 =1,..., Ny, and
{x9;}, i = 1,...,Na. The K-S test is not the only
option for nonparametric comparison of distributions.
The Cramér — von Mises criterion, the Watson test, and
the Anderson—Darling test are similar in spirit to the
K-S test, but consider somewhat different statistics. The
Mann—Whitney—Wilcoxon test (or the Wilcoxon rank-
sum test) is a nonparametric test for testing whether two
data sets are drawn from distributions with different lo-
cation parameters (if these distributions are known to be
Gaussian, the standard classical test is called the ¢ test).
A few standard statistical tests can be used when it is
known, or can be assumed, that both h(x) and f(z) are
the Gaussian distributions (e. g., the Anderson—Darling
test, the Shapiro—Wilk test) [27]. More on statistical
tests can be found in [27, 29, 30, 31].

Hypothesis (model) selection and testing in Bayesian
style. The Bayesian approach can be thought of as for-
malizing the process of continually refining our state of
knowledge about the world, beginning with no data (as
encoded by the prior), then updating that by multiplying
in the likelihood once the data are observed to obtain the
posterior. When more data are taken, then the posterior
based on the first data set can be used as the prior for the
second analysis. Indeed, the data sets can be different.

The question often arises as to which is the ‘best’
model (hypothesis) to use; ‘model selection’ is a tech-
nique that can be used when we wish to discriminate
between competing models (hypotheses) and identify
the best model (hypothesis) in a set, {My,...,M,},
given the data.

Let remind the basic notation. The Bayes theo-
rem can be applied to calculate the posterior probability
p(M;|d) for each model (or hypothesis) M; represent-
ing our state of knowledge about the truth of the model
(hypothesis) in the light of the data d as follows:

p(M;)
p(d)

where p(M;) is the prior belief in the model (hypothesis)
that represents our state of knowledge (or ignorance)
about the truth of the model (hypothesis) before the
current data have been analyzed; p(d|}M;) is the model

p(M;|d) = p(d|M;)

(hypothesis) likelihood (represents the probability that
some data are produced under the assumption of this
model); and p(d) is the normalization constant given by

p(d) = Z p(d|M;)p(M;) .

The relative ‘goodness’ of models is given by a com-
parison of their posterior probabilities; so, to compare
two models M, and My, let look at the ratio of the model
posterior probabilities:

p(M,|d)

p(d|M,)p(M,)
p(d|My)p(My)

The Bayes factor, B,;, can be computed as the ratio of
the model likelihoods:

p(Mp|d)

o pldM)
b = 5y

p(d[M,)
Empirical scale for evaluating the strength of evidence
from the Bayes factor B;; between two models is shown
in the table [32].

Strength of evidence for Bayes factor B;; for two models

|In By Odds Strength of evidence
<1.0 <3:1 Inconclusive
1.0 ~3:1 Weak evidence
2.5 ~12:1 Moderate evidence

5.0 ~150:1 Strong evidence

The Bayes factor gives a measure of the ‘goodness’ of
a model regardless of the prior belief about the model,
the higher the Bayes factor, the better the model is. In
many cases, the prior belief in each model in the set of
proposed models will be equal; so, the Bayes factor will
be equivalent to the ratio of the posterior probabilities
of the models. The ‘best’ model in the Bayesian sense
is the one which gives the best fit to the data with the
smallest parameter space.

A special case of model (hypothesis) selection is
Bayesian hypothesis testing [27, 33]. Taking M; to be
the “null” hypothesis, one can ask whether the data
supports the alternative hypothesis Ms, i.e., whether
one can reject the null hypothesis. Taking equal priors
p(My) = p(Ms), the odds ratio is

B, - PldIM:)
21 = o
p(d|Mz)

The inability to reject M in the absence of an alter-
native hypothesis is very different from the hypothesis
testing procedure in classical statistics. The latter pro-
cedure rejects the null hypothesis if it does not provide
a good description of the data, that is, when it is very
unlikely that the given data could have been generated
as prescribed by the null hypothesis. In contrast, the
Bayesian approach is based on the posterior rather than
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on the data likelihood and cannot reject a hypothe-
sis if there are no alternative explanations for observed
data [27].

Comparing classical and Bayesian approaches [27],
it is rare for a mission-critical analysis be done in the
“fully Bayesian” manner, i.e., without the use of the
frequentist tools at the various stages. Philosophy and
beauty aside, the reliability and efficiency of the under-
lying computations required by the Bayesian framework
are the main practical issues. A central technical issue
at the heart of this is that it is much easier to do op-
timization (reliably and efficiently) in high dimensions
than it is to do integration in high dimensions. Thus,
the usable machine learning methods, while there are
ongoing efforts to adapt them to Bayesian framework,
are almost all rooted in frequentist methods.

Most users of Bayesian estimation methods, in prac-
tice, are likely to use a mix of Bayesian and frequentist
tools. The reverse is also true — frequentist data an-
alysts, even if they stay formally within the frequentist
framework, are often influenced by “Bayesian thinking,”
referring to “priors” and “posteriors.” The most advis-
able position is probably to know both paradigms well, in
order to make informed judgments about which tools to
apply in which situations [27]. More details on Bayesian
style of hypothesis testing can be found in [27, 28, 33].

3.2.2 Logic-based hypothesis testing

According to the hypothetico-deductive approach, the
hypotheses are tested by deducing predictions or other
empirical consequences from general theories. If these
predictions are verified by experiments, this supports the
hypothesis. It should be noted that not everything that
is logically entailed by a hypothesis can be confirmed by
a proper test for it. The relation between hypothesis and
evidence is often empirical rather than logical. A clean
deduction of empirical consequences from a hypothesis,
as it may sometimes exist in physics, is practically inap-
plicable in biology. Thus, entailment of the evidence by
hypotheses under test is neither sufficient nor necessary
for a good test. Inference to the best explanation is
usually construed as a form of inductive inference (see
abduction in subsection 3.1) where hypothesis’ explana-
tory credentials are taken to indicate its truth [34].

An inductive logic is a system of evidential sup-
port that extends deductive logic to less-than-certain
inferences. For valid deductive arguments, the premis-
es logically entail the conclusion where the entailment
means that the truth of the premises provides a guaran-
tee of the truth of the conclusion. Similarly, in a good
inductive argument, the premises should provide some
degree of support for the conclusion, where such support
means that the truth of the premises indicates with some
degree of strength that the conclusion is true. If the
logic of good inductive arguments is to be of any real

value, the measure of support it articulates should meet
the Criterion of Adequacy (CoA): as evidence accumu-
lates, the degree to which the collection of true evidence
statements comes to support a hypothesis, as measured
by the logic, should tend to indicate that the hypotheses
are probably false or probably true. In [35], the extent
to which a kind of logic based on the Bayes theorem
can estimate how the implications of hypotheses about
evidence claims influences the degree to which hypothe-
ses are supported is discussed in detail. In particular,
it is shown how such a logic may be applied to satisfy
the CoA: as evidence accumulates, false hypotheses will
very probably come to have evidential support values
(as measured by their posterior probabilities) that ap-
proach 0; and as this happens, a true hypothesis will very
probably acquire evidential support values (measured by
their posterior probabilities) that approach 1.

3.2.3 Parameter estimation

Models (hypotheses) are typically described by parame-
ters & whose values are to be estimated from data. The
authors describe this process according to [27]. For
a particular model M and prior information I, one gets:

d|M, 8, )p(M,6|I)
p(d|]) '

The result p(M, 6|d, I) is called the posterior probability
density function (pdf) for model M and parameters 6,
given data d and other prior information I. This term is
a (k+1)-dimensional pdfin the space spanned by k mod-
el parameters and the model M. The term p(d|M, 0, )
is the likelihood of data given some model M and some
fixed values of parameters 6 describing it and all other
prior information I. The term p(M, 60|I) is the a priori
joint probability for model M and its parameters 6 in the
absence of any of the data used to compute likelihood
and is often simply called the prior.

In the Bayesian formalism, p(M, 0|d, I') corresponds
to the state of our knowledge (i. e., belief) about a mod-
el and its parameters, given data d. To simplify the
notation, M (6) will be substituted by M whenever the
absence of explicit dependence on 6 is not confusing.
A completely Bayesian data analysis has the following
conceptual steps.

1. Formulation of the data likelihood p(d|M, I).

2. Choice of the prior p(8|M, I'), which incorporates
all other knowledge that might exist, but is not
used when computing the likelihood (e.g., prior
measurements of the same type, different measure-
ments, or simply an uninformative prior). Several
methods for constructing “objective” priors have
been proposed. One of them is the principle of max-
imum entropy for assigning uninformative priors by
maximizing the entropy over a suitable set of pdfs,

p(M,0)d, T) = P
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finding the distribution that is least informative
(given the constraints). Entropy maximization with
no testable information takes place under a single
constraint: the sum of the probabilities must be
one. Under this constraint, the maximum entropy
for a discrete probability distribution is given by the
uniform distribution.

3. Determination of the posterior p(M|d,I), using
Bayes theorem above. In practice, this step can be
computationally intensive for complex multidimen-
sional problems.

4. The search for the best model M parameters, which
maximizes p(M|d, I), yielding the maximum a pos-
teriori (MAP) estimate. This point estimate is the
natural analog to the maximum likelihood estimate
(MLE) from classical statistics.

5. Quantification of uncertainty in parameter esti-
mates, via credible regions. As in MLE, such an
estimate can be obtained analytically by doing
mathematical derivations specific to the chosen
model. The same as in MLE, various numerical
techniques can be used to simulate samples from the
posterior. This can be viewed as an analogy to the
frequentist approach, which can simulate draws of
samples from the true underlying distribution of the
data. In both cases, various descriptive statistics can
then be computed on such samples to examine the
uncertainties surrounding the data and estimators
of model parameters based on that data.

6. Hypothesis testing as needed to make other con-
clusions about the model (hypothesis) or parameter
estimates.

3.3 Algorithmic generation and evaluation
of hypotheses

Two cultures of data analysis (formulaic modeling' and
algorithmic modeling) distinguished here in accordance
with [36] can be applied to the hypothesis extraction and
generation based on data.

Formulaic modeling is a process for estimating the
relationships among variables. It includes many tech-
niques for modeling and analyzing several variables,
when the focus is on the formulae y = f(x) that give
a relation specifying a vector of dependent variables y in
terms of a vector of independent variables x. In a statis-
ticsexperiment (based on various regression techniques),
the dependent variable defines the event studied and is
expected to change whenever the independent vari-
able (predictor variables, extraneous variables) is altered.
Such methods as linear regression, logistic regression,
and multiple regression are the well-known examples of
the representatives of this modeling approach.

In the algorithmic modeling culture, the approach is
to find an algorithm that operates on z to predict the
responses y. What is observed is a set of z’s that go in and
a subsequent set of y’s that come out. Predictive accura-
cy and properties of the algorithms (such as, for example,
their convergence if they are iterative) are the issues to
be investigated. Machine learning algorithms focus on
prediction, based on known properties learned from the
training data. Such machine learning algorithms as de-
cision tree, association rule, neural networks, support
vector machines as well as other techniques of learning in
Bayesian and probabilistic models [37, 38] are examples
of the methods that belong to this second culture.

The models that best emulate the nature in terms of
predictive accuracy are also the most complex and in-
scrutable. Nature forms the outputs y from the inputs x
by means of a black box with complex and unknown
interior. Current accurate prediction methods are also
complex black boxes (such as neural nets, forests, support
vectors). So, we are facing two black boxes, where ours
seem only slightly less inscrutable than nature’s [36].
In a choice between accuracy and interpretability, in
applications, people sometimes prefer interpretability.

However, the goal of a model is not interpretabil-
ity (a way of getting information), but getting useful,
accurate information about the relation between the re-
sponse and predictor variables. It is stated in [36] that
algorithmic models can give better predictive accuracy
than formulaic models, providing also better informa-
tion about the underlying mechanism. And actually, this
is what the goal of statistical analysis is. The researchers
should be focused on solving the problems instead of
asking what regression model they can create.

An objection to this idea (expressed by Cox) is that
prediction without some understanding of underlying
process and linking with other sources of information
becomes more and more tentative. Due to that, it is sug-
gested to construct the stochastic calculation models that
summarize the understanding of the phenomena under
study. One of the objectives of such approach might be an
understanding and test of hypotheses about underlying
process. Given the relatively small sample size, following
such direction could be productive. But data characteris-
tics are rapidly changing. In many of the most interesting
current problems, the idea of starting with a formal mod-
el is not tenable. The methods used in statistics for small
sample sizes and a small number of variables are not
applicable. Data analytics need to be more pragmat-
ic. Given a statistical problem, find a good solution,
whether it is a formulaic model, an algorithmic model,
or a Bayesian model or a completely different approach.

In the context of the hypothesis-driven analysis, one
should pay attention to the question how far can we

In [36], instead of “formulaic modeling,” the term “data modeling” is used that looks misleading in the computer science context.
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go applying the algorithmic modeling for hypothesis
generation and testing. Various approaches to machine
learning use related to hypothesis formation and selec-
tion can be found in [27, 36, 38].

Besides machine learning, an interesting example
of algorithmic generation of hypotheses can be found
in the IBM Watson project [39] where the symbiosis
of the general-purpose reusable natural language pro-
cessing (NLP) and knowledge representation and rea-
soning (KRR) technologies (under the name DeepQA)
is exploited for answering arbitrary questions over the
existing natural language documents as well as struc-
tured data resources. Hypothesis generation takes
the results of question analysis and produces candi-
date answers by searching the available data sources
and extracting answer-sized snippets from the search
results. Each candidate answer plugged back into the
question is considered a hypothesis, which the system
has to prove correct with some degree of confidence.
After merging, the system must rank the hypotheses
and estimate confidence based on their merged scores.
A machine-learning approach adopted is based on run-
ning the system over a set of training questions with
known answers and training a model based on the
scores. An important consideration in dealing with
NLP-based scorers is that the features they produce may
be quite sparse, and so, accurate confidence estimation
requires the application of confidence-weighted learn-
ing techniques [39] — a new class of online learning
methods that maintain a probabilistic measure of con-
fidence in each parameter. It is important to note that
instead of statistics based hypothesis testing, contextual
evaluation of a wide range of loosely coupled proba-
bilistic question and semantic based content analytics
is applied for scoring different questions (hypotheses)
and content interpretations. Training different mod-
els on different portions of the data in parallel and
combining the learned classifiers into a single classifier
allow to make the process applicable to the large col-
lections of data. More details on that can be found
in [39, 40] as well as in other Watson project related
publications.

3.4 Bayesian motivation for discovery

One way for discriminating between competing models
of some phenomenon is to use Bayesian model selection
approach (see paragraph 3.2.1), the Bayesian evidences
for each of the proposed models (hypotheses) can be
computed and the models can then be ranked by their
Bayesian evidence. This is a good method for identifying
which is the best model in a given set of models, but it
gives no indication of the absolute goodness of the model.
Bayesian model selection says nothing about the overall
quality of the set of models (hypotheses) as a whole —

the best model in the set may merely be the best of in
a set of poor models. Knowing that the best model in
the current set of models is not particularly good model
would provide motivation to search for a better model and,
hence, may lead to model discovery.

One way of assigning some measure of the absolute
goodness of a model is to use the concept of Bayesian
doubt first introduced in [41]. Bayesian doubt works
by comparing all the known models in a set with an
idealized model, which acts as a benchmark model.

An application of the Bayesian doubt method for the
cosmological model building is given in [32, 42]. One of
the most important questions in cosmology is to identify
the fundamental model underpinning the vast amount of
observations nowadays available. The so-called ‘cosmo-
logical concordance model’ isbased on the cosmological
principle (i.e., the Universe is isotropic and homoge-
neous, at least on large enough scales) and on the hot big
bang scenario, complemented by an inflationary epoch.
This remarkably simple model is able to explain with
only half a dozen free parameter observations spanning
a huge range of time and length-scales. Since both
a cold dark matter (CDM) and a cosmological con-
stant (A) component are required to fit the data, the
concordance model is often referred to as ‘the ACDM
model.’

Several different types of explanation are possible
for the apparent late time acceleration of the Universe,
including different classes of dark energy model such
as ACDM, wCDM; theories of modified gravity; void
models or the back reaction [32]. The methodology of
Bayesian doubt which gives an absolute measure of the
degree of goodness of a model has been applied to the
issue of whether the ACDM model should be doubted.

The methodology of Bayesian doubt dictates that
an unknown idealized model X should be introduced
against which the other models may be compared. Fol-
lowing [41], ‘doubt’ may be defined as the posterior
probability of the unknown model:

p(d|X)p(X)
p(d)

Here, p(X) is the prior doubt, i.e., the prior on the
unknown model, which represents the degree of belief
that the list of known models does not contain the true
model. The sum of all the model priors must be unity.

The methodology of Bayesian doubt requires a base-
line model (the best model in the set of known models),
for which, in this application, the ACDM has been cho-
sen. The average Bayes factor between ACDM and each
of the known models is given by:

D = p(X]|d) =

1 N
<BiA> = N Z;Bu\.
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The ratio R between the posterior doubt and prior
doubt, which is called the relative change in doubt, is:

For doubt to grow, i.e., the posterior doubt to be
greater than the prior doubt (R < 1), the Bayes factor
between the unknown model X and the baseline model
must be much greater than the average Bayes factor:

(Bia)

1.
BxA S

To genuinely doubt the baseline model, ACDM,
it is not sufficient that R > 1, but additionally, the
probability of ACDM must also decrease such that its
posterior probability is greater than its prior probability,
i.e., p(Ald) < p(A). One can define:

_ p(Ald)
=

For ACDM to be doubted, the following two condi-
tions must be fulfilled:

R>1; Ry<1.

If these two conditions are fulfilled, then it suggests that
the set of known models is incomplete, and gives mo-
tivation to search for a better model not yet included,
which may lead to model discovery.

In [41], a way of computing an absolute upper bound
for p(d|X) achievable among the class of known models
has been proposed. Finally, it was found that current
cosmic microwave background (CMB), matter power
spectrum (mpk), and Type Ia supernovae (SNIa) obser-
vations do not require the introduction of an alternative
model to the baseline ACDM model. The upper bound
of the Bayesian evidence for a presently unknown dark
energy model against ACDM gives only weak evidence
in favor of the unknown model. Since this is an absolute
upper bound, it was concluded that ACDM remains
a sufficient phenomenological description of currently
available observations.

4  Facilities for the Scientific
Hypothesis-Driven Experiment
Support

4.1 Conceptualization of scientific
experiments

Data intensive research increasingly becomes dependent
on computational resources to aid complex researches.

It becomes paramount to offer scientists mechanisms
to manage the variety of knowledge produced during
such investigations. Specific conceptual modeling facil-
ities [43] are investigated to allow scientists to represent
scientific hypotheses, models, and associated computa-
tional or simulation interpretations which can be com-
pared against phenomena observations (see Fig. 3). The
model allows scientists to record the existing knowledge
about an observable investigated phenomenon, includ-
ing a formal mathematical interpretation of it, if any.
Model evolution and model sharing need also to be sup-
ported taking either a mathematical or computational
view (e.g., expressed by scientific workflows). Declar-
ative representation of scientific model allows scientists
to concentrate on the scientific issues to be investigated.
Hypotheses can be used also to bridge the gap between
an ontological description of studied phenomena and
the simulations. Conceptual views on scientific domain
entities allow for searching for definitions supporting sci-
entific models sharing among different scientific groups.

In [12], the engineering of hypothesis as linked data
is addressed. A semantic view on scientific hypotheses
shows their existence apart from a particular statement
formulation in some mathematical framework. The
mathematical equation is considered as not enough to
identify the hypothesis: first, because it must be phys-
ically interpreted, and second, because there can be
many ways to formulate the same hypothesis. The link
to a mathematical expression, however, brings to the
hypothesis concept higher semantic precision. Anoth-
er link, in addition, to an explicit description of the
explained phenomenon (emphasizing its “physical in-
terpretation™) can bring forth the intended meaning.
By dealing with that hypothesis as a conceptual entity,
the scientists make it possible to change its statement
formulation or even to assert a semantic mapping to
another incarnation of the hypothesis in case someone
else reformulates it.

In [43], the following elements related to hypothesis-
driven science are conceptualized: a phenomenon ob-
served, a model interpreting this phenomenon, the
metadata defining the related computation together with
the simulation definition (for simulation, a declarative
logic-based language is proposed). In this work, specific
attention is devoted to hypothesis definition. The expla-
nation, a scientific hypothesis conveys, is a relationship
between the causal phenomena and the simulated one,
namely, that the simulated phenomenon is caused by
or produced under the conditions set by the causal
phenomena. By running the simulations defined by
the antecedents in the causal relationship, the scientist
aims at providing hypothetical analysis of the studied
phenomenon.

Thus, the scientific hypothesis becomes an element
of the scientific model that may replace a phenomenon.
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When computing a simulation based on a scientific hy-
pothesis, i.e., according to the causal relationship it
establishes, the output results may be compared against
phenomenon observations to assess the quality of the
hypothesis. Such interpretation provides for bridging
the gap between qualitative description of the phe-
nomenon domain (scientific hypotheses may be used
in qualitative (i.e., ontological) assertions) and the
corresponding quantitative valuation obtained through
simulations. According to the approach [43], com-
plex scientific models can be expressed as the com-
position of computation models similarly to database
views.

4.2 Hypothesis space browsers

Inthe HyBrow (Hypothesis Space Browser) project [44],
the hypotheses for the biology domain are represented as
a set of first-order predicate calculus sentences. In con-
junction with an axiom set specified as rules that model
known biological facts over the same universe and ex-
perimental data, the knowledge base may contradict or
validate some of the sentences in hypotheses, leaving the
remaining ones as candidates for new discovery. As more
experimental data are obtained and rules are identified,
discoveries become positive facts or are contradicted. In
the case of contradictions, the rules that caused the prob-
lems must be identified and eliminated from the theory
formed by the hypotheses. In such model-theoretical
approach, the validation of hypotheses considers the
satisfiability of the logical implications defined in the
model with respect to an interpretation. This might be
applicable also for simulation-based research, in which
validation is solved based on the quantitative analysis be-
tween the simulation results and the observations [43].
HyBrow is based on an OWL ontology and application-
level rules to contradict or validate hypothetical state-
ments. HyBrow provides for designing hypotheses and
evaluating them for consistency with existing knowledge
and uses an ontology of hypotheses to represent hy-
potheses in machine understandable form as relations
between objects (agents) and processes [45].
Asanupgrade of HyBrow, the HyQue [46 ] framework
adopts linked data technologies and employs Bio2RDF
linked data to add to HyBrow semantic interoperability
capabilitiecs. HyBrow/HyQue’s hypotheses are domain-
specific statements that correlate biological processes
(seen as events) in the First-Order Logic (FOL). Hy-
potheses are formulated as instances of the HyQue Hy-
pothesis Ontology and are evaluated through a set of
SPARQL queries against biologically-typed OWL and
HyBrow data. The query results are scored in terms of
how the set of events correspond to background expecta-
tions. A score indicates the level of support the data lend
the hypothesis. Each event is evaluated independently

in order to quantify the degree of support it provides for
the hypothesis posed. Hypothesis scores are linked as
properties to the respective hypothesis.

OBI (the Ontology for Biomedical Investigations)
project (http://obi-ontology.org) aims to model the de-
sign of an investigation: the protocols, the instrumen-
tation, and the materials used in experiments and the
data generated [47]. Ontologies such as EXPO and OBI
enable the recording of the whole structure of scien-
tific investigations: how and why an investigation was
executed, what conclusions were made, the basis for
these conclusions, etc. As a result of these generic on-
tology development efforts, the Minimum Information
about a Genotyping Experiment (MIGen) recommends
the use of terms defined in OBI. The use of a generic
or a compliant ontology to supply terms will stimulate
cross-disciplinary data-sharing and reuse. As much de-
tail about an investigation as possible in order to make
the investigation more reproducible and reusable can be
collected [48].

Hypothesis modeling is embedded into the knowl-
edge infrastructures being developed in various branches
of science. One example of such infrastructure is con-
sidered under the name SWAN — a Semantic Web
Application in Neuromedicine [47]. SWAN is a project
for developing an integrated knowledge infrastructure
for the Alzheimer disease (AD) research community.
SWAN incorporates the full biomedical research knowl-
edge lifecycle in its ontological model, including support
for personal data organization, hypothesis generation,
experimentation, laboratory data organization, and digi-
tal prepublication collaboration. The common ontology
is specified in an RDF Schema. SWAN’s content is in-
tended to cover all stages of the “truth discovery” process
in biomedical research, from formulation of questions
and hypotheses to capture of experimental data, sharing
data with colleagues, and ultimately, the full discovery
and publication process.

Several information categories created and man-
aged in SWAN are defined as subclasses of Assertion.
They include Publication, Hypothesis, Claim, Concept,
Manuscript, DataSet, and Annotation. An Assertion
may be made upon any other Assertion, or upon any
object specifiable by URL. For example, a scientist can
make a Comment upon, or classify, the Hypothesis of
another scientist. Linking to objects “outside” SWAN
by URL allows one to use SWAN as metadata to orga-
nize, for example, all one’s PDFs of publications, or the
Excel files in which one’s laboratory data are stored, or
all the websites of tools relevant to Neuroscience. An-
notation may be structured or unstructured. Structured
annotation means attaching a Concept (tag or term) to
an Assertion. Unstructured annotation means attaching
free text. Concepts are nodes in controlled vocabularies,
which may also be hierarchical (taxonomies).
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4.3 Scientific hypothesis formalization

An example showing in Fig. 6 the diversity of the com-
ponents of a scientific hypothesis model has been bor-
rowed from the applications in Neuroscience [43, 49]
and in a human cardiovascular system in Computational
Hemodynamics [12, 50]. The formalization of a scien-
tific hypothesis was provided by a mathematical model,
by a set of differential equations for continuous process-
es, quantifying the variations of physical quantities in
continuous space—time, and by the mathematical solver
(HEMOLAB) for discrete processes. The mathemat-
ical equations were represented in MathML, enabling
models interchange and reuse.

In [51], the formalism of quantitative process mod-
els is presented that provides for encoding of scientific
models formally as a set of equations and informally
in terms of processes expressing those equations. The
model revision works as follows. For input, it is re-
quired an initial model; a set of constraints representing
acceptable changes to the initial model in terms of pro-
cesses; a set of generic processes that may be added to
the initial model; and observations to which the revised
model should fit. These data provide the approach with

Sc Hypothesis

a heuristics that guides search toward parts of the model
space that are consistent with the observations. The al-
gorithm generates a set of revised models that are sorted
by their distance from the initial model and presented
with their mean squared error on the training data. The
distance between a revised model and the initial model
is defined as the number of processes that are present in
one but not in the other. The abilities of the approach
have been successfully checked in several environmental
domains.

Formalisms for hypothesis formation are mostly
monotonic and are considered to be not quite suitable for
knowledge representation, especially in dealing with in-
complete knowledge, which is often the case with respect
to biochemical networks. In [52], knowledge-based
framework for the general problem of hypothesis forma-
tion is presented. The framework has been implemented
by extending BioSigNet-RR — a knowledge-based sys-
tem that supports elaboration tolerant representation
and nonmonotonic reasoning. The main features of the
extended system provide:

(1) seamless integration of hypothesis formation with
knowledge representation and reasoning;
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Figure 6 Elements of the scientific hypothesis model
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(2) use of various resources of biological data as well as
human expertise to intelligently generate hypothe-
ses; and

(3) support for ranking hypotheses and for designing
experiments to verify hypotheses.

The extended system is positioned as a prototype of an
intelligent research assistant of molecular biologists.

4.4 Hypothesis-driven robots

The Robot Scientist [53] oriented on genomic appli-
cations is a physically implemented system which is
capable of running cycles of scientific experimentation
and discovery in a fully automatic manner: hypothesis
formation, experiment selection to test these hypothe-
ses, experiment execution using robotic system, results
analysis and interpretation, repeating the cycle (closed-
loop in which the results obtained are used for learning
from them and feeding the resulting knowledge back
into the experimental models). Deduction, induction,
and abduction are the types of logical reasoning used in
scientific discovery (see section 3). The full automation
of science requires ‘closed-loop learning,” where the
computer not only analyses the results, but learns from
them and feeds the resulting knowledge back into the
next cycle of the process (Fig. 7).

In the Robot Scientist, the automated formation of
hypotheses is based on the following key components:

(1) machine-computable representation of the domain
knowledge;

(2) abductive or inductive inference of novel hypothe-
ses;

(3) an algorithm for the selection of hypotheses; and

Initial START point:

(4) deduction of the experimental consequences of
hypotheses.

Adam, the first Robot Scientist prototype, was de-
signed to carry out microbial growth experiments to
study functional genomics in the yeast Saccharomyces
cerevisiae, specifically to identify the genes encoding
‘locally orphan enzymes.” Adam uses a comprehensive
logical model of yeast metabolism, coupled with a bioin-
formatic database (Kyoto Encyclopaedia of Genes and
Genomes — KEGQG) and standard bioinformatics ho-
mology search techniques (PSI-BLAST and FASTA)
to hypothesize likely candidate genes that may encode
the locally orphan enzymes. This hypothesis generation
process is abductive.

To formalize Adam’s functional genomics experi-
ments, the LABORS ontology (LABoratory Ontology
for Robot Scientists) has been developed. LABORS
is a version of the ontology EXPO (as an upper layer
ontology) customized for Robot scientists to describe
biological knowledge. LABORS is expressed in OWL-
DL. LABORS defines various structural research units,
e.g., trial, study, cycle of study and replicate as well
as design strategy, plate layout, expected actual results.
The respective concepts and relations in the functional
genomics data and metadata are also defined. Both
LABORS and the corresponding database (used for
storing the instances of the classes) are translated into
Datalog in order to use the SWI-Prolog reasoner for
required applications [48].

There were two types of hypotheses generated. The
first level links an orphan enzyme, represented by its
enzyme class (E.C.) number, to a gene (ORF) that
potentially encodes it. This relation is expressed as
a two-place predicate where the first argument is the
ORF and the second is the E.C. number. An example of
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Figure 7 Hypothesis-driven closed-loop learning
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hypothesis at this level is: encodesORFtoEC(‘YBR166C’,
‘1.1.1.25).

The second level of hypothesis involves the associa-
tion between a specific strain, referenced via the name
of its missing ORF, and a chemical compound which
should affect the growth of the strain, if added as a nutri-
ent to its environment. This level of hypothesis is derived
from the first by logical inference using a specific model
of yeast metabolism. An example of such a hypothesis
is: affects growth(‘C00108’,YBR166C’), where the first
argument is the compound (names according to KEGG)
and the second argument is the strain considered.

Adam then designs the experimental assays required
to test these hypotheses for execution on the laboratory
robotic system. These experiments are based on a two-
factor design that compares multiple replicates of the
strains with and without metabolites compared against
wild type strain controls with and without metabolites.

Adam follows a hypothetico-deductive methodolo-
gy (see section 2). Adam abductively hypothesizes new
facts about yeast functional biology, then it deduces the
experimental consequences of these facts using its model
of metabolism, which it then experimentally tests. To se-
lect experiments, Adam takes into account the variable
cost of experiments, and the different probabilities of
hypotheses. Adam chooses its experiments to minimize
the expected cost of eliminating all but one hypothesis.
This is, in general, an NP complete problem and Adam
uses heuristics to find a solution [45].

It is now likely that the majority of hypotheses in
biology are computer-generated. Computers are in-
creasingly automating the process of hypothesis forma-
tion, for example: machine learning programs (based
on induction) are used in chemistry to help design
drugs; and in biology, genome annotation is essentially
avast process of (abductive) hypothesis formation. Such
computer-generated hypotheses have been necessarily
expressed in a computationally amenable way, but it is
still not common practice to deposit them into a pub-
lic database and make them available for processing by
other applications [45].

The details describing the software and informatics
decisions in the Robot Scientist project can be found
in [45, 53] and online at the website http: //www.aber.ac.
uk/compsci/Research /bio/robotsci/data/informatics/.
The details for developing the formalization used for
Adam’s functional genomics investigations can be found
in [48, 54]. An ontology-based formalization based on
graph theory and logical modeling makes it possible to
keep an accurate track of all the result units used for
different goals, while preserving the semantics of all the
experimental entities involved in all the investigations.
It is shown how experimentation and machine learning
are used to identify additional knowledge to improve the
metabolic model [54].

4.5 Hypotheses as data in probabilistic
databases

Another view of hypotheses encoding and management
is presented in [55]. Authors use probabilistic database
techniques for hypotheses systematic construction and
management. MayBMS [56], a probabilistic database
management system, is used as a core for hypothesis
management. This methodology (called v-DB) enables
researchers to maintain several hypotheses explaining
some phenomena and provides evaluation mechanism
based on Bayesian approach to rank them.

The construction of v-DB database comprises sev-
eral steps. In the first step, phenomenon and hypothesis
entities are provided as input to the system. Hypothesisis
aset of mathematical equations expressed as functions in
W3C MathML-based format and is associated with one
or more simulation trial dataset, consisting of tuples with
input variables of equation and its corresponding output
as functionally dependent variables (the predictions).
Phenomenon is represented by at least one empirical
dataset similar to simulation trials. In the next step,
the system deals with hypotheses and phenomena in the
following way:

(1) researcher has to provide some metadata about hy-
potheses and phenomena; e. g., hypotheses need to
be associated with the respective phenomena and
assigned a prior confidence distribution (uniform
by default according to the principle of maximum
entropy (see paragraph 3.2.3));

(2) functional dependencies (FD) are extracted from
equations in order to obtain database schema to
store simulations and experimental data; it should
be mentioned that to precisely identify hypothesis
formulation, the special attributes for phenomena
and hypothesis references are introduced into FD;

(3) tuples are synthesized from simulation trials and
observational data by uncertain pseudotransitive
closure and reasoning; and finally,

(4) the probabilistic v-DB database is formed.

Once phenomenon and hypothesis (with empirical
datasets and simulation trials) are produced, it becomes
possible to manipulate them with database tools.

MayBMS provides tools to evaluate competing hy-
potheses for the explanation of a single phenomenon.
With prior probabilities already provided, the system
allows to make one or more (if new observational data
appears) Bayesian inference steps. In each step, the
prior probability is updated to posterior according to
Bayes’ theorem. As a result, hypotheses which better
explain phenomenon get higher probabilities enabling
researchers to make more confident decisions (see al-
so paragraph 3.2.1). The ~-DB approach provides
a promising way to analyze hypotheses in large-scale
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DIR as uncertain predictive database in face of empiri-
cal data.

5 Examples of Hypothesis-Driven
Scientific Research
5.1 Hypotheses in Besangon Galaxy model

Various models in astronomy heavily rely on hypotheses.
One of the most impressive is the Besangon galaxy model
(BGM) [57—59] evolving for many years and represent-
ing the population and structure synthesis model for the
Milky Way. It allows astronomers to test hypotheses on
the star formation history, star evolution, and chemical
and dynamical evolution of the Galaxy. As the result
of simulation process, one can get the following: mul-
tidimensional histograms of intrinsic star properties or
observable properties, a catalog of pseudoobservations,
or the integrated luminosity in a specified photometric
band [60]. From the beginning, the aim of the BGM was
not only to be able to simulate reasonable star counts
but further to test scenarios of Galactic evolution from
assumptions on the rate of star formation (SFR), initial
mass function (IMF), and stellar evolution.

The model has explicit and implicit hypotheses as-
sociated with it. Explicit hypotheses are usually some
sets of equations, taken from the literature studies and
put as the ingredient of the model. Some of explicit
hypotheses are passed as the input of the model, e.g.,
star formation rate, initial mass function, evolutionary
tracks, chemical evolution, atmosphere models, density
laws, interstellar extinction model.

The model has some implicit hypotheses as well. For
example, it is assumed that no star population comes
from the outside of the Galaxy. There are several more
implicit hypotheses about disk formation and dark mat-
ter assumptions encoded inside the model. It is usually
much harder to get all the implicit hypotheses, since
many of them are not described in the articles and are
difficult to pin from the code.

BGM has not only the large number of explicit and
implicit hypotheses, but also a complex interrelations
between them. So, some of the hypotheses are being
independent, e.g., IFM and SFR; so, it is possible to
change them independently. On the other side, some
of the hypotheses are connected, e. g., the age distribu-
tion, the density laws, and the potential are linked with
the age—velocity dispersion via the Boltzmann equation
and need to be consistent. Such kind of dependencies
make the model hard to be tested and to keep it con-
sistent while varying different parameters during model
fitting. Another example of interrelations of hypotheses
is competing hypotheses.

BGM has changed drastically over the last 30 years.
This has happened because of the appearance of new

data surveys, technologies, and methods of observation
development. As an example of such evolution, the
model developed in 2014 compared to previous versions
handles variations of the SFR, IMF, evolutionary tracks,
and atmosphere models. These hypotheses are passed
as input parameters to the model; so, the user can vary
them.

The second improvement of the model is the im-
plementation of the stellar binarity, being an important
change since binaries can account for about 50% of the
total stellar content of the Milky Way. The authors of the
new version underline the importance of understand-
ing interrelationships between different hypotheses and
need for model evolution tools [60]: “In practice, to
build a Galaxy from the fundamental building-blocks,
we had to reconstruct the previous model and apply im-
portant changes in the code arrangement. That required
to understand well the underlying relations between all
mentioned components.”

It is planned further to focus on the renewed
BGM [59], in which authors draw their attention to
the Galaxy thin disk treatment and use of Tycho-2 as
a testing dataset. The parameters of BGM (such as
IMF, SFR and evolutionary track sets) explicitly and
model ingredients implicitly can be treated as hypothe-
ses. Model ingredients include the treatment of binarity,
the local stellar mass densities of thin disk, extinction
model, age-metallicity and age-velocity relations, radial
scale length, the age of the Galaxy thin disc, different
sets of the star atmosphere models, etc.

Tycho-2 dataset and x2-type statistics test is used
to test various versions of these hypotheses in order to
choose the most appropriate ones and update model to
better fit the provided data. The tests were made by
comparing star counts and (B — V') color distributions
between data and simulations. Two different tests were
used to evaluate the adequacy of the stellar densities
globally and to test the shape of the color distribution.
Other parameters to be tested are: star counts, radio
velocity, magnitudes, colors, proper motions, parallax,
effective temperatures, gravity, and metallicity. Authors
use histograms, 2 goodness of fit (maximum likelihood
and x2-test) and for velocity parameter, Kolmogorov—
Smirnov and Henderson—Darling tests.

Due to the fact that some ingredients of the model
are highly correlated (such as the IMFE, SFR, and the
local mass density), the authors defined default models
as a combination of a new set of ingredients that sig-
nificantly improve the fit to Tycho data. So, 11 IMF
functions, 2 SFR functions, 2 evolutionary track sets,
3 sets of atmosphere models, 3 values for the age of the
formation of the thin disk, and 3 sets of values of the
thin disk local stellar volume mass density were tested.
As a result of testing, the two most appropriate IMS and
SFR hypotheses were chosen.
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BGM authors have plans to incorporate other star
surveys and test the model against them. To do sim-
ulations directly comparable with data, the select-
ed magnitudes from the surveys need to be com-
plete in terms of magnitude. Among these surveys,
there are the Geneva-Copenhagen survey, SDSS-I1/I11,
SEGUE/SEGUE2, APOGEE, RAVE, LAMOST, Ga-
ia, Gaia-ESO, GALAH LSST, WEAVE, 4MOST, and
MOONS surveys [61].

5.2 Hypothesis testing applying connectome
data

In the neuroscience community, the development of
common paradigms for interrogating the myriad func-
tional systems in the brain remains to be the core chal-
lenge. Building on the term “connectome,” coined to
describe the comprehensive map of neural connections
in the human brain, the “functional connectome” de-
notes the collective set of functional connections in the
human brain (its “wiring diagram™) [62]. More broadly,
a connectome would include the mapping of all neural
connections within an organism’s nervous system. The
production and study of connectomes, known as con-
nectomics, may range in scale from a detailed map of the
full set of neurons and synapses within part or all of the
nervous system of an organism to a macroscale descrip-
tion [63] of the functional and structural connectivity
between all cortical areas and subcortical structures.
The ultimate goal of connectomics is to map the hu-
man brain. In functional magnetic resonance imaging
(fMRI), associations are thought to represent functional
connectivity in the sense that the two regions of the
brain participate together in the achievement of some
higher-order function, often in the context of perform-
ing some task. fMRI has emerged as a powerful tool used
to interrogate a multitude of functional circuits simul-
taneously. This has elicited the interest of statisticians
working in that area. At the level of basic measure-
ments, neuroimaging data can be considered to consist
typically of a set of signals (usually, time series) at each
of a collection of pixels (in two dimensions) or voxels
(in three dimensions). Building from such data, various
forms of higher-level data representations are employed
in neuroimaging. In recent years, a substantial inter-
est in network-based representations has emerged in
neuroimaging to use networks to summarize relational
information in a set of measurements, typically assumed
to be reflective of either functional or structural rela-
tionships between regions of interest in the brain. With
neuroimaging, now, a standard tool in clinical neuro-
science, quickly moving towards a time in which we will
have available databases composed of large collections of
secondary data in the form of network-based data objects,
is predictable.

One of the most basic tasks of interest in the anal-
ysis of such data is the testing of hypotheses in answer
to questions such as “Is there a difference between the
networks of these two groups of subjects?” Networks are
not Euclidean objects and, hence, classical methods of
statistics do not directly apply. Network-based analogues
of classical tools for statistical estimation and hypothesis
testing are investigated in [64, 65]. Such research is
motivated by the 1000 Functional Connectomes Project
(FCP) launched in 2010 [62]. The 1000 FCP [66] con-
stitutes the largest data set of its kind similarly to large
data sets in genetics. Other projects (such as the Human
Connectome Project (HCP)) are aimed to build a net-
work map of the human brain in healthy, living adults.
The total volume of data produced by the HCP will likely
be multiple petabytes [67]. HCP informatics platform
includes data management system ConnectomeDB that
is based on the XNAT (eXtensive Neuroimaging Archive
Toolkit) imaging informatics platform [68], a widely used
open source system for managing and sharing imaging
and related data.

Now, HCP has information about more than
500 subjects including structural scans (T1w and T2w),
resting-state fMRI (rfMRI), task fMRI (tfMRI), and
high angular resolution diffusion imaging (dAMRI). In
addition, some resting-state MEG (rtMEG) and/or task
MEG (tMEG) data are available.

Data come in several formats: “unprocessed” raw da-
ta, “minimally preprocessed,” and “analysis” datasets.
Preprocessed datasets have spatial distortions minimized
and data have been aligned across modalities and across
subjects using appropriate volume-based and surface-
based registration methods. HCP consortium recom-
mends to use the preprocessing dataset.

Visualization, processing, and analysis of high-
dimensional data such as images often require some
kind of preprocessing to reduce the dimensionality of
the data and find a mapping from the original rep-
resentation to a low-dimensional vector space. The
assumption is that the original data resides in a low-
dimensional subspace or manifold [69], embedded in
the original space. This topic of research is called
dimensionality reduction, nonlinear dimensionality re-
duction, including methods for parameterization of data
using low-dimensional manifolds as models. With-
in the neural information processing community, this
has become known as manifold learning. Methods
for manifold learning are able to find nonlinear man-
ifold parameterizations of datapoints residing in high-
dimensional spaces, very much like Principal Compo-
nent Analysis (PCA) is able to learn or identify the
most important linear subspace of a set of data points
(projecting data on a n-dimensional linear subspace
which maximizes the variance of the data in the new
space).
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In [64], necessary mathematical properties associ-
ated with a certain notion of a ‘space’ of networks
used to interpret functional neuroimaging connectome-
oriented data are established. Extension of the classical
statistics tools to network-based datasets, however, ap-
peared to be highly nontrivial. The main challenge in
such an extension is due to the fact that networks are
not Euclidean objects (for which classical methods were
developed) — rather, they are combinatorial objects, de-
fined through their sets of vertices and edges. In [64], it
was shown that networks can be associated with certain
natural subsets of Euclidean space and demonstrated
that through a combination of tools from geometry,
probability on manifolds, and high-dimensional statis-
tical analysis, it is possible to develop a principled and
practical framework in analogy to classical tools. In
particular, an asymptotic framework for one- and two-
sample hypothesis testing has been developed. Key to
this approach is the correspondence between an undi-
rected graph and its Laplacian, where the latter is defined
as a matrix (associating with a network). Graph Lapla-
cian appeared to be particularly appropriate to be used
for such matrices. The space of graph Laplacians is used
working in certain subsets of Euclidian space which are
some submanifolds of the standard Euclidian space.

The 1000 FCP describes functional neuroimaging
data from 1093 subjects, located in 24 community-based
centers. The mean age of the participants was 29 years,
and all subjects were 18 years old or older. It is of interest
to compare the subject-specific networks of males and
females in the 1000 FCP data set. In [64], for the 1000
FCP, database comparing networks with respect to the
sex of the subjects, over different age group, and over
various collection sites is considered. It is shown that it
is necessary to compute the means in each subgroup of
networks. This was done by constructing the Euclidean
mean of the Laplacians for each group of subjects in
different age groups. Such group-specific mean Lapla-
cians can then be interpreted as the mean functional
connectivity in each group. Such approach provides
for building the hypothesis tests about the average of
networks or groups of networks to investigate the effect
of sex differences on entire networks.

For the 1000 FCP data set, it was tested using the
two-sample test for Laplacians whether sex differences
were significant to influence patterns of brain connec-
tivity. The null hypothesis of no group differences was
rejected with high probability. Similarly for the three
different age cohorts, the null hypothesis of no cohort
differences also was rejected with high probability.

On such examples, it was shown [64] that the pro-
posed global test has sufficient power to reject the null hy-
pothesis in cases when mass-univariate approach (con-
sidered to be the gold standard in fMRI research [70])
fails to detect the differences at the local level. Accord-

ing to the mass-univariate approach, statistical analysis
is performed iteratively on all voxels to identify brain re-
gions whose fMRI detected responses display significant
statistical effects. Thus, it was shown that a framework
for network-based statistical testing is more statistically
powerful than a mass-univariate approach.

It is expected that in the near future, there will be
a plethora of databases of network-based objects in neu-
roscience motivating the development and extension of
various tools from classical statistics to global network
data.

In paper [71] discussing the relationship between
neuroimaging and Big Data areas, it is analyzed how
modern neuroimaging research represents a multifac-
torial and broad ranging data challenge, involving the
growing size of the data being acquired; sociological
and logistical sharing issues; infrastructural challenges
for multisite, multidatatype archiving; and the means by
which to explore and mine these data. As neuroimaging
advances further, e. g., aging, genetics, and age-related
disease, new vision is needed to manage and process this
information while marshalling of these resources into
novel results. It is predicted that on this way, “big data”
can become “big” brain science.

In [72], authors formulate a hypothesis about the
brain connectivity and evaluate it against HCP data.
They use the task fMRI data, there is specific data
about a well-validated task used to probe animate mo-
tion detection. The audience was shown short videoclips
(20 s) of objects (squares, circles, and triangles) either
interacting in some way (animate motion) or moving
mechanically (inanimate motion). Participants rated
the video by selecting if there was any social interaction,
no interaction, or not sure for interaction. There were
2 sessions comprised of 5 videoblocks.

Hypothesis states that some regions of the brain (V5
and pSTS) are effectively connected and impacted by
animate motion.

To test it, general linear models were used. The time
series were modeled with regressors All motion — No
motion, Animate—Inanimate motion. Together with
regressors about head, tongue, and finger movement,
these regressors were used to build general linear mod-
el. A group level ANOVA was performed to identify
significant regional effects for the All Motion contrast
and a contrast for Animate—Inanimate motion. For
effective connectivity discovery, Dynamic Causal Mod-
eling (DCM) technique was used. DCM tells about
self-, forwards, and backward connections between ac-
tive brain regions during an experiment, enabling to
infer the way of brain regions impact each other most-
ly. As the result of DCM modeling, 16 models were
created and passed as the input to Bayesian Model
Selection procedure, which chose the winning model
among them.
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The results show that there is a connectivity between
V5 and the pSTS brain regions in both hemispheres,
which was independent of the type of motion. Animate
motion stimulates the forward and backward connection
between V5 and the pSTS in both hemispheres.

5.3 Climate in Australia

Another view on hypothesis representation and evalua-
tion is presented in [73]. Authors argue that as long as in
DIR data relevant to some hypotheses get continuously
aggregated as time passes, hypotheses should be repre-
sented as programs that are executed repeatedly, as new
relevant amounts of data get aggregated. Their method
and techniques are illustrated by examining hypotheses
about temperature trends in Australia during the 20th
century. The hypothesis being tested comes from [74],
stated that the temperature series is not stationary and is
integrated of order 1 (I(1)). Nonstationarity means that
the level of the time series is not stable in time and can
show increasing and decreasing trends; (1) means that
by differentiating the stochastic process, a stationary
process (main statistical properties of the series remain
unchanged) is obtained. Phillips—Perron test and the
Kwiatkowski—Phillips—Schmidt—Shin (KPSS) test are
used and both of them are executed in R. Several data
sources are crawled: (i) The National Oceanographic
and Atmospheric Administration marine and weather
information; and (i¢) Australian Bureau of Meteorol-
ogy dataset. The framework consists of R interpreter
and R SPARQL, tseries packages. Authors also used
agINFRA for computation and rich semantics to sup-
port traditional scientific workflows for natural sciences.
Authors received further evidence on different indepen-
dent dataset that time series is integrated of order 1.

5.4 Financial market

Efficient-market hypothesis (EMH) is one of the most
prominent in finance and “asserts that financial markets
are “informationally efficient.” In [75], authors test the
weak form of EMH, stating that prices on traded as-
sets (e. g., stocks, bonds, or property) already reflect all
past publicly available information. The null hypothesis
states that successive prices changes are independent
(random walk). The alternative hypothesis states that
they are dependent. To check if the successive closing
prices are dependent of each other, the following sta-
tistical tests were used: a serial correlation test, a runs
test, an augmented Dickey—Fuller test, and the multiple
variance ratio test. Tests were performed on daily closing
prices from the six European stock markets (France,
Germany, U.K., Greece, Portugal, and Spain) during
the period between 1993 and 2007. The result of each test

states whether successive closing prices are dependent of
each other.

Test provides evidence that for monthly prices and
returns, the null hypothesis should not be rejected for
all six markets. If daily prices are concerned, the null
hypothesis is not rejected for France, Germany, U.K.,
and Spain, but this hypothesis is rejected for Greece and
Portugal. However, on the 2003—2007 dataset, the null
hypothesis for these two countries is not rejected as well.

In [76], Bollen et al. use different approach to test
EMH. Authors investigate whether public sentiment,
as expressed in large-scale collections of daily Twitter
posts, can be used to predict the stock market. They
build public mood time series by sentiment analysis of
tweets from February 28 to December 19, 2008 and try to
show that it can predict Dow Jones Index corresponding
values. The null hypothesis states that the mood time se-
ries do not predict DJIA (Dow Jones Industrial Average)
values. Granger causality analysis in which Dow Jones
values and mood time series are correlated is used to test
the null hypothesis. Granger causality analysis is used
to determine if one time series can predict another time
series. Its results reject the null hypothesis and claim that
public opinion is predictive of changes in DJIA closing
values.

5.5 Publication-based automated hypothesis
generation in life sciences

Researchers and scientists from leading academic, phar-
maceutical, and other research centers have begun de-
ploying IBM’s Watson Discovery Advisor to rapidly
analyze and test hypotheses using data in millions of
scientific papers available in public databases. A new
scientific research paper is published nearly every 30 s,
which equals more than a million annually. According
to the National Institutes of Health, a typical researcher
reads about 23 scientific papers per month, which trans-
lates to nearly 300 per year, making it humanly impos-
sible to keep up with the evergrowing body of scientific
material available. Building on Watson’s ability to un-
derstand nuances in natural language, Watson Discovery
Advisor can understand the language of science, such as
how chemical compounds interact, making it a uniquely
powerful tool for researchers in life sciences and other
research and industrial domains. Specifically, the Wat-
son Discovery Advisor for Life Sciences is armed with
expertise and understands field-specific lexicon in areas
such as clinical trial data, genomics, drugs, and human
anatomy.

Recently, scientists of Baylor College of Medicine
and IBM using the Baylor Knowledge Integration Toolk-
it (KnIT), based on Watson technology, identified new
enzymes (called kinases) that can modify p53, an im-
portant protein related to many cancers [77]. There are
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over 240,000 papers that mention one or more of 500+
known human kinases in their Medline abstract. There
are over 70,000 papers published on p53 to make their
analysis manually is completely unrealistic task. Watson
analyzed the scientific articles related to p53 to predict
proteins that turn on or off p53’s activity. This automat-
ed analysis led the Baylor cancer researchers to identify
six potential p53 kinases to target for new research.
These results are notable, considering that over the last
30 years, scientists averaged one p53 kinase discovery
per year. Knowing which proteins are modified by each
kinase and, therefore, which kinases would make good
drug targets is a difficult and unsolved problem. There
are over 500 known human kinases and tens of thousands
of possible proteins they can target.

KnIT collects the abstracts to be mined applying
queries. A specific kinase name and its synonyms are
used in this process. Entity resolution process looks
as follows. The words and phrases that make up the
document feature space are determined by counting the
number of documents in which each word appears and
identifying the words with the highest counts. A phrase
is considered to be a sequence of two words. Only
the IV most frequent words and phrases are selected.
This becomes the feature space.

Once a feature space is received, a representation
of each kinase by averaging the feature vectors of all
documents that contain the kinase is created. This is
the kinase centroid. Next, a distance matrix is calculat-
ed that measures the distance between each kinase and
every other kinase in the space.

Finally, a meaningful picture of kinase—kinase re-
lationships is obtained. Thus, it is possible to identify
a set of kinases that may modify p53. However, some
sort of principled ranking scheme is needed in order to
prioritize the kinases for further experimentation. To
provide such a scheme, the graph diffusion method [78]
was used. Graph diffusion is a semisupervised learning
approach for classification based on labeled and unla-
beled data. It takes known information (initial labels)
and then constrains the new labels to be smooth in re-
spect to a defined structure (e.g., a network). In the
case considered, it is known which kinases can modify
p53 (initial labels); one would like to know which other
proteins can modify p53 (final labels). The distance
matrix based on the literature gives the structure of the
kinase network. The initial labels are extracted from
current knowledge found in review articles.

To test the algorithm, it was first applied in a ret-
rospective analysis to show whether recent annotations
of new p53 kinases occurring after a certain date (2003)
could be predicted from a model that only took in-
to account papers written before that date, at a time
when these discoveries of p53 kinases were still un-
known. Next, it was asked whether some variations in

the algorithm could improve p53 kinase prediction as its
performance was compared to the common approach
used most typically to identify functionally similar pro-
teins in biology. Finally, the analysis was expanded to
a larger set of proteins to test scalability.

This research represents the first stage in the IBM—
Baylor collaborative effort and as such, it proves the
principle that mining past literature is a viable strategy
for predicting previously unknown biological events. It
was shown that p53 kinases predicted with the text min-
ing methods are supported by laboratory findings. In the
future, it should be possible to make many other kinds
of predictions on a much larger scale as the infrastruc-
ture and capabilities will be increased. In the future,
it is planned to focus on a wider area of proteins and
functions, building up comprehensive networks of inter-
actions and predicting where new connections ought to
exist based on everything else that is known. It is expect-
ed that this will ultimately accelerate the pace of cancer
discoveries by an order of magnitude and allow scientists
to come to a much more complete understanding of the
mechanisms behind this disease.

Expanding KnlIT to other areas of biology or the
physical sciences is not straightforward. For example, to
generalize to more proteins and genes is a big problem.
In subjects like physics, results tend to be presented
using equations and graphs rather than words. However,
data-mining groups are working to retrieve information
from these, too.

6 Concluding Remarks

The objective of this study is to analyze, collect, and
systematize information on the role of hypotheses in
the DIR process as well as on support of hypothe-
sis formation, evaluation, selection, and refinement in
course of the natural phenomena modeling and scientif-
ic experiments. The discussion is started with the basic
concepts defining the role of hypotheses in the formation
of scientific knowledge and organization of the scien-
tific experiments. Based on such concepts, the basic
approaches for hypothesis formulation applying logical
reasoning, various methods for hypothesis modeling and
testing (including classical statistics, Bayesian hypoth-
esis, and parameter estimation methods, hypothetico-
deductive approaches) are briefly introduced. Special
attention is given to discussion of the data mining and
machine learning methods role in process of generation,
selection, and evaluation of hypotheses as well as the
methods for motivation of new hypothesis formulation.
Facilities of informatics for support of hypothesis-driven
experiments, considered in the paper, are aimed at the
conceptualization of scientific experiments, hypothesis
formulation, and browsing in various domains (includ-
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ing biology, biomedical investigations, neuromedicine,
and astronomy), automatic organization of hypothesis-
driven experiments. Examples of scientific researches
applying hypotheses considered in the paper include
modeling of population and structure synthesis of the
Galaxy, connectome-related hypothesis testing, study-
ing of temperature trends in Australia, analysis of stock
markets applying the EMH, as well as algorithmic gen-
eration of hypotheses in the collaborative project based
on IBM Watson—Baylor Knowledge Integration Toolk-
it applying the NLP and knowledge representation and
reasoning technologies. An introduction into the state of
the art of the hypothesis-driven research presented in the
paper opens a way for investigation of the generalized ap-
proaches for efficient organization of hypothesis-driven
experiments applicable for various branches of DIR.
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AnHotamus: MccienoBaHus ¢ MTHTEHCUBHBIM MCTTONb30BaHMeM naHHBIX (MWL), pa3BuBaeMble B paMKaxX HOBOI
napagurMbl U3y4eHUsl eCTECTBEHHBIX SIBJCHUI, UMeHYeMoii YeTBepToii mapaaurmoit, mpuaaoT 0co0oe 3HaYEHUe
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®OPMAJIbHBIN AKCUOMATUYECKUWN MMOAXO[]
KACIHEKTHO-OPUEHTUPOBAHHOMY PACIHIUPEHHNIO
TEXHOJIOTUM TPOTPAMMUWPOBAHUA*

C.TI1. KoBanés!

Annotamuga: Mccnenyercst mpoleaypa paciiMpeHus TEXHOJIOIMI MOIY/IbHOM pa3paboTKKU MPOrpaMMHBIX CUCTEM
IpreMaMu acIIEKTHO-OPHUEHTUPOBAHHOIO ITOAXoa. Paciimnperue omcaHo Kak odoraiueHne (hopMaaIbHbIX MOIE-
JIeH IIPOrpaMMHBIX MOIYJIEN pa3METKO X MHTeP(ECOB KilaccaMu 3a1a4, 00pas3yOIIMU aCIIEKTHYIO CTPYKTYPY.
ITpenyioxeH HOBBII MOAXOM K pa3Ae/IeHHIO OTBETCTBEHHOCTH (separation of concerns) myreM eCTeCTBEHHOIM MOy -
JISIPU3aLMK aCIIEKTHOM CTPYKTYpPhI. B KadecTBe 0000IIEHMsI 3TOTO [TOAXO0/Ia IIPEIIOXKEHA IIPOLeAypa YaCTUIHOMR
MOIYJISIPU3ALMN aCIIEKTHON CTPYKTyphl. st hopmanu3amuu o0pas3ylomuxcss KOHCTPYKLMA Ha OOLIECUCTEM-
HOM YpOBHE, HE 3aBUCSIIEM OT YACTHBIX MapagurM MPOrpaMMUPOBAHMUS, MPUBIIEKACTCS TEOPUST KaTErOPHIA.
TexHoJOTUSIM Pa3pabOTKK IIPOTrpaMM OTBEYAIOT KATErOPUM, OObEKTAMU KOTOPBIX CIIYXKAaT (hopMajibHbIe MOIE-
I Iporpamm, a Mophu3MaMM — TEXHOJIOIMYECKME OIepaluu. ACIIEKTHO-OPUEHTUPOBAHHOE pacIlMpeHue
(AO-pacirpeHue) TeXHOJIOIMHY OMMMCAaHO aKCHOMAaTUYECKH KaK Mpeo0pa3oBaHKie TaKUX KaTeropuii — GyHKTOP,
00JIaJAI0III COMPSDKEHHBIMU MTOAXOISIIEr0 BUIA KAaK CIIpaBa, TakK M ClieBa. B KauecTBe MJ/UIIOCTPATUBHOIO

npuMepa AO-paciiupeHust TPUBOIUTCS COOBITUHBIN TTOAXOA K MOJEIPOBAHUIO CUCTEM.

KoueBbie ciioBa:

ACIIEKTHO-OPUECHTUPOBAHHOEC IIPOrpaMMUpPOBAHUEC; TPACCUPYEMOCTb, TECOPUA KaTCFOpHﬁ;

(I)OpMEUIBHaH TEXHOJIOTHUS IIPOCKTUPOBAHMA, PA3ACIICHUEC OTBETCTBEHHOCTU
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1 Bsenenwue

CoBpeMeHHBI KOMITIEKCHBII TTOAXO0 K CO3IaHUIO
MIPOTPaMMHBIX CHCTEM TpeOyeT aBTOMAaTU3UPOBATh HE
TOJTBKO OCHOBHBIC TIPOIECCH MPEIMETHOM esTelhb-
HOCTH, HO 1 YIIPABJISIIOIINE ¥ O0CCITeYBAIOIINE (2 TaK-
ke obecrieyuBaloime st odecreynBamux U T.1.)
(cM., Hampumep, [1]). B CHOXHBIX NpeIMETHBIX
00J1acTsSIX OHU 00J1alaoT 3HAYMTEIbHBIM pa3HOOOpa-
31eM, TUIyOOKO TIOTPYKAIOTCS B KOHTEKCT OCHOBHOM
IeSITeIBHOCTH TIOYTH Ha KaXkKIOM Iare M B TO Ke
BpeMsI C TPYAOM COBMEIIAIOTCS C HEIO Ha MOHSATUIHOM
YPOBHE.

MHorue 3amauud oOecrneuyrBalolIMX MPOLIECCOB
pacceuBalTCs IO CUCTeMe, He TMOoJ/laBasich JIOKa-
JIM3allMA B paMKaX MPOTrPaMMHBIX MOJYJIEH, aBTO-
MAaTH3UPYIONINX IIIard OCHOBHEIX. Mcronb3oBaHUe
TPATUIIMOHHBIX «MOMYJIBHBIX» TEXHOJIOTHI ITpOTpaM-
MUPOBAHMS IIJIST TAaKUX 3a1a4 MPUBOINT K 3HAYUTEIb-
HBIM 3aTpaTaM Tpylaa, IMOCKOJBbKY MPUXOOUTCS IyO-
JINPOBaTh OOHU U TE XK€ aJTOPUTMBI B KOHTEKCTE
pasTUYHBIX maroB. [TpuMepbl MOXXHO HaiTH KaK Cpean
(GYHKIIMOHAIBHBIX 3a1a4 (BeAeHNe MH(MOPMAIIMOHHOMN
MOJIENIN 00BEKTa YIIpaBIeHNs, BepU(UKAIINSI TaHHBIX),
TaK W Cpely MPOrpaMMHO-TEXHUYECKMX (3alIuTa WH-

dbopmanuu, BeaeHUE XKypHaIOB (YHKIIMOHUPOBAHUS
CHUCTEMBI U JIp.).

Hnst moBbllleHUsT 3Gh@MEKTUBHOCTU  MPOrpaMM-
HOI peanu3aliiy TaKWUX PACCEeSIHHBIX 3aJady B KOHIIE
1990-x rT.  OblTa  TIpeUTOKEHAa HOBasl — Tapaaur-
Ma — acIMeKTHO-OPUEHTUPOBAHHOE MPOTpaMMUpPOBa-
Hue (AOIT) [2]. PaccesHHble 3amauu 0OPMIISIOTCS
B BUZI€ aCMEKTOB — OCOOBIX MPOTPaMMHbBIX EAWHMUII,
KOl KOTOPBIX COCTaBJSIETCSl OMHOKPATHO U 3aTeM aB-
TOMATUYECKN BCTaBJISIETCS B KOA OCHOBHBIX €IMHUII
B TOUYKAX, SIBHO 33a71aBaeMbIX BHEIITHUM 00pa3om. B pe-
3yJbTaTe BCTAaBKU ACIEKT TOJydaeT TOJHBINA JTOCTYI
K KoHTekcTy. OmHako Ha npaktuke AOII npumeHs-
eTCs 3HAUMTEJbHO pexke, YeM MOIYJbHbIe MOIXOMbI,
MOCKOJIbKY Ha KOHLENTYaJIbHOM YPOBHE HESICHO, KakK
ONTUMATBHO BBIACTSATh U COCAVHSATH ACTEKThl U Ka-
KHWE acCIeKThl 11eJIECO00Pa3HO PEeaTn30BbIBATH MOIY-
qsamu [3]. CymectBytomue texHonoruu AOII, Takue
Kak Aspect] (AO-paciupeHue s3eika Java) [4], npen-
JlaraloT JIMIIb YaCTHbIE pellieHus, crieuubUIHbIe LI
YaCTHBIX MTAPaUTM MTPOTPAMMUPOBAHUSI.

B cBs131 ¢ 3TUM 11€J1BI0 HACTOSITIIE 1 PAOOTHI CTABUTCS
TTOCTPOEHNE YHUBEPCATHHOM KOHIIETITYaTbHOY MOMIETN
pacIINPEHUs] «MOIYJBHBIX» TEXHOJIOTUI CpeICTBAMU
pa3paboTKU acleKToB — OCHOBHOIO MeToja BHelpe-

*CTaTbsl MOATOTOBJIEHA TIPU MoIepkKe Poccuiickoro ryMmanurapHoro HayaHoro ¢donaa (rpant 13-03-00384).
"Mucturyr npo6aem ynpasaenns uMm. B. A. Tpanesnukosa Poccuiickoii akagemun Hayk, kovalyov@nm.ru
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Hus AOII B npakTuKy nporpammupoBaHus. Paciiu-
peHUE OMMCaHOo KaK oboraiieHue MoayJseit pa3MeTKol
KJlaccaMu 3a7a4, ONMChIBAIOIIEH «MCTOPUIO» UX pa3pa-
0OTKM, Ha ypOBHE MHTETPALIMOHHBIX UHTepdelicoB. Ta-
KOIf TIOIXOI 00YCIOBJICH TEM, YTO Pa3MeTKa ITO3BOJISICT
HETMOCPEICTBEHHO MPOBOAUTH TPAaCCUPOBAHUE 3314 —
orepanuio, Kotopas (pakTUUEeCKH SIBISIETCS] 0OOpaTHO
M0 OTHOIIEGHUIO K PacCEeMBAaHUIO U BCJEACTBUE ITOTO
nexuT B ocHoBe AOII [5]. Kiraccel 3amay o6pa3sy-
IOT acTIEKTHYIO CTPYKTYPY MOMYJIE, TaK YTO acITeKT-
HO-OPMEHTUPOBAHHAS (1€)KOMITO3UIINS TTPOBOIUTCS
COTJIaCOBAaHHO Ha JIBYX YPOBHSIX: MOMYJbHBIX OCHOB
U aCMEeKTHBIX CTPYKTYD.

Yrto0bl cTporo chopmyanupoBaTh U BepupULIUPO-
BaTh 3TOT MOIXOJ, B pabOTE MPUBJIEKAETCS TEOPUS
KaTeropuii, MOCKOJbKY €€ CPeICTBaMU MOXHO IaTh
YHUBEPCAJIbHOE aKCMOMATUYECKOE ONMUCaHUE TTPOIIeC-
COB CO3aHUSI TPOTPAMMHBIX CUCTEM C TIO3UIIN T O0TIIei
Teopuu cucTeM [6]. Pe3ynbraTUBHOCTb aKCOMaTHUe-
CKOT0 IOX0/Ia 3[IECh CBSI3aHA C TEM, YTO MOXHO MOTpe-
0oBaTh COOTIONEHHS aKCUOM MPU OpraHu3aluu (U TeM
OoJiee TpU aBTOMATU3allMU) Tpyda IMPOrPaMMUCTOB,
YTO 00ECIeYnBaeT MPUMEHUMOCTh U (D (HEKTUBHOCTh
pe3yIbTaToOB, BBIBENEHHBIX M3 akcuoMm. OTrpaBHOM
TOUYKOM CITYXKUT TEOPETUKO-KATETOPHAST KOHCTPYKIIHST
(opmasibHOI TEXHOJIOTUU MPOeKTUpoBaHus (architec-
ture school) [7]. JloGaBneHue MOAAEPXKKU aCMEKTOB
B (hbopManbHYIO TEXHOJIOTUIO OMKMCAHO B paboTe Kak
ee TIpeodpa3oBaHme, MOPOXKIAIolee KaTeropuu mome-
YEHHBIX CUCTEeMHBIX €IUHUIl. OTU KaTerOpUU OCHa-
1IEeHbl (PYHKTOPaAaMU BBIIEICHUSI MOAYJIbHOW OCHOBBI
u acriekTHoi cTpykTyphl. [Tpuembr AOIT dhopmanuzy-
I0TCSI YHUBEPCAJIbHBIMU KOHCTPYKIIUSIMU B TaKUX Ka-
TETOPUSIX, U UX CBOMCTBA CTPOTO TOKA3BIBAIOTCS TyTEM
BBIBOJIA M3 aKCHIOM.

B kauecTBe MCTOYHMKA MPUMEPOB I WIIIO-
CTpaliy TIpeIIaraeMoro TTOAX0aa BEIOPaHO COOBITHIA-
HOE MOJIIEJIMPOBaHME TIPOTPAMMHBIX CHUCTEM, TTIOCKOJThb-
Ky B €r0 MOHATHUSAX (POPMYITUPYIOTCS KIACCUYECKUE
yacTHble ceMaHTuueckue monenu AOII (cM., Hampu-
Mmep, [8]). BooOiiie B 1utepaType rnpeaiaraeTcsi MHO-
ro moaxomoB K dopmammzanmu AOIT (cm., Hampu-
Mep, [9]), omHaKO BCe OHM MPEICTaBICHBI B KOHTEKCTE
TeX WJIX MHBIX YaCTHBIX (DOPMATM3MOB TEOPETUICCKOTO
MporpaMMUpoOBaHus (JsIMOJa-UCUYUCIeHUE, TPOBEepKa
Ha MOAESX U JIPp.) U MO3TOMY MOTYT MPUMEHSIThCS
TOJIbKO B paMKaX YaCTHBIX Mapaaurm.

Pabota noctpoeHa cienytomnmM oopazom. B pasn. 2
BBOJUTCS MOHSATUE hopMaibHOM TexHooruu. Paznen 3
MTOCBSIIIEH MPeo0pa30BaHUI0 MOMYJIbHBIX TEXHOJIOTUI
B aCIIEKTHO-OpHEeHTUPOBaHHbIe. B pas3a. 4 u 5 onucaHbl
KOHCTPYKIINH TIOJTHOM M YaCTUIHOU MOIYJISIpU3AIINT
aCITeKTHOM CTPYKTYphI COOTBETCTBEHHO. B 3akiode-
HUU MOJABOISITCS UTOTY UCCIISIOBAHNSI.

2 TeopeTuKo-KaTeropHoe
OINMCcaHue pa3padboOTKX NporpaMm

Kameeopus C — 3T0 KJlacc aOCTPaKTHBIX 00seK-
mog Ob C', mornapHoO CBsI3aHHbIX Mopghuzmamu (abCT-
PaKTHBIMM aHajJoraMm oToOpaxkeHwmit) [10, pa3m. 1.1]:
Kaxeiii Mmopdusm f mmeer obmacte dom f € Ob(C
n Koobmactk codom f € Ob(C. CooTHoIeHUs BHUIa
dom f = A u codom f = B HarfasaHO 3aMUChIBAIOT-
ca B opme crpenku f : A — DB, a MHOXeCTBO
BCceX MOP(U3MOB, YIOBIETBOPSIONINX ITUM COOTHO-
HIeHusiM, o6o3Hauaetcst uepe3 Mor(A, B). st 110060ii
mapsl MOpGHU3MOB f, g Takoii, uTo codom f = dom g,
ornpenesieHa KoMno3uusi-mopbusm g o f : dom f —
— codom g. Kommo3uus accounatuBHa: 1Jis JTI000i
Tpoiiku MopdusmoB f,g,h ecin codom f = domg
u codomg = domh, 0 ho(go f) = (hog)o f. Ha-
KOHEII, J1000i1 00beKT A 00JamaeT TOXIeCTBEHHBIM
Mopdusmom 1,4 : A — A takum, 4TO IS JTIOOOTO
Mopdusma f : A — B BBINOJHSIETCS COOTHOIICHWE
fola=1lgof=/f.

Hdns popMabHOTO aKCMOMATUUYECKOTO OMUCAHUS
pa3paboTKU MPOrpaMMHBIX CUCTEM KaTeropuu Mpu-
MEHSIOTCsT HaunHast ¢ 1970-x TT. (cM., Haripumep, [6]).
31ech 00BEKThHI OTBEUAIOT KOMITOHEHTAM 1 CUCTEMaM —
00BIYHO 3TO (hOpMaTbHBIE MOIEIN MTPOrpaMm (anred-
panyeckue crenudukainuu, rpadsl, TepMbl JsIMOIa-
WCYUCIIEHUS U T.T.). Mopdusmbl yacTo 0603Haya0T
JIECTBUS TI0 WHTETPAIIMM KOMITOHEHTOB B CHUCTEMBI.
Kommozuist Mophbu3MoB OTBeyaeT KOHCTPYHMpPOBa-
HUIO MHOTOINATOBBIX AEMCTBU (TIPOIIECCOB), a TOXKIE-
CTBEHHbIE MOP(PU3MBI — «HMUYETOHEeAeTaHuI0». bynem
0003HavyaTh KaTeropuio takoro pojaa yepe3d c-DESC.
KoHdburypannu B3auMOCBSI3aHHBIX KOMITOHEHTOB, U3
KOTOPBIX COOMpAIOTCsT cUcTeMbl, 3amaiorcsa c-DESC-
JIarpaMMaMy — OpPUEHTUPOBAHHBIMU Tpadamu, Bep-
IIAHBI KOTOPBIX MOMEYEeHbl O00beKTaMM, a pebpa —
Mopdusmamu kateropuu c-DESC. Akrtam cOopku
CHCTEM OTBeUaroT Kompeaeabl auarpamm [ 10, pasa. 3.3].
[MosicHMM KOHCTPYKIIMIO KOTIpeAesa Ha HECKOJTbKUX
npruMepax. B KauecTBe TepBOro paccMoOTpuM coeduHe-
Hue KOMIIOHEHTa P ¢ cucteMoii S — mpueM cOOpKH,
COCTOSIIIUI B OOABICHUM MPOMEXKYTOUHOTO KOMIIO-
HeHTa (G, Ha3bIBAEMOTO «KjeeM» (glue), Uin CBI3KOI
(connector) [7], KOTOPBI# CITOCOOCH MHTETPUPOBATH-
Cs KaK C KOMIIOHEHTOM, TaK M ¢ cuctemMoiu. [lyrem
COEMTMHEHUST 9acTO CTPOSITCSI CUCTeMBbI Ha 0a3ze TMpo-
MEXYTOUYHOTO TporpaMMHOro obtecrneveHus (middle-
ware). KoHdurypauusi coenuHeHNs UMEeT BUJI Maphl
c-DESC-mopdusmoB f : P «— G — S : g¢g. Ee
KOTIpeiesl, Ha3bIBAEMbINl K0JeKapmosvim Keaopamom,
3aJaeTcsi 00beKTOM-BepIIMHOK V' 1 mapoit Moppus-
MoB-pebep p: P — V «— S : s Takux, 4to po f =
= $ 0 g W BBIMOJIHSIETCS CIeAyIollee yCIoBUe YHUBEP-
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CaJIbHOCTHU: JIJI51 JTIOOBIX 00BbeKTa 1’ 1 mapbl MOPHHU3MOB
w: P—-T« S:vecnmmuo f =wvog,To CyllIeCTBYeT
eIMHCTBEHHBI Mopu3m w : V' — T, ynoBIeTBOPsI-
TOIINI COOTHOIIEHUSIM w o p = u M w o § = v. Torma
00beKT V' IeliCTBUTETHLHO OTBEYAET CUCTEME, KOTOPAst
cobpaHa u3 S u P myTeM coeIMHEeHUs oCcpeacTBOM (G
(M He COmEepPXHUT HUYETO «JIWIIHero»). Ecau Takoit
00BeKT V' CYIIECTBYET, TO OH OIpeAessIeTcs] OMHO3HAY-
HO C TOYHOCTBIO N0 n3omMophuzma — GhopMaTbHOTO
TPE/ICTABIICHNsI HECYIIECTBEHHOTO Pa3MUIUs MEXIy
monensimu. (Ecnm e Korpenmena He CYIIECTBYET, TO
JienaeTcsl BBIBOJ, YTO KJelt G He CIOCO0eH COeAMHUTh
KOMITOHEHT P ¢ S mocpeacTBOM AeicTBUl f U g.)

|

N -

KoHcTpykius konpeaena, Kak BUIHO U3 €€ Ha3Ba-
HUsI, SIBJISIETCS TBOMCTBEHHON IO OTHOIICHUIO K KOH-
CTPYKIIMM TIpenesia, KoTopas ObUIa BBeIeHA IIEPBO-
HaYaJIbHO TS HYXKI TIPUJIOXEHU TeOPUU KaTeTOPUIA
B Tonoyioruu [10, pa3n. 3.4]. B nmpuioxeHusx K pa3pa-
0OTKE MPOrpaMMHBIX CUCTEM TIpeaesbl MPUBIEKAIOT-
cs1 u1st hopManu3aliy MPoLEeAyp Pa3siokKeHUs! CUCTEM
(IIeKOMITO3UIINN), OOPATHBIX IO OTHOIIIEHHUIO K COOp-
ke. Hampumep, B pasn. 4 moTpeOyeTCsT BHIIEISATh U3
MoJesIeid 4acTu, COOTBETCTBYIOILIME IMpoobdpas3aM OT-
HOCUTEJIbHO AEeHCTBUS OINpeaeeHHbBIX MOP(PU3MOB.
DopmatbHO TS 00beKTa Y, BIOXEHHOTO B Z TIOCPE/I-
CTBOM MOHOMOpPGhM3Ma (KaTeTOpHOTO aHaJIoTa MHBEK-
uun) m : Y <— 7, MOJAHBIK NpooOpa3 OTHOCUTEIbHO
HekoTtoporo mopdpuszma h : X — Z cTpoutcsl IIpu
MOMOIIU dekapmosa keéadpama. DTO KOHCTPYKLMSI,
JNBOWMCTBEHHAsl K KOAEKAapTOBY KBaaparty, T.e€. Mpeaes
nuarpaMMbel m : Y <— Z «— X : h. OH 3amaeTcst 00b-
extom W u mapoiit MmoppusmoBn : X — W — Y : [
TaKMX, 9TO h o n = m o | 1 BBITIOJHSIETCS CJICeIyIoIee
YCJIOBUE YHMBEPCATbHOCTU: [JIs1 JIIOOBIX oObekTa U
u napel MopbusmoB j @ X «— U — Y : k eciu
hoj = mok, TO CylIECTBYeT €IUHCTBEHHbIA MOp-
¢usmt : U — W, yIOBAETBOPSIIONINI COOTHOILIEHUSIM
not=julot = k. UckoMblil mpoobpa3 oObekTa Y
BoIIesgeTcd B X Mop(hU3MOM n, MPUYEM OH TakxkKe
SIBJISIETCSI MOHOMOP(U3MOM.

I
I
I
I
l
I

\
Yy ——— 7

JpyruMm BaxkHBIM YaCTHBIM cliydyaeM (KO)MpenesioB
SIBJISIIOTCS perysipHble Mopdu3Mbl. PaccMoTpuM npo-
n3BoIbHYI0 c-DESC-muarpammy Bunma d,e : QQ = R,
COCTOSIIIIYI0 M3 IBYX IMapaiIeIbHBIX MOphU3MOB. Ee
KOTIpenes, €CIU OH CYIIIECTBYET, 3a1aeTcsi MOphrU3MOM
r: R — V TtakuMm, yTo rod = roe M €CJ COOTHOIIIEHUE
x od = x o e BBIIIOJHEHO MIJI HEKOTOPOro Mopdursma
x: R — T, To cylecTByeT eIMHCTBEHHBI MOpdU3M
w: V — T, ynoBJeTBOPSIOLINI COOTHOLLIEHUIO wor =
= x. MopdusMm r Ha3bIBACTCSI KOypasHumensem Tapbl
d, e, OH sIBJsIeTCS ANMMUMOP(U3MOM (KaTeropHbIM aHa-
JIOTOM CIOPBEKIIMM) U 3aJaeT HEKOTOpYIo (haKTopu3a-
1o o0bekTa R (HampuMmep, eciu B KadecTBe c-DESC
B34Th KaTETOPUI0O MHOXECTB, TO MOp(du3M 7 (haKTo-
pu3yeT R 110 OTHOIIECHWIO 3KBUBAJICHTHOCTH, TTOPOK-
neHHoMy MHoxecTBoM map {(d(z),e(z))lz € Q}).
JIBOMiCTBEHHO, ypasnumenem Tiapbl d,e Ha3bIBaeTCS
Mopdusm g : W — @ takoii, yto d o ¢ = e o ¢, U eclu
COOTHOINEHNE doy = €0y BBITIOJTHEHO IUTSI HEKOTOPOTO
Mopduzma y : U — (Q, TO CyIIEeCTBYeT €IMHCTBEHHBIN
Moppuam t : U — W, yIOBAETBOPSIIOLIUI COOTHO-
IIEHUIO g 0 t = y. YpaBHUTENb SIBISIETCS MOHOMOP-
(bu3MoM U comepxkaTesbHO 3agaeT BiaoxeHue W B )
B KauecTBe MoA00BeKTa (B KaTeropuy MHOXecTB W =
>~ {z|d(z) = e(2)} C Q). Ecau HekoTOpbIit MOphU3M
BBICTYITAeT B KaueCTBE KOYPaBHUTEIISI HEKOTOPOI Ima-
PBl, TO OH Ha3bIBACTCS peayasapHbim snumopgpusmom [11,
omnpeneneHue 7.71], a ecnmu B Ka4yecTBE ypaBHUTES —
peayaapHoim MoHomopgusmom |11, onpeneneHue 7.56].

d
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e .
: W
\)
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YToObl onucaTh MeXaHU3Mbl (hOPMUPOBAHUST KOH-
urypauuii, dbopmanusyercs MOHITUE UHTETpallOH-
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HOro MHTepdeiica — «yacTu» MOJEIAM, 3aJalolleit
MpaBuia WHTErpaluu APYyrux Mojejeir ¢ Hew [7].
Hanpumep, y BeO-cepBuca uHTepdeiicoM CIyXUT €ro
nmexmaparus Ha s13eike WSDL (Web Service Description
Language). ®opmanbHBIC MOAEI HHTEPhEiicoB 0opa-
3yIOT KaTeropuio, obozHayaemyto yepe3 SIG, a ome-
pauus BblIeIeHUs uHTepdeiica y MoieIu IporpaMMbl
dbopmanuzyetrcs kak (pyHkrop sig : ¢c-DESC — SIG,
Ha3bIBaeMbIll CUTHATYpHBIM. DyHKmop — 3TO 0TOOpa-
JKEeHE KaTeTOpHUii, IIepeBOIsIIee OOBEKTH B OOBEKTHI,
a MOpGU3MBI B MOPPU3MEBI, C COXpaHEHNUEM KOMIIO-
3UILMM U TOXAECTBEHHBIX Mopdu3moB [10, pasa. 1.3].
[TosTOoMy (byHKTOpaMM OIMCBIBAIOTCSl Mpeodpa3oBa-
HHUS MoOeJiell TporpaMM, COBMECTHUMEBIC ¢ WHTeTpa-
mmeit cucteM. [TOCKOMBKY pa3ianaHbIe MOIETN MOTYT
AMETh OOWH W TOT Xe MHTepdeiic, (yHKTOp sig He
00s13aH OBITh MHBEKTUBHBIM Ha 00bekTax. OmHaKo
sig-00pa3bl ABYX Pa3IMYHBIX ICHCTBUI IO MHTETPAIIUN
OJTHOTO M TOTO K& KOMITOHEHTa B OJHY M Ty XK€ CHC-
TEMY IOOJDKHBI OBITh Pa3IUIHBIMU: WHAUC TTOTYIUTC,
YTO MHTEeP(EUCHI HEAOCTATOTHO ACTAEHO OICHIBAIOT
WHTErpallMOHHbIE BOBMOXHOCTH KOMITOHEHTOB. MHBI-
MU cJioBaMU, (DYHKTOP Sig JOJKEH ObITh YHUBAAEHM -
uov (faithful) [11, onpenenenune 3.27(2)], T.e. UHDB-
eKTUBHBIM Ha KaxjoM MHoxecTtBe Mor (P, S), P, S €
€ Obc-DESC.

Kpome Toro, mrs kaxmoro mMHTepdelica TOKHA
CYIIIECTBOBAaTh XOTsI ObI OfHA peaju3alus, TOIIEP-
JKMBAOIasi €ro WHTerpallMoOHHbIe BO3MOXHOCTHU
B mojiHOM ob0beme. Hampumep, WSDL-onucanue
I000T0 BeO-cepBHCa MOXKHO PEaln30BaTh «3aTJIyIII-
Kamu» (stubs) — TyCTBIMM MpoOLEAypaMu: OHU MO-
I'yT aBTOMaTWuyecku TreHepupoBaTtbcsi CASE-cpenct-
BaMM U TO3BOJISTIOT OBICTPO COOMpaTh OTJIaTOYHbBIE
Bepcuu npuiioxeHuit. @opMaabHO TOJKEH CYIIIEeCTBO-
BaThb (DYHKTOP AUCKPETHOM peanu3auuu sig” : SIG —
— ¢-DESC Takoii, uTo sig o sig* = 1gig 1 17181 TIOOBIX
SIG-o6bekTa I u c-DESC-o06bekra S (yHKTOp sig
CIOPBEKTUBHO (C/eAoBaTebHO, OMEKTUBHO) OTOOpa-
kaer MHoxectBo Mor (sig*([),.S), omnuckIBaoliee
BCe MNCHCTBUSI TO WHTErpallid IUCKPETHOM pea-
qm3anuu uHTepdeiica I B cmcremy S, Ha MHO-
xectBo Mor (7, sig(.S)), onpezensioliiee MHTETPaIiuOH-
HbIe BOBMOXXHOCTU MHTep(deiica I. DTo 03HAYaeT, 4YTo
(yHKTOp Sig™ COMpsIKEH clieBa K sig, MpUYeM eIUHULIA
5TOTO COMPSIKEHMS TOXKICCTBCHHA.

HammoMHAMM, 9TO IJISI TPOM3BOJBHBIX KaTeropuii C,
D n ¢dyHkTOpOB fun C — D, fad D — C
conpstkeHue fad - fun — 2To cemeiicTBO OueKuMit
® : Mor (fad (S), R) = Mor(S,fun (R)), S € ObD,
R € Ob(C, ectecTtBeHHOEe B cieayioliem cmbiciae [10,
pasn. 4.1]: wist mo6six C-mopdusmos f : fad (S) —
— R, k: R — Y u D-moppuzma h : X —
— S BImonHsieTcst cooTHomeHue ®(k o f o fad (h)) =
= fun (k) o ®(f) o h. CemeiictBo C-MophU3MOB

ea = 2 ' (Lun(a)) fad (fun (4)) — A, A €
€ Ob C, Ha3bIBaeTCsl KoeduHuyeil COTPSIKEHUS: UMEeEM
®(1gpoerofad (®(f))) = fun (1g) o ®(cg) o (f) =
= ®(f), OTKy/Ia MOJIy4aeTCs «TPEYroIbHOE TOXIECTBO>
conpspkeHust e o fad (®(f)) = f. DT0 TOXHECTBO
MO3BOJISIET BBIYMCIUTh ACHCTBUE COMPSIKEHUSI, eCIU
M3BECTHA er0 KOSMMHHUIIA.

€
fad(fun(R)) . R
!
fad(d()) !
ad(d(f) : 7
|
fad(S)

EcTecTBEHHOCTDH COMPSIXKEHUSI MPOSIBISIETCS] B TOM,
YTO KOEIWHMUIIA TPENCTaBIsET COOON eCTeCTBEHHOE
npeobpazoBaHue ¢yHkropa fad o fun B 1o, T.e. M
moboro C-mopdusma s : A — B BBIIIOIHSIETCS CO-
otHouieHue e o fad (fun(s)) = soe4. D710 COOT-
HOIIIEHME SIBJISIETCS YaCTHBIM CIIy4aeM TPEyroJbHOTO
TOXIeCTBa Uit MopdusMa s o € 4 : fad (fun (A4)) — B,
nockoJbKy ®(so0e4) = ®(s 0 e4 o fad (lgun (4))) =
= fun (s) o ®(e4) 0 lfyn (4) = fun(s).

€y
fad(fun(4)) ——— — » 4

fad(fun(s))

fad(fun(B)) ————2 B

[BoiicTBeHHO, cemeiicTBO D-MopdusmMoB ng =
= (b(lfad (G)) G — fun (fad (G)), G € ObD,
00pa3syeT eduruyy COTIPSKEHUST — €CTECTBEHHOE TIpe-
obpazoBanue ¢GyHkropa lp B fun ofad (ng ot =
= fun (fad (t)) o np onst moboro D-mopdusmat: P —
— (J), TopoXnarolee BTOPOE TPEYroabHOE TOXJE-
ctBo fun (®1(g)) o ns = g mna mo6oro D-mMophusma
g: S — fun(R).

P L fun(fad(P))

; fun(fad(f))

0 "% o fund)

SL fun(fad(S))

fun(®™'(g)
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Ecnu enuHuIla COCTOUT U3 TOXIECTBEHHBIX MOP-
¢usmoB, To fun o fad = 1p BBUIY €CTECTBEHHOCTH,
a BTOpPOE TPEYrojbHOE TOXIECTBO MPUOOpeTaeT BUI
fun (®71(g)) = g, otkyna ®(f) = fun (f) wra modoro
C-mopdusma f : fad (S) — R, T.e. GUeKIMsI COMpsi-
>KeHUS AEHCTBYET TaK XK€, KaK MpaBblil COMPSI)KEHHbI
GYHKTOp (3TO UMEeT MeCTO sl (GYHKTOpPA BbIACICHUS
uHTepdeiicoB sig). JBONCTBEHHO, €ClIM KOeAUWHUILIA
ToxzaecTBeHHa, To fad o fun = 1 u OGuekunss d !
JIEMCTBYET KaK JIEBBII CONPSKEHHbIN (DPYHKTOP.

[MoHOIIEHHBII TIpOIIecC CO3MaHUs TTPOTPaMMHBIX
CHUCTEM B JOTIOJIHEHUE K MHTEeTpalliu BKII0YaeT TpaHC-
¢dopManuuu (refinements) — 1maru pazpadOTKU UHIW-
BUIyaJIbHBIX KOMITOHEHTOB (YTOYHEHHE TPeOOBaHMIA,
peanm3anus crelinuKaIlny Ha I3bIKe IIPOrPaMMUPO-
BaHUS W Op.). TpaHchopMmaumy Momeseit IporpaMM
MOTYT OBbITb YCTPOCHBI COBEPIIIEHHO MHAye, YeM JAeii-
cTBUSI MO uHTerpauuu. [lo3aToMy OHM OMUCHIBAIOTCS
Mopdu3MaMU MOIXOASIIEH KaTeropuu, 06o3HayaeMoi
yepe3 r-DESC, xoTopas B 00IIeM ciydae OTJINJaeTcs
ot ¢-DESC, HO oGmamaer TakmM e KJIacCOM O0b-
ektoB [7]. HaxnaasiBaloTcs yCIOBUSI €CTECTBEHHO-
CTHU BbIIeJIEeHUsI UHTepdelica U TpaHchopMalii OTHO-
cutenabHo cOopku cucteM. Ilonyuaercst goopmanvhas
mexHon02us npoekmuposanus [7] — CJIOXHas KaTerop-
HasT KOHCTPYKIIMSI, COCTosIas n3 Kareropuit c-DESC
n r-DESC BMmecte ¢ kiaccom c-DESC-mmarpamm,
MPeaCcTaBISIOIMNX KOH(MUTYpaUUX CUCTEM, U (DYHKTO-
pOM BbleNeHUsT uHTepdeiicoB sig : ¢-DESC — SIG.

Hampumep, B COOBITMITHOM TTOAXOE K TTPOCKTUPO-
BaHMIO [12] B poiau OCHOBHOIM KAaTeropuu Mojeleit
c-DESC BricTymaer karteropuss Pos Bcex 4acTUIHO
YIOPSIIOYEHHBIX MHOXKECTB M BCEX MX MOHOTOHHBIX
otobpaxkeHuil. Pos-00BEKThI OTBEYAIOT CLEHAPUSIM
MOBEIEHUsI MPOrpaMM — COBOKYITHOCTSIM COOBITUH,
YAaCTUYHO YIOPSIIOYCHHBIM ITPUIMHHO-CJICICTBEHHBI -
mu cBsa3siMu.  Tpancdopmaumeit cueHapuss X B Y,
T.€. MOPDU3MOM KaTeropuu, BBICTyMAIOIIE B pOJU
r-DESC, cnyXuT «pacKpbIThe» COOBITUI 10 MOACIE-
HapueB — MPOU3BOJbHOE aHTU(MYHKIIMOHATbHOE TO-
TanbHOe oTHomeHue R C X X Y, ynosieTBopsitoliee
yenoBuio V x, 2’ € X Vy,y € Y (xRy N2’ Ry’ Nz #
#2) = (z <2/ &y <y). B kauectBe byHK-
TOpa sig, U3BJEKAIOLIEro NHTepdenchl U3 ClieHapueB,
BeicTynaer ¢yHkrop |—|: Pos — Set : S — [5],
«3a20BIBaIOIINIf» TOPSIMOK.  JIeBBIM COMpPSIKEHHBIM
K HEMYy CIYXUT (DYHKTOp ITUCKPETHOTO YIIOPSIOYC-
Hust id Set — Pos I — (I,=). Tlpume-
yaTeabHO, 4TO (yHKTOp id B CBOIO ouepeab UMeEeT
JIEBBIN COMPSIKEHHBI — TaKOBBIM CIYXKUT (DYHKTOD
pacrnapaiienMBaHus sconn : Pos — Set, conocraB-
JISTIOIINI KaXXIOMYy YaCTUYHO YIIOPSIIOYeHHOMY MHO-
JKECTBY MHOXKECTBO BCEX KOMIIOHEHT CBSI3HOCTH €TO
nopsiaka (B3aMMHO He3aBUCUMBIX TTofciieHapueB). Ko-
€IUHUIIA 9TOTO COMPSIKEHUST TOXKIESCTBEHHA, MTO3TOMY

JIJI TIOOBIX clieHapusi S U MHOXecTBa I umeeTrcst Ou-
exuust sconn :  Mor (5,id(I)) = Mor (sconn(S), ),
T. €. MHTepdeichl cligHapUeB B TMOJHON Mepe 3aJaloT
X TIOBEJIEHNE B POJIM KaK KOMIIOHEHTOB, TaK U CUC-
TeM. Takoe CBOWCTBO MpeaCTaBIsSIeT MHTEpPEC W IS
MPOU3BOJBHBIX TEXHOJOTUIA.

Onpenenenne 1. PopmanbHash TEXHOJIOTUS TTPOSKTH -
pOBaHUSI HA3bIBACTCS CMpPYKmMYpupyemoii, ecin MyHK-
TOp IUCKPETHOM peann3aini nHTepdeiicos sig” nmeer
JIEBBIA COIPSIKEHHBIM C TOXIECTBEHHOM KOCOWHU-
nei. O

3 ®opmanbHBIE TEXHOJOTUU
ACIIEKTHO-OPUEHTUPOBAHHOTO
MMPOEKTUPOBAHUS

Cpenu mokasaTesieli KauecTBa MPOrpaMMHBIX CHC-
TEM OT paccerBaHUsI 3aa4 OOJIbIIIE BCEX CTPAIAET TPac-
CHUPYEeMOCTb — BO3MOXKHOCTH TOUHO OTIPEIETUTD, IS
pelieHust Kakux 3a7a4 B CUCTEMY BKIJIIOYEH TOT WU
nHoi ¢parmeHT [13]. B cHuXeHUM 3aTpar Ha Tpac-
cupoBaHue (haKTUYeCKHU COCTOMT HazHaueHue AOII:
[JIaBHBIM MOTHBOM €TO CO3/IaTesieil ObUIO OTCYTCTBUE
B TPAJMIIMOHHBIX SI3bIKaX MPOTPAMMUPOBAHUS KOH-
CTPYKILIMI, TIO3BOJISIIONINX PA3lENsiTh MCXOMHBIA KO
nmporpaMm Mo kiaaccam 3aaau [2]. [loatomy, Kak ot-
Meuajaoch BO BBEJACHUU, aCTIEKTHO-OPUEHTUPOBAHHbII
MOAXOM B LIEJIOM pacCMaTpUBaeTCsl KakK OCHallleHUe
Monyjieil pa3MeTKOl, WASHTUOUUMPYIOIIEeH KIacChl
perraemMblx MMM 3a1ad.  YHUBepcaidbHas (opMaib-
Hast Mozesib AOIT ocHOBbIBaeTCS Ha aKCHOMAaTUYECKOM
OIMUCAHUU TPACCUPOBAHUSI, KOTOPOE CTPOUTCS U3 KOH-
CTPYKLUU B DOPMaIbHBIX TEXHOJOTUSIX TPOEKTUPOBA-
HUS CJIEAYIONINM 00pa3oM.

XOPpOoII0 U3BECTHO, UTO TPACCUPYEMOCTD JIETKO Ha-
pyliaetcs mpu TpaHchopManusax (XpecToMaTUHHBIM
MIPUMEPOM CIYXKUT pean3alius alreopandyeckoi cre-
uMdUKaAIUY TPpOrpaMMbl Ha AJITOPUTMUYECKOM SI3BIKE
nporpammupoBanust). [lpu mHTErpanuu, HarmpoTUB,
OOBIYHO OOECTIeUMBAETCSl XOTSI Obl YaCTUYHOE Tpac-
CUpOBaHUeE (31eCh MPUMEPOM CIYXKUT TpsMasi cymMMa
WHAEKCUPOBAHHOTO CEMECTBa MHOXECTB B KaTero-
puu Set, TpY MOCTPOEHUY KOTOPOI JIEMEHTHI KasKIOU
KOMTIOHEHTBI CHA0KAIOTCST €€ MHIAEKCOM — «METKOI1»).
BBuny storo misi mpon3BOIBHON TpaHchOpMaUn —
r-DESC-mopdusma r : S — T — BO3HMKAET clie-
Jytolliee HeoOXOAMMOe YCIOBHE BO3MOXKHOCTU Tpac-
CUpOBaTh BIOJb Hee pe3yabTaT K HUCTOYHUKY [12]:
oOparlieHre ee HarpaBJIeHNUsI, T. €. TEOPETUKO-KaTerop-
Hasl Jyanu3anus JOJDKHA MpeBpaliaTh 3Ty TpaHchop-
MauMio B ieiictBue no uHrerpauuu — B c-DESC-Mop-
busm P T — S,
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C. I1. Kosanée

[TockomnbKy B xone pa3paboTKy MPOrpaMMHBIX CHC-
TeM TpaHcdopMalys rmepeMexKaeTcsi co COOpKoOi cuc-
TeM, HEOOXOJMMO COBMECTHO TpacCHUpOBaThb TpaHC-
dopManuu u aericTBus 1o uHrerpauuu. [poiie Bcero
MPOBECTU TaKO€ COBMECTHOE TpacCUpPOBaHUE, €CIU
Tpacca r°P obpatuMma cripaBa [12]. [leiicTBUTEIbHO,
cymectBoBanue c-DESC-mopdusma s : S — T Ta-
Koro, 4to r°? o s = 1g, 3KBUBAJIEHTHO TOMY, 4TO JJIsI
moboro c-DESC-mopdnsma p : X — S, 3amaroriero
MHTETPALNIO0 HEKOTOPOTO KOMITOHEHTa X B CHUCTEMY S,
CYIIIECTBYET AelicTBrEe Mo uHTerpauuu X BT, coBMeC-
TUMOE C TpacCUpOBaHUEM TpaHchOpMalUU r B TOM
CMBICJIE, YTO KOMITO3UILIMS TPACChI 7°P C 3TUM JeHCTBU -
eM Jaet p. TakuM AefiCTBUEM CIIYXKUT § © p, MOCKOJIbKY

r® o (s p) = p.

T
v
I
N

/—p> S

3aMeTuM, 4To s sBAsieTcs peryiasipHbiM c-DESC-
MoHoMopdusmom [11, mpenmoxenue 7.59(1)], T.e.
3a/aeT BJIOXEHUE MCTOYHMKA TpaHc(opMaluu B pe-
3yJIBTaT B KadyecTBe MomoObekTa. Ha mpakTuke ero
IIOCTPOCHWE MOXET OBITh BeChbMa TPYIOEMKUM, HO
OH TpeOyeTcsl He Bceraa, MOCKOJbKY TPacCHPOBAHUIO
BJIOJIb TIPOLIECCOB COOPKU CUCTEM MOJyIeXaT B Iep-
BYIO Ouepe/lb MHTerpallMOHHbIe TPEOOBaHMSI, KOTOPhIE
MIPeTbSIBIISTIOTCS K MHTepdeiicam Momeneii. B takom
cIyJae JOCTaTOYHO ITOTpPeOOBaTh 0OPAaTUMOCTH CIIpa-
Ba He I Tpacchl r°P, a ymmb i SIG-mMopdus-
Ma sig(r°P), TpencTaBIsIOMero NeWCTBIE TPAcChl Ha
ypOBHE UHTepGEiCOB 1 Ha3bIBAEMOTO pa3MeTKoi [12].
Peanuzaius obpalieHus pa3MeTKuM OOBIYHO HE Tpe-
OyeT 3HAUMTENIBHBIX 3aTpaT, ITOCKOJIBKY MHTePGhEUCH
MIPOEKTUPYIOTCS TaK, YTOOBI MHTETPUPOBATh UX OBLIO
«Tpoule», 4yeM caMu Mopaenau. [losyyaercss 4acTHBIN
clyJyail M3BECTHOTO IMOAXOJa K CHUXKEHUIO 3aTpaT Ha
TpaccUpoOBaHUE IyTeM OrpaHUYEeHHUs KJjacca TpacCu-
PYeMBIX TpeOOBaHUIA COTIIACHO WX 3HAYMMOCTH (value-
based requirements traceability) [14].

Omnpenenenne 2. r-DESC-mopdusm r HaszbiBaeT-
csl mpaccupyemoil mpancgopmayuedi, a TBONCTBEHHbIN
K HeMy Mopdusm 7°P — mpaccoit, ecnu r°P npuHaI-
nexut kateropuu ¢-DESC u SIG-mopdusm sig(roP)
SIBJIIETCSI peTpaKIMei (T. €. MMeeT ITPaBbIil OOPATHBIN).
sig-o0pa3 Tpacchl Ha3bIBAETCS pA3MEMKOI. O

Hampumep, B TEXHOJIOTMU COOBITUITHOTO MOJIEITH-
poBaHUs Bce TpaHCGHOPMALIMU TPACCUPYEMBI, IIPUYEM
KJIacC BCEX pa3METOK COCTOUT M3 BCEX CIOPHEKTHUB-
HBIX OTOOPaKeHUIT MHOXECTB (B CHMITy aKCIOMBI BBIOO-
pa mo0oit Set-anumopdu3M sIBIsIETCS peTpakiueit).
HeiictBue TpaHchopmauuu cueHapueB t : X — Y,

IBOICTBEHHOI K copbekiu t°P : |Y| — | X|, uHTy-
UTUBHO MOXHO TPaKTOBaTh KaK peajn3alluio KJIacCoB
3aJa4y — TOYEK MHOXecTBa | X| — MmyTeM pacKpbITHSI
(expansion) B mx Impoodpa3sl oTHOCUTEIbHO t°P. Ilo
OIpeNENIEHUI0 TpaHCHOpPMaLMs CLIeHApUEB Pa30MBaeT
CBOI1 pe3y/IbTaT Ha MOAMHOXKECTBA, XOPOIIO YIOPSII0-
yeHHbIe (Well-ordered) B TOM CMBIC/E, YTO AJISI JTIOOBIX
x,y,z,u €Y TaKux, uto t°P(x) = t°P(y) # t°P(z) =
= tOP(u), ycioBue x < z BIIeUET iy < .

Hawubonee npsiMbIM M B5KOHOMHBIM CIIOCOOOM
obecrieueHUsT TIOJHONH TPacCUPYEeMOCTH  SIBJISIETCS
«3allIOMUHaHUe» Tpacc TpaHchopMalluii BMecTe ¢ MO-
JIeJSIMU TIpOTrpaMM, TTOPOKAEHHBIMU UMM U3 KJIaCCOB
3amad [15]. B konrekcte AOII nHTepec mpeacTaBiseT
B MEPBYIO OYepedb BIUSHME TpaHc(OpMaIldii Ha WH-
TerpallMoOHHbIe BO3MOXHOCTU MOJENIeil, MO3TOMY N0-
CTaTOYHO MPUCOECAUHUTD K MOJIEJISIM IECTBUS TPAHC-
dopmanuit Ha ypoBHe MHTepdeicoB, T.€. pa3METKU.
HMHuTterpanus u TpaHchopmalims Takux o0oraleHHbIX
MOJeJIeii TOKHA COTJIACOBAHHO BEITIOTHSTHCS Ha IBYX
YPOBHSIX: MOIYJIBHBIX OCHOB M aCIEKTHBIX CTPYKTYD.
Kak ykazano B [16, pa3n. 7], B Teopuu KaTeTOpHii
UMeeTCsl CrieliMaibHasi KOHCTPYKIIMS, peIHa3HAYeH-
Hasl IJIT €CTECTBEHHOTO TIPUCOCHWHEHUS IeHCTBUI
K OOBEKTaM — KaTeropus 3aIsiToil (comma cat-
egory) [10, pasm. 2.6]. PaccMOTpMM KaTeropuio
sangroil sig | SIG. Ee oObekTamu SBISIOTCS
Bce mapbl Buaa (A,l sig(A) — L), tne A —
c-DESC-o00bekT, | — SIG-Mopduzm. Mophuzmom
o0BeKTa <A1, ll : Sig(Al) — L1> B <A2, 12 : Sig(Az) —
— Lo) siBnsiercst moGast mapa (f : A; — A, b: L1 —
— Lo) Takas, ato b o I = I3 o sig(f).

l

(A, sig(d)) —— = L))

f sig(f) b
l

Ay, sigd,)  ————s L)

Onpenenenne 3. Acnekmuo-opueHmupo8aHHoi Modenso
(AO-monenbio) HasbiBaeTcs o6oii (sig | SIG)-o0bekT
(A,1: sig(A) — L) Takoit, uto [ SIBJISIETCS] pa3METKOM.
c-DESC-00beKkT A Ha3bIBaeTCsT (MOOYAbHOU) OCHOBOU
AO-momemmn, SIG-mopdusMm [ — ee (acnekmHoil) pas-
memioii, SIG-00beKT L — ee acnekmuoi cmpykKmy-
poil. O

Bynem o6o3Hauath yepe3 AO MOMHYIO MOAKATErO-
puto B sig | SIG, kimacc 00beKTOB KOTOPOU COCTOUT U3
Bcex AO-Mmoneneit. (HamomHuM, 4TO TIOJTHOM TIOKA-
Teropueil B TpOU3BONIbHON KaTeropuu C' Ha3bIBAETCS
KaTeropusi, cocTosiiiasi u3 HeKoToporo kiacca C'-00b-
ekToB X W o0beaMHEHUs Bcex MHOXecTB Mor (A, B),
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A, B € X, ocHallleHHas1 yHacjaenqoBaHHbIMU U3 C orie-
pauusiMu). TTosICHUM 3Ty KOHCTPYKIIMIO Ha TIpuMepe
CcoOBITUITHOTO MoAenupoBaHus. Y AO-Moaenu cleHa-
pus pa3MeTKa [ — 3TO CIOPBEKTUBHOE OTOOpakeHUE,
COITOCTaBIISAIONIEe KaXXIOMYy 3JEMEHTY MHOXecTBa A
(COOBITHIO) BJIEMEHT MHOXeCTBa L, KOTOPBIN MOXKHO
paccMaTpuBaTh KakK 0003HaueHMWe Kjacca 3ajaad, Io-
poxpaatoiero 3To codbiTue [12]. B yacTHOCTH, acmek-
TOM €CTECTBEHHO Ha3bIBaTh JII00yI0 AO-MomIesb, B KO-
TOPO# L COCTOUT M3 OAHOTO 3JIeMeHTAa (TaK1e ¥ TOJTbKO
Takre AO-MOJIeNN ClieHapHeB YIOBICTBOPSIIOT IIPUBe-
JNEHHOMY HuXe dhopMaabHOMY ompeneneHuto 4) [17].
[ToaTomy npousBosibHast AO-MoJeNb ClieHapusi — 3TO
YaCTUYHO-YITOPSIIOYCHHOE MYJIBTUMHOXECTBO (pom-
set), cocrosumee W3 acIleKToB. I[lomOOHBIN MOIXOMH
K MOIETUPOBAHUIO CIICHAPUEB OBLT MPEUIOKEH eIlle
B 1980-x rr. [18], omHaKo MpupoJa METOK U CITOCOOBI
MX CUHTE3a OCTaBaJIMCh HESICHBIMU, TIOCKOJIBKY OHM He
paccMatpuBanuch B KoHTekcte AOIT.

Kateropust AO cHaGXeHa ClIeIyIoIINMA «3a0bIBa-
oImUMI»  (QYHKTOpAMHW, WHIYIIMPOBAHHBIMA KOH-
CTPYKLIMEH KaTeropuu 3ansitoi [12]:

— mod : AO — ¢-DESC : (A1) — A, (f,b) — f
(BBIIENICHUE MOMYIbHOM OCHOBBI);

— int =sigo mod : AO — SIG: (A,l) — sig(A),
(f,b) — sig(f) (BblmenaeHUME MCXOAHOTO WMHTEP-
(eiica);

— str: AO — SIG: (A,l) — codoml, (f,b) — b
(BbLIEIIEHNE ACTIEKTHOM CTPYKTYPBI).

®ynkTop mod MpuMedaTesieH TeM, 4TO OH TI0-
3BOJISIET M3BNIeKaTh M3 AO-Momen MOIYJIbHYIO OCHO-
BY B (hopMe 0cOOOro MHTErpallMOHHOTO UHTepdeiica,
T. €. MOpoXknaeT hopMaIbHYIO TEXHOJOTUIO TPOSKTHUPO-
BaHUS, MOIACPKUBAIOLIYIO ACTIEKTHO-OPUEHTUPOBaH-
HBI moaxon. JleiicTButenbHO, QyHKTOp mod yHHU-
BaseHten: ecau (f,b), (f,b') : (A1) — (B,k) — nBa
pou3BoJIbHBIX AO-Mopdusma, To b’ ol = kosig(f) =
= bol, otkyma b’ = b, OCKOJIbKY | 0OpaTUM cripa-
Ba. JIEBBIM COMPSKEHHBIM K DYHKTOPY mod CIYy>XUT
(GYHKTODP AUCKpeTHOM pa3MeTkn mod * : ¢-DESC —
— A0 : A (A lgga)), f— (fsig(f)), ennnm-
I1a 3TOTO COMPSIKEHMS TOXISCTBeHHA. EcTecTBeHHBIM
00pa3oM KOHCTPYUPYIOTCS TpaHCchopMaluu U KOH(DU-
rypauuu AO-moneneii [12]. B pesynbrare moiaydyaercs
AO-mexnonoeus — hopMabHasT TEXHOJIOTHS TTPOCKTH -
pPOBaHMS, B KOTOPOM OCHOBHOM KaTeropueil Moaelei
ciyxuT AO, a nHTep@Eeichl BRIIEIIIOTCS (PYHKTOPOM
mod. BaxHoe npukjiagHoe 3HaYeHUE UMeeT KPUTEpUii
CTPYKTYPUPYEMOCTHU ITOU TEXHOJIOTUU, KOTOPbI OyIeT
chopMyIMpPOBaH U A0Ka3aH B pasi. 5.

AcniekToM (aspect) Ha3bIBaeTCsl 3JeMEHTapHbBIN
CTPOUTENBHBIN OJIOK aCIeKTHO-OPHEHTUPOBAHHOMU
MporpamMMbl  (MOJEIMN), peaTu3yIoluil OTAeTbHbIN
KJacc 3amady. ACHEeKThl CITIOCOOHBI COXPaHSTh CBOIO

UIEHTUYHOCTh B COCTaBe IPOrpaMMbl, TMOITOMY MX
acrnekTHas CTPYKTypa He paspyllaercsl Mpyu MHTerpa-
uuu [17]. Xopolllo cOXpaHSIOT CTPYKTYpY NeHCTBUS
[0 WHTETpalny, OOJIagalolle Ha YpPOBHE AacIleKT-
HBIX CTPYKTYp OOpaTUMOCTBIO cie6d, T.€. BO3MOXK-
HOCTBIO WIAEHTU(ULUUPOBATh ACMEKTHYIO CTPYKTYPY
KOMIIOHEHTA B COCTaBe CUCTEMbI ITyTeM TPACCUPOBAHUS
(cM. mosicHeHus1 Tiepen orpenaeiaeHueM 2). Iloarto-
My AO-mopdusm (f, b) Ha3bIBACTCS acneKMHbIM, €CT
SIG-mopdu3Mm b 0dpaTM cieBa, M, B YaCTHOCTH, U30-
acneKkmuuiM, eciau b sspisieTcss uzomopduzmom. Hampu-
Mep, B AO-TEXHOJOTUU COOBITUITHOTO MOIECTUPOBAHUS
ACTMEKTHBIMU SIBJISIIOTCSI BCE OTOOpakeHUsI TTOMeYeH-
HBIX CLIEHapUEB C HEMYCTON 00J1aCTblO, KOTOpbIe HE
«CKJIEMBAIOT» Pa3TMIHBIC MCTKH.

Onpenenenne 4. ACTIEKTHO-OPUEHTUPOBAHHASI MOZIEITH
A HasbIBaeTCsd acnexkmom, ecliv 1060t AO-mopdusMm ¢
00J1acThI0 A SIBIISICTCST aCTIEKTHBIM. 0
Cbopka ImporpaMM 13 acTIeKTOB BBIXOIUT 3a PAMKHU
TPaIUIIMOHHOW KOMITOHOBKM Momysei (linking), 1mo-
9TOMY OHa Ha3bIBaeTCs CBsA3bIBaHUEM (weaving). Tex-
Hojorun AOIT mpeanaratoT pasHOOOpa3Hbie UHCTPY-
MEHTBl CBSI3bIBAHUS: MPEIKOMITUISITOPBl UCXOTHBIX
TEKCTOB TIpOTpaMM, IIpeoOpa3oBaTesd UCIIOIHSIEMOTO
baiiT-Koma, MUCTIeTYephl BBI30Ba MeTOHMOB. CBSI3bIBa-
HHE MOXHO aKCMOMAaTHYECKHU OITMCATh YHUBEPCATbHOMI
KOHCTpyKIIMeil B Kateropuu AO — KompeneaoM aua-
rpaMMbl COeAMHEHUS crielanibHoro Buaa [17].

4  Mopaynsgpuszaluus aCleKToB

HauGonee ssBHBIM CITOCOOOM pa3MeTKU acIeKTOB,
coctapstiominx AO-Monenb, SIBISIeTCS UX MOIYJISIpU-
3alus, T.e. oopMJIeHHe B BUAE OTACIbHBIX €IMHUIL
MOMYJIbHOW apXUTEKTYypbl: OOBEKTOB, TaOJUIl B Oase
JaHHBIX U T. 1. Takass Moaysipu3alus Ha3bIBaeTCs pas-
IeJIeHWeM OTBETCTBEHHOCTH (separation of concerns)
U BXOOWT B YMCJIO OCHOBHBIX IIeJiei TpUBJICYECHUS
AOII [19]. MonynsapusnpoBaHHbIE aCMEKThl MOXHO
cobupaTh B CUCTEMbI MOCPEACTBOM KOMITOHOBKM, HE
nmpuoerast K CBI3bIBAHUIO, YTO TTO3BOJISIET CHU3UTD 3a-
TpaThl Ha COOPKY 3a CYET TPUMEHEHMS IITMPOKOIOCTYII-
HBIX «MOAYJIBHBIX» TEXHOJOTUIA ITPOTPpaMMUPOBAHUSI.
B ¢Bs131 ¢ 3THM TTpY MCTTIOTBL30BAHUY pacITUPEeHNH Tpa-
JULUMOHHBIX TeXHOJoruii cpeacTBamu AOIT, Takmnx Kak
Aspect], iporpaMMbl, CKOMITOHOBaHHbIE U3 MOAyJIeit
0e3 TpUMeHEeHMS CBI3bIBAHUS, TPUBUAJIEHBIM 00pa3oM
pa3nensgioTcs Ha MOAYISIpU3NpPYeMBbIe acTIeKTHI [4].

Monynspusupyembie  AO-Monenu  BbIAENSIIOTCS
cpeny TIPOYMX TeM, YTO TPU MHTETpPAllMUA C MOMIYJIS-
MU OHU BeIyT ceOs TakK Xe, KaK MOAYJIbHbIE eIUHU-
1bl. Bo3MoxXHOCTM MHTerpauuu moaysaeit B AO-Mo-
JIeJib OTIPEACIsIIOTCS €€ MOAYJIbHOI OCHOBOI. B cBOIO
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ouepeb, BO3MOXKXHOCTH MHTerpainu AO-Moaesd B MO-
IIYJIA OMPEIEIISIIOTCS €€ aCIIEKTHOU CTPYKTYpOM, IIO0-
CKOJIbKY TIpM WHTErpallii B MOJIYJIb acIeKThl, CO-
crapysionie AO-MomesTb, BBICTYIAIOT B Ka4eCTBE €e
aneMeHTapHbIX enuHULl. DopManbHO, MOIYISIPUIUPY-
eMble MojieJId 00pa3yloT MOJIHYIO MoaKateroputo B AO
(kotopast OyneT obo3HavaThcsl yepe3s m-AQO) Takyto,
yTo cymiecTByeT AO-pacuiupeHue MOAyJbHOM TeXHO-
Jlorun — BIIokeHUe am : c-DESC — m-AO, mon-
HOCTBIO BOCITPOM3BOISAIICE MHTETPAIITMOHHBIC BO3MOXK-
HOCTH MomyJeil B ciemyiomeM cMmbicie. C omHOu
CTOPOHBI, BCE CIIOCOOBI MHTEerpauuu Momyiass M €
€ Ob¢-DESC B AO-monenb A € Obm-AO 3amarotcst
MHOXecTBoM MopbusmoB Mor (am (M), A), mostomy
(GYHKTOD BBIACICHUSI MOIYJILHOTO UHTepdeiica mod
(TouHee, ero orpanmyeHre Ha m-AQ, ob603HaYaeMoe
Jajgee yepe3 am,) MOJDKEH YCTaHaBJIMBAThb OUEKIIMIO
Mexay MHoxecTBoM Mor (am (M), A) 1 MHOXECTBOM
Mor (M, mod (A)). C npyroit CTOpoHbI, Bce COCO-
OB mHTerparuu A B M 3amaloTcsl MHOKECTBOM MOP-
duzmoBMor (A, am(M)), MO3TOMY TOJKEH CYIIECTBO-
BaTh (OYHKTOP MOAYJISIPU3ALIMM ACTIEKTHOM CTPYKTYPbI
am* : m-AO — ¢-DESC, TpuBraIbHO ACMCTBYIOIIMI
Ha Momymu (am* o am = l..pgsc) W ycCTaHaBIUBa-
foluii Guekunio Mexny Mor (A, am(M)) u MHOXe-
crBoM Mor (am*(A), M). TIpu 3TOM BO3MOXHOCTb
tpakToBath c-DESC-00bekT am*(A) Kak «[1oabeM»
aCIeKTHOM CTpyKTypbl AO-Momeu A Ha MOIYJb-
HBI ypOBeHb OOEcCIeurBaeTCsl CJAEAYIOLIUM JIOTOJ-
HUTEIBHBIM TPeOOBaHUEM €CTeCTBEHHOCTH: (DYHKTOP
sigoam®™, BbIICJSIIONIMI MHTErPallMOHHBI MHTepdeic
W3 MOAYJISIPU3UPOBAHHOI aCTIEeKTHOI CTPYKTYPHBI, TOJI-
KeH COBIMagaTh ¢ orpaHnyeHueM Ha m-AQO dyHKTOpa
str, OnpeaesIsIolIero UCXOAHYIO aCIIEKTHYIO CTPYKTYPY
Ha YPOBHE MHTErpallMOHHbBIX MHTEP(DECcOB.
[TpuMepom pacmmpeHus, KOTOPHIM O0JIamaeT JIto-
6as opMabHasI TEXHOJIOTHS IPOSKTUPOBAHUS, CITy-
XUT uzomopdusm mexny c-DESC u nonaHoit moaka-
teropueii B AO ¢ k1accoM 00beKTOB { (A, lgig(a))|A €
€ Obc-DESC}, neiictByromnuii Kak ¢GyHKTOp mod™.
Hampumep, B TEXHOJIOTUM COOBITUITHOTO MOIETHPO-
BaHUS OH TTOPOXIACT TUCKPETHO pa3MeUYeHHBIC CIIe-
HapW, KOTOPBIC SIBIISTIOTCSI CaMbIMU «aCIIeKTHO-He-
OPUEHTHPOBAHHBIMIU» — B HUX KaXXIBI KJlacc 3amad
ITOMeYaeT TOJIBKO OIHO COOBITHE, TaK YTO HUKAKOIO
paccemBaHUs He MpoucxoauT. HazoBem Takoe AO-
pacIMpeHne TpUBUATBHBIM. MOXHO ITPOBEPHUTH, UTO
neiictBue moboro AO-pacmmpeHust (C TOYHOCTBIO 10
€CTECTBEHHOro n3oMopdusma), o CylIecTBY, COBMa-
JIaeT ¢ ero nerictBueM: Mmoayiu (T. €. c-DESC-00beKThI)
Bceraa nepexoasT B AO-Moeu, UCTOPUST TTOTydeHUsT
MHTEePGhECOB KOTOPBIX M3 KIIACCOB 3a1a9 IyTeM TPaHC-
dopmarnm yrpadeHa (TpuBHaibHA). TaKUM 00pa3oM,
AO-paciiipeHue, Mo CyIlIecTBY, OMHO3HAYHO OMpe/e-
JISIETCSI CBOEU K0OOMaCThl0 — KJIACCOM BCEX MOMYJISI-

pusupyeMbix AO-mozeneit. Jlerko BUaeTb, YTO KOH-
cTpykuust AO-paciiMpeHus: yCTOMYMBa OTHOCUTEIBHO
orpaHWYeHUsI: JItobast ToyiHas moakareropus B m-AQ,
comepxaiiast kinacc am(Obc-DESC), siusiercst Ko-
obnacteio AO-pacimpeHusi, JeCTBYIONIETO TaK Xe,
Kak am. B cBA3M ¢ 2TUM UHTepec MPEeACTaBISIOT
paclIMpeHusi, Koo0JacTb KOTOPBIX TOCTATOYHO <«Be-
JIMKa».

Ha s3bike Teopun kateropuit TpedoBaHust K AO-
paclIMPEeHUI0 KOMMAKTHO (DOpMYJUPYIOTCS MPU TO-
MOIIIY KOHCTPYKIIMU COTIPSTKEHUST (PYHKTOPOB.

Omnpenenenne 5. dynkrop am : ¢-DESC — m-AO,
rae m-AQO — HekoTopast mojHas moakareropust B AO,
HasbiBaeTcst AO-pacuiupenuem GOpMabHONM TEXHOJIO-
MU, eCJIA OH 00JIafaeT CIACAYIOIIUMU COMPSKEHHBIMU

¢GyHKTOpaAMMU:

— TIPpaBBI COMPSKEHHBIA am, C TOXIECTBEHHOW
enuHULEH, pudeM am, (f) = mod (f) st mo-
6oro m-AO-mopdusma f;

— JIEBBI COMpPSIKEHHBINM am™ ¢ TOXIECTBEHHOM KO-
enuHULeH, npudeM sig(am*(f)) = str(f) mws mo-
6oro m-AO-mopdusma f.

ACHeKTHO—OpI/IeHTHpOBaHHoe paCclIMpeHUE am Ha-
3bIBACTCA:

— MpPUBUANbHBIM, €CITU OHO SIBIISIETCS M30MOPGhU3-
MOM;

— Hauboavwum, eciu mobdoe AO-pacimmpenne am’ :
c-DESC — m-AQ’ yaoBieTBOpsSeT YCIOBUIO
Obm-AQ’ C Obm-AO;

— NoAHbIM, eClu T 110001 AO-Moen CyIIeCTBYeT
m-AQO-00beKT, U30MOP(MHLII €if. O

I[lpu akcMoMaTUYECKOM ONMUCAHWUM  MOJYJIsI-
pU3allMM  acIieKTOB, cocTaBistomnx AO-Moenu,
KJIIOYEBYIO PpOJIb HUIPaeT eIMHULIA COIPSLKEHUS
am® - am, KoTopasd OyaeT 00O3HayaTbCs 4Ye-
pe3 1. Ilo omnpenenenuto wist modoro m-AO-00beK-
ta S m-AO-mopdusm ng S — am(am*(9))
aBngercs npoodpasom c-DESC-mopdusma 1,5y
npu Ouekuumm am* Mor (S, am(am*(S))) =
&~  Mor (am*(S),am*(S)), mnoartomy str(ns) =
= sig(am*(1s)) = Lsig(am*(5)) = Lstz(s) BBUIY ONpejie-
JIeHUs 5, T. €. MOp(dU3M 75 U30aCTIeKTEH U ero AeCTBUE
HETPUBHMAJILHO TOJIBKO Ha YPOBHE MOMYJBLHON OCHO-
Bbl. A mockoibky c-DESC-06bektT am*(S) mpen-
CTaBJISIET HAa MOJYJbHOM YPOBHE aCTEeKTHYIO CTPYK-
typy AO-monenu S, ¢c-DESC-mopdusm  mod (ng) :
mod (S) — am*(S) MOXHO paccMaTpMBaTh KaK Ka-
HOHMYECKUI CITOCO0 MHTErpalMy MOIYJIbHOM OCHO-
BBl MOJIEJTM B €€ MOJIYJISIPU3MPOBAHHYIO ACIEKTHYIO
CTPYKTYpY. DTOT MOp®OU3M SIBISIETCS] PETYISIPHBIM
c-DESC-anumopdusmom (cM. cieactsue 1.2 Huxe),
T.€. 3amaeT (aKTOpU3alMI0 MOMAYJBbHOW OCHOBBI Ha
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acniekTel. CemelictBo mod (ng), S € Obm-AQO,
obpa3yeT ecTecTBeHHOe Iipeobpa3oBaHue (DyHKTOpa
BBIICICHUSI MOAYJIBHOI OCHOBBI am, B (PYHKTOP BbIIC-
JIEHMSI aCIIEKTHOM CTPYKTYPhI am™,

Onpenenenne 6. (am-)modyaspusupyemoii AO-modensio
HaspIBaeTcd 0001 m-AO-00beKT. (am)-modyasapu-
3ayueil (aCTIEKTHOW CTPYKTYPbI) MOAYJSIPU3UPYEMOI
AO-monmenu S HaswiBaeTcst  c-DESC-mopdbuszm
mod (ng), TIe 7 — eAUHULIA CONPSDKEHUsST am™ — am.
ToxxpectBoM  (am-)modyaspusayuy  TIPOU3BOJIBLHOTO
m-AO-Mopdpusma m : A — S Ha3bIBaeTCs paBeH-
ctBO am*(m) o mod (n4) = mod (ng) omod (m). O

EcTecTBeHHBIM CITOCOOOM M3BJICYEHUST MOIYJISIPU -
3UPOBAHHOIO acIieKTa U3 MOJAYJIbHON OCHOBBI MOIY-
nsipusupyemoii AO-Monean S SIBJISIeTCSl TpaccupoBa-
HUE METKM acliekra (00O3HAayeHHUsI KJIACCOB 3amay)
BIOJIb MOAYJISIpPU3ALUKM ACIIEKTHON CTPYKTYPbI MOJIE-
. Ecmu A — wu3BiIeKaeMblil acIiekT, TO JOJDKHA
CYIIIECTBOBATh TpaccupyeMasli MOAyJibHasi TpaHchop-
Mauust 7, : am*(A) — am*(S) ero (Momyssipusu-
POBAaHHOI) METKM B (MOIY/ISIPU3UPOBAHHYIO) ACIIEKT-
HYIO CTPYKTYpy Mozenau S. WnmeHTudukauus MeTKu
B aCMEKTHOM CTPYKTYPe MPOU3BOIUTCS IyTeM MPSIMO-
ro TpaccupoBaHMsI — MopbdU3Ma, 0OpaTHOrO CIipaBa
K Tpacce 9P (CM. MOsSICHEHUSI TTepeN ONpeaeeHEM 2).
Takum MOpGhU3MOM IOJKEH CIYyXUTh am™*(m), eciu
m-AO-Mopdusm m 3amaet Bioxenue A B .S. IToato-
My mod (m) moykeH Boyiessith B mod (S) MOJHBbI
npoo6pas c-DESC-o6bekTa am™(A) Kak mogo0bekTa
B am*(S) otHocuTenbHO mod (ng). CremoBarenb-
HO, TOXIECTBO Moayisipusauuu mist m-AO-mophus-
Mam : A — S OOJKHO 3a1aBaTh I€KapTOB KBaapar.
TakuM 00pa3oM, MOJACIIEKThI — 3TO BIOXEHUST aCIeK-
TOB, MOMIYJISIpU3allisl KOTOPBIX MMEET YHMBEpPCaIb-
HBII XapakTep. biaromapsi 3ToMy, B 4aCTHOCTH, I10-
JACTIEKTHI SIBIITIOTCS MTon00bekTamMu B Kateropuu AQO.
Kpome Toro, acrexTbl SIBJISIIOTCSI aTOMAPHBIMU €M~
HULAMU pa3[e/ieHUs] OTBETCTBEHHOCTM — OHM He
MMEIOT COOCTBEHHBIX TOJACIEKTOB (CM. IPEIIoXKe-
HUe 2 HIXeE).

Omnpenenenne 7. m-AO-mopbusm m : A — S Ha-
3bIBaeTcsl (am-)nodacnekmom AO-Monenu S, eciu oH
YIOBJIETBOPSIET CJICAYIOIINM YCTIOBUSIM:

(i) AO-Monenb A SIBISIETCS aCTIEKTOM;

(74) cymiecTByeT TpaccupyeMasi TpaHchopMaLus
rm @ am*(A) — am*(S) takas, 4ro ro o
oam* (m) = 1am*(A);

(i97) TOXIECTBO am-MOMIYJISIPHU3AIUN IJIT m 3adaeT
nekapToB KBaapaT B Kateropuu ¢c- DESC. O

IIpennoxenue 1. JIto00i MomacmeKT SIBASIETCS acIeKT-
HBIM peryJasspHbIM AO-MOHOMOPGhU3MOM.

HoxazatenbcTBO. [lokaxem, 4TOo eciu m
A — S — TIOmacmeKkT, TO TOXIECTBO EIMHUIIBI
am(am*(m)) ona = ng o m 3amaeT IeKapTOB KBaapat
B Kareropuu AO. [leiictBuTenbHo, (pyHKTOp mod
MEePEBOIUT €T0 B TOXKAECTBO MOAYJISIPU3ALIUU, KOTOPOE
SIBJIIETCS. IEKapTOBBIM KBAaIpaTOM IO YCIOBHIO (ii1)
omnpenenenust 7. MyHKTOp int MepeBOANT €ro B TOX-
nectBo str(m) o int(na) = int(ns) o int(m), koTopoe
MpeACTaBIsIeT cO00 sig-o0pa3 ToxkaecTBa MOAYJISIPU -
3allUM, TaK YTO 3amaeT JeKkapToB KBaapat B SIG (BBU-
Iy Hanmuuus y (pyHKTOpa sig JIEBOTO COIPSIKEHHOTO,
OH coxpansieT Bce mpemneinl [11, npemaoxenue 18.9]).
Haxowner, ¢byHKTOp str TepeBOAMT TOXIECTBO €I-
HMIIBI B KOMMYTaTUBHBIN KBaapaT B SIG, nBe ma-
paJIeIbHBIX CTOPOHBI KOTOpOro (str(na) u str(ns))
SIBJISIIOTCSl TOXKIECTBEHHBIMU MOPGhU3MaMU, OH TaKXKe
JIEKapToB To ompeneneHuo. Mcmomb3ys ot dax-
ThI, MOXHO HEITOCPEICTBEHHO TTPOBEPUTH, UTO TOXKIE-
CTBO EIMHMIIBI 3adaeT AeKapToB kBaapaT. CienoBa-
TeJIbHO, M — ypaBHMUTEIb napbl AO-MOphU3MOB 7)g,
(am(am*(m) o rOP) o ng) : S = am(am*(.5)). O
Ipennoxenne 2. Cremyioniue yTBepKIeHUS] SKBUBA-
JIEHTHBI JUIsI JTIoOoro mogacrekra m : A — S:

(i) S aBAsIETCS MOIYJIIPUZMPYEMbBIM aCTIEKTOM;
(4%) m aBysIeTCcs U3OMOPGHUIMOM;
(i9%) m U30aCTEeKTEH.

Jloka3aTenabCcTBO.

(i) = (iti). Ecmm S — acnekt, To AO-Mopdusm
tons : S — am(am*(A)), toe t = am(roP), sBmsi-
eTcst acTeKTHBIM. TTOCKOJIbKY 7)s M30aCIeKTeH, str(t)
obparuM cieBa; cienoBaresibHo, AO-mMopdusm ¢, Oy-
Iy9d B CBOIO OYepelb 0OpaTHMMBIM CIIpaBa, N30acIeK-
teH. [loatomy SIG-Mopdusm w = str(am(am*(m))),
NpaBblii 00PaTHBII K str(t), SBIIETCS U30MOPGHUZMOM.
B cBoto ouepenb, mpuMeHsIst GYHKTOD str K TOKIECTBY
eIMHMIIBI am(am*(m)) o ng = ng © m, MOJYYaeM, YTO
w = str(m).

(1it1) = (i1). Kak oTMeyasoch B JOKazaTelb-
ctBe mpemioxenuss 1, B SIG wumeeTcs neKapToOB
KBA/IPaT, 3a/1aBa€MbIil TOXAECTBOM str(m) o int(na) =
= int(ng) o int(m). TIlo mpeamonoxeHuwo str(m) —
n3oMophu3M, MO3TOMY int(m), Oymydn Tapasienb-
HBIM eMy peOpOM IeKapToBa KBaapara, TaKXKe sBIsSIeTCs
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U30MOp(HU3ZMOM, B YACTHOCTH SMTUMOP(PU3MOM. A TIO-
CKOJIbKY (PYHKTOp int, Oyayyu KOMITO3ULIMEN yHUBa-
JIEHTHBIX (PYyHKTOpOB mod U sig, caM YHUBaJCHTEH,
OH oTpaxaeT anmmuMopdu3Msl [11, mpemnoxenue 7.44].
B cBoto ouepenpb, ecnu m — 3MUMOP(PU3M, TO B CHITY
NpeaaoXeHus: 1 oH sBIsieTcsl U30MOP(PU3MOM.

(74) = (7). BoiTekaer u3 onpeneneHus 4. O

EctecTBEeHHBIM (XOTS M HE €AMHCTBEHHBIM) CITOCO-
00M MOOYISIpU3AIINN acTIEKTHOI CTPyKTYphl AO-MoO-
JIEJTN SIBJITIETCSI BOCCTAHOBJICHUE TPACCUPYEMOil TpaHC-
dopmaunm MomyJsield, WHIYLIMPYIOLIEH ee pa3METKY.
HeiictButenbHo, eciau mist AO-momemu (A, 1) cyrie-
CTBYeT TIOAXOMAINAsT TpaccupyeMasl TpaHChOpPMaITis
s : X — A nexkoroporo c-DESC-o6nekTa X B A,
YIOBJIETBOPSIIOLLAsT YCIOBHUIO sig(s°P) = [, To X MOXKHO
paccMaTpuBaTh KakK MOAYJIbHYIO eIUHUILY, COCTOSIIIYIO
13 Bcex KaccoB 3amad AO-mopenu, a s°P — Kak «KaHo-
HUYECKYI0» MOAYISIpU3ALUIO €€ acCleKTHON CTPYKTY-
pbl. Hamrpumep, y moMedeHHOTO crieHapus TpaHcdop-
MaIsi BOCCTaHABIMBACTCSI (OUeBMIHBIM 00pa3oM) M3
TaKoil M TOJbKO TaKOl pa3MeTKU, KOTopasi pa3OuBaeT
CBOIO 00JIaCTh Ha XOPOILIO YMOPSIOYEHHYIO COBOKYTI-
HOCTb TTpOOOPa30B TOUEK, MpUYeM IMpoodpas Jtodoit
TOYKM SBJIsIeTCS TromactieKToM. QOUYeBUIHBIMU TIPH-
MepaMM CIIyKaT JIF00O0M acreKT (eMMHCTBEHHBIM IT0-
JACTIEKTOM KOTOPOTO BBUIY TIPEIIOKECHUS 2 SIBIIICTCS
OH caM) U JII00O0I HeMmycTOol JUCKPETHO pa3MeUyeHHbIN
clieHapuii (IMogacmekToM B KOTOPOM CIYXXKMUT J1000€
OTHO3JIEMEHTHOE TOAMHOXecTBO). I[loKa3aTeabHBIM
MIPUMEPOM SIBJISIETCS] TAKXKE CLIEHAPUIA, B KOTOPOM MET-
KOl KaXXIOTOo COOBITHSI BBICTYIIAeT comuepsKallasl ero
KOMITOHEHTA CBSI3HOCTHM IOPSIIKA: MHOXECTBO BCEX
ITOJACITEKTOB TaKOTO CIIEHAPWST COBITaZacT C MHOXKE-
CTBOM B3aIMHO HE3aBUCUMBIX ITOACIICHAPUEB, TaK YTO
¢ (hopMaTbHOM TOYKM 3peHUS pacTiapajuieIMBaHue (CM.
KOHCTPYKIINIO (PYHKTOpa sconn B KOHIIE pa3l. 2) OKa-
3BIBACTCST YACTHBIM CJIydaeM MOAYJISIpU3AlMU aclieK-
TOB.

5 YactuuHas MOayasipu3anus

st hopMalIbHBIX TEXHOJOTHIA, HE 00JamarolInx
moJIHbIM AO-paciupeHueM, MOXKHO TPeIIOXUTh 00-
Jiee cylabble TOAXOAbl K MOAYJSIpU3allUU aceKTHOMN
CTPYKTYpHL. B 9acTHOCTH, acTIEeKTHYIO pa3MeTKy IIpO-
n3BOJIbHOU AO-MOmenT MOXHO MPEICTaBUTh Ha MO-
IyJTLHOM YPOBHE YaCTUYHBIM MOP()H3MOM MOIYIbHOMN
ocHoBbl. HammoMHuM, 4T0 vacmuurvim mopgusmom o0b-
ekta X B Y HasbIBaeTcsl mapa MOpGU3MOB C OOIIUM
HayajJoM, OJUH U3 KOTOPBIX SBJSIETCS MOHOMOP(MU3-
MOM U HarpasjieH B X (OH BBIIEJSIET «4aCTh» 00bEeK-
Ta X, BBICTYMAIONIYIO 00JIACTHIO OTIPeIeICHNS YaCTHY -
Horo Mop¢u3ma), a APYroi Mpou3BoJIeH U HaTpaBlieH
B Y (OH 3ajaeT neiicTBre YacTUuHOro Mopdusma) [11,

onpeaeneHue 28.1(1)]. Ilpyu HEKOTOPBIX TEXHUYECKUX
OrpaHUYEHUSIX ONpeneseHa KOMITO3UIIMS YaCTUYHBIX
MopdusmoB. YacTuuHbIli MOPGHU3M MOKHO paccMmar-
pUBaTh KaK JUAarpaMMy CO CXEMOH * «— % — %, 000-
3HavaeMoi gepe3 V.

Pa3zmerka mpousBosibHOU AO-Moaenu MOpOXIAeT
yactTuyHblil c- DESC-Mopdusm ciaeayroimmumM oopa3om.
Bocrionb3yeMcsi TeM, 4TO KOGAUHMIIA £ COMPSIKEHUS
sig® - sig cocTouT M3 MOHOMOPGU3MOB, MOCKOJBKY
sig(ea) = lsig(a), A € Obc-DESC, u mo6Goit yHu-
BaJIEHTHBIN (DYHKTOP OTpakaeT MOHOMOpP(puU3MHI [11,
npenjgoxenue 7.37(2)]. Tlpu momoly KOoeauHUIIbI
MOXHO BBIACJUTh B MOAYJIbHOW OcHOBe AO-monenu
MUCKPETHYIO «9acThb» U Jajiee IOAcHCTBOBAaTh Ha Hee
NUCKPETHOM pean3almeit aClieKTHOM pa3MeTKH.

Onpenenenne 8. Yacmuunoii modyaspusayueii TIPON3-
BosibHOI AO-Mozenu (A, [ : sig(A) — L) Ha3biBaeTcst
caenyoonmii yactTuuHeiit c-DESC-Mopdusm, neiicty-
IO U3 ee MOIYJIbHOW OCHOBBI A B IHMCKPETHYIO
peayM3aliio aclIeKTHOM CTPYKTYPBI L:

ea: A« sigh(sig(A)) — sig*(L) : sig"(1). O

IIpennoxenue 3. OTobOpaxkeHue, COMOCTaBJSIONIEE
Kaxmoir AO-Mozesn ee YaCTUYHYI0 MOIY/ISIPU3ALIMIO,
3a/1aeT MOJTHOE BIIOXKeHMe Kateropun AO B KaTeropuio
nmuarpamm c-DESCV .

Jdoka3zateabcTBO. BpIOepeM mpousBosbHO AO-
momenn S = (Al : sig(A) — Lyu s = (A"l :
sig(A") — L'), nonoxum A* = sig*(sig(4)), A™* =
= sig"(sig(A’)). Ecmn e 4 = 4 usig™(l) = sig*(I'), To
A = codomey = codomey = A’ nl = sig(sig” (1)) =
= sig(sig”(l")) = I’. Hanee, mo6oit AO-mopbusm
(f,b) : S — S’ ompenensier cemeiictBo ¢c-DESC-
mopdusmoB f : A — A, f*i A* — A, sigh(b) :
sig"(L) — sig"(L') (3mech f* = sig*(sig(f))), koto-
poe SIBIISIETCST €CTECTBEHHBIM MPeodpa3oBaHUEeM JIHa-
rpaMM 4YacTUYHOI Momynsipuzauuu, T.e. c-DESCY -
MOpMOU3MOM: TIO OTpeNesIeHUI0 KOSTUHUIIBI UMeeM
foea = ea o f*, amo onpenencHnio AO-Mopdus-
Ma — sig”(b) o sig"(l) = sig*(l') o f*. ScHo, uyTO
pasnmuunbie AO-MOPGU3MBI OTPENEIISIOT Pa3INnIHbIC
eCTeCTBEHHBIE ITPe0Opa30BaHMs TAKOTO BHIA.

&€ Si 3k,
A = A* e . sig*(L)
f I* sig*(b)
€y sig*(/
A - 4 A™ e - Sig*(L")

Taknm 00pa3oM, 3aJaHO BiIOXeHNEe pmao : AOQ —
< ¢-DESCY. UYtoGbl y6eauThesi B €ro MONHOTE,
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pPaccMOTPUM TPOU3BOJIBHOE €CTeCTBEHHOE Ipeodpa-
30BaHUe nuarpaMmbl pmao(.S) B pmao(S’) — TpoiKy
c-DESC-moppusmoB p : A — A, ¢ : A* — A,
s : sig"(L) — sig*(L’), yaoBIeTBOPSIOUIMX COOTHO-
HIEHUSIM po ey = €40 q U s osig™(l) = sig"(l') o q.
ITockombKy € COCTOUT U3 MOHOMOP(MU3MOB, 13 MIEPBO-
'O paBEHCTBA BBITEKAET, UTo ¢ = sig”*(sig(p)). C yueTom
3TOr0, IpUMeEHsIST QYHKTOP Sig KO BTOPOMY PaBEHCTBY,
nojty4aeM, uto sig(s) ol = I’ o sig(p). CiemnoBaTesnbHO,
cymectByet AO-mopdusm (p, sig(s)) : S — 5. O

Koneuno, yactuaHass Monymspusanns AO-mMomenn
He oTpaxkaeT TpaHchopMaluio, MOPOXAAOIIYI0 MO-
IyAbHYI0 OcHOBY AO-Mofen U3 aCleKTHOI CTPYKTY-
PBI, TIOCKOJIBKY MEUCTBUE YACTUIHON MOIYISIPU3AIINT
He 00s13aHO OBITH Tpaccoil TpaHcgopmauuu. Tem He
MeHee, MOXKHO IMOCTPOMUTH «aIlllPOKCUMAIIMIO» MOIY-
JIIpU3alMK ACTIEKTHOM CTPYKTYPbI, BBIUMCISISI KOTIpe-
JIeJT AMarpaMMbl YaCTUYHOW MOIYJISIpU3aui (€CIv OH
CYILIECTBYET: pedpo Kompeneaa YaCTUYHOTO Mopdus-
Ma, TapajUleIbHOe ero IeHCTBUIO, MOXHO paccMaT-
pUBaTh KaK YHUBEPCAJTBbHOE PACIIMPEHUE YACTUIHOTO
Mopdu3Ma Ha BClO CBol obOjacth). [lo cyiiecTny,
peub UAET O COeAUHEHUU (B CMBICHIE pa3/l. 2) MOAYJb-
HOW OCHOBBI C JUCKPETHOW peaim3anueil acreKTHOMN
cTpykTypsl AO-Momenmn. OKa3bIBaeTcsl, TAKUM CITOCO-
OOM MOXHO BBIYMCIUTH MOMIYISIPU3ALINIO aCIEKTHOMU
CTPYKTYpBI JTI00011 Momymsipusupyemoir AO-Momenn.
[Ip1 HEKOTOPOM TEXHUYECKOM OTpaHUYEHUU OTCIoIa
BBIBOIMTCSI CYILIECTBOBaHME Hanbobiero AO-paciim-
pexnst. OHO MOOYNISIPU3UPYET B TOTHOCTH Bce AO-MO-
IIeJI, ACIEKTHYIO Pa3METKy KOTOPBIX MOXHO <«ITOMI-
HSITh» Ha MOXYJBHBIN YPOBEHb B BHUIAE PETYISIPHOTO
anumopdusMa.

Takum o6paszom, mepexoa K 00001eHHOH YacTHuy-
HOM TIpolLIeAype MOIYJIIPU3allUKM aCIIeKTHOM CTPYKTY-
pPBI TIO3BOJISIET TTO-HOBOMY B3IJITHYTH Ha €€ MCXOH-
HYIO TIOJIHYI0 (hOpMY M YCTAaHOBHUTH DS €€ BasKHBIX
cBoMcTB. OTHpPaBHBIM ITYHKTOM CIIY>KUT CJICAYIOIIMI
dakT: cyliecTBoBaHUE KOIpeesaa y 0ol quarpam-
MBI YACTMYHOW MOIYJISIPU3ALIMU SIBJISIETCS] KpUTEPUEM
cTpykTypupyeMocTn AO-TeXHOJIOTHN — HEOOXOIMMO-
TO YCJIOBUS CYIIIECTBOBAHMS ITOTHOTO AO-pacIImpeHMs
(cm. crmenctBue 1.3 Himke). Hampumep, aToMy KpuTe-
PHIO YIOBJIETBOPSIET TEXHOJIOTUSI COOBITUITHOTO MOJIE-
JIMPOBaHUS, TTOCKOJIbKY Jito6asi Pos-nuarpamMmma numeer
KoITpene.

Teopema 1. Acnexmmno-opueHmuposanHas mexHoao2us
cmpykmypupyema moeoa u moavko moeoa, Kozoa oua-
epamma yacmuuHoil mooyaapuzauuu aoooii AO-modeau
umeem Konpeoen.

Jloka3aTeabCcTBO. PaccMOTpMM TIPOM3BOJIBHBIE
AO-mmarpammer f: A«— C — B: gu f': A «—
— " — B': ¢, obnanaroiye KOIeKapTOBBIMU KBaI-
patamu po f =qgogup o f' = ¢ og’ cBepmmHamu D

u D’ coorBeTcTBeHHO. Ecnn AO-Mopdusmbr a : A —
— A',c: C —(C',b: B— B’ 0o06pa3yloT eCTeCTBEH-
HOE Mpeodpa3oBaHue 3TUX AUArPaMM, TO CYIIECTBYET
enrHCcTBeHHBIN c-DESC-Mopdusmd : D — D', ynos-
JIETBOPSIONINIA yemoBusiMdop = p' candoqg=¢ ob
(T.e. menaromuit Kyo B ¢-DESC, cocTtaBineHHBbI U3
JIBYX MapajIeJIbHbIX KOIEKapTOBBIX KBAAPAaTOB U MOP-
¢usmoB a, ¢, b, d, kKoMmyTaTUBHbIM). O003HAYUM
mophusm d uepe3 colim(a,c,b). Jlerko mpoBepuTh,
4To 151 Mo6oit moxkareropun B ¢c-DESCY, Bce 00b-
eKTBhI KOTOPO# 00JIamaloT KOIeKapTOBBIMU KBampaTa-
MM, oToOpaxkeHue colim siBysieTcst GyHKIMER Mopdhu3-
MOB (PyHKTOpa, NEHCTBYIOLIETO U3 3TOI MOAKATETOPU
B ¢-DESC, mepeBoas mo00ii ee 00bEKT B BEPIINHY
KoIeKapToBa KBaapara Ham HMM. B gacTHocTH, ec-
71 Bce auarpammbl u3 kiacca pmao(Ob AO) umeror
Kompenesa, TO MOXHO omnpeaeauTb GyHKTop pmod =
= colim o pmao : AO — ¢-DESC.

ITpoBepum, uto ByHKTOp pmod SBISIETCS JEBbIM
COTPSKEHHBIM K (YHKTOpY mod™ ¢ TOXIECTBEH-
HOW KOETWHMWIIEH, TaK YTO COTJIACHO OTpeleeHuo |
AO-TexHonorus cTpykrypupyema. ITocKonbKy mobas
AO-monenp u3 kiacca mod™ (Ob ¢-DESC) umeer Tox-
JIECTBEHHBIII MOp(MU3M B KavyecTBe pa3MeTKu, (PyHK-
TOp colim MOXHO BBIOpaThb TaK, YTOOBI BBIMOJIHS-
mock cootHomeHne pmod o mod® = 1.-pgsc.
IMokaxkeMm, uto it moobIx c-DESC-o06bekta P, AO-
momenun S = (A,l : sig(A) — L) u ¢-DESC-mop-
dusma p : pmod(S) — P cylIecTByeT eIMHCTBEH-
Helii AO-mopdusm 7 : S —  mod *(P) TaKoii, 4ro
pmod(r) = p. [elCTBUTENIBHO, MYCTh U A —
— pmod(S) < sig”(L) : v — pebpa Komnpeaena aua-
rpaMMbl pmao(.S), B YaCTHOCTH u 0 €4 = v o sig”(l).
Orcroma pouoey = powosig*(l), cienoBaTeNbHO,
sig(p o u) = sig(p o v) o [, Tak yro umeercss AO-Mop-
éusm (p o u,sig(pov)) : S — mod*(P). Baumy
npenjioxxeHus 3 mon aelictBueM dyHKTopa pmod OH
MEPEXOAUT B p, TTOITOMY SIBIISIETCSI UICKOMBIM 7 (€Tr0
€IMHCTBEHHOCTh BBITEKAET M3 TOTO, YTO lp M ep —
MOHOMOP(®U3MBI, KaK BUIHO Ha Juarpamme).
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C. I1. Kosanée

ax— 1 ey
|
: pou
u
sig*(!) !
| 8P
Pf——t—» p
Y :
|
sigH(L) = =—-~- - -»pmod(S) |
RS IP* q ilP
pToVv +
e
Pt l e p

OG6paTHO, TIPEAITONOXUM, 4YTO (YyHKTOp mod”
o6y1alaeT JIEBBIM COMNPSIKEHHBIM mod™™ AO —
— ¢-DESC ¢ ToxmectBeHHON KoeamHuiei. O0o0-
3HAYMM Yepe3 Kk eAWHUILy ITOTO COmpsmKeHms. st
nipousBosibHON AO-Monemu S = (A, 1l : sig(A) — L)
nonoxum T = mod™(S), s = mod (kg) : A — T.
Mo onpenenennio AO-Mopdu3zma nmeeM str(kg) ol =
= lgig(r) © sig(s) = sig(s), NO3TOMY TOXIECTBO KO-
eIMHMIIBI CONPSKEHUs sig™ — sig IJIsT § MOXHO 3aru-
cath B BUIE s 0 &4 = e o sigh(sig(s)) = w o sig™(l),
rie w = e o sig* (str(kg)). [IpoBeprM, 4TO OHO OITpe-
JeJisieT KOAEKapTOB KBajpaT — KOMpenes AMarpaMMBbI
pmao(.S). Beidepem mponsBosibHO napy ¢c-DESC-mop-
dusmoB a : A — X « sig"(L) : y Takywo, 4TO
aoey = yosig(l). pumensist HyHKTOD sig K 3TOMY
paBeHCTBY, TonydaeM sig(a) = sig(y) o [, Tak uTO
umeercsi AO-mopdusm [ = (a,sig(y)) S —
— mod" (X). ToxmecTBO eANHUIIBI [UTST HETO UMEET BUJL
f =mod*(q) o kg, tne ¢ = mod™*(f) : T — X. Ilpu-
MEHSISI K 9TOMY TOXIeCTBY (YHKTOp mod, Tojlyyaem,
910 @ = gos. [IpuMeHsist K HeMy Xe QyHKTOp str, ToJTy-
vaeM, 4o sig(y) = str(mod*(q)) ostr(ks) = sig(gow),
OTKyJa Yy = qow BBUAY YHUBAJEHTHOCTH (YHKTOPA Sig.
[MosToMy ¢ — cTpeinika Korpezena (ee eTMHCTBeHHOCTh
BBITEKAET W3 OIpeNesieHUsT COTPSIKeHUS: ISl JTH000-
ro c-DESC-mopdusma ¢’ cooTHomeHus a = ¢ o s
uy = ¢ ow BIekyr f = mod”(¢') o kg, OTKyHa
q =q). O

€
A* 4 > A
|
I

Slg *(Z) mOd(KS):

' sig*(str(ky)) Emod*¥(s) *
SigH(L) = = — == » mod **(§)*~ - — - mod **(S)

mod **(f)
X
Cneacreue 1.1. JImarpamMma 4acTUYHOW MOMYJISIPH-

3aluu 11000 Moaynsipusupyemoii AO-monenu umeer
Kormpenes, pedpo KOToporo, napajiebHoe IeCTBUIO

YaCTUYHOM MOMIYJSIpU3AallM, 3a1aeT MOAYJISIpU3aIInio
ACITEKTHOM CTPYKTYPbI MOJIEIIH. O

Cnenctsue 1.2. Moaynsgpusauusi aCeKTHOIR CTPYKTY-
pbl 110001 MoayasipuzupyeMoit AO-Moaenu sIBisieTcs
PeryJIIpHBIM 3MTUMOPGHOU3MOM. 0

CnencrBue 1.3. Eciu HekoTopast popmasibHast TEXHO-
JIOTUSI MIPOEKTUPOBaHUsI objamaeT MmojaHbiM AO-pac-
mupeHneM, To AO-TexXHOIOTUsI Hafl Hell CTPYKTYpUpY-
ema. O

Cnencrue 1.4. Ecnu kareropusi c-DESC nonsuxHa,
TO (hopMasTbHAsT TEXHOJIOTHS IIPOCKTHUPOBAHMST 00J1a1a-
eT HanbosmpmM AO-pacipenuem, mpudeM AO-Mo-
nenb (A, l) conepKuTcest Bero KoooJaacTH TOT/Ia v TOJIbKO
TOraa, KOrjaa CyliecTByeT perysipHbiil c-DESC-anu-
Mopdu3M ¢ obacThio A, mepexomdmnii B [ monx aeii-
cTBUEM (byHKTOpa sig. ]

HamomuumM, uto kareropusi c-DESC, paccmarpu-
BaeMasi BMecTe ¢ (BDyHKTOpOM sig, HasbIBaeTCs I0-
IBYDKHOMH (transportable) [11, ompenenenue 5.1], ecinm
g moosix c-DESC-o6bekTta A n SIG-n3oMophu3-
Ma ¢ ¢ obmacthbio sig(A) cymectByeT ¢- DESC-n3omMop-
dbusm j ¢ obiacTeio A, yIOBIETBOPSIONINI YCIOBHUIO
sig(j) = 4. Hampumep, kareropusi Pos c «3a0bI-
BaoM» GhyHkTopoM |—|: Pos — Set oueBUIHBIM
00pa30oM SBIISIETCS TTOIBUKHOM, TTO3TOMY BBUAY CIIEI-
cTBUS 1.4 TEXHOJOTHSI COOBITUITHOTO MOICITUPOBAHMS
obmamaer HaubonbuM AO-paciipeHueM, KOTOpoe
CTPOUTCS CIEAYIOINM 00Pa30oM.

0O603HaunM yepe3 HAOSM TmoHYI0 TTOAKATErO-
pUIO B KaTETOPUU BCEX ITOMEUEHHBIX CIICHAPUEB, CO-
CTOSIIIIYIO M3 BCEX OOBEKTOB, KOTOPHIC MOITYCKAIOT
YaCTUYHOE YITOPSIIOYEHUE CBOMX MHOXKECTB METOK,
MpeBpalliamlinee pa3MeTky B MOHOTOHHOE OTOOpaxke-
Hue. Broxenue kareropuu Pos B HAOSM, 3anatoiee
IHUCKPETHYIO pa3MeTKy clieHapwus, siBisietcss AO-pac-
IMAPEHNUEM: TIPaBBIM COIPSDKEHHBIM K HEMY CIIYKHAT
(yHKTOp, «3a0BIBAIOIINIT» Pa3METKY, a JIEBBIM COIPSI-
KEHHBIM — (DYHKTOP, TEePEBOASIINI MPOU3BOJIBHBIN
HAOSM-o6bektr (X,<,l : X — L) B 4acTUYHO
yropsiioueHHoe MHoxecTBo (L, <), tme < — mepe-
CeUYCHME BCEX YACTUYHBIX MTOPSAKOB Ha L, TIpeBpalia-
I011MX [ B MOHOTOHHOE OTOOpaXkeHue. ScHO, 4To KaTe-
ropust HAOSM coaepXXuT Bce ToMeuyeHHbIE CLieHapuu,
pa3MeTKa KOTOPBIX MOXKET OBbITh BOCCTaHOBJIEHA MO
TpaHchopMauyu Momyseil (T.e. HeIIOMEUCHHBIX CIIe-
HapueB), Kak onucaHo B KoH1e pasn. 4. Ects B HAOSM
M TIOMEUYEHHBIC CIICHAPUH, He 00JIagaloNIe 3TUM CBOII-
CTBOM, HaIIpUMeED CJICIYIOIINIA TPEX3JIEeMEHTHBIN Clie-
Hapuii ¢ IByMsI HECPAaBHUMBIMU 3JIEMEHTAMU, pa3Me-
YEHHBII IBYMSI METKAMU: @ < e — o. B cBOIO ouepep,
JIMTHEWHO YITOPSIIOUYCHHBIN CIICHApHii ¢ — 0 — o («IH-
TEePJIMBUHT») He comepxkuTcsd B HAOSM, Tak 4To Tex-
HOJIOTUST COOBITUMHOTO MOJIEIMPOBAaHUST He 00Jiagaer
nojHbIM AO-paciiupeHueM.
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6 3axkiouyeHue

DddexT oT MpUMeHeHUs TeOPUHU KaTeropuii K pop-
MaJIM3aliy TIPOIIECCOB CO3MAHUS IPOTPAaMMHBIX CH-
cTeM OOYCIIOBJIEH BO3MOXHOCTBIO SIBHO BBIPA3HUTh
OCHOBHBIE TIOJIOXKEHUSI OOIIEH Teopuu cucreM [6].
ITosToMy TEOpETUKO-KAaTErOpHOE aKCHMOMaTHUYEeCKOe
onucanue kKoHuenuuu AOII kak paciimpeHuss Mo-
IyJBHOTO TTOAX0Ja K MHTETPAIlU CUCTeM (hOpPMaTbHO
BBIpAKaeT ero CyTh C OOIIECUCTEeMHON TOYKHN 3PCHMUS,
KoTopas coriacHo [20] mpeacTaBisieT co00i COBOKYII-
HOCTb MPUHLMIIOB OOECIeueHUus1 adCTparupyeMoCTH,
MOIYJIbHOCTH, YIOOCTBAa COOPKMU CUCTEM B YCIOBUSIX
pacceuBaHus 3agad. B padorte ygangock cTtporo cgop-
MYJIIPOBATh U J0Ka3aTh ITyTEM BBIBOIA M3 aKCHOM PSIIT
YTBEPKACHUI, XapaKTEePU3YIOIINX KITFOUeBBIC BO3ZMOXK-
HocTu 1 orpaHnueHust AOIT Kak TaKOBOTO, MOCKOIbKY
€ro onucaHue He 3aBUCUT OT YACTHBIX MapagurM Mmpo-
rpaMMUPOBAHMUSI.

B pesynbrarte nosiBuiach BO3MOKHOCTb palliOHab-
HO MPUMEHSITh aCNeKTHO-OPUEHTUPOBAHHBIN MOIXO/,
IIPY TIPOSKTUPOBAHUU CJIOXHBIX TeTePOTeHHBIX IIPO-
rpaMMHBIX cucTteM, 3(@PEKTUBHO KOMOUHUpPYS €ro
C TPaIMIIMOHHBIM 00BEKTHO-OpHEHTUPOBAaHHBIM. Ha-
npuMep, s CUCTEM TEXHOJOTUUYECKOro yrpaBieHUs
ObLT (hopMaIbHO CMOAEIMPOBAH U 3aTeM peajn30BaH
MPOTrpaMMHBI MOAYJIb BEACHUST AMHOTO XKypHaa co-
OBITHIA, ¢ KOTOPBIM CBsI3aHBI (B cMbicie AOIT) mHO-
TOYNCIICHHBIE acTIeKThI 00pa0OTKM COOBITHIA: MOIYJIN
M3MEHEHMS Tacropra o0beKTa aBTOMaTHU3alluM, pac-
yeTta pa3HOOOpa3HbIX MoKa3aTenel, MPOBEPKU CO-
OTBETCTBUST (PaKTMUYECKOTO XOAa aBTOMATU3UPYEMBIX
MPOIIECCOB IIJIAaHOBOMY, OITOBEIICHUS YJaCTHUKOB
npoieccoB U T. 1. [21]. Takoe nuHamMHU4YecKoe CBS3bI-
BaHME acTICKTOB MO3BOJISIET TOHKO HACTpauBaTh MOPSI-
JIOK BBITIOJTHEHMST PACCESIHHBIX 3a1a4 HEMOCPEICTBEH-
HO B GYHKIIMOHUPYOLIEH cucTeMe, 6e3 Ty0TMpoBaHUS
X TIPOTPAaMMHOTO KOJa W BOOOIIEe 0e3 yJacThsl TIpo-
TPaMMUCTOB.
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FORMAL AXIOMATIC APPROACH TO ASPECT-ORIENTED
EXTENSION OF PROGRAMMING TECHNOLOGIES
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Federation

Abstract: The procedure of extending modular software systems design technologies by aspect-oriented techniques
is considered. The extension is described as enrichment of formal module models by labeling their interfaces
by concerns they handle which comprise aspect structure. A novel approach to separation of concerns based on
the natural modularizing aspect structure is proposed. Partial modularization of the aspect structure is proposed
to generalize this approach. In order to formalize these constructs at the general systems level independently
of particular programming paradigms, the category theory is employed. Software engineering technologies are
represented as categories with formal models of programs as objects and technological operations as morphisms.
The aspect-oriented extension of the technology is axiomatically described as a functor between such categories
that has appropriate right and left adjoints. The event-based approach to system modeling is employed as an
illustrative case of the aspect-oriented extension.
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YCTOMYUBBIE TUHENHBIE YCIOBHO OIITUMAJIbHBIE
OUIIBTPbI 1 SKCTPAITOJATOPHI IJIAA CTOXACTUYECKHNX
CUCTEM C MVJIBTUITNIMKATUBHBIMU TYMAMU

N. H. Cuaunpsin?, 3. P. Kopenanos?

Annoramusi: CtaThbs ITOCBSIILIEHA TEOPUU AaHAJIUTUYECKOTO CUHTE3a HeMPEePbIBHBIX pPABHOMEPHO aCUMITTOTUYECKHU
YCTOMYMBBIX YCJIOBHO ONTUMAJIBHBIX (IO CpeTHEKBAIPATUICCKOMY KPUTEPUIO) TUHEMHBIX (DMIIBTPOB M SKCTpa-
noJsitopoB (JIYOD u JIYOD) nns nuHeitHbIX 1 depeHInanbHbIX ctoxacTuueckux cucteM (CtC) ¢ TMHENHBIMU
MYJIBTUIUIMKATUBHBIMU IIyMamu. [Ipeamnonaraercs, 4To HaOMIOASHUE BXOAUT KaK B ypaBHEHUE COCTOSIHUSI, TaK
U B ypaBHEHME HaOMoneHNs. besbie IIryMbl B ypaBHEHMSIX HAOTIOICHUS M COCTOSTHUS TIPEIITOIaraloTCs 3a1aHHbI -
MU aripuopu B BUJIE MPOU3BOIHBIX TTO BPEMEHU OT MTPOU3BOJILHBIX ITPOLIECCOB C HE3aBUCUMBIMU TTPUPALLCHUSIMU.
Jloka3aHbl TeOpEMBI, JieXKallllie B OCHOBE TE€OPUU HEMpPepbIBHBIX YCTOWUMBBIX JIYOD u JIYOD. JloctaTouHbIE
YCJIOBUSI PaBHOMEPHOI aCUMITOTUYECKOM YCTOMIMBOCTH CPOPMYJIUPOBAHBI B BUIE TPEOOBAHUIA TTOJOKUTEIb-
HOI ONpeneeHHOCTH U paBHOMEPHON CTOXacTMYECKOM OrpaHMUYEHHOCTH HEKOTOPBIX MAaTpUIl, OTpakalolInX
CBOIICTBa HAOIIOAAEMOCTH 1 yrpaBisieMocTu. [IpuBeneH wimocTpatuBHBIN TpuMep. ChopMyInpoBaHbl HEKO-
TOpbIe 0000IIEHMSI.

KiroueBbie ciioBa: MyTBTUTUIMKATUBHBIN OENbIil 1IyM; paBHOMEpPHAsl aCMMIITOTUYECKasT YCTOWYMBOCTD; CTO-
xactuueckast cuctema (CtC); TOUHOCTB; ypaBHeHUE PUKKaTH; JTWHEHHBIN YCTIOBHO ONTHUMAIBbHBINA (DUIBTP

u akcTpanojsarop (JIYOD u JIYOD)
DOI: 10.14357/19922264150106

1 Bsenenue

B Hacrosiiee Bpemst Teopust JIYOD u JIYOD Ily-
rayéna JUisl HempepbiBHBIX JUHEHHBIX CTC c anau-
TUBHBIMU TAyCCOBCKMMU U HETAYCCOBCKUMU IITyMaMU
mopoOHO pa3paboTaHa U pean30BaHa B YHUBEPCaTb-
HBIX W CTEIMATbHBIX MPOTPAMMHBIX CPEACTBaX (CM.,
Harnpumep, [1-35]).

Hnst rayccoBckux CTC ¢ MYJIBTUILTMKATUBHBIMU
IyMaMyd B YPaBHEHUSIX COCTOSIHUSI W HaOTIONEHUS
B [1—3] moyiyueHBI COOTBETCTBYIOIIME MATPUYHEIE
ypaBHeHUsT Pukkatm misg oneHku TouyHoctu JIYOD
u JIYOD. I1pu 3TOM UX YCTOMUYMBOCTB ISl CTOXaCTUYE-
ckux npoueccos (CtIl) B Takux CtC He paccMaTpuBa-
J1ach.

B Hacros1ei cTaThe Ha OCHOBE M3BECTHBIX CBOMCTB
MaTpPUYHBIX ypaBHeHU I PUKKaTu moydeHs! 10CTaTOq-
HbI€ YCJIOBUSI PABHOMEPHOI aCUMIITOTUYECKOI YCTOM -
quBOCTH HelpepblBHBIX JIYO®D u JIYOD u ux teopusi.
ChopmynupoBaHbl JajbHelime 00001IeHUsI.

2 PaBHOMEpHO aCUMNOTOTHUYECKU
YCTOMYMBBIE TMHENHBIE YCIIOBHO
ONTUMAabHbIEe PUIILTPHI

PaccmoTpum HabI0maeMyto HellpepbIBHYIO (nud-
depertmanpHyo) CTC ¢ MyTBTUTUIMKATUBHBIMU 1 a1~

TUTUBHBIMU (B OOLIEM cCIydyae HeraycCOBCKMMU) Oe-
JILIMU 1IIyMaM¥, OTMCHIBAEMYIO CJIEAYIOIIMMU CTO-
XacTUUeCKUMM auddepeHITMaTbHBIMU YPaBHEHUSIMU
Hro [1-3]:

X, =aYi+ a1 X, +ao+ <010 +ZC1TYT +

r=1

+ ch,ny-i—rXr) Va th = XO;
= (1)

Ty

Yy = bY; + b1 X, + bo + <czo+2c2m+

r=1

+ 2627ny+TXT> vV, Yi, = Yo,
r=1

rne X; u Y, — BEKTOPBI COCTOSIHUSI M HaOIIONeHHUS
(dim Xy = ng, dimY; = ny); V = W — Genblil 1ym
(dimV = n,); W — BektopHbiii CtI1 ¢ He3aBUCUMBI-
MU TTPUPALICHUSIMU BIIA

W) =Wolt)+ [clo)Ptdp). @
R

3necy Wy (t) — BunepoBckuit CtIl MHTEHCHBHOCTH
vo(t); ¢(p) — HekoTtopast BekTOpHast (DyHKIIUST TOU

"Mucrturyr npo6aem nndopmatuku Poccuiickoii akaneMun Hayk, sinitsin@dol.ru
2WuctutyT npobieM nHdopMaTHKN PoccuiicKoil akazeMny Hayk, ekorepanov@ipiran.ru
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e pazmepHocTH, 4To U W(t), g-MepHOro aprymeH-
Ta, a WHTErpajl Mpu J0oM t > tg TIpeACTaBiIsieT
CcOo0O#l CcTOXacTUYECKUI MHTEerpaji Mo LEeHTPUPOBaH-
HOi1 TyaccoHoBckoit Mepe P°(t, B) MHTEHCHBHOCTH
vp(t, p), He3aBucUMOIt oT BuHepoBckoro CtIT Wy ()
U UMeIoNIell He3aBUCUMbIE 3HAUEHMST Ha HerepeceKa-
IOIIUXCS MHOXeCTBaX; B — O0peneBCKoe MHOXECTBO
MpocTpaHCcTBa R} ¢ BBIKOMOTBIM HavaioM. [1pu aTom
unteHcuBHocts CTIT W (t) onpenensiercst o dhopmy-
ne [1, 3, 5]

v=v(®) =)+ [ co)elp) ve(r.p) dp.

Rg
B(l)ao,bo,a,al,b,blncij(i:1,2,j:1, . ,nz)—
BEKTOPHO-MATpUYHble (DYHKLMU ¢, HE 3aBUCALIUE OT
Xi = X1 X, )" m Y, = vi-,,]". Cre-
nyd [1, 3, 5], ximacc gonmyctumbix JIYO® 3amannm im-
HEHBIM ypaBHEHUEM

:th aY; —i—alf(t—i—ao +
+ 6 [V - Y+ X+ b0)] - ()

3nech (B, u oy (4,7 = 1,2) onpenensiiorcst ypaBHe-
HUSIMU:

5,5 = (Rtbrlr + 0’12)0'2_21 3
Ny+ng Ny+ng
_ T T
012 = |c10 + Z CirMy | V | Cyo + Z Cop My
r=1 r=1
Ny+ng
+ Z 017«1/025 S )
T, s=1
Ny +Ng Ny +Ng
092 = |Co0 + Z CorMy | V 020 Z c2TmT

r=1

Ny +Ng

+ Y i (4)

Kosapuanontast Matpuua R, ommoKy Guisrpannu
X, = = X +— X YIOBJIETBOPSIET MATPUYHOMY YPABHEHU IO
Puxxatu:
Rt =a Ry + Rta’ll‘ —
— (Reb] + 012)055 (01 Ry + 021) + 011, (5)

rae
Ny+ng Ny+ng
_ T T
021 = | C20 + CorMy | V| C1o + CipMr
r=1
ny+nm

+ § Cercls rs 3

’I‘Sf

N +Ny

T T
o11 = | c10 + E CirMy | V| €19 + E Cip My
r=1 r=

N +1y

ny+nm

=+ g Cercls s -

’I‘S_

IIpy 3TOM BEPOATHOCTHBIE MOMEHTHI IIEPBOTO U BTO-

poro mnopsinka m; = [m;], Ky = [krs] BekTOpa Q; =
T

= [XY:] (r,s=1, , Ny + Ny;) OTIPEAEIISIIOTCS CIie-

IYIOIMMU YPABHEHUSIMU:

mt:amt+a0, Mg, = Mo ; (6)
Ny+ng
K; = aK+Ka" +coveg + Z (cove, +ervey )my+
r=1
Ny +ng
+ Y vl mem + k), Koy =Ko ()
r,s=1

(a=[o0] - ao=[2]

_ | C2r _
Cr = Llj , T—O,l,...,ny—an) .

Takum o0pa3oM, B ocHOBe Teopnu cuHTe3a JIYOD
JISXKUT CIICAYIOIee YTBEPXKICHME.

Teopema 2.1. ITycms npoueccor X u Yy 6 dugpghepen-
yuanvroi CmC (1) o6aadaiom KoHeUHbIMU 6ePOSIMHOCT -
HbLMU MOMEHmMamu 6mopo2o nopsdka, a mampuya (4)
He ebipodcoena (detoas # 0). Toeda JIYOD onpedens-
emcs ypagrenuem (3), a e20 MoHHOCMb — MAMPUHHbIM
ypasnenuem Puxkamu (5).

3amevanue 2.1. DwibTp, onpenessseMblii ypaBHEHH-
eM (3), onTuMasieH B KJIacCe BCeX JUHEWHBIX (DUIBT-
poB, ipuueM JIYO®D gBisgeTcsd onTUMaIbLHBIM U B 00-
Jlee IMMPOKOM KJlacce BCEX JIMHEMHBIX (DUIBTPOB.
B gactHoM cimygae mmHeitHol CTC (1) 0e3 MyJIBIH-
IUIMKATUBHBIX 1IYyMOB ypaBHeHUs (3) u (5) coBmama-
IOT C YPaBHEHUSMU TEOPUU ONTUMAIBLHOMN JIMHEUHOMN
¢unsrpanuu [1, 3]. Jlusg BUHEpPOBCKOIo Tpoliecca
Wo(t) mpu OTCYTCTBUM MYJIBTUILTUKATUBHBIX LIyMOB
JIYO® oxka3pIBaeTCsl ONNTUMAJIBHBIM M B KJIacce BCEX
BO3MOXKHBIX (DPUJIETPOB.

3ameuanue 2.2. OcobeHHOCTBIO JIYO® s1BNIsIeTCST TO
00CTOSITEJILCTBO, YTO My = My, K, = K,y M R = Ry
MOTYT OBITH BBIYMCJICHBI 3apaHee BO BpeMsl CHHTE3a
¢unmprpa, Tak KaK He TPeOYIOT 3HAHUS Pe3yIbTaToOB
TEKYIIUX HAOTIOICHU .

Hanee, IpUMEHSISI N3BECTHOE MAaTPUYHOE HEPABEH-
cTBO [6, 7] K ypaBHeHMIO Pukkatu (5), moayanm V¢ > tq
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0 < Ry(Ro,to) < ua(t,to)RouT(t,to) +
t

+ /uA(t, mVaualt, ) dr =
to
= wa(t,to) Rou(t, to)" + W(to,t) .

3/ech BBEAICHBI CIeayloNIue 0003HaueHus: Ry = Ry, —
HEOTPUIIATETBHO OMpene/ieHHast MaTpuia; u (¢, to) —
(byHmaMeHTaIbHAS MaTPHUIIa OMHOPOIHOTO YPaBHEHHS,
MOJIy4eHHOTO 13 ypaBHeHUsI Pukkatu (5):

Z=AZ, (8)
rue

T —1 —1 .
A= a1 — ﬁtbl = aj; — Rtbl 099 bl — 012099 bl ;
t

W(to, t) = /uA(t,T)c_ru(T)uA(t,T)TdT; 9
to
F11 = 011 — 01205 021 . (10)
HakoHen, 0600111as1 MOHSITHUSI paBHOMEpPHOI HaOJII0-
JTAEMOCTH W YIIpaBliieMocTH [6, 7], BBegeM IOHSTHE
PaBHOMEPHOI OrpaHUYEHHOCTH

0<agl, <WEt—tt)<asl, Vt>to+t, (11)
rie ai, ag, t' — MOCTOSIHHBIC, N = Ny + Ng; I, —
eMUHUYHAS (N X n)-MaTpHUIIa.

IIpaBas yactb (5) ymoBieTBOpsIeT YCJIOBHUIO JIWII-
IIATIA, TTO3TOMY MMeEET MECTO JIOKAJIbHOE CYIIECTBO-
BaHUE U eAUMHCTBEHHOCTH pelneHus (5). bojee Toro,
BEPXHSISI IpaHulIla peleHus (5) Mo3BOISIET ONPENeIUTh
MocTosiHHY10 Jlumiuiia Ha J1000M KOHEYHOM MHTEpP-
BaJIe BpEMEHMU. A 3TO 3HAYUT, YTO ypaBHEHUE (5) UMEET
rJ100aIbHOE eIMHCTBEHHOE pellieHne. MeTomoM netep-
MWUHUPOBaHHBIX GyHKIM JIsnyHoBa Buna £ = X R.&
IUIsT ypaBHEHWMSI (8) aHaJIOTUYHO [6, 7] ycTaHaBIMBaeTCs
cienyoliasi TeopemMa.

Teopema 2.2. [Tycmo 6 ycarosusx meopemot 2.1 cucmema
ypasnenuil (1) pasHomepHo énoaHe Habawoaema u pag-
HOMepHO eénoaHe ynpagasema, m.e. mampuya (9) no-
A0ACUMENbHO onpedenena U ebinoanenst yeaosus (11).
Tozoa JIYOD (3) pagnomepHo acumnmomu4ecku ycmoi-
Yug, m. e. MpUBUAAbHOE peuierue 00pazyemoeo uz (3) npu
Y, = 0, Y: = 0 ypasnenus (8) pasnomepro acumnmomu-
YecKu yCmou4ueo.

Cryyaif He3aBUCUMBIX aIIUTUBHBIX U MYJIBTUTLIN -
KaTUBHBIX HETayCCOBCKUX OenbIxX 1mymMoB Vi u Vs, coot-
BETCTBEHHO B YPABHEHMSIX COCTOSIHUSI U HAOJIOAEHUS
MoJIyJaeTcsl Ha OCHOBE ypaBHEeHU (1), eciv MpUHSTh

V=V v = [”1 0} ; (12)

0V2

Ny Ny
<Ci0 + Z CiT}/’I" + Z Ci,ny+rXr> V=
r=1

s=1

Ny Na
/ / / .
= cho+ D Yo+l X | Vi (13)
r=1 s=1
Ny+ng Ny+ng

/ / /T /T
Oii = <Ci0 + E cirmr> 1z <Ci0 + g Cir mr) s
r=1

r=1
oij =05 =0 (i #j);
011 = 011

Bt = RtbrlI‘O'Qal .

(14)
(15)

Teopema 2.3. [Tycmw npoueccot X; u'Y; 6 cucmeme ypas-
nenuti (1) npu ycaosusix (12) u (13) oonadaiom koneu-
HObLMU 6EPOSMHOCMHbIMU MOMEHMAMU 8MOP020 NOPAOKA,
a mampuya coo He ewipodcoena (det oaa # 0). Toeda
JIYOD onpedensiemces ypasnernuem (3) npu ycaosuu (15),
a ezo mounocme — mampuunvim ypasrnenuem (5). s
obecneuenus pagHoOMepHOU ACUMNMOMUYECKOLl yCmouyu-
eocmu JIYOD (3) docmamouro nosoxcumenvroil onpede-
nenHocmu mampuybt (9) npu yeaosuu (14) u pasromepHotl
oepanuyennocmu (11).

3 PaBHOMEpHO aCUMIITOTUYECKU
YCTOMYUBBIE IMHEWHBIE YCIIOBHO
OIITUMAJIbHBIE SKCTPAIOJIATOPHI

O606mmag [1, 3] Ha ciry4dait 6enbIX rymoB Vi u Vs BU-
na (2) 1 ¢ y9eToM TeopeMHI 2.1, IpumeM K CIeAYIOIIIM
YTBEPKICHUSIM.

Teopema 3.1. ITycmo npoueccot X, Y; 6 ypasHenusx

r=1

Xi=a1 X +ao + (CIO + ch,ny-‘erT) Vi,

Vi =W, Xy = Xo,
Vi = bY; + b1 Xy + bo +

+ <020 + Zy corYy + zm: Cz,ny+rXr> Va,
r=1

r=1
Vo=Ws, Yy =Y,
20e Wy = Wi (t), Wa = Wa(t) — Hezasucumbie npoyecchl
¢ He3a8UCUMBIMU NPUPAUEHUAMU, 00AA0AIOM KOHEUHBIMU
BEPOSIMHOCIMHbIMU MOMEHMAaMu 6mopoeo nopsidka. Toeda
ypasuenus JI1IYOD umerom 6uo:

X, = ay(t+ A) X, +ao(t + A) +
+ 6 [Yt —(BYy 4 bie K+ by — blg;lht)} . (16)

e =ult+At), (17)
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e u(t, 7) — QyHOaMeHmanrvHas Mampuya ypasHeHus.:
Uy = aq(t)uy ;
t+A

/ u(t + A, T)ao(T)dr .

t

(18)

Heobxo0umvle 015 @biMUCACHUS MAMPUY, T2 U (3¢ HAXO-
0amces coenacHo meopeme 2.3 041 COCMABHO20 6EKMOPA

T
[YtTXtT Xt } . Ponb mampuy c1,., Co, uepaom mampuiyb

[0c1p] u [cor 0], @ mampuya v — duaeonanvha. Ilpu
IMOM MOUHOCHb IKCMPANOAAUUU Onpedensemcs: nymem
UHMe2PUPOBAHUS CAEOYIOUe20 YPABHEHUS:

Ry =a1(t+ ARy + Riar(t + AT —

Ny +Ng Ny +Ng
— B <020+ Z czrmr> 121 <crzfo+ Z crzfrmr>—|—
r=1 r=1
Ny +Ng
+ Z C2rljlcg‘5krs ﬁ;&r"i_ Clo(t+A)+
r=1
Ny +Ng
+ ) et + A)mp(t+ A) | vt + A) x
r=ny,+1
Ny+ng
x et +A)T+ D en(t+A)Tm(t+A)| +
r=ny+1
Ny +Ng
+ > et At + Aers(t+ A) ke =
s=nq+1

= AAR; + RtAX + R BAR; +Ca,

npuvem o0ns obecneveHus [JdG’HOMepHOLVl acumnmomuve-
cKoll ycmoduueocmu docmamo4Ho 8bINOAHEHUS yCﬂOG’I/HZ

0<arl, <Wa(t—1tt) <asl,,

20e

Wal(t -t t) = / ua(t, 7)C(T)ua (t,7)Tdr .

3decb ua(t, ) — GyHOamMenmanvras mampuya 015 ypas-
Henun 7 = AxZ.

W3 (16) BumHo, uto JIYOD MOXKHO TIpeACTaBUTH
B BUe TocienoBareiabHoro JIYO®, ycumurenst ¢ Ko-
abduneHTom ycuwienus €; (17) u cymmaTopa, BBO-
ISIIIeTo HecnydaitHoe ciaraemoe hy (18). HalimeHHBII
JIYOD ontumaleH B Kjiacce BcexX JTUHEHMHBIX 3KCTpa-
nossgtopos [1-3].

4 IIpumep

Paccmorpum ciydaii, Korga CKayisIpHbIE ypaBHeE-
Hus (1) u (2) comepxkaT He3aBUCHUMbIe OeJble IITyMbI V3
uVs:

Xi = aYs + a1 X; + (c11 Xy + c12Yy) V1,
Y = 0Y; + 01X + (c21. Xy + co2Yi) Vo,
v1 0
v=|"1 .
|:0 V2:|
OO6patnM BHUMaHHME Ha TO, YTO C1, W Co 3IECh HE
Te, 9TO B ypaBHeHUsX (1). OHM MpencTaBIsTIOT CO00M
COOTBETCTBEHHO TE€PBbIE U BTOPBIE 2JIEMEHTBI MATPUILL-
T
CTPOK, Ha KoTopble yMHOXaeTcst BekTop [V Va| ™ B (1).

Jlst MpOCTOTHI OCTaBJseM [JIs1 HUX O003HAUEHUS C1,-
" ca,.. TOrIa UMeeM:

By = 09y b1 Ry ;
022 = va(c20 + co1my + coama)? +
+ a3y k11 + 2ca2¢21ka1 + c3oka2) .

VYpasuenus (6), (7) u (5), onpenensroniye m1, ms,
ki1, k12, k21, koo 1 Ry, UMEIOT CJIEAYIOLII BUI;

(19)

1 = aimi +amsg; 1z = bymy + bma;

feir = 2(arkys + aki2) +
+ v1(crima + crama + c10)? +
+v1(c k11 + 2c12c11k1 + 3okaz) ;
forz = (a1 + b)k12 + bikiy + akao s (20)
iz = 2(b1k1a + bkao) +

+ V2(C21m1 + coomo + 620)2 +

+ va(c3 k11 + 2eae1k12 + 3okaa)
Rt =2a1 Ry _02721b§R3+V1 (Cllml +c1omo +010)2+
+ vi(ci ki1 4 2c11c10k12 + clpkaz) . (21)

Cornacho (10) 11, BXoasIas B yCJIOBUSI YCTORYM-
Boctn JIYO® (teopema 3.1), onpeneinsieTcst popMyItoi

g11 = 011 = vi(crimi + crama + c10) +

+ vi(ci ki1 + 2c11c19k12 + Cokan) .

IMpu a = ag = ¢c12 = 0, a; = const JTYOD
MPEACTABISET COOOM ITOCIENOBATENbHOE COEIUHE-
Hue JIYO® u ycumutenst ¢ KOa(pOUIMECHTOM &; =
= exp(a1 ).

[IpupaBHuBas npasble YacT ypaBHeHuUit (19)—(21)
HYJIIO, HaliIeM YCJIOBUSI IJIsi CUHTE3a CTallMOHAPHBIX
JIYO® n JIYOD ¢ nocrostHHBIMU 3; = (%, Ry = R*,
g =¢&*:

2(a1kfl + akrz) +
+ i (c11 K]y + 2c12c11kT5 + claksy) = 0;
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2(b1kiy + bk3y) +
+ v (e k}y + 2c0c01 ko 4 Cookaox) = 0;
201 R* — o3y 'BPR*? +
+ 1 (Cilkh + 2c12c11kyy + 0%2@2) =03
B = 052—1[)1}2* ,
11 = Vi (clikin * +2ciciokis + ¢1ak3) ;
099% = 1/5F (C%lkﬁ + 2022021/61‘2 + C§2k§2) .
J1s1 paBHOMEPHOW aCUMMTOTUYECKON YCTONYM-

BocTu JIYO® nocTaTOuHO OTPULIATETLHOCTH KO3 -

LMEHTA
2 ok
V2R

1= *
022

A=a <0.

5 3axiiroueHue

ITonyuyeHo 00001IeHE U3BECTHBIX PE3YIBTATOB I10
TEOPUHU CUHTE3a HEIIPEePHIBHBIX pABHOMEPHO aCUMIITO-
TM4ecK ycToiumBeix JIYO® n JIYOD mig ciydas
HaOmogaeMbIx auddepeHunaabHbix CTC ¢ MyIbTU-
IUTMKATUBHBIMU HETAayCCOBCKUMMU OEJIbIMU IIIyMaMH.
ITpuBOANTCST MJUTIOCTPATUBHBII IIPUMED.

Pesynbratel MOTYT OBITH WCHOJB30BaHBI W IUIS
TEOpUM CUHTe3a IUCKpeTHhIX JIYOD u JIYOD
IUIST HeNpepbIBHBIX M aucKpeTHbIx CTC, ecam Boc-
MMOJIb30BaThCsl YKMCIIEHHBIMM METOAaMU ITTPUBEICHMUSI
HEIMHEWHBIX CTOXaCTUYECKUX MMM (hepeHITNaTbHBIX
ypaBHEHU K Pa3HOCTHBIM Ha OCHOBE OOOOIIEHHOMN
dopmynst Uto [2, 8].

[IpakTuyeckunii MHTEpeC MPeaCTaBIIsIeT 3a1a4a CUH-
Tte3a ycrtoiunBbix JIYOD u JIYOD mo Kpurepusm

YCTOMYMBOCTH, OTJIMYHBIM OT KPUTEPUST pABHOMEPHOM
ACHMIMTOTUYECKON YCTOMYMBOCTH, a TaKXKe ISl MC-
CJIeIOBaHMsI BOIIPOCOB 9KBUBAJCHTHOCTH Pa3JIMYHbBIX
ITUPOKOTOJIOCHBIX IITYMOB (B TOM YHMCJIe aBTOKOPPEJIH-
POBaHHBIX).
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STABLE LINEAR CONDITIONALLY OPTIMAL FILTERS
AND EXTRAPOLATORS FOR STOCHASTIC SYSTEMS

WITH MULTIPLICATIVE NOISES

I. N. Sinitsyn and E. R. Korepanov

Institute of Informatics Problems, Russian Academy of Sciences, 44-2 Vavilov Str., Moscow 119333, Russian

Federation

Abstract: The applied theory of analytical synthesis of linear conditionally optimal filters and extrapolators in
linear differential stochastic systems with white multiplicative non-Gaussian noises is presented. Efficient criteria
of unique asymptotic stability of conditionally optimal filters and extrapolators are formulated in terms of special
positive definite integral forms and unique boundedness of controllability and observability matrices. White noises
are assumed to be derivatives of additive and multiplicative non-Gausisan arbitrary stochastic processes with
independent increments. An illustrative example is given. Some generalizations are discussed.
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BbIEOP OIITUMAJIBHOW MOJEJIN KJIACCU®UKALIUU
®U3NYECKOU AKTUBHOCTU IO UBMEPEHUAM
AKCEJIEPOMETPA*

M. C. ITonosa!, B. B. Crpuxos?

Aunnoramusa: Pernaercst mpo6jiemMa OCTPOSHUST ONITUMAIBHBIX YCTOMYMBBIX MOJENIel B 3a1ade KiaccubuKalum
(usuyeckoit akTMBHOCTM 4enoBeka. Kaxkaplii TUM (GU3NYECKONH aKTMBHOCTH KOHKPETHOTO YeJI0BEKa OIH-
ChIBaeTCsl HAOOPOM TPU3HAKOB, CreHEPUPOBAHHBIX MO BPEMEHHBIM psiiaM C akcejlepoMeTpa. B ycaoBHsIX
MYJIBTUKOJTMHEAPHOCTH TIPU3HAKOB BBIOOP YCTOMYMBBIX MOJEel Kiaccu(uKairu 3aTpyIHeH 13-3a HeoO0X0-
JTUMOCTHU OLICHKHU OOJIBIIIOTO YKMC/Ia MapaMeTpoB 3TUX Mojesieil. OlieHKa ONTUMAaJIbHOTO 3HAUEHUs TapaMeTpOB
TaKKe 3aTPyJHEHA B CBSI3U C TeM, YTO (DYHKIIMS OLIMOOK MMEET OOJIBIIOE KOJUYECTBO JOKATbHBIX MUHUMYMOB
B IIPOCTPAHCTBE MapaMeTpoB. B paboTe uccienyoTest Moaeau, MpUHaJIeXale Kjaccy ABYCIOMHBIX HEHPOHHBIX
cereil. CraBuTCs 3amaya HaXoXxaeHUs [lapeTo-onTuMaabHOro (hpoHTAa HA MHOXECTBE JAOMYCTUMBIX MOJIC/ICIA.
TpemaraoTcst KpUTEPUK ONTUMAIBHOTO, MTOCAEI0BATEIBHOTO U YCTOMYMBOTO MPOPEKMBAHUS HEMPOHHOM CETH,
KpUTEpUIl HapallluBaHUsI CETH, a TAKXKE CTPOUTCSI CTPaTertsl MOIIaroBoii MoauGUKAIIMK MOJEIN C UCITOIb30Ba-
HMEM TPEIOXKEHHBIX KPUTEPUEB. B BBIUMCINTEIHLHOM 3KCIIEPUMEHTE MOJEIN, TTOPOXKIAEMbIE TIPEITOXKEHHO
cTparerueil, CcpaBHUBAIOTCS 110 TPEM KPUTEPUSIM KaueCTBa — CIIOKHOCTH, TOYHOCTU U YCTOMYMBOCTH.

KiioueBbie ciioBa: KJ'[aCCI/I(I)I/IKaL[I/IH; HCﬁpOHHLIC CETU, CIIOXKHOCTD, YCTOfI‘IPIBOCTB; OIITUMAJIBHOCTD 110 HapeTo;

KPUTEPUU TTPOPEXKUBAHUS U HAPATITUBAHUS
DOI: 10.14357/19922264150107

1 Bsenenue

Jnsa moay4eHus: TOUHOTO U YCTOMYMBOrO MPOrHO-
3a (PU3MYECKON aKTUBHOCTU YeJOBEKa HEOOXOAUMBI
METO/BI, TTO3BOJISIIONINE BEIOMPATDH afcKBAaTHBIC MOIC-
JIN M3 HEKOTOPOTO MHOXECTBA JTOITYCTUMBIX MOIEICHi-
npereHaeHToB. I[IpobGiema BbIOOpa Momeneil oOCyX-
naercsa B pabotax [1—3]. Hactpoiika mapameTpoB
VHUBEpPCAJIbHOW MOJIEIN SIBJISIETCS HETPUBUAJIBbHOM
MHOTOKCTPEMAJIbHOW ONTUMU3ALMOHHON 3aJayend.
[IpemraraeTcsa yrmpocTuTh 3Ty 3amady, paccMaTpUBast
Ha0OPHI ITOCTICIOBATEIEHO TTOPOKIAECMBIX YCTONINBBIX
MojeJiel 3alaHHOM CJIOXKHOCTU. Moeu mopoXxaaroT-
csl TyTeM MOAU(UKALIMU CTPYKTYPhl MCKYCCTBEHHOI
HellpoHHOI ceTu. Pellaercs 3amaya mocienoBaTesb-
Hol MoauduKauuu HelpoHHOI cetu. Tpebyercs mo-
JIy9UTHh HEHPOHHYIO CETh ¢ HEOOJBIITM YHMCIIOM CBSI-
3eil MexXIy HelpoHaMH, KOTopasi JOCTaTOYHO TOYHO
peliana Obl 3aga4y KjiaccupuKaluy pU3NIECcKon aK-
TUBHOCTU YeJioBeKa IO TTOKa3aHUsSIM akceJepoMmeTpa
1 obamajga ObI YCTOMYMBOCTHIO K BO3MYIIICHHSIM TaH-
HBIX. BBHIY 3TOro BO3HMKAeT 3amada MUHUMM3AIINN
CJIOKHOCTHM MOJENN 0e3 MOTepr TOYHOCTU KITaCCH(pM-
Kauuu [4].

Cy1uectByeT aBa 0a30BbIX TOAXOJA K PEIICHUIO 3a-
Jlau BBIOOpA ceTell OMTUMAIbHOM CTPYKTYPHI: Hapa-
wusanue cmpykmypot cemu (network growing) [5] u npo-
pexcusanue cmpykmypul cemu (network pruning) [6—8].

CoracHo repBoMy MOIXOAY B KaueCTBe HaYaJIbHOM
MOJIENIN BRIOMPAETCS CETh HEIOCTATOUHOM CITIOXKHOCTH,
pelIaoIast MOCTaBICHHYIO 3aadyy ¢ OOJBIINM 3HaUe-
HUeM (DYHKIIMU OLIMOKM, TIOC/IE Yero B CeTh 100aBIsI-
I0OTCSI HOBbIE HEMPOHBI U CBSI3M MexXay HuMu. B [5]
OIMCaHbl HEKOTOPbIE METOJbl HapalluBaHUs, TIpUBe-
IIeH CPaBHUTEIBHBIN aHAIN3 TeHETUICCKUX aJlTOPUT-
MOB C aJITOPUTMOM 0aiieCOBCKOI onmTUMM3aIn. B aj-
TOPUTMAX METOHAa IIPOPEKUBAHUS MOTUGUIIAPYSTCS
MHOTOCJIOIHAS CETh ¢ U30BITOYHBIM YK CJIOM HEHPOHOB
U cBa3eii Mexxay HuMmu. Knaccuyeckumu anropyurMaMu
MPOPEKUBaHUST HEMPOHHBIX CeTell SIBJISIIOTCS «optimal
brain damage» [7] u «optimal brain surgery» [8], ocHO-
BaHHBIC Ha BEIYMCJICHUN BTOPBIX IIPOMN3BOIHBIX (DYHK-
LUK olunoKu. Takke MOJydUIu pa3BUTUE eUbpudHble
aneopummbl, B KOTOPbIX OOBEIUHSIIOTCSI 00a YIOMSIHY-
THIX BbIlIe moaxoaa [9—11].

B naHHoli paGoTe mpeiaraercsl crpaterus Ioia-
ropoii MoauduKaluuyud HEWPOHHON CceTH, KOMOWHU-

*Pabora nomnepxana Skolkovo Institute of Science and Technology (Skoltech) B pamkax SkolTech/MITInitiative.
"'MockoBckmit (PU3MKO-TeXHUYECKHIT MHCTUTYT, maria_popova@phystech.edu
2 BpIauCIUTeIbHBIN LIeHTp PoccuiicKoil akaneMun HayK nM. A. A. JIoponHULbIHA, strijov@ccas.com
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pyioliasi 3Tanbl N00aBACHUST U YyAaJleHUs TapaMeT-
poB [12, 13]. Crparerust BKIo4YaeT B cebsl KpuUTe-
puY IpopeKUBaHUS U HapalliBaHUs CTPYKTYPhI CETH,
KPUTEPUN OCTAHOBA ITAIOB IO0ABJICHUS U yIaJeHUS
napaMeTpoB, a TakkKe KpUTEPUIA OCTaHOBA MPOLIETYPhI
Monudukaimu. CorinacHo MpeaoXeHHON CTpaTeruu
npolieaypa MonudUKaluu HaYMHAEeTCsl ¢ HeMpOHHOM
CeTU M3O0bITOYHOM CJIIOKHOCTU M YepedyeT ILaru yna-
JieHUs1 U Ao0OaBaeHus MapaMeTpoB 10 TeX IMop, IMoKa
3TOT TIPOLIECC HE CTAOMJIM3UPYETCS COIJIACHO KpHUTEe-
pH1IO OCTaHOBA MpolEeAypbl MoauduKauuu. Kputepuu
MPOPEKUBAHUSI U HapalllMBaHUs MO3BOJSIOT Ha KaxXK-
JIOM 1lIare TpoLenypbl MOAU(UKALIMU BEIOMPATh Mapa-
METp, N00aBIeHNEe WX yaajeHrne KOTOPOro YJIYy4IlUT
KauecTBO HelpoHHO# cetw. KadecTBO ceTu OlLEeHU-
BAaE€TCS IO TPEM KPUTEPUSIM: CJIIOKHOCTU, TOYHOCTH
u ycroitumBoctu [2, 14, 15]. Takxke mnpemiaraercs
paccMaTpuBaTh MPOLEAYPY MOIIAaroBoit MoaubuKauu
HEeHPOHHOI ceTH KaK MyTh B MHOTOMEPHOM KyOe.

B BbBIYMCIUTETBHOM SKCIIEPUMEHTE OMPECISIOTCS
3HAUEHMSI KPUTEpUEB KauyecTBa MJisi HEHPOHHBIX Ce-
Teli, TOPOXKIaeMBbIX TIPEIJIOKeHHOM cTpaTterueii. B ka-
YecTBE TECTOBOrO IMpUMEpaA paccMaTpUBaETCs 3amayda
Knaccudukauuu (GU3NIECKoir aKTUBHOCTU 4YeJIOBEKa
10 U3MEPEHMSIM aKcejaepomerpa [16].

2 ITlocraHoBka 3agauu

Jlana Beioopka © = {(x;,t;)},i € Z = {1...m},
cocrosiias U3 m OOBEKTOB X, KAXIbIA M3 KOTOPHIX
OTKCHIBAETCS N TIPU3HAKaMM, X; € R™, u mpuHamie-
KUT onHOMY U3 z kiaccoB t; € {0,1}%. Takxke 3a-
JIaHO pa3bueHNe MHOXECTBA MHIEKCOB BBIOOPKU I =
= LU7 HaobyJaonyo (x;,t;),? € L, 1 KOHTPOJIBbHYIO
(xi,t;),7 € T. Tpebyercst BBIOpaTh YCTOMYMBYIO MO-
IeJTh KiacCu(UKAIIMU ONITUMATBLHON CJIOXKHOCTH.

Onpenenenne 1. Mojaeabio Ha30BeM OTOOpaXkeHUe

(W, X )— Y
kx1 1xn 1xz

)

T .
mew = [wi,...,wj,....,wg] ,jE€T={1....k},—
BEKTOp IMapaMeTpoB Mozeiau; x € R™ ™ — marpuia
mraHa; y € {0,1}* — 3aBuUcuMast epeMeHHasl.

HpeﬂnonaraeTc;{, 4TO NCPEMCHHAA Yy — MYJIIBTUHO-
MHUAJIbHO pacipeacjaCHHasA cny'{aﬁHaﬂ BC€JIMYMHa, a 11¢-
PEMEHHAaA w UMCECT HOPMaAJIbHOC pacIiip€acJiCHUEC C Hy-
JICBbIM MaTEMaTUYCCKUM OXKHNJIAHUEM!

w~N(0,A7) (1)

rne A~ — KoBapHMalMOHHAsI MATPULIA TAPaMETPOB 00 -
IIETO BUAA, OJIOKHUTEIbHO-ONpeIe/IeHHas: WL Aw >
> 0 st mo6oro w € RF,

B naHHoI1 paboTe paccMaTpuBalOTCsSI MOAEIU, TIPU-
HaUIeXalue Kaaccy ABYXCIOUHBIX HEMPOHHBIX CETEN
¢ (pyHKUMSMU aKTUBALMU tanh u softmax:

a(x) = W3 tanh( W7 x); ()
Np Xz nXxXNp

) = _OP(@G)
> exp(a;(x))
j=1

BekTop f mHTepmpeTHpyeTcsl KaK BEKTOpP BEpPOSITHO-
CTeil: f¢ €CTb BEPOSTHOCTD TOTO, YTO BEKTOP X MPUHAJ-
JIEXKUT KJIaCCy C HOMEPOM &:

fx) ={fe}, 0<fe<1, ) fe=1, £=1...z.

ITon BekTOpPOM TMapaMeTpoB ABYXCIOMHON HEHPOHHOM
cetn Gynem nmounmath w = vec (W1 |W3), rie W,
u Wy — MaTpuubl BECOB IMEPBOro W BTOPOTO CJIOS
HelipoHHOI ceTn (2). BEKTOP Y = [y1, .., Ye, .-, Yz]T
OIpeaeIMM CIEeIYIOLIINM 00pa3oM:

1, ecnmm & = argmax (pe);
yf = 56{1)"'7z}

0 wuHave.

BekTop y — 3TO BEKTOp METKM KJlacca, MOJyYEeHHBIN
JUISI OOBEKTA X C TOMOLIBIO TOCTPOEHHOW MOJIENH, B TO
BpeMs KakK BEKTOp t — 3TO BEKTOpP METKHU KJlacca 00b-
eKTa X U3 BIOOpKU D).

Ilon cmpykmypnbiv napamMeTpoM IBYXCIOWHON
HEUPOHHOI ceTu OyeM MOHMMATh KOJTUYECTBO HEUPO-
HOB B CKPBITOM CJIO€ HEPOHHOM ceTn — Ny,. Matpuia
BECOB MEPBOTO CJI0ST UMEET Pa3MEPHOCTb 1 X N}, MaT-
pU1Ia BECOB BTOPOTO CJI0SI UMEET Pa3MEPHOCTb Ny, X 2.
Hanee OyneM cuuTaTh, YTO CTPYKTYPHBIN IapameTp
(brKcHpoBaH M OAMHAKOB IS BCEX paccMaTpUBaeMbIX
MoJeJIei.

Onpenenenne 2. ITapamerp w; Momenu f HasoBeM ak-
TUBHBIM, eciii w; # 0.

Onpenenenne 3. Crpykrypoit A momenu f HazoBeM
MHOXECTBO MHIEKCOB aKTUBHBIX ITAPAMETPOB 3TOI MO-
nemu A= {j:w; #0} C J.

Kaxnas crpykrypa A C J 3amaeT HEKOTOPYIO MO-
Jiesb

fp:Wwy € Rk s

e £4 — MoIemb co cTpyKTypoit A, a w4 € RF —
OINTUMAJTBbHBIN BEKTOp MapamMeTpoB Moxaenn f 4, omnpe-
JleJieHue KOTopoMy OyneT naHo Huxke. OObenuHeHue
Bcex f 4 Ha30BeM MHOXKECTBOM JOIMYCTUMbIX MO

§=(J{ta} 3)

ACT

OntumaibHyo Mozesb f 4 OyaeM BIOMpaTh U3 MHOXKE-
CTBa JIOMYCTUMBIX MOJeNel §.
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CornacHo rumnorese (1) o pacnpeaeseHUn MHOTO-
MEPHBIX CIIYYallHBIX BEJIMYMH y U W B KauecTBe (DYHK-
LIMY OLIMOKU BbIOEpeM (hyHKIIMIO

SWIK) == > tieln (fe(xs,w))

iek £=1

MaKCUMU3UPYIOLLYIO Jorapudm MpaBaonoaooust ciy-
YATHOM BEJIMYMHBI y U 3aJaHHYIO Ha pa30OMEHUN BbI-
0opku B, ompeaeJeHHOM HEKOTOPbIM MHOXKECTBOM
uHIekcoB K C 7, t; = [ti1, ..., tig, ..., tiz] T
Onpenenenne 4. ONTUMATEHBIM BEKTOPOM ITapaMeTPOB
Mozenu f 4 Ha30BeM TaKoi BEKTOp W _4, KOTOPBINA SIBJISI-
eTCs pellleHNeM CIIeAYIONIeH 3a1aui ONTUMU3AIIN:

W4 =argmin S(w4|L). “

w4 ERF

1T OIleHKM KadyecTBa MoOJeell W CpaBHEHMS MX
JIPYT C APYTOM BBEIEM TP KPUTEPHS KauecTBA — CJTOXK-
HOCTB, YCTOMYMBOCTH M TOYHOCTb.

Onpenenenne 5. CrnoxHocteio C = C(W) mozmenu f
C BEKTOPOM TapaMeTpoB W = [w1, ..., wy] HA30BEM
MOIIIHOCTh MHOXECTBa aKTMBHBIX MapaMeTpoB ITOii

MOIECIn
k

C(w) =Y [w; #0] = |A].

i=1

Yewm GoJtblire MOITHOCTh MHOXKECTBa aKTUBHBIX T1a-
paMeTpOoB, TeM CJIOXKHee MOJie/ib. MaKCUMaJIbHO BO3-
MOXKHAsI CJIOXKHOCTb MOJIEJIM paBHA Pa3MEPHOCTH TTPO-
CTpaHCTBa ITApaMeTPOB k.

Onpexenenne 6. YcroituuBoctbio 77 = 1(W) monenu f
C BEKTOPOM MapaMeTpoB W Ha30BEM UYHUCJIO 7, paBHOE
YUCIy 00yCcIOBAEHHOCTU MaTpulbl A (1), T.e.

)\max

n(w) =

)
)\min
II€ Amax — MaKCHMMaJIbHOE, 8 Apin — MUHMMAaJIbHOE
COOCTBEHHOE YMCJIO MaTpUIIbl A.

Yewm ayuie oOyciaoBiIeHa MaTpulia A, TeM Oojee
yCTOIUMBA MOJie/Ib. Y aOCOIIOTHO YCTOMUMBOI MOJEIN
Amin - Amax; n = 1.

Onpenenenne 7. [Tox TouHoCTRIO S Momenu f ¢ BEKTO-
pOoM TTapaMeTpoB W OyJIeM IMTOHUMATh BEJIUUMHY (PyHK-
1IUY OIIMOKMU (3) Ha KOHTPOJIBHOI BHIOOPKE.

Yem Oogblile 3HaueHUE (DYHKUIMUU OLIMOKMU, TeM
MEHBIIIE TOYHOCTb MOJIEIIH.

BBemeM Ha MHOXeCTBE HOMYCTHUMBIX Mopemeir F
OTHOIIIEHNE HOMUHUPOBAHMS. bymeM roBOpPUTH, UTO
modens £ domunupyem nad modeavio £ 1 0003HAYATH
f' ~ f, ecnn

c'<Cy

n<n; S8 < S,

rne C, n, SuC’, n', S’ — CIOXHOCTb, YCTOWYUBOCTh
1 TOYHOCTH Mogeiei f u f7.

Onpenenenne 8. Momens f € F Ha30BeM ONTUMATbLHON
no Ilapero, ecnu He cyuiectByeT f/ € F Takoi, 4To
'~ f.

Onpenenenne 9. MHOXecTBO onTUMaTbHBIX TT0 [Tape-
TO Mozeneit HazoBeM [lapeTo-onTuMaabHBIM (PPOHTOM
POF3 MHOXeCTBa 1OMYCTUMBIX MOZETIEH §.

3agaya BBIOOpa ONTUMAJIBHON MOMIETN COCTOUT
B TOM, 4ToObl HaiiTu [lapeTo-onTUMaabHBI (DPOHT
POF3 MHOXeCTBa 1OMYCTUMBIX MOZETIEH §.

3 Crparerus noiiaroBoi
MoaupUKaLuU MOJIEIN

Onpenenenne 10. CtpaTerueii moiaroBoit Moauduka-
LIMM MOJIEJIM Ha3bIBaeTCsl MPOLeAypa MOCIeI0BaTEIb-
HOI'O U3MEHEHUsI MOJIEIM, B KOTOPOI Ha KaXKIOM LIare
peliaeTcst ONTUMU3ALMOHHAS 3a71a4a BUIA

j=argoptQ(Wy4),
jeA
rae () — ONVH U3 BHIIIETIPUBEIEHHBIX KPUTEPUEB Ka-
YyecTBa WM uX [lapeTo-onTuMaibHbIi Habop.

CTpaTeFI/IH 3agac€Tcd CacayrolmmMm MareMaTmnuyc-
CKUMU O0OBEKTaAMMU:

— HaOOpOM KPUTEPUEB OINTHUMU3ALNUA — CIOX-
HOCTbIO, TOYHOCTbIO, ycToiunBoctbio {C, S, n},

— HaGopOM OrPaHUYEHUIl HAa CTPYKTYPY U MapaMer-
permMonemi A C J, w = Wy u3 (4),

— KPUTEPUSIMU OCTaHOBA IIMaroB yaajdeHus (cM. (9))
u no6asieHus (cMm. (10)),

— KpuUTepUeM OCTaHOBa IPOLEeyphbl BbIOOpa Moje-
m (cM. (11)).

JeiicTBYsl COMJIaCHO CTpaTernu, OylaeM W3MEHSTh
CTPYKTYPY MOJEIU, YyHajisis U3 Hee 3JIeMEHThl M J10-
OaBsist ux cornacHo (11).

J1J1s1 oTIpenesieHnst MHAeKCa napaMeTpa j, KOTOpblii
JIOJKEH OBbITh ylaJeH U3 MOJIeU WK 100aBJieH B Hee,
HIVDKE MpeIaraeTcsl HECKOJIbKO KPUTEPUEB ONTUMU3a-
MU MOJIEJTH.

3.1 Kputepuii onTuMaabHOro
MPOPEXUBAHUS

DTOT KpUTEPUii TO3BOJISIET BBISICHUTD MHACKC TTapa-
MeTpa, yiajeHrne KOTOPOTo MPUBEAET K MUHUMU3AINN
npupaiieHus: GyHkiuu omuoku (3). g dyHkiuu
OIIMOKM MCIOJb3yeTCsl JIOKaJbHAsl aIpoKCUMalIUs
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BOJIU3U HEKOTOPOro JOKaJbHOTO MMHMMYMa BEKTOpPa
nmapaMEeTpoOB Wy

S(wo + Aw) = S(wo) +g" (w,)Aw +

4 % AwTHAw + O(|| Aw ),

roe Aw — BO3MyILIEHHE BEKTOpa lTapaMeTPOB B TaHHOU
TOUKE Wo; g(W,) — BEKTOp IpajMeHTa, BEIYUCIEHHBII
B Touke wo; H = H(w,) — MaTpuia BTOPBIX MPOM3-
BOJIHBIX QyHKIIMM oinOKu. [Tpennonaraercs, 4yTo Mat-
putia BTopbix nipousBoanbix H = H(w) — auaronaib-
Hasl, a QYHKIMS OIIUOKU B OKPECTHOCTH TJTI00AJTbHOTO
WM JIOKAJIbHOTO MUHUMYMa SIBJISIETCSI KBaAPATUIHOIA.
Ha ocHoBaHMM 3TUX TUIIOTE3 allIIPOKCUMAIIAS (hyHK-
IIUY OIIMMOKM 3aITMCHIBACTCS B CIICAYIONIEM BUIC:

AS = S(wo + Aw) — S(wg) = %AWTHAW.

[MycTb w; — HEKOTOPBII MapaMeTp. YialeHUe 3TOro
mapaMmeTpa (IIpucBaMBaHUE eMy HYJICBOTO 3HAYCHMS)
SKBUBAJICHTHO BBITIOJTHCHUIO YCIOBUS

e7T Aw+w; =0,
e e;-r — BEKTOp, BCE 3JIEMEHTHI KOTOPOTO PaBHBI HY-
JII0, 32 UCKJTIOUEHUEM j-TO, KOTOPbII paBeH eAMHUIIE.
Taxkum obpasom, rosaydyaem 3aaady yCJIOBHOM MUHUMMU -
3aluun

1
AS = 3 AwTHAwW — min; e;-FAW +w; =0.

)1)'[9[ peHICHUA 3TON 3aga4yun CTpOMM JiarpaH>XHnaH
L= 1awTHA — Xi(ef Aw + w;)
=3 w w i(€j AW +wj).

IMpomuddepenurpopas L 1o Aw, IToaydaeM 3HaUCHUE
JlarpaHXuaHa L JUIsl aJleMeHTa w;:

rne H~! — marpuua, o6parHas reccuany H; [H™1]; ; —
-1 AMaroHaJlbHBIN 3JIEMEHT 3TOI MaTpULIbl. 3HAUEHUE
JlarpaHXuaHa L; Ha3bIBAeTCs BBIMTYKJIOCTBIO w;. BbI-
IYKJIOCTh L; ONUCKHLIBAET POCT CPEAHEKBAAPATUYHON
OIIMOKY, BBI3bIBACMBII YAAJICHUEM ITAPAMETPA W);.

Kpurepuo onTuManibHOTO IIpOpeXKMBaHUSI OTBeYa-
€T mapamerp w;, COOTBETCTBYIOINI MUHUMAJIbHOMY
3HAYEHUIO BBIITYKJIOCTU:

5’ =argmin L, . (®))
JEA

3.2 Kputepuii mociaeaoBaTeIbHOIO
IIPOPEKUBAHUS

B xauecTBe BTOPOro KpUTepus IpeaiaraeTcs poc-
TOM KpUTEPH I ITOCIIEA0BATEIBHOTO yIAJIEHUS ITapaMeT-
pOB w; — KOMITOHEHT BekTopa w. OCHOBHOIT uneeit
5TOTO KPUTEPHUS SIBISICTCS TIPUHIIMIT JIOKATbHO-OITH -
MaJIbHOTO BbIOOpa — KPUTEPUIO OTBEYAET MapaMeTp w,
0e3 KoToporo (pyHKIHs olnOKM (3) oKa3bIBaeTCsI MU~
HUMaJIbHOM.

151 HaxXOKIeHUS TTapaMeTpa, OTBEYAIOIIEeTO STOMY
KPUTEPUIO, pelIaeTCs 3amada

J =argmin S(w4 \ w;|T). (6)
JEA

3.3 Kputepuii ycTOMYMBOrO MpoOpeKMBaHUS

I[ToMyMO BBITIICONTUCAHHBIX KPUTEPUEB Tpejiara-
eTCS KPUTEPHUI YCTOMYMBOIO MPOPEXKUBAHUS, OCHO-
BaHHBII Ha MoauduKauuu meroaa bexcnu [17, 18].

ITycte W — MaTpuiia peaiausainii OnTUMaTbHOTO
BEKTOpa MapaMeTpoB W, OIpeaeeHHOro B (4) U pac-
CMaTpUBaEMOTO COrjIacHo (3) Kak MHOTOMEepHasl CJIy-
yaiiHasg BeJnuyuHa. [1ycTh 5Ta MaTpulia MUMEET pa3Mep-
HOCTb 7 X k. BBIITOJTHUM €€ CUHIYJISIPHOE Pa3IoKeHUe:

W =USVT, 7

rme U n 'V — opToroHajabHBIC MATPUIIBI pa3Mepa r X r
u k x k, mpu 3TOM r — KOJUYECTBO OLEHOK, a k —
pa3MepHOCTh BeKTOpa MapaMeTpoB w; A — MaTpu-
112, Ha AUaroHaJau KOTOPOUl CTOSIT CUHTYJISIpHBIE Yuca
Matpuibl W.

I1o onpeaenenunio KoBaprualMoOHHas MaTpUlla BeK-
TOpa mapaMeTPOB W BEIYUCIISIETCS KaK

A = cov(W) = E(WTW) — EW)E(WT) =
= E(W'W).

ITocnenHee paBeHCTBO BHIMOJIHSIETCS B CUITY TPEANONIO0-
>KEHUS O TOM, YTO MaTeMaTUYeCKOe OXXKMIaH1e BEKTOpa
napamMeTpoB paBHO Hymo: E(w) = 0. 1o matpuiie pe-
amuzauuit W MHOTOMEPHOM ClTydyaifHOI BEJIMYMHBI W
KOBapHaIMoHHas MaTpHIla MOXeT OBITh OLICHEHA Clie-
JIYIOIIM 00pa3oM:

1
A7l =-wwT,
T

Y koBapMallMOHHOI MaTPHUIIbl €CTh HYJIEBbIE CTPOKHU
¢ uHAeKcaMu u3 MHoxectBa J\A, rme J — MHO-
JKECTBO MHIEKCOB BCeX MapameTrpoB moxenu, a A —
MHOXECTBO MHAECKCOB aKTUBHBIX MapaMeTpoB. Takum
00pa3oM, KoBapuallMOHHAs MaTPHULIA SIBJISIETCS] HETTOM -
HOPaHTOBOWA.
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Hcnonw3ys cuHryasipHoe pasnoxeHue (7) MaTpu-
bl W, MOJIyu4uM BhIpakeHMe Ul MaTpuLbl AL

A7l = (WWT) = (UAVTVATUT) =
= (UAATUT) = UuA?UT,

WNHpexcoM 0OYCIOBIEHHOCTH 7)¢ Ha30BEM OTHO-
IIEHNE MAKCUMAaJIbHOTO 3JEMEHTA Apax MATPULBI A
K (-My 10 BeJINUMHE JIEMEHTY A¢ 9TOI MaTPULbL:

Tak KaK KoBapuallMOHHAas MaTpuua A ' Heros-
HOpAHTOBasl, TO HEKOTOPHIC 3HAYCHUST MHICKCOB 00Y-
CJIOBJICHHOCTH He ompeeaeHbl. YToOB! n30eKaTh 3TOU
MPO0JIEMbI, VCKITIOUMM U3 PACCMOTPEHUS MapaMeTphbI
¢ IMCIIepCUeil, MeHBIIEH HEKOTOPOTO Mopora «, 1 10-
0aBMM K KaXXIOMY 3JIEMEHTY, CTOSIIIIEMY Ha THarOHaJIn
KOBapMaIMOHHOI MaTPUIIBI, HEOOJIBIIIOE TUCIIO 7.

OleHKaMM TUCIIEPCUM TTapaMeTpOB OYAyT AMAro-
HaJIbHBIE 271eMeHThl A ™!

U(wc) = Aggl .

HloneBoit KOOPOULIEHT ¢¢; ONPENENUM KaK BKJIaL
j-TO MpU3HaKa B AUCIIEpCUIO (-TO dJIEMEHTa BeKTopa
MapaMeTpoB W:

= Ny
o(we)

Haxonum uHAeKCchl 0OYCIOBICHHOCTU U JOJIEBbIE
K03 GUILIMEHTHI 11 HAOOpa aKTUBHBIX ITapaMeTpoB A.
Bonbinme 3HaueHNsT MHAEKCOB O0YCIOBIEHHOCTH YKa-
3BIBAIOT HA 3aBUCMMOCTH MeXIy Tipu3Hakamu. [Toato-
My IIJISI HaXOXIEeHUs TapaMeTpa, OTBEYaIoIlero STOMY
KPUTEPUIO MPOPEXKUBAHUSI, HAXOAUM MaKCUMaTbHbIN
UHAEKC 00YCIOBICHHOCTU

f = argmaxrc .
CeA

3areM HaXoIUM MaKCUMaJIbHBIN 107eBOi Koadduim-
€HT, COOTBETCTBYIOIIMI HaliIEeHHOMY MaKCUMaJTbHOMY
MHJIEKCY OOYCIIOBICHHOCTH 1)

J = argmax ;- 8)
JEA :

[lapameTp w; ¥ €CTh MapaMeTp, OTBEYAIOLINI KPHUTE-
PUIO YCTOMYMBOTO MPOPEKMUBAHUSI.

3.4 Kputepuii mocaeaoBaTeIbHOTO
HapallvBaHUs

Kpurepuii mocienosaTebHOrO 100aBIeHUS Mapa-
METpPOB, KaK M KpuTepuii (6), OCHOBaH Ha MPUHIIUIIE

JIOKQJIbHO-ONTUMAJbHOIO BbIOOpAa — KPUTEPUIO OT-
BeyaeT MapameTp, MpU JA00aBAEHUU KOTOPOTO B CETh
(byHK1Ms o1oKY (3) MUHUMAJIbHA.

JL1st HaXOXIeHWST TTapaMeTpa, OTBEYATIOIIETO 3TOMY
KPUTEPUIO, pelaeTcs 3aaada

J = argminS(w4 Uw,;|7T).
JET\A

3.5 Onucanue 6a30BO¥ CTpaTEruu

Crtparerus nouaroBoit MoaubuKauu MoJeau co-
crouT u3 nByx atanoB — Del u Add. Ilepen Havaiom
MpoLeaypbl MOAU(UKAIIMY BCE TapaMeTPbl MOJIEIN aK-
TUBHBEL.

Oran Del. MmeMm mapameTp ¢ WHIEKCOM j’, OTBe-
YalollMi OMHOMY U3 KpUTepueB mpopexuBaHus (5),
(6) wu (7), ¥ yaaasieM ero U3 MHOXKECTBa aKTUBHBIX
apaMeTpoB:

A=A\j.

Oran Del moBTopsieM 10 Tex Top, TOKa OLIMOKa
S(w_4|7) He MPEBBICUT CBOE MUHUMAaJIbHOE 3HAUeHMe
Ha JaHHOM 3Tarle 0oJjiee YeM Ha HEKOTOPOe 3aJaHHOe
3HaueHue 657. Kpurepmem octanosa mara Del sBis-
€TCs ClieAyIolee YCIOBUE:

S(WA|T) > Smin + 051, 9)

IIe Smin — HEKOTOPOE 3alaHHOE 3HAUEHHUE.

Oran Add. B momenm wimem mapamerp j’, OTBe-
YaIOLIUi KPUTEPUIO HapalnuBaHus (8), 1 1obaBisieM
HalIeHHbII ITapaMeTp BO MHOKECTBO aKTUBHBIX ITapa-
METPOB:

A=AUjJ.

Kputepuem ocranosa miara Add siBiasieTcsl BBIIOTHE-
HUE YCIOBUS

S(WA|T) > Smin + 052, (10)

rae Spin — HEKOTOpoe 3amanHoe 3HaueHue. Ha puc. 1
MpuBeAeH rpaduk, AEMOHCTPUPYIONIMI M3MEHEHUE
byHKIIMM OLIMOKM TP yAaJIeHUM TTapaMeTPOB 13 MO-
Jeau. AHaJOTUYHBIM 00pa3oM BeneT cedsi hyKHIUS
OLIMOKM TIpU A00ABJIEHUU MapaMeTpoB B Moaeb. M3
rpadpuka BUAHO, YTO 3Ta 3aBUCMMOCTH UMEET MUHU-
MyM, a 3HAYUT MOJIEJTH C OOJIBIITUM YK CJIOM TTapaMeTPOB
He SIBIISTIOTCS HanboJsee TouHbiMU. Ha puc. 2 mokasaHo,
KakK corjacHo KpurtepusM octaHoBa (9) u (10) cmeHs -
I0TCSI 111aTy YAaJeHUs U 1O00aBICHMSI.

[Mpouenypa MopnduKammy mpomoKaeTcst 10 TexX
Top, TMOKa TMPoIecC He cTabuam3npyercs. B kauecTse
KpUTEPUS CTAOWIN3ALIMHY NTPEIJIATaeTCs UCITOIb30BaTh
SHTPOIMUIO UBMEHEHUS CTPYKTYPbl MOIEJIN:

k
H(A,A) = =" plaj, a}) In(p(a;, d}))

J=1

n
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MHOXECTBA TOMAPHBIX HOPMHUPOBAHHBIX PACCTOSI-
HUil X9MMHHIa MEXIy dJieMeHTaMu HabopoB A =
={a1,...,ax} m A" = {d},...,a},}, nony4eHHBIX Ha
IBYX MOCJIEI0BATENIBHBIX UTEPALIMSIX AJITOPUTMA CIIEY-
IOLIUM 00pa3oMm:

e — 1, ecmmw; #0;
;=
0, ecmw; =0.

IMpouecc cuurtaeTcs CTaOWIBHBIM, €CJIM 3HTPOIUS
H(A, A") He MpeBOCXOINUT 3aTaHHOTO MOPOTa.

4 Ilytb B k-MepHOM KyOe

B nanHoli 3amave OyaeM MMeThb €O C BEKTO-
pPOM TapaMeTpoB pa3MepHOCTH k. DTO O3HAYaeT, uTo
cyuiectByeT 2F BapMaHTOB CTPYKTyphl Mozenu. M3
51X 2F BO3MOXHBIX BapMaHTOB CTPYKTYphl BbIOMpA-
I0TCSl ONTUMaJIbHbIe. Bce BapMaHThI MOXKHO TIpejicTa-
BUTb B BUJIE BepUIMH v k-MepHoro kyoa U. W Torma
cTparerus 3aaeT myTh V 110 ero BeplIMHaM. DTOT IyTh

3aKaHYMBAeTCs B HEKOTOPOM BepIIMHE ¥V, K KOTOPO
CXOmUTCs Tiporienypa Momudukauuu. bymem uckarb
ONTUMAaJIbHbIE MOJIEJI B HEKOTOPOI OKPECTHOCTH BEp-
IMAHBI V. Tak KaK OXBaTUTh BCE BO3MOXHBIC BAPUAHTHI
CJIMIIIKOM TPYIOEMKO, TO B KaueCTBE OKPECTHOCTU V
OyneM paccMaTpUBaTh BEAYIIUIA K V TIYTh ITO BEpIIMHAM
Ky0a, IOJy4eHHBbII 110 ONTMCAHHOM BBIILIE CTPATETUH.

IIpumep 1. B 3TOM npumepe rcmosib3oBajgach BbIOOP-
Ka{x;,yi},t € {1,...,177}. Kaxmuplii 06bEKT BIGOPKM
onuchiBajicd 6 MpU3HAKAMU X1, ..., X¢ U IPUHAIIE-
JKaJl OMHOMY M3 TpeX KiaccoB. CXeMaTUYHO B3aUMHOE
pacrnojioXeHne BeKTOPOB X1,--.,X¢ U300pakeHO Ha
puc. 3.

Jns kiaccuuKaluy TaKoi BBIOOPKU MOAUDULIM -
poBajach IBYXCJIOKMHAs HEUPOHHAS CETh C OMHUM Heli-
POHOM B CKPHITOM cjioe. COBOKYITHOE YMCIIO TTapa-
METpPOB Takoili ceTu paBHO AeBsATU. HelipoHHast ceThb
MoauduimpoBaiack 3a 11 utepauuii. Ha puc. 4 u3o6-
paxkeH IyTh MO BeplUIMHAM NeBITHUMepHoro Kyba. Ilo
BEPTUKAJIM OTJI0XEH HOMEp MapaMeTpa, 1o ropu30HTa-
JI1 — HOMep utepauuun. YepHas KieTKa 03HA4YaeT, 4To
MapaMeTp ¢ MHAEKCOM j — aKTUBHBI, Oesiasi KieTka —
napaMmeTp HeakTUBHbIN. Hanpumep, Ha nisToii utepa-

X6

Puc. 3 danusie

Homep napamerpa

1 2 3 4 5 6 7 8 9 10 11 12
Howmep urepanun

Puc. 4 Ilyrts B xy6e
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LIMY U3 CEeTU OBbUT yaajeH mapameTp 9, a Ha OIMHHA-
JIIATOM UTepalMy 3TOT MapaMeTp ObLI CHOBa 100aBIEeH
B CETh.

S BpruMcauTeNIbHbBINA SKCOEPUMEHT

C 11e71b10 TIOTYYINTh 3HAUCHNE KPUTEPHEB KadecTBa
OIMMCAHHOM CTpPaTeTWH OBUT TIPOBEICH BBIUYMCIUTEIb-
HBII 3KCITIepUMEHT. VIcTomb30BaInch JaHHBIC aKcee-
poMeTpa MoOubHOro TenedoHa. JaHHBIE COCTOSUIN
u3 5418 BEKTOpPOB MNMPU3HAKOB, KOTOPbIE ObLIM IIO-
JIy4eHBI B pe3yjIbraTe 0OpabOTKM COOTBETCTBYIOIINX
BPEMEHHBIX PSAOB. bbLI0 BbimeneHo 43 mpu3Haka
n 6 KimaccoB (U3NYECKOW aKTUBHOCTH: XOIbba, Oer,
CUJeHUE, CTOSTHUE, TMIOABEM UM CIIYCK. BpeMeHHEIe psi-
JIbl 3aMUCHIBAJINCH aKCEAEPOMETPOM MOOUJIBHOTO Te-
JiechoHa, KOTOPHIN HAXOAWJICS B KapMaHe y YesloBeKa,
BBITIOJTHSIIOIIETO OOWH M3 TUIIOB (PM3MUECKON aKTHUB-
HocTu. JIIs1 BbIOE/IEHMS] MIPU3HAKOB BPEMEHHbBIE psi-
IIbl pa3fesIsIuCh Ha JeCITUCEKYHIHbIE cerMeHThl. M3
STHX CETMEHTOB WM3BJICKAJIKMCh TMPU3HAKK, TaKHe KakK
MPOEKIUU CPEAHEro YCKOPEeHUsI Ha KOOpAWHATHBIE
OCH, CpeTHEKBaIpaTUICCKNE OTKIIOHEHUS OT ITPOEK-
NI CPeTHETo YCKOPEHUS Ha KaXKIyIo M3 TPEeX KOOPIH-
HaTHBIX OCeii, BpeMsI MEXKIY MTUKAMH CHHYCONIATHLHOTO
CUTHajia B MuuiMcekyHaax u ap. C 6ojiee moapoOHbIM
ornucaHueM TMPU3HAKOB U MPOLECCOM MX T'eHepaluu
MOKHO O3HaKOMUTECS B [16].

B BbIUMCIUTEIBHOM 3KCIEPUMEHTE ONMTUMUIUPO-
BaJIaCh IBYXCJIOMHASI HEMPOHHAS CETh C MIThIO HEMPO-
HaMU B CKPBITOM cjoe. Pa3mMepHOCTh BekTopa mapa-
MeTpOB Takoi momenu k = 245. HeiipoHHas ceTb
ONTUMU3MpPOBATACh IO CTpaTeruy, OMUCaHHOU
Bpa3z. 3. bei monyyen Habop u3 771 mogenu. B mpoiie-
Jiype MOAM(MUKAILIMU UCTIONIb30BAJICS KaXKIbI U3 Tpex
KPUTEPUEB MPOPEXKUBAHUS — ONTUMAIBHOTO, MOCe-
JIOBaTeIbHOTO U ycToiuuBoro. [Is Bcex Mopaeneit ObI-
JIU BBIYMCJIEHBI 3HAYEHUST KpUTEpHEB KayecTBa. BbLi
noctpoeH IlapeTo-onTuMalibHbI (POHT Tpex Kpu-
tepueB. Ha puc. 5 m300paxkeHbl Bce MOIYYECHHBIE
moaenau. IlycTeiMM 3HaUYKaMu 0003HAYE€HbI MOJENH,
KOTOpbIE ObLTA TOJIyYEHbI MO CTPaTeTuu C TPUMEHe-
HUEM KPUTEPHUS YCTOMUMBOTO MPOPEXKUBAHUST, CEPHIMU
3HaUYKaMU — KPUTEPUSI TTOCAEA0BATEIbHOTO TTPOPEXKM -
BaHUsI, YePHbBIMU 3HAYKAMM — OINTUMAJIbHOTO TIpPO-
pexuBaHus. [lapero-onTuManbHble MOJEIU O0003HA-
YeHbl YepHBIMU KpecTukamMu. W3 puc. 5,a BUIHO,
YTO cCaMbl€ YCTOWYMBbBIE MOJEIU MOJYJYaIOTCs TIPU UC-
MOJIb30BAaHUY KPUTEPUST YCTONUMBOTO TTPOPEKMBAHUSI.
B TaGauiie npuBeaeHbl 3HAYEHUSI KPUTEPUEB KauecTBa
MoOJIeJIeli, KOTOPbIE SIBJSIIOTCS TOUKaMU OCTaHOBA MPO-
Leaypbl MOAUMDUKALMY JJTST KAXKI0TO UX TPeX KpUTEpU-
€B ITPOPEXKUBAHUSI.
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Puc. 5 MmuoxectBo Momeneil B KOOpAMHATAX <«yCTOM-
YUBOCTh—CIIOXKHOCTE» (d), <«TOYHOCTb—CJIOXHOCTE» (0)
U «TOYHOCTh—YCTOMYUBOCTD» (8)

Ha puc. 6 npuBeneHa MHTeprpeTaysi MOJTyYeHHbBIX
pesynbTaToB. B BepxHeit ob1actu rpaduka [lapeto-om-
TUMaJIbHbIE MOJICJIA He MHTEPECHBI UTSI PACCMOTPEHMSI,
TaK Kak B 3TOi 00J1aCTH MMEET MeCTO HeloOOydeHre —
MOJIeSTM UBJIUIIHE CIOXHBI. [lapeTo-onTuMaibHbIe
MOJIEIM ¢ HE3HAUMTETbHOM CIOXHOCThIO HaXOASTCS
B HUDKHEN 001acTu rpacuka.
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Bri60op onTuManbHOI MoIenu Kiaaccupukauny Gru3ndeckoii akTHBHOCTH T10 U3MEPEHUSM aKCceIepoMeTpa

CJ'[O)KHOCTI), TOYHOCTb 1 yCTOﬁ‘{HBOCTL MoOJIeJIe

Crpaterust CrnoxHoctb | TouHoCTh | YcTOMYMBOCTH
OnTuMaabHOE IPOpPEKUBABHUE 50 877 1,2-10°
[TocnenoBarenbHOE MpOpeKMBaBHUE 36 870 2,0-10°
YcroitunBoe MpopeXuBaHue 50 866 6, -10°
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Puc. 6 Wureprperanus pe3ynsraToB

Taxke ObIJTa BU3yalM3WpOBaHa IIPOIICAypa ITOIIa-
TOBO¥ MoAM(pUKAIIMA MOIEIN KaK ITyTh B k-MEpHOM
Kyoe. Ha puc. 7, Tak ke Kak u B mpumepe 1, Mo
BEPTUKAIM OTJOXEH HOMep IMapamMeTrpa, 1Mo ropu30H-
TaTd — HOMep mTepanmuu. YepHas KieTKa O3HaAvaer,
YTO TTapaMeTp aKTWBHBIN, Oelast KIeTKa — IapaMeTp
HeakTuBHBIA. Ha puc. 6, 7,a u 7,6 yka3zaHa rocJe-
JIOBaTEJIbHOCTh, B KOTOPOI MapamMeTphl YIAISUIUCH U3
Moaenu u aodamisiuch B Hee. W3 puc. 7,6 u 7,6
BUJIHO, YTO CTpaTEerusi ¢ KpUTEPUSIMU ONTUMAIbHOIO
¥ TIOCJICIOBATEILHOTO TTPOPEKUBAHUSI, KOTOPHIC BbI-
OMpaloT I yIaJeHUs TTapaMeTp, MUHIMU3UPYIOIINI
(YHKIIMIO OIIUOKU, OCTABISIET B MOJEISIX TTapaMeTphl
¢ HoMepaM¥ ¢ 216 1o 245. DTo CBSI3aHO C TEM, UTO Ia-
paMeTpbl C TAKUMU HOMEPaMM OTHOCSITCSI KO BTOPOMY
CJI0I0 HEWPOHHOI CeTH, a yHaJleHre OOJIBIIOTO YMciIa
ImapaMeTPOB BTOPOTO CJIOS TIPUBOIUT K POCTY (DYHKITNT
OLLIMOKMU.

6 3axkiroyeHue

B pabGote Oblna mpeasioxkeHa CTpaTerusl IolIaro-
BOI MoaM(pUKaIMy Moeseil KiTtacCu(pUKAIIIN COTIac-
HO TpeM KPUTEPUSIM KadyecTBa — CJIOKHOCTU, TOYU-
HOCTH W YCTOMUYMBOCTU. B pamkax crpateruu ObLIu
MPENIOXKEeHbl KPUTEPUU NTO0ABICHUS U yOAJIeHUS Ta-
paMeTpoB B MOHEINb, KPUTEPUN OCTAHOBA IIIaroB I0-
0aBJICHMUS W yOAJCHUS, a TaKKe KPUTCPHUIA OCTaHOBA
npouenypbl Moaudukauuu. I[Ipolenypa mouiaroBoi
MoauGUKaLIMKA MOAEIU Obljla pacCMOTpPEHA U BU3yallu -
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Puc. 7 Tyt B Ky6e: ycToitunBoe (a); nocieaosareabHoe (6)
Y ONTUMAJIbHOE (8) MPOPEXUBAHUS
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M. C. Ilonosa, B. B. Cmpuicos

3MpOBaHa Kak MyTh B MHOroMepHOM KyOe. Bbl mpose-
JIeH BBIYMCIUTEIbHBIN 3KCIIEPUMEHT, B XO€ KOTOPOTO
ObL1 TToJTyYeH Habop moaeneit u HaiiaeH [lapeTo-onTu-
MaJIbHBIN (PPOHT KPUTEpPHUEB KauyecTBa 3TOTO Habopa.
BeIMuCIMTEIbHBIN 9KCIIEPUMEHT MoKa3ay, 4TO Hau-
JIydlliie MO paccMaTpUBaeMbIM KPUTEPUSM KadyecTBa
MOJIEJIN TOJydyaroTCsl TIPU UCMOJb30BAaHUU KPUTEPUS
YCTOMYUMBOTO MPOPEKMBaHUSI. DTO CBSI3aHO C TEM, UTO
KPUTEPUI YCTOMYMBOTO TIPOPEKUBAHUS TTO3BOJISIET
MoJIyyaTh OoJjiee YCTOMYMBBIE MOJIEIW, YIAJss KOp-
penupylolmye mapaMeTpbl M TeM CaMbIM TTOBBIIIIAS
YCTOMYUBOCTh U 0000ILIAIOIIYIO CITOCOOHOCTh MOJEIN
kinaccupukauuu. IlporpamMmHasi peanusalusi CTpa-
TeTUX IIOIIAroBOil MoaudUKallMu HEWPOHHOI ceTu
B cpene paspaborku MatlLab HaxonuTcst B CBOOOTHOM
nmocrtyre [19].
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Selection of optimal physical activity classification model using measurements of accelerometer

SELECTION OF OPTIMAL PHYSICAL ACTIVITY CLASSIFICATION
MODEL USING MEASUREMENTS OF ACCELEROMETER

M. Popova' and V. Strijov?

'Moscow Institute of Physics and Technology, 9 Institutskiy Per., Dolgoprudny, Moscow Region 141700, Russian
Federation

2Dorodnicyn Computing Center, Russian Academy of Sciences, 40 Vavilov Str., Moscow 119333, Russian
Federation

Abstract: The paper solves the problem of selecting optimal stable models for classification of physical activity. Each
type of physical activity of a particular person is described by a set of features generated from an accelerometer time
series. In conditions of feature’s multicollinearity, selection of stable models is hampered by the need to evaluate
a large number of parameters of these models. Evaluation of optimal parameter values is also difficult due to the
fact that the error function has a large number of local minima in the parameter space. In the paper, the optimal
models from the class of two-layer artificial neural networks are chosen. The problem of finding the Pareto optimal
front of the set of models is solved. The paper presents a stepwise strategy of building optimal stable models. The
strategy includes steps of deleting and adding parameters, criteria of pruning and growing the model and criteria of
breaking the process of building. The computational experiment compares the models generated by the proposed
strategy on three quality criteria — complexity, accuracy, and stability.

Keywords: classification; artificial neural networks; complexity; accuracy; stability; Pareto efficiency; growing and
pruning criteria
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OLEHKA MTOrPELIHOCTU YU 3HAUMMOCTU U3MEPEHUN

IS TUHEVMHBIX MOAEJEN*

C. . CniuBak!, O.T. Kanrop?, /1. C. IOnycosa®, C. 1. Kyszuenos?, C. B. Konecos®

AHHOTallﬂﬂ: Pemenue 3aJa4 BOCCTAHOBJICHMS JIMHEWHBIX 3aBUCUMOCTEN B TeX CIyyasX, Korjga TO4YHO€ pelie-
HUE, MOJYYEHHOC CTaHAAPTHBIMAU METOJaMU, HE YAOBJIETBOPACT 00BEKTUBHBIM TpC60BaHI/ISIM, 06YCJIOBJII/IBaCT
pa3pa60TKy CHeLMaIbHbIX MOAXOI0B 1T UX YUCIEHHON peanu3aluu. B craTtbe IIPUBOAUTCA OIMMCAHUE METOAA
TOJIYy4YCHU A ]'lpI/I6J'lI/I)KeHHBIX 3HAYEeHUN napamMeTpoB JIMHEWHBIX 3aBUCUMOCTEN MO OKCIIEPUMEHTAJIbHBIM IaHHbIM,
B OCHOBE KOTOPOTI'O JIC2KUT UCIIOJIb30BaAHUE METOOOJIOTUN JIMHEWHOTO nporpaMMupoOBaHUA U TEOPUU TIBOVICTBEH-
HOCTH. Pa3pa60TaHH1>n71 METO/J ITO3BOJIACT HE TOJIBKO I10J1y4YaTb ]'lpI/I6J'lI/I)KeHHBIe pelicHus, O6CCH€‘II/IBaIOH_II/IC
BBIINOJHEHUE BCEX IMPEADBABIACMbBIX TpC6OBaHI/II71 K cCaMOI BOCCTaHaBIMBAaeMOI 3aBUCUMOCTH U €€ nmapamMeTpam,
HO Y NIPOBOAUTHL OLECHKY MOTPECIHIHOCTU H3MCpCHI/II71 U X 3HAYUMOCTU. A 3TO BaXKHO IS COBCPIICHCTBOBAHUA
npoueaypbl HOCTPOCHUA (l)yHKLII/IOHaJTBHBIX 3aBUCHUMOCTE Ha CTaauu IJIAaHUPOBaHUA SKCIIEPUMEHTOB B YaCTU
YTOUHCHMA 3KCIIEPUMEHTAJIbHBIX JaHHbBIX WJIN WX MCKIIOYECHUA M3 PACCMOTPEHUA KaK HE YAOBJICTBOPAIOIIMX
KPUTEPUAM JOCTOBEPHOCTH. HpI/IBCI[eHBI PE3YIAbTAaThL anp06au1/11/1 NPEATOKEHHOIO METOdA AJ1A 3aaa4, CBA3aHHbIX
C UCCJIEAOBAHUAMU XUMNYECKUX U COLIMAIbHO-OKOHOMMNYECKHUX CUCTEM.

KiioueBbie cjioBa: 3a1auu BOCCTAHOBJIEHUS TUHEHHBIX 3aBPICI/IMOCT€fl; HOrp€IHOCTb I/I3MepeHI/Ifl; 3HAYMMOCTb

MU3MEPEHMUIA; 1BOICTBEHHBIE OLIEHKU
DOI: 10.14357/19922264150108

1 Bsenenue

PaccmaTpuBaeTcs 3amada ornpenesieHus rmapamer-
POB JIMHEWHBIX MaTeMaTHYECKUX MOJENIEH Mo IKCITe-
PUMEHTAIbHBIM JaHHBIM, KOTOPbIE HE MOTYT OBbITH pac-
CUMTaHBI CTAHAAPTHBIMYU METOJAMU B CUJTY HEKOTOPBIX
OOBEKTUBHBIX TIPUYWH (HAIpUMep, B BUIY OTpPaHU-
YEHHOTO KOJIMYEeCTBA NMEIOIIMXCSI U3MEPEHU I UJTU OT-
CYTCTBHUSI MH(MOPMALIMK 00 UX CTATUCTUUECKUX XapaK-
TepucThKax). IlpeaMeToM paccMOTpeHHUsI B JAaHHOIA
paboTe SIBISIIOTCS CHCTEMbI JIMHEWHBIX ajredbpanye-
CKUX YpaBHEHUH BUIa

AX =B. (1)

B cucreme (1) A = (a;;) 1 B = (b;) — aKkcnepu-
MeHTaJbHBIe maHHble (i = 1,...,m, 7 = 1,....,n) ,
aX = (r1,22,...,7,)T — MCKOMBIE aPAMETPhI MO-
TCTTH.

K perireHuio Takmx 3a1a4 CBOASTCS MHOTHE 3a1a4K
BOCCTAHOBJICHUS IMHEWHBIX 3aBUCUMOCTEN 10 DKCITe-
PUMEHTAJIbHBIM JTaHHBIM, BO3HUKAIOIIUE TIPU HCCIIe-
TIOBAHUSIX B PA3JIMYHBIX 00JACTSIX HAYYHOW W TPAKTH-
4yecKkoil aesateabHocTH. [lpuMepbl 3amad MoagoOHOTO
poja MHUPOKO MPEACTaBICHBI B pAMKAaX TAKUX XOPOIIO

*Pabora BeimoiHeHa pu noanepxkke PODU (mpoekt 13-01-00749).

M3YYEHHBIX Pa3/eioB, KaK OIpeleieHue perpecCuoH-
HBIX 3aBUCUMOCTEM ¥ MOJIEIMPOBAHNE BPEMEHHBIX PsI-
J10B. OCHOBY IOAABIISIIOIIETO OOJIBIIMHCTBA MOAXOI0B
K peleHuo 3aaa4u (1) cocTaBIsIOT METOIBI MATEMATH -
YECKOM CTaTUCTUKM, MPEICTABIISIONIE HA CErOIHSIIII-
HUI IEeHb TPYMITy ITOAPOOHO M3YYEHHBIX M XOPOIIO
3apeKOMEH/I0BABIINX Cce0sl Ha MPaKTUKe MHCTPYMEH-
TOB OINpEAEICHUS MapaMeTPOB JIMHEHHBIX 3aBUCUMO-
creit [1-3].

CylIeCTBEHHBIM TPENATCTBUEM K IPUMEHEHMIO
CTAaTUCTUYECKUX METONOB SIBJISIETCSI 00s13aTe/IbHOE Ha-
JIMYUE JOCTATOYHO OOJIBLIOrO KOJMYECTBA KCIIEpH-
MEHTaJIbHBIX JaHHBIX, YTO HE BCEraa MOCTMXKMO Ha
MpaKTHKE.

[Ipu paBeHCTBe YMCiIa HAOTIOACHWI M YMCia Olle-
HUBaEeMBIX ITApAMETPOB MOTYT OBITh HCIOJB30BaHBI
1 KJTACCUYICCKIE METOIBI PEIICHMSI KBAAPATHBIX CUCTEM
JIMHENHBIX ypaBHeHU (MeTon [aycca, MeToa 0OpaTHOM
MaTpulbl U np.). OJHAKO TOBOPUTH O CTAaTUCTUYE-
CKOM 3HAYMMOCTHU MCKOMBIX TTapaMETPOB B 3TOM CJTy-
yae HeJb3s, 1 OCHOBHOE Ha3HaUeHME TaKOTO ITOaxXoaa
3aKJTI0YACTCS B YCTAHOBJIICHUH TOYHOTO BUIA (DYHKIIM-
OHAJIbHOM CBSI3U MEXIy UCCIeAyeMbIMU BeJIMYMHAMU
0 pe3yjbTaTaM KOHKPETHBIX HaOII0NeHUI.

'Bawkupckuii rocyaapcTBeHHbII yHUBepcuTeT, semen.spivak@mail.ru

2MHCTUTYT COLMATBHO-5KOHOMMYECKHX MCCIe0BaHMiT YHIMCKOTro
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3 BamkmpcKuil TocyIapcTBeHHBIH yHIBepcuTeT, kazakova_d_s@mail.ru
4MHCTUTYT OpraHMYecKol XUMIUH YpUMCKOTo HayqHOTo ieHTpa Poccuiickoil akanemny Hayk, chemorg@anrb.ru
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IIpuMeHeHUe OOJIBIIMHCTBA METOIOB BOCCTAHOB-
JICHUST IMHEHHBIX 3aBUCUMOCTE MO SKCIIepUMEHTaIb-
HBIM TaHHBIM (B TOM YMCJIe U MePEYNCICHHBIX BBIIIE)
COTIPSIKEHO C €llie OMHOM IpyMIioi mpodaeM: HalIeH-
Hble 3HaUYEeHUS TTapaMeTPOB MOTYT He YIOBJIETBOPSTH
HEKOTOPBIM YCJIOBUSIM, BBITEKAIOIINM W3 UX (DU3M-
YeCKOro cMmbicia (Harmpumep, MpuMeHeHUe CTaTUCTU-
YEeCKMX METOJOB WIM METOH PpEIIeHUs JIMHEWHBIX
ajredpandyecKnX ypaBHEHUI He 00ecIieYnBaloT HEOT-
PUIATEIPHOCTh NCKOMBIX BEJTMYMH).

B 5T0i1 cBSI3M aKTyaJlbHBIM SIBIISIETCS OTMpenaelie-
HUE MPUOJMXKEHHOTO pelieHust cucTeMbl (1) 1 olleHKa
BEJIMYMHBI TMOTPELIHOCTU M3MEPEHUIA, MOJ KOTOpPOit
OyneM MOHMMATh pacXoXXIeHWe 3HAYEeHUI pacuyeTHBIX
1 DKCITEpUMEHTATbLHBIX BEJIMYMH HE B KAXKIOM OTIEIb-
HOM HaOJTIOJEHWUH, a B 1IeJIOM T10 BCeil COBOKYITHOCTU
HaOmogeHuii. B cBolo oyepenb, 3TO OOYCIOBIMBAET
HEOoOXOIMMOCTh M3Y4YeHMSsT CIOCO00B (popManu3aluu
TaKuXx 3aJ1ay.

2  Omnwmcanue nmoaxona
K ONpeAeIEHUIO TIOrPEIIHOCTHA
U3MEPECHUM

be3 orpaHuyeHrs1 OOITHOCTU pacCyXIAeHUN Oynem
MpeamnoaraTh, YTo Ha MapaMmeTpbl Moaeau X Haloxe-
HBI YCJIOBUST HEOTPUIIATETbHOCTH:

X>0. (@)

HOCT&TO‘IHO YaCTO Ha 3HA4YCHUA IMapaMETpOB Ha-
KIIaabIBAXOTCA OIpaHUYCHMSA, BbIpaXkaloIMe HMX IIPpU-
HaaJe>kHOCTb KaKOMy-J'II/I60 MHOXECTBY 3Ha‘IeHI/II7I,
IIO2TOMY 6yz[eM CUNTATb, YTO IMapaMETpPhbl MOJC/IN TaK-
K€ YOIOBJIETBOPAIOT CUCTEME OFpaHI/I‘{eHI/Iﬁ

CX >D, &)

roe C' — 3T0 MaTpula, cocTosuias u3 KoapuiunreH-
TOB IIPU TTapaMeTpax MOIEN B CUCTEME OTpaHUUYCHMIA
D — KOHITBI TPOMEXKYTKOB 3HAYeHU, KOTOPBIM TIPH-
HajIeXat ImapaMeTphl MOICIIH.

Torma 3amaua ompeaeneHUs] MPUOJUKEHHOTO pe-
meHus1 cucteMsl (1) ¢ yaetom orpanudeHuii (2) u (3)
MOXeT OBITh CBelieHa K 3ajaye JIMHEHHOTO Mporpam-
MM POBAHMSI

€ — min;
|AX — B| < ¢; “)
CX>D; X>0.
3nece A = (a;5) u B = (b;) — 9KCHepUMeHTab-
Hble maHHble (1 = 1,...,m, j = 1,...,n); X =
= (v1,22,...7,)T — MCKOMBIE MapaMeTpbl MOJIEJIH;

C = (¢;j) — 310 MaTpuLa, cocrosiasi 13 Koaduuu-
EHTOB TIPU TapamMeTpax MOJIEIN B CUCTEMe OrpaHuYe-
i (1 =1,...,k, j=1,...,n), D = (d;) — BeKTOp-
CTOJI0€1I, 3JIEMEHTBI KOTOPOI'O — KOHIIbI IIPOMEXYTKOB
3HAYeHMIT TTapaMeTpoB Moxenu (I = 1,...,k); ¢ — ma-
pameTp, XapaKTepU3YIOIIU BEJIUYUHY MMOrPELIHOCTH
U3MEpPEHUN.

OrmeTHM, 4To BMecTo orpaHuyeHus |[AX — B| < e
MOXET MCIOJIb30BaThest yenoBue Busa |[AX — B| = E,
BKOTOPOM aJieMeHThl MaTpulibl E = (g;) (i = 1,...,m)
MPEACTABISIIOT OO0 MapaMeTphl, XapaKTepU3YIOLLIre
BEJIMYMHY OLIMOKM B ONMUCAHUU i-TO IKCIEPUMEHTA.
OcHOBHas CJIOXXHOCTb TAKOT'0 IIEPEXO1A OT HEPABEHCTB
K PaBEHCTBaM COIPSDKEHA C POCTOM YMCJIa HEUM3BECT-
HBIX: BMECTO OJHOI HEU3BECTHON BEJIMYMHBI € OIpe-
JeJeHUIO MOAJIEXaT m BeJIMYMH &;. [lpu aTom, ecnu
BBECTM OOO3HAYEHME € = maxe;, JErkKo yoeauTbcs,

YTO 3a7adJa B ITOCTaHOBKE (4) %onee MPeINOUYTUTETbHA
He TOJIBKO IO IIPUYMHE MEHBIIIETO YK CjIa HEeU3BECTHBIX,
HO U B CHJIy TOTO, YTO pa3HOCTb Mexny AX u B, T.e.
JieBble yacTu orpanndenunii |AX — B| < &, MO3BOJISIOT
ONpeNeNuTh BeIUYUHbI £; (1 = 1,...,m).

B pesynbrate peineHust 3amauu (4) AOJKHBI OBITh
OITpeJie/IeHbI TTapaMeTPhl MOJIEIIH, YIOBIETBOPSIONINE
TpeOyeMbIM OTPAaHUYECHUSM, Y BEJTMYMHA ITOTPEITHOCTA
U3MEPEHU.

CiienyeT OTMETUTD, UTO MaTpuilsl A 1 B hopMupy-
I0TCSI MO pe3yJibTaTaM HaOJI0IeHW, a TOTOMY HE MOTYT
paccMaTpuBaThCs KaK aOCOTIOTHO TOYHBIE, TaK KaK pe-
3YBTaThI UX U3MEPEHUM HEMUHYEMO COTPSTKEHEBI C He-
KOTOpBIMHU Oo1IMOKamMu. Takue olmnOKY MPUBOASIT K OT-
KJIOHEHWSIM U3MePSIEMBIX 3HAUEHU BeJTMIUH A 1 B oT
UX UCTUHHBIX 3HaueHuit. [TpuyeM ouyeBUIHO, UTO UC-
clieqoBaTesl0 3T OTKJIOHEHMS 3apaHee He U3BECTHBI,
HO, MIpeanoaras ux Hajimuue, 1eJiecoo0pa3Ho CTaBUTh
3a1a4y OoIpeaeIeHUs MapaMeTPOB MOJEH, YIOBJIETBO-
psIIOIIUX orpaHuYeHusIM (2) u (3), mpu yCJIOBUU BHE-
CEHUsI U3MEHEHUWI B SKCIIEpUMEHTAJIbHBIC JaHHbIe A
u B. bynmem npenmnonaratb He3HAYUTEJbHbIE OTKJIO-
HEHUs U3MepseMbIX 3HaUeHUI BenunH A 1 B oT ux
WCTUHHBIX 3HAYE€HWI, YTO COOTBETCTBYET CUTyallUH,
TP KOTOPOU IpyOble OIIMOKY TTPU TTOTyIeHU M DKCIIe-
pUMeHTaJbHOI MH(pOpMalUUU UCKIoUYaloTcsa. B maH-
HBIX YCJIOBUSIX LI€JIECOO0Pa3HO PacCMOTPETh CITIOCOOBI
IMOCTAHOBKM 3aJ1a4 OIpeAesIeHNST ITapaMeTpOB MOJIEIH,
00ecIeYnBaloINX MUHUMAJIbHO BO3MOXKHBIE OTKJIOHE -
HUS OT 9KCIIEPUMEHTAJIBHBIX JAaHHBIX, I pa3IMYHBIX
cyJaeB Bapualuy MaTpuil A u B.

B cnyuae npeamnonaraeMbix olnOOK B MaTpulie B,
PAa3IMUYHBIX IJI51 KaXKI0TO OTAEJbHOIO0 UBMEPEHUS i =
=1,...,m, 3ama4a onpeaesIeHNUs TapaMeTPOB MOJIEIIH,
00ecIeunBaloInX MUHUMAaJIbHOE OTKJIOHEHUE OT 9KC-
MEPUMEHTATBHBIX BeTUYUH (b;) MOXKET OBITh CBEIEHA
K 3aja4ye JMHEeHHOro MporpaMMUpOBaHUSI:
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OL[CHKa NNOrp€IHOCTU U 3BHAYUMOCTHU I/IBMCpeHI/Iﬁ TS IMHEWHBIX MOJIeJIe

€ — min;
AX = AB;
CX>D; X>0;
0 — 1| <eVi=1,...,m.

(5)

3/1ech € — 3TO BeJIMYMHA MOTPEITHOCTH U3MEPEHUIA,
a A — nuaroHayibHast MaTpuIiia BUaa

01 -+ 0
A=t ,
0 -6
rme 0; (1 = 1,...,m) — 3TO HEM3BCCTHHIC BCIMIMHEIL,

OTOXIECTBJISIEMBIE C TTapaMeTpaMu, XapaKTepU3YIOII-
MM OIIMOKHM B M3MEPEHMSIX DJIEMEHTOB MaTpULBI B.
BeaumauHbI € 1 §; CBSI3aHBI OY€BUIHBIM COOTHOIIIEHUEM
€= mzax|61- —1].

Pemrenue 3agaum (5) obecrieunBaeT OIpeneaeHue
HEOTpUILIATEIbHBIX MapaMeTpoB X , pW KOTOPBIX HAM-
0oJIb1Ias TTIOTPELTHOCTD U3MEPEHU 2JIEMEHTOB MaTpU-
bl B MUHUMAaJIbHa, TTOCKOJIBKY KaXKIbIi 2JIEMEHT 3TOM
MaTPUILl YMHOXAETCSI Ha YUCJIO, OTJIMYAIOIIEeeCs OT
eMHUILIBI He 0OJTbIIIe YeM Ha & B CUITY yeitoBust |0; — 1| <
<eVi=1,...,m. Ilpu Takoit MOCTAHOBKE pa3HULIbI
MEX]y JIEBBIMU U TIPaBbIMM YacTIMU cucTeMbl (1) co-
OTBETCTBEHHO paBHBI (1 — d;)b;. CriemoBaTeIbHO, CIIpa-
BeUTUBBI cooTHOILeHUsI |AX — B| < &, a 3T0 03HAYaeT,
YTO MIST cUCTeMBI (1) MakcrMaIbHas pa3HUIIA TTPaBbIX
M JIEBBIX YACTei 1O MOJYJIIO HE TIPEBBICUT .

B cnyyae npenmnosiaraeMbIx OIIMOOK B KaXKA0OM 2J1e-
MEHTE MaTPULIBI A, 4TO OTpakaeT CIyJaifHbII XapakTep
OIIMOOK B KaXXAOM M3MEpPEHUU SKCIEPUMEHTATBHBIX
InaHHBIX A = (a;;) 1 HOPMaAITLHO COOTBETCTBYET YMHO-
JKEHUIO KaXKIOoro dJIEeMEHTa MaTpUIIbl Ha HEKOTOpOe
yucio, 3agava (1) MoxeT ObITh (popMaTn30BaHa B Clie-
JYIOLIEM BUJIE:

€ — min;
A'X =B;

(6)
CX>D; X>0;

lvij — 1 <e Vi=1,....m,Vji=1,...,n.
3nech Matpuia A’ imeer BUL:

Y11@11 YinQin
A =

TYm1Gm1 * YmnGmn

3amada (6) sBisieTCS HEJIWMHEWHOM, TIOCKOJIBKY
B BoIpakeHnn A’ X = B ajieMeHTHI BEKTopa X — HEWU3-
BECTHBIE BETMINHEL, a A’ — MaTpuIia, KoTopast 3aBHCHT
OT M X N HEU3BECTHBIX BeJIMUMH. JlaHHOE 0OCTOSITE b-
CTBO CO3/aeT CYIIECTBEHHbIC MPOOJIEMbI ISl YUCIIECH-
HO peai3aiy Moaesu (6) 1 He SIBJISIETCSI TTPeIMETOM

paccMOTpeHUsT JaHHOM paboThl. BMecTe ¢ TeM OTHOCH -
TEJILHO 3JIEMEHTOB MAaTPULILI A MOXET OBITh U3BECTHA
nHpOpMals, KOTOPast MO3BOJIUT YIIPOCTUTH IPOLIECC
MTOITyIeHN pereHuns. [IpuMepoM TOMY MOTYT CITYKUTh
CUTyaLlH, TIPA KOTOPBIX JTMOO BO BCEX HAOTIONEHUSIX
MIPUMEHUTEILHO K KaXKIOi BBEIEHHON B PaccCMOTpe-
HUE BEJIMYMHE COBEPIIAIOTCS OJHOTUITHBIE OIIMOKMH,
JIM00 OIHU U T€ XK€ MTOrPELIHOCTH JOIYCKAIOTCS B PAM-
Kax KaXJI0ro HaOIIOIEHNS U 110 OTHOIIEHUIO KO BCEM
paccMaTpuBaeMbIM BetnarHaM. [lepBast cutyamus or-
paxkaeT HaJInMdne WHINBUAYATbHBIX CUCTEMATHIECKIX
OIIMOOK NIPU U3MEPEHUU KaxK IO 13 HAOTI01aeMBIX Be-
JIMYMH, a BTOpasi — WHANBUIYaIbHBIE OLIMOKN KaXkKI0-
O OTAETBHOTO HabmoneHus. [lepBast CUTyalnst MOKeET
BO3HMKATh, HATIPUMEP, BBUIAY OCOOEHHOCTEN TTPUOO-
POB, UCITONB3YEMBIX IS (PUKCALINHT 3HAYECHUIA HaOITIO-
JaeMBIX BEJIMYWH, a BTopask — B CJIy4ae 3aBUCHUMOCTH
OT YCJIOBHIA IPOBEIEHNS SKCIIEPUMEHTA (TEMIIEPATYP-
HBIX, BPEMEHHEIX U T1p.).

IepBas 13 IepednCIEHHBIX BBIIIE CUTYAINI OTpa-
JKAETCS B MIPOMTOPLIMOHATBHBIX N3MEHEHUSIX BCEX DJIe-
MEHTOB KaXIOro M3 CTOJIOLIOB, a BTOpas — CTPOK.
DopMaIbHO ITEpBas CUTYalisl COOTBETCTBYET YMHOXKE-
HUIO MaTpULLL A Ha muaroHanbHyo Matpuly I' cripasa
(A=A, T = (vj5), 7 =1,...,n), a BTOpast — clieBa
(AI :PA,F: (’7”'),2': 1,...,m).

[penmonaraemMble OMIMOKN B MaTpuile A, BIpaxka-
JOIIMECH B TIPONOPLIMOHANBLHBIX U3MEHEHUAX DIEMEH-
TOB CTOJIOLIOB, HUKAK HE OTPAXKaIOTCsl Ha MOrPELTHOCTH
M3MEPEHUH £, a BIIUSIIOT TOJIBKO Ha TrapaMeTpsl X . Jleii-
CTBUTEIBHO, PACCMOTPUM OTpaHNueHre 3a1adn (6):

AX=208.
Marpuna A’ = AT'; ciieioBaTesIbHO,
Al'X = B.

Ecnu 0603Ha4uTh I'’X yepe3 X', TOIIy4UM CUCTEMY,
UIEHTUYHYIO UCXOIHOM:

AX'=B.

B cnyyae mpeamnoaraeMbIX oIIMOOK B MaTpule A,
BBIPAKAIOIINXCST B MPOMOPLIMOHAIBHBIX M3MEHEHMSIX
CTPOK MCXOMHOI MaTpuubl A, 3amaya ompeneseHUs
HEM3BECTHBIX IMapaMeTPOB 3KBUBajJeHTHA 3amade (5).
[Mokaxem 310. COOTHOLLIEHMSI IS OIIpeIeIeHusI ITapa-
MeTpoB X Ha OCHOBaHUM MMeoIIeiics MHMOPMaLUN
UMEIOT BU;

AX=D8.

Tak kak matpuiia A’ = T'A, To
N''AX =B.
VYMHOXUM 06€ yacTh ypaBHeHus Ha I~

I'rax =r—!'B.
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C yuetom I'"'T' = E nonyuum
AX =T7'B.

Ecyiu IT'~! 0603Ha4nTh uepe3 A, TO MOCIIEIHEE CO-
OTHOIIICHNE 3KBUBAJICHTHO 3amade (5). OTMeTUM, 4TO
ob6patHas matpuuia I'~! Bcerma cyIecTByeT, ITOCKOIBKY
MaTtpulia I' — 3TO nuaroHajabHasi MaTpulia ¢ OTJIWY-
HBIMU OT HYJS 2JIeMEHTAaMM Ha IJIaBHOW OuaroHasu,
MO2TOMY U €€ ONpeneuTelb TakKe OTJAWYEH OT HY-
. A Takast MaTpulla, KaK MU3BECTHO, BCErIa MMeeT
o0paTHylo.

OCHOBHBIM IPENMYIIECTBOM ITPEIUIOKECHHOTO TTOI-
Xo7a K OTNpeNesieHUIO ITapaMeTPOB JIMHEHbBIX MaTeMa-
TUYeckux momeneit (1) siBisieTcsi BO3MOXKHOCTb y4yeTa
BCEX MOIMOJHUTEIbHBIX TPEOOBAHUH, TIPEIbSBISIEMbIX
K TTapaMmeTpaM X , yKe Ha ctaguu (hopMaIu3allii MO-
JIEJTN, 9TO TTO3BOJISIET UCKITFOYNTH BOBMOKHOCTD TIOJTY-
YEHMUSI 3aBEIOMO HEeMPUEMJIIEMbIX pPe3Y/IbTaTOB.

3 Meronuka onpenesieHUsI
3HAYMMOCTHU U3MEPEHUI

BaxxHoe mpakTHdecKoe 3HAYeHHE MMeEeT OIeHKa
BJIUSTHUS TIOTPEITHOCTH SKCITEPUMEHTATBHBIX JaHHBIX
MOJIeJIM Ha ITIOrPeITHOCTh M3MepeHuil & [4, 5], 4uTo
MMO3BOJISIET OCYILIECTBISITh aHaIU3 MH(MOPMALMOHHOI
LIEHHOCTH U3MEPEHUI 1, KaK CJICICTBUE, BBISBIATH T¢,
KOTOpEIE CIIEAyeT paccMaTpUBaTh KaK HanboJee Helmo-
CTOBEpHBIC WJIN 3HAUYNMBIC U TIp. Pe3ymbraTaMu Takoro
aHa/IM3a MOTYT OBITh, HaIIpUMeEp, BEIBOIBI O HEOOXO-
JAMOCTH, TIPY HAJIMYMU COOTBETCTBYIOIINX BO3MOX-
HOCTEM, YTOUHEHUSI HEKOTOPBIX 3KCIIEPUMEHTATBHBIX
JaHHBIX WK PeKOMEHJAUMU 00 MX WCKIIOUEHUU U3
PAacCCMOTPEHMST TIPW HEIIOCPEACTBEHHOM ITOCTPOCHUN
(DYHKIIMOHAJIBHBIX 3aBUCUMOCTECHA.

WM3BecTHO, 4TO MpM pelleHUr 3aJad JUHEHHOTo
MporpaMMHUpOBaHUs ISl 3TUX LIeJIeil MCIOJb3yeTCs
Teopusi ABoiicTBeHHOCTH [6—8]. CormacHo TpeTbei
TeopeMe TBOMCTBEHHOCTH KOMITOHEHTHI OIITHMATbHO-
IO PEIICHMS TBOMCTBEHHON 3amayl paBHBI YaCTHBIM
IIPOM3BOIHBIM 1IeJIeBOI (DYHKIIMU TIPSIMOI 3aHaur I10
COOTBETCTBYIOLIMM MapaMeTpaM, B KaYeCTBE KOTOPBIX
BBICTYITAIOT CBOOOAHBIE YJIEHBI CUCTEMbI OTpaHUUECHU
HWCXOTHOU 3amavur. B cuiy TOro, 94To MpUMEHHUTETEHO
K 3aJaye BOCCTAHOBJICHUS 3aBUCUMOCTEH TaKWe Tapa-
METPHI SIBIISTIOTCS BEIMIMHAMM, HAOIIOIaeMBIMHU B XO-
Jie 9KCIIepUMeHTa, Ipearnoarast ux Majble U3MeHEeHUs,
C TOMOIIIBIO aHAINU3a ONTUMAJIIBLHBIX 3HAYEHUM TBOWM-
CTBEHHBIX TTEPEMEHHBIX MOXKHO OLICHUTh 3HAYNMOCTh
KaxXXIIOTO OTICITHFHOTO HAOIIONCHUS.

[TpuMeHUTETHPHO K UCCIIEAYeMOil B HaCcTOSIIeH pa-
00Te 3amaue pelleHre COOTBETCTBYIOIIMX JBOMCTBEH-
HBIX 3aJa4 TO3BOJISIET OLEHUTh BIUSIHUE DJIEMEHTOB

MaTpulbl SKCIICPUMEHTAJIbHBIX JAHHBIX Bu MaTpu-
bl Ol‘paHI/I'{eHI/Iﬁ Ha nmapaMeTpbl MOACIN DB IPAMBIX
3aJa4yax JUHEUHOro nporpaMMmpoBaHMA Ha BCJINYU-
HY MUHUMAJIbHOI'O 3HAYCHUA ITOTPEITHOCTU M3MEPEC-
HU €. DTO IIpEeaOoCTaBIACT BOSMOXKHOCTD BBIABJIATH TC
QJICMCHTDBI MaTpHUI] Bmu D, KOTOPbIC BHOCAT HanooJIb-
IIMXA BKJIAJ B 3HAUEHUE IIOrp€IIHOCTH I/I3MepeHI/HL/'I €
1 KOJIMYECTBEHHO €0 OUCHUTD.

C 3TUX MTO3ULINI TSI PACCMOTPEHHBIX BBIIIE 3a1a4
JIMHEITHOTO MpOorpaMMUpPOBaHUS 11eJIeCO00pa3HO pac-
CMOTpPETh ABOMCTBEHHBIE K HUM. JIBOMCTBEHHAs 3a1a4a
IUIST 3aJa9M JIMHEWHOTO IIPOrpaMMUpOBaHUs (4) mMeeT
BUII:

(B,yl) - (B,yz) + (D,yB) — max
ATyl _ ATy2 + CTy3 S 0;

m m
Dyl yisL;
i=1 i=1

y'!>0; y2>0; y*>0.

)

Brechy' = (y;),v° = (v7) G=1,....,m)uy® = (y})
(I = 1,...,k) — BeKkTOpbl ONTUMAJBLHOIO DPEIICHUS
IBOWCTBEHHOMI 3a1a4M.

AHAJOTMYHBIM 00pa3oM MOXET OBbITh BbIMHMCaHA
JNIBOMCTBEHHAs 3ajava ISl 3adayu JMHEWHOro Mpo-
rpaMMupoBaHus (5):

_Zy3+zyf+ (D,y*) — max;
=1 =1
ATyl + CTyt <0,
—yibi — Yy +yP <0 Vi=1,...m; 8)

m m
i+ ui<1;
i—1 i—1

i -
y> =05 y°>0; y* >0.

Brech y' = (vi), v* = (v7), %> = (¥}) G =1,...,m)
ny* = (y}) ( =1,...,k) — BeKTOPBI ONTUMATBLHOTO
peleHus JBOMCTBEHHOM 3a1a4u.

3ameTuM, 4yTO B 3amaye (4) M OLEHKU CTENeHU
BJIMSTHUS ¢-TO COOTHOILIEHUST U3 CUCTEMbI HEPaBEHCTB
|AX — B| < & Ha 3HaYeHUE MOTPELITHOCTU U3MEPEHU1 £
HEO0OXOJMMO PAacCMOTPETh COOTBETCTBYIOIINE KOMIIO-
HeHTBI BeKTopoB y' = (y}) ny? = (y?), sBnsommxcst
peleHueM 3agadu (7), U BBIOpaTh U3 HUX MaKCUMaJlb-
HBII. AHAJOTUYHYIO TIPOLIEAYPY CJIEAYeT IPOBECTH
c Bekropamu y* = (y2) u y® = (y3), sBsnowmmucs
peleHreM 3amadn (8), ISt OIIEHKHW CTEIIeHU BIMSTHUS
CBOJTHOTO 4JIEHA ¢-TO COOTHOIICHUST U3 CUCTEMbI He-
paBeHCTB |0; — 1| < £ Ha TIOTPENTHOCTh U3MEPEHUN &
B 3agaue (5).
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4  PesynbraThl anpoOaluu

Huxe mpencraBiieHbl pe3yabTaThl ONIPeneIeHUS Ma-
pPaMeTpOB U OLEHKU 3HAYMMOCTU HCIOJIb3YeMbIX U3-
MEpeHUli Ha MpuMepe 3alayd HaxOXIEeHUs pacrpe-
IeJICHWST MOJIBHBIX [OJIeil (bparMeHTOB yIIepeHa
C Pa3TUYHBIM KOJIMYECTBOM 3aMECTHTENIed B MaKpo-
LIETISIX MOJIMMEPOB, pacCMOTPEHHOI B pabdoTax [9, 10].
151 HaXOXIEHUsI 3TOTr0 paclpenesieHust COCTaBsIeT-
¢ cucteMa ypaBHeHUit byrepa—JlambepTa, npeacTaB-
JISToInasi co0Oit CUCTeMy JTMHEMHBIX alareopamdecKux
ypaBHeHU Buma (1), ¢ paBHBIM YWCIIOM YpaBHEHUIA
¥ HEW3BECTHBIX. DJIeMeHTaMM KBaJIpaTHON MaTPUIILI A
SIBJISTFOTCST MOJISIDHBIE SKCTUHIIMU sIIeP HECBSI3aHHOTO
dyuiepeHa U siep, KOBaJEHTHO CBS3aHHBIX OJHOM,
IBYMS M 7 CBSI3SIMM C 3aMECTUTEIIIMU (3aMECTUTEISI-
MU, (pparMeHTaMU WHUIIMATOPA, MAKpPOIETISIMUA) CO-
OTBETCTBEHHO, a B pPOJI B — 3HAYCHUSI ONTUYECKUX
TUTOTHOCTEN, U3MEpSieMbIX CHEKTPO(POTOMETPUUYECKHU
B YJIbTpaduoIeTOBOI/BUIUMOM 00J1acTU, IJISI pacTBO-
poB dysiepeHcoaepXKalluX MPOAYKTOB (ITOJUMEPOB,
cMeceil CrelMaibHO XUMHWYECKA CHHTE3WMPOBAHHBIX
WHAWBUIYAJTbHBIX 3aMEIICHHBIX (pyurepeHoB). Ormpe-
JIEJICHUIO MOJUIeXa Iy apaMeTphl X , TPeACTaBISIOINe
Cco00Ii KOHLIEHTpALIMU COAepKaHUsT (hparMeHTOB (yJi-
JlepeHa B Makpolensx noaumepoB. Ha ocHoBaHuu
mapamMeTpoB X MOTYT OBITh PaCCUYMTaHBI M MOJIBHBIC
TOMM KOHIIEHTPAIIWii, IJIT Y4ero HeoOXOOMMO pasie-
JINTH 3HAYCHHE KaXXIOM KOHIIEHTPAIIMN Ha CyMMY BCeX
KOHILIEHTpALUA.

Marpuisl A 1 B (popMUpoBaCh Ha OCHOBAaHUU
SKCTIEPUMEHTAIBHBIX JaHHBIX:

54000 30800 35800 28500 30900
30900 22800 28300 27900 28800
19600 21000 21800 18500 16050 | ;
50500 24370 17630 15070 11800
60780 24150 15350 13000 11700

2,453
2,001
1,475
1,435
1,408

Peirenue, rosydyeHHOE METOIOM OOpaTHOI MaTpH-
1IBI, CJIE/TyIOIIIeE:

X = (5,067-107" 3,554-107° 1,211-107°
~3,096-107% 3,19-107%)" .

Takoe pellleHUe He MMEEeT CMbIC]Ia, TaK KakKk He
BCE 2JIEMEHTHI BeKTopa X HeoTpulaTeNbHbl. MMeH-
HO TIO3TOMY OTIPEIETISITIOCHh MPUOIKEHHOE pelieHne
MOCPEICTBOM CBEIEHUST UCXOJHOU MPOOJIEMBI K 3a7aue
JIMHEHOro MporpaMMMpoBaHus Buaa (4):

€ — min;
|AX — B| < ¢; )
X >0.
B mannoii 3amade orpanndenne C'X > D orcyr-
CTBYET, MOCKOJIbKY HET JOIOJHUTEIbHBIX OTpaHuYe-

HUI Ha mapaMeTpsl X, KpoMe OrpaHWICHUST HEOTPH-
1IaTeJIbHOCTH.

Pemenue 3agaum (9):

X = (9,504 1077 3,333-107° 1,274 10
02,964-107°)"
rmapaMeTp &, XapaKTepU3YIOIIUl BEJIMYMHY ITOrpel-

HOCTH M3MepeHui, B 3ToM cirydae paseH 0,002786.
B nipearonoxeHuu CyieCTBOBaHMUSI OLIMOOK B MaT-

puie B paccMaTpuBaliach 3a1a4a JMHEHOTO TporpaM-
MUpoBaHUS BUIa (5), KOTopas B 00OO3HAUYEHUSX TO-
CTaBJIEHHOI 3aauu UMEeT BUJ:
€ — min;
AX = AB;
X >0;
|0; =1 <eVi=1,...,5.

(10)

Pemenne 3amaun (10):

X =(1,031-107% 3,301-107° 1,379 -107°
02,3859-107°)" .

ITapameTpsl, XxapakTepu3ylollue OlnOKU B 9KCIIe-
PUMEHTAJIbHBIX JaHHBIX (B 3JieMeHTaX MaTpulbl B):
01 = 0,9986; 62 = 0,9986; d5 = 0,9986; 5, = 1,0014;
65 = 0,9986. [MorpelrHOCTh N3MEPEHUIA B 3TOM CiIydae
coctaBuia € = 0,001396.

3aMeTHM, 4TO B TAKOM ITOCTAHOBKE, KOIa KaXIbIi
5JIEMEHT MaTpUIBI B yMHOXaeTCsI Ha mapameTp, Xa-
PaKTEPU3YIOIINI OIIMOKY B 3TOM 3JIEMEHTE MaTpH-
LIbI, TTOTPEITHOCTh U3MEPEHUI & HOMycKaeT yIoOHOe
TpecTaBlIeHue B IMPOIeHTaX (B JaHHOM Cllydyae &€ =
= 0,1396%).

[lonydyeHHble pe3yabTaThl MO3BOJMIM I10JIAraTh,
YTO OTCYTCTBHE (DU3UUECKOTO CMBIC/IA B TOYHOM pelle-
HUU paccMaTpUBaeMOIl 3alauyll MOXKET ObITh CBSI3aHO
C HaJIMYMEM OIIMOKHU B 9KCITEPUMEHTAIbHBIX JAHHBIX.
J71sT OLIEHKW BJIMSTHUS ITPEAITOIaraeéMoii IOrperHoCcTr
SKCIIEPUMEHTAIbHBIX JTaHHBIX B MaTpule B Ha Io-
IPELIHOCTh U3MEPEHUI € OBbLIU BBIIIMCAHBI ABOMCTBEH-
Hble 3agauu K 3aga4am (9) u (10). IBoitcTBeHHAasl 3aJa4a
K 3amaue (9) umeer BUL;
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(B,yl) — (B,yQ) — max;
ATyl _ ATy2 <0;

5 5
Zy}Jrny <1
i=1 i=1

y' > 0;

an

y? > 0.
Bmech yt = (y!), v = (v?) (i=1,...,5).

Pemenue 3amaum (11):
yt = (0,044 0 0,177 0 0,284)T ;
y? = (0 0,098 0 0,397 0)" .

KoMmonHeHTH! penreHrs 1BoiicTBeHHOI 3amaqn (11)
ITOKA3BIBAIOT, YTO HAMOOJBIINIA BKJIAA B 3HAUCHUE T10-
IPEIIHOCTU U3MepeHUit € B 3agave (9) BHOCUT YeTBEp-
TBIA 2JIEMEHT MaTpulbl B, TaK KakK BbIpaxKeHHE
max max {y;; y?} HDocrTuraer HamGOIbIIEro 3Haue-

3

uust (0,397) Ha 4yeTBepTOif KOMITOHEHTE OMNTHUMAJh-

Horo peweHusi y2, a HaumeHbwmii (0,044) — mep-

BBIii, TaK KaK MUHMMAaJIbHOE 3HayeHUE BbIpaxkKeHUeE

min max {yll, yf} MMPUHUMAET Ha TIEPBON KOMITOHEHTE
3

OINITUMAJIEHOTO pelIeHus 4.
JIBoiicTBeHHas 3agava K 3agade (10) nmeet Bu:

5 5
=Y yi+ Yyl — max;
1=1 =1
ATyt <0;
—yibi —y? +y; <0OVi=1,...,5;
5 5
PR EY
=1 =1

y>>0; y*>0.

Brecbyt = (y1), 2 = (w),¥* = (v}) G =1,...,5).
Pemenne nBoiictBeHHOM 3amayn (12):

(12)

y' = (0,029 — 0,064 0,115 — 0,259 0,109)" ;
y? = (0 0,128 0,371 0)" ;
y® = (0,07 0 0,169 0 0,261)" .

Pemenne nmpoiicTBeHHO# 3amaun (12) Takke ITO-
Ka3bIBaeT, YTO HAWOOJbIIMI BKJIaJ B 3Hauy€HUE IIO-
IPEeIIHOCTU u3MepeHuit ¢ B 3agade (10) ompenensier-
¢Sl MMOTPELIHOCTBIO YETBEPTOTO 3j1eMeHTa MaTpulibl B3,
a HAaMMEHBILIUI — MOTrPEeIIHOCTHIO TTepBoro. M3 aToro
cliefyeT, 4YTO HauMeHee ITOCTOBEPHbIM CJEAyeT IoJja-
raTb U3MepeHue BeIUUYUHbI B B YETBEPTOM BKCHEPHU-
MEHTE.

AHAaJOTUYHBIN MOAXO ObLI MPUMEHEH K OIpeesie-
HUIO CTEMEeHU BIUSHUS MOTPELIHOCTEN Ha0I01aeMbIX
BEJIMUMH Ha TOTPEIIHOCTh U3MEpeHUs Mpu pelle-
HUM 334291 MOJIECJIMPOBAHNS YMCIEHHOCTU HACEIEeHUS
Poccuiickoit Menepaliii METOIOM CHCTEMHOW IWHA-
Muku [10—17]. OOwMit BUI MCCefOBAaHHON Moneau

CUCTEMHOU TMHAMUKHN B TEPMUHAX Pa3HOCTHBIX ypaB-
HEHUM CIIeYIOIIMIA;

AN = alNo‘lDﬁlI'“ _ a2NazD52I'Y2 :
AD = agNo‘3Dﬁ3I"73 _ a4NO‘4Dﬁ4IW4 :
AT = ag N9 D5 75 — g N6 DBs [76 ,

(13)

roe N — uuciaeHHOCTh HaceleHuss P®D; D — nyme-
BbIe JTOXOABI 3a ToA; I — WHIEKC MOTPEeOUTETHCKNX
ueH. MudopmanoHHyo 0a3y HACTOSIIEro UCCIeno-
BaHUS COCTaBUJIN JaHHbIC O(DUIINATBHON CTaTUCTHYE-
CKOIM oTyeTHOCTH 3a nepuoa ¢ 1998 mo 2010 rr.

ITo pesynprataM cHeIUalbHO OPraHW30BAaHHOTO
YUCJIEHHOTO OKCITEpMMEHTa, OIMCAaHHOIO B pabo-
tax [12, 15—17], Ha OoCHOBaHWM IaHHBLIX 3a 1998—
2009 rT. OBIIa TTOyYeHa MOJAENb, C JOCTATOYHO BBICO-
KO TOYHOCTBIO OIMMCBIBAIOIIAS SKCIIEPUMEHTAIBHbBIC
JTaHHBIE:

dN N2,05D2 N0,33D0,3
— =8,139-107 2 ——— —64,1———F—;
dt ? 12 ) 10,3 )
dD
== = 560D — 99001 (14)
dI B NO’092D0"092
E = 07131] 04 _ 0,0072W

st HETOCpeACTBeHHON pean3aliuy YMCIEHHO-
ro 3KCMepuMeHTa B cpefie mporpammupoBanusi Delphi
ObL1 pa3paboTaH MOAYJb, MO3BOJSIIONINI YIYUTHIBAThH
DSl BBITEKAIOIIMX W3 CMbICA pellaeMoi 3amayu 0-
TTOJTHUTENIBHBIX YCJIOBUH W AaBaTh HATJISIHYIO WHTEP-
TIPETAINIO TTPOBOANMBIX pacueToB. KoHuenms Mmose-
JI1 Oa3upoBasiach Ha CJAEAYIONIMX MPEATIONOKEHUSIX:

— YUCJIIEHHOCTb HaceJIeHUs BIMSET KaK Ha IMPUPOCT,
TaK U Ha yObLIb HaceJleHUs (IaHHOe TPeAroso-
>)K€HVe OYEBUAHO B CHUJIy TOTO, YTO 4eM OOJblle
JroAeit, TeM 4Yallle poXAaloTcsl IeTU U TeM 00JIb-
IIIe CMEPTHBIX CTy4aeB OT €CTECTBEHHBIX M TTPOYMX
TIPUYNH);

— peaJbHbI TOAOBOU TOXOI KUTEJIEN CTPAHBI BIMSIET
Ha U3MeHEeHMEe YNCIIEHHOCTH HaceJIeH!s KaK IT0JI0-
KATEJTBHO (UeM OOJIbIlle peaylbHBIN TOXOI CeMbH,
TeM TPOIIE PEIIUTLCS Ha POXKICHUE pebeHKa), Tak
1 OTpULIATESIbHO (CEMbHU ¢ OOMBIIMMU JOXOIaMU,
Kak TIpaBIJIO, UMEIOT 110 1—2 pebeHKa);

— Ha U3MEHEHME MYIIEeBbIX TOXOAOB CaMM JOXOJbI
CKa3bIBAIOTCS MOJIOKUTENHHO (KaK IpaBUIIO, TOCY-
JIapCTBO, OCYIIECTBIISIONIEe COLMAIbHO-HAIpaB-
JIEHHYIO TIOJIMTUKY, CaMO WHAEKCUPYET ITOXOIbI
rpaxkjaH 1 He TT03BOJIsIET paboToIaTeIsIM CHUKATh
3apabOTHYIO TIJ1aTy);

— MHJEKC MOTPEeOUTENbCKHUX LIEH CHUXAET JOXO/bI;

— BBICOKHI ypOBEHb MHJIEKCA ITOTPEOUTETHLCKUX LIEH
3acTaBIsIeT HaceJeHe 9KOHOMUTD, UTO MPUBOIUT
K CHUDKEHMIO TTOTPEOIeHUSI TOBAPOB U YCIYT U, KaK
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Tadomuma 1 Wcxonnbie gaHHbie st Monesu (13)

YucneHHOCTh MHpekce
Ton | nacenenust PO N, JAymessie foxonst D, MOTPeOUTENbCKHUX 1IeH [,
py0./4en. BTOI
yell. JIoJISl e]l.
1998 147 802133 12122,4 1,844
1999 147539426 19906,8 1,365
2000 146 890 128 27373,2 1,202
2001 146303611 367440 1,186
2002 145649 334 47 366,4 1,151
2003 144963 650 62044,8 1,120
2004 144168 205 76923,6 1,117
2005 143474219 97 342,8 1,109
2006 142753 551 122352,0 1,090
2007 142220968 151232,4 1,119
2008 142008 800 179287,2 1,133
2009 141904 000 202282,8 1,088
2010 141914 509 226572,0 1,088

CJICACTBUC, K CHM2KEHNIO CKOPOCTH UBMEHEHMN S Ca-
MOI'o0 MHACKCA HOTpe6I/ITeJTBCKI/IX LCH,

— BBICOKHI peaJbHbIA TOMNOBOM HOXOI HACEICHUS
00YCJIOBIMBAET YCTOMUYMBBIN CIPOC Ha TOBapbl
U YCIYTHU, YTO oOecTieurBaeT 0J1arornpUusITHbIE YCII0-
BUSI paOOTHI JJISI IPOM3BOAUTENICH, a ClIeIoBaTEe]Ib-
HO, 3aMeJJISIET CKOPOCTh U3MEHEHMSI MHAEKCca T10-
TpeOUTEILCKUX LICH.

BMmecte ¢ TeM, KaK TTOKa3bIBaeT IMIPAKTHUKA WCITOIb-
30BaHMSI CTATUCTUYECKON WHGOPMAIINU, WCXOIHBIC
naHHble 1uist Mmonenu (13) (taba. 1) Henb3st paccMaTpu-
BaTh KaK aOCOJIOTHO TOYHbIE. DTO OOYCIOBJIEHO Psi-
JIOM TIPUIMH OOBEKTUBHOTO XapaKTepa: 3arma3iblBaHue
cbopa 1 00pabOTKM JAaHHBIX, HETOYHOCTHU (a MHOTAA
W YMBIIIIICHHBIE MCKAXXeHUS) TIPEIOCTaBIIeMON MH-
dopmannm, akKKyMyJIupyeMoii opraHaMi CTaTUCTUKH,
u 11p. B 2T0i1 CBSI3M, HECMOTPSI Ha XOPOIIIYIO TOYHOCTh
MOCTPOEHHOU MOJENH, lieJecoo0pa3HOit MpencTaBsi-
€TCsl OlleHKA 3HAYMMOCTH MMEIOIIMXCST KCIIePUMEH-
TaJbHBIX TAaHHBIX. Y OMTHMM 13 BO3MOXHBIX CITOCOOOB
peanm3ay 3TOTO SIBIISICTCST OITMCAHHBIN B HACTOSIICH
pabote rmoaxo.

Hwxe mnpuBoguTcs omnucaHue TPeUIOKeHHOIO
MOAX0/Aa TPUMEHUTETBLHO K TI€PBOMY YypaBHEHUIO
monemm  (13). st sTOoro TmoTpedoBaloCh OCYy-
IIECTBUTH JMHEAPU3aIlii0 JAaHHOTO YpaBHEHUS, YTO
OBUIO OCYIIECTBIICHO ITOCPEICTBOM WCIIOJb30BAHMS
pasjiioxkeHus1 B psin Teiiopa C ILIEHTPOM B TOYKeE
{a?,ag,aLQ =0,812=0,712= 0}:

AN%a1—l—a?lnN-al—i—a(l)lnD-ﬁl—i—a(l)lnI-%—
(15)

BolM BBEOEHBI CIEIYIONINe 0603HAYEHUS: T1 =
= a1; T2 = Q2; T3 = 015 Ty = Q2 Ts = [1; Te = [}
T7 = Y1, T8 = V2.

—ag—aglnN~o¢2—aglnD~52—aglnI-'}/g.

Ha ocHoBanuu wucxomHoit wuHoOpMauuud (CM.
Tab. 1) mist onpenesieHus mapaMeTpoB {a;, a;, Bi, Vi},
i = 1,2, Ha OCHOBaHMM CcOOTHoIIeHWHl (15) ObLIM
copMrpoBaHbI MATPULILI A 1 B:

1 —10,019 1205810 0,09 602,720
1 —1 0,019 1205,696 0,010 634,514
1 —1 0,019 1205,413 0,010 654,930
1 —1 0,019 1205,157 0,011 673,802
1 —1 0,019 1204,869 0,011 690,079
1 —1 0,019 1204,567 0,011 707,383

A= 11 100191204214 0,011 721,161
1 —1 0,019 1203,905 0,011 736,252
1 —1 0,019 1203,582 0,012 750,910
1 —10,019 1203,342 0,012 764,493
1 —10,019 1203,247 0,012 775,433
1 —10,019 1203,199 0,012 783,713
0,000 0 —262647,1
0,000 — 19,945 —649238.1
0,000 — 11,794 —586457,1
0,000 — 10,935 —654217,1
0,000 — 9,014 —685624,1
0,000 —7.264 [ . | -795385,1
0000 —7002 | B~ | _693926.1 (16)
0,000 — 6,632 —1720608,1
0,000 — 5,524 —532523,1
0,000 — 7,207 —212070,1
0,000 — 8,004 ~104799,1
0,000 — 5,406 10589,9

(3HaueHus mapaMeTpoB a’ U a9 monaraiuch paBHbIMU
0,001 1 64,1 COOTBETCTBEHHO.)

Bce tpeboBaHust K iapamerpam {a;, o, Bi, i b, i =
= 1,2, ObIIM yYTEHBI B BUIE JAOMOJHUTENLHEBIX Orpa-

HUYEHUM:
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0<x <33 50 < z9 < 100;
1,948 < z3 < 2,050; 0<xs<1;

0<25<5; 0<26 <5;

=5 <7 <0; -5 <23 <0.

Takum obpa3om, 3agava onpeaeaeHus: MPUOIUKEH-
HOTO 3HauYeHUs mapameTrpoB {a;, «;, 3,7V}, i = 1,2,
Obl1a hopMaM30BaHa B CIICAYIOIIEM BUIE:

€ — min;
|AX — B| < ¢;
0<z; <3; 50< 29 <400000;
1,948 < x3 < 2,050
0<w5 <5;
=5 <27 <0;

(17)
0< 24 <1

0<26 <5;

—5§.’L‘8§0.

(Matpuust A u B umetot Bup (16).)
Pentenue npsimoit 3apauu (17):

X =(3396128420505500)";

MOTPELIHOCTh U3MEPEHUN & 402796,7; peuieHue
JIBOMCTBEHHOM K Heit (cM. Moaenb (7)):

y' =(0000005000000)" ;
v =(0000000000005)" ;
y>=(00000003,8200)" .

AHaJIOTMYHBIC  OEMCTBUS  OBUIM  TIPOBEICHBI
1 C OCTaJIbHBIMU ypaBHEHUSIMU cucTeMbl (13). B ka-
YeCcTBe LIEHTPOB pa3ioxXeHus B psiaax Teitnopa wis na-
pPaMETpPOB a;, © = 3,6, ObIIM BEIOPAHBI 3HAYEHUS ITUX
Ke TrapaMeTpoB B Mmomenu (14). Jlmama3oHsl Bapua-
LINU TIEpEMEHHBIX, HeOOXOIUMbIe TSI (POPMUPOBAHMS
Momeneii (17) mo KaxkmoMy ypaBHEHUIO crucTeMbl (13),
MPUBEACHBI B TA0JI. 2.

ITonyuyeHHble pe3yabTaThl (CM. Tadd. 2) MOKa3biBa-
0T, UTO Ha MOTPELIHOCTb U3MEPEHMIT € BTOPOTO U Tpe-
THETO ypaBHEHUS cucTeMHI (13) 3amaHHBIC TraTia30HbI
BapHallii TapaMeTPOB KaKIOTO M3 3TUX YPaBHCHMI He
OKa3bIBalOT BAUSHUS (00 9TOM CBUACTEILCTBYIOT HY-
JIeBbIE 3HAUEHMS IBOMCTBEHHBIX IEPEMEHHBIX 32 ). DTO
O3HauaeT, YTO BEJWYMHBI MOrPEIIHOCTe U3MepeHUit

Tadomuma 2 OueHKM MOrpelIHOCTE U3MePEH Uit 11 ypaBHeHuiA Moaean (13) u 3HaunMocTu

OTPaHWYEHUIT HA UX TTapAMETPhI

n JuanazoH Peiienue I[BoﬁCTBeHHiLIe olLeHKH >
apametp Bapualuu MpsSIMOi 3a1a4n | 10 JIEBOU rpaHuUlle | 10 MIPaBOil rpaHulIe
VYpaBHenue 1 (¢ = 402 796,7)

a1 [0, 3] 3,0 — 0

az [50, 400 000] 396 128.,4 0 0

a1 [1,948, 2,050] 2,05 0 0

a2 [0, 5] 0,0 — 0

B [0, 5] 5,0 — 0

B2 [0, 5] 5,0 — 3,82
Y1 [-5, 0] 0,0 0 —

V2 [-5,0] 0,0 0 —

VYpasHenue 2 (¢ = 394,56)

as [500, 600] 600,0 0 6,6-10°
a4 [9000, 11 000] 9000,0 0

as [0, 1] 1,0 — 1,4-1074
oy [0, 1] 0,019 — 0

03 [0, 1] 0,0 — 0

Ba [0, 1] 0,05 — 0

3 [0, 1] 0,0 — 0

Y4 [0, 2] 0,187 — 0

VYpaBHenue 3 (¢ = 0,26)

as [0, 1] 0,0 — 0

a6 [0, 1] 0,023 — 0

as [0, 1] 0,0 — 0

Qg [0, 1] 0,0 — 0

Bs [0, 1] 0,0 — 0

Bs [0, 1] 0,0 — 0

s [—1,0] 0,0 0 0

Y6 [—1,0] 0,0 0 0

9%
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OL[CHK& NNOrp€IHOCTU U 3BHAYUMOCTHU I/IBMCpeHI/Iﬁ TS IMHEWHBIX MOJIeJIe

Tabmma 3 OueHky 3HAYMMOCTY U3MEPEHUIA IS ypaBHEHUIA Monesu (13)

Howmep skcnepumenTta | YpaBHeHue | | YpaBHeHue 2 | YpaBHeHue 3

(M3MepeHst) y' v y' v | v |y
1 0 0 0,0345 0 0 0,5

2 0 0 0 0 0,5 0

3 0 0 0 0 0 0

4 0 0 0 0 0 0

5 0 0 0 0 0 0

6 0,5 0 0,1323 0 0 0

7 0 0 0 0 0 0

8 0 0 0 0 0 0

9 0 0 0 0,5 0 0

10 0 0 0 0 0 0

11 0 0 0 0 0 0

12 0 0,5 0,3333 0 0 0

3ameuanne: y' 1 y? — BepXHASA U HIDKHSIS TPAHUIILI, OTIPeieNisleMble COOTBET-
CTBYIOILIMM orpaHuyeHueM rpymmsl |AX — B| < e.

IJIST JAaHHBIX YpaBHEHWI B TIEPBYIO OYepedb OIpelie-
JIS1I0TC M3MepeHusiMu (tadu. 3). Tak, morpeirHocTh
M3MEPEHUI BTOPOTO YpaBHEHUsI OMpPeAesIeTCsT B 00JIb-
mei creneHn 9-m 1 12-M m3MepeHUAMHU (9-51 KOM-
MOHEHTa BekTopa y> M 12 KOMIIOHEHTa BekTopa y'
paBHBI cooTBeTcTBeHHO 0,5 1 0,333) 1 B MeHbIIeH —
1-M 1 6-M. Ha morpenrHocTb M3MepeHuii € TPEeThero
ypaBHEHUs B paBHOM CTETIEHU BIMSIOT 1-€ 1 2-¢ u3Me-
peHusi. Cpeau mapaMeTpoB TIEpPBOTO YpaBHEHUS €CTh
onuH ([2), BEpXHsISI TPaHUIIa 3HAYEHUIT KOTOPOTO OKa-
3BIBACT CYIIECTBEHHOE BIMSHUE Ha ITOTPEITHOCTD M3-
MepeHUii € (COOTBETCTBYIOIICEe 3HAYCHUE JTBOMCTBEH-
HOI oueHkM y> paBHO 3,82). TakXke Ha 3HaYEHUE £
B paBHOI CTENEHM OKa3bIBAIOT BIMsIHUE 6-¢ 1 12-¢
U3MEPEHUsI, O YeM CBUIETEILCTBYIOT 6-51 U 12-51 KOM-
MOHEHTBI BEKTOPOB 4' U 2 COOTBETCTBEHHO.

HanHasi uHdOpMaUsi MOXET ObITh MCMOJb30Ba-
Ha TpY TJIaHUPOBAHUM AAJIbHEUIIIMX 3KCIIEPUMEHTOB
¢ mogenamu (13) unu (14). Tlpu aTOM HOMXKEH CO-
OIOMaThCS CACTYIOIINI MPUHIIUIT: B KaXKIOM ITOCTIe-
IyIOIIeM 3KCITIepUMEeHTe WH(GOPMATUBHOCTE HOBBIX
M3MEPEeHUI JODKHA ObITh HE MEHee 3HauyuMMma, 4TO
JOJDKHO OTpakaTbCsl MpU (OPMUPOBAHUU COOTBET-
CTBYIOIIMX yclaoBUi. Hampumep, cykeHue Wi yBe-
JIMYeHWEe arara3oHa 3HAYeHWI IapaMmerpa (o Iele-
Cco00pa3HO TIPOBOMMTHL 3a CYET BapHWalluM BEpXHEU
TPaHUIILI MHTEPBaJIa ero 3HAYCHUIA.
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Abstract:

Identification of a linear dependency, when exact solution obtained by standard methods does not

meet the objective requirements, determines development of specific approaches for their numerical realization.
A method to obtain approximate values of linear models parameters on experimental data, which is based on the
use of the linear programming methodology and the duality theory, is presented. This method makes it possible to
obtain approximate solutions that fulfill all requirements to the model and its parameters and to evaluate accuracy
and significance of measurements. It is important for improving the procedure of construction of functional
dependencies on the stage of planning experiments if they do not satisfy the authenticity criteria. The results of
testing the proposed method for problems connected with research of chemical and socioeconomic systems are
given.
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BAMECOBCKAS PEKYPPEHTHAS MOJEJb POCTA HAJITEXKHOCTM:
BETA-PABHOMEPHOE PACITPEAEJIEHUE ITAPAMETPOB*

IO. B. XKaBoponkosa', A. A. Kynpsasues?, C. §I. [lloprun?®

AnnoTtamus: [TporHo3upoBaHue HAIEKHOCTU CIOKHBIX MOAUGbUIIMPYeMbIX MH(PopMaliMoHHbIX cucteM (CMUC)
SIBJISIETCST B HACTOSIIIIEEe BPEMST OHOI M3 aKTyaTbHBIX 3324 TEOPUU MacCOBOTO oOCmykuBaHusl. JItobast BriepBbIe
CO3JIaHHasI CJIOXKHAs cucTeMa, MpelHa3HauyeHHas1 151 epepadOTKY WM Mepeadyn MHGOPMalMOHHBIX TOTOKOB,
Kak mpaBujio, He obsanaeT TpebyeMoil HanexXHOCTbI0. Takue CUCTeMbl MOABEepraloTcss MOAU(UKALUAIM B X0/
pa3paboTKM, OMBITHOM KCIUTyaTalluy W IITAaTHOTO QYyHKIIMOHMpPOBaHMs. Llenbio aTux Monudbukanuii sBuseTcs
yBEJIMUEHUE HAEKHOCTU MHGMOPMALIMOHHBIX CUCTeM. B CBSI3M ¢ 9TUM BO3HMKAaeT HEOOXOAUMMOCTh (hopMain3a-
LI U MOHSITUS HAIEXKHOCTU MOAUDULIMPYeMbIX MHGOPMALMOHHBIX CUCTEM U pa3pabOTKU METOIOB U aJITOPUTMOB
OLIEHMBAHWS W MPOTHO3UPOBAHUS PA3IMYHBIX HAIEKHOCTHBIX XapaKTepucTuk. OIHUM M3 TIOAXOAOB K OIpe-
JIEJIEHUIO HAIEKHOCTU CUCTEMBI SIBJISIETCS BBIYMCIIEHUE BEPOSITHOCTU TOT0, YTO Ha CUTHAJI, TTOJAHHBII Ha BXOJ
CHUCTEMbI B OMpeAeSIEHHbII MOMEHT BPEMEHU, CUCTeMa OTpearupyeT KOppeKTHo. B cTaTbhe paccMaTpuBaeTcs
SKCMOHEHIINATbHAST PEKYPPEHTHASI MOJENTb POCTA HAEXKHOCTH, B KOTOPOIl BEPOSITHOCTh HA/IEKHOCTU CUCTEMBI
MpeAcTaBiseTcs Kak JUMHeiHas KOMOMHALUS MapaMeTpoB «1e(eKTUBHOCTH» U «3(PHEKTUBHOCTU» CPENCTBa,
HUCTIPABJSIOIIETO HeNOCTaTKu cuctembl. [lpenamnosaraercs, 4To MccieaoBaTelb HE UMEET TOUHBIX CBEACHUI 00
HCCIIenyeMoiil crucTeMe, a JTUIIb 3HAKOM C XapaKTepUCTUKaMU Kilacca, M3 KOTOPOTO OepeTcsl aHHasl cucTema.
B pamkax GaliecoBcKoro noaxona npearoJiaraertcs, YTo OAUH U3 Mokasareieil «1eeKTuBHOCTU» U «ddhdek-
TUBHOCTH» MMeET OeTa-pacrpenesieHne, a Ipyroii — paBHOMEpHOE pacrpejeneHue. Beraucisercst cpenHsist
TpeieNbHast HaIeKHOCTb CUCTeMBL. [IpUBOMSATCS YnCIeHHBIE Pe3yTBTaThI IJISI MOJETbHBIX TPUMEPOB.

Kirouessie ciioBa: MonuduiirpyeMbie TH(OOPMAIIMOHHBIE CUCTEMBI; TEOPUSI HAIEXKHOCTH; 0alieCOBCKUI TIOIXO;

OeTta-pacmpeiesieHue; paBHOMEPHOE pacipeneeHne
DOI: 10.14357/19922264150109

1 TlocraHoBka 3amauu

3agaua mporHosupoBaHusi HaaexHoctu CMUC
obu1a copmynupoBaHa B [1], a B manbHeleM 0o-
Jlee MoapoOHO paccMmoTpeHa B [2]. B cratwe [3] ma-
HO MoapoOHOEe OIMMCaHue Kilacca MoOIeJeii, B paMKax
KOTOPBIX BO3HMKAET HEOOXOAUMOCTh MCIOIb30BaHMS
OaitecoBCKOIO MOAXoAa K aHaIu3y pocTa HaleKHOCTU
CMMUC, Takux Kak HOBasl mMporpaMMHasl cucTemMa Juist
KOMITbIOTEPA, HOBasi UH(MOPMALIMOHHO-BBIYUCIUTEb-
Hasl CeTh WM HOBasl aIMUHUCTPATUBHO-MH(MOPMAIIH -
OHHas CHCTeMa, KOTOphIe, KaK MPaBWJIO, N3HAYAJTIBEHO
He 00J1afaloT TpedyeMoii HaleXKHOCTHIO.

WUccnenyembie CMUC noasepraiorcsl mepruoanye-
CKUM H3MEHEeHUSIM (MomubUKalusIM) C LEIblO0 yBe-
JIMYECHUS HaOeXKHOCTH WHMOPMAIIMOHHBIX CHUCTEM.
B cratbe paccmaTpuBaeTcs oncaHHas B KHHTE [2] Mo-
JleJb POCTa HaJeXKHOCTU, OOBIYHO MCIMOJb3YIOIIasiCs,
KoTJa ynoOHO MMETh AeJI0 HeMOCPEACTBEHHO C Mapa-
METPOM, MHTEPIPETUPYEMbIM KaK HaaeKHOCTb CHC-
TEMBI.

PaccMoTpuM Mpou3BONIBHYIO CUCTEMY, Ha BXOJ KO-
TOPOI1 MOAAIOTCSI HEKOTOPBIE CUTHAJIBI (HarpuMep, KO-
MaHIBI OllepaTopa WM BHEIIHWE BO3MEUCTBUs). Pe-
aKIIMsSI CUCTEMBI Ha TTOMaHHBIC CUTHAJIBI MOXKET OBITh
JIMOO MPaBUWILHOU (KOPPEKTHOIR ), IMOO HETTPABUIbHOM
(HEKOPPEKTHOIA).

B kaxpaplit MOMEHT BpeMeHU t HaIeXKHOCTb CHU-
CTEMBI MOXXHO XapaKTepHU30BaTh MapaMeTpoM p(t) —
BEPOSITHOCTBIO TOTO, YTO HA CHUTHAaJ, ITOMaHHBIA Ha
BXOJI CUCTEMBI B MOMEHT ¢, CCTEMa OTpearnpyeT Ipa-
BIbHO. [lo CMBICTY Takas XapaKTepHCTHUKa HalexK-
HOCTHU OJIMXKE BCEro K TPaAULMOHHO HCIOJb3yeMOMY
K02 GULIMEHTY TOTOBHOCTU. B ciydyaliHbie MOMEHTHI
BpeMeHu 0 = Yy < Y; <Y, < --- cucrema noaBepra-
ercsl (MTHOBEHHOM ) MoaudUKaluK, B pe3ybTaTe yero
u3MeHsieTcst rapametp p(t).

CrenyeT oOpaTUTh BHUMaHME Ha TO OOCTOSITE]Ib-
CTBO, YTO HIXE pacCMaTpUBacTCsl HEIIPEePhIBHOE Bpe-
Msl, 6e3 TPUBSI3KU HATIPSIMYIO ITpoliecca MOIAUGHUIIPO-
BaHUSI CUCTEMBI K Ipolieccy ee TectupoBaHus. [Ipen-

*HccnenoBaHue BBITIOTHEHO MpH noaaepxke Poccuiickoro Hayunoro donaa (mpoekt 14-11-00397).

1000 CnyrHuk, juliana-zh@yandex.ru
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MTOJIOKHMM, YTO TPAEKTOPUU Tiporiecca p(t) HermpepbIB-
HBI CITpaBa M KYCOYHO-ITOCTOSTHHBI, TaK 4T0 p(t) =
=p(Y;) mpuY; <t <Vji4.

O6o3HaunM p; = p(Y;). PaccMOTpuM NoBeeHHE D ;
B 3aBUCHMMOCTH OT U3MeHeHus j. [pyrumu cioBamu,
OyzneM u3yvyaTh U3MEHEHNE HAeXKHOCTU CUCTEMBI B 3a-
BUCHUMOCTU OT HOMepa momaudukaiuu. B xHure [2]
paccMaTpuBaeTcsi, B YaCTHOCTH, CJemyoliasi peKyp-
peHTHast Mozelb pocTa HanexHoctu. ITyetb {(0;,7;)},
j > 1, — mocnenoBaTeTbHOCTh HE3aBUCHUMBIX OIMHA-
KOBO pACIIpe/IeJICHHBIX JABYMEPHBIX CIYYailHbIX BEK-
TOpoB Takux, 4yto 0 < m < 1; 0 < f; < 1 mouru
HaBepHOE.

3amaB HavaJdbHYIO HANEXHOCTb Py, PACCMOTPUM
MOJIEJTh, OTIPEAENSIEMYI0 PEKYPPEHTHBIM COOTHOIIIE-
HUEM

Pj+1 = nj1p; +0i41(1 —pj) .

DTa Moze/b Ha3BaHa AUCKPETHOM SKCIIOHEHIINAIbHOI
Mozenblo. B Takoit Mozmenu ciyyaiiHble BEIMYUHEL 17);
(TTapaMeTphl «Ie(PEeKTUBHOCTH») OMMACHIBAIOT BO3MOX-
HOE YMEHbIIIEHNE HaIEKHOCTH 13-3a HEKAa4eCTBEHHBIX
MonudUKaIuii, B XOI¢ KOTOPHIX BMECTO HCITpaBJIc-
HUSI CYLUECTBYIOLIUX Ae(EKTOB B CUCTEMY MOTYT OBbITh
BHECEHBI HOBbIE, B TO BpPeMs KaK BeJMYUHBI 0; (Ta-
paMeTpbl «3(PHEKTUBHOCTH» ) OITUCHIBAIOT ITOBBILLIEHKE
HaJIe>KHOCTH 3a CUET MCITpaBIeHUS 1e(hEKTOB.

O6o3HaumM A = 1 — Efy, u = Eny. B [2] mokazaHo,
YTO IIPU YCIIOBUM \ + 1t 7~ 1

p= lim Ep; = S

j—00 A

W3yueHue mnpenesbHOro 3HAYeHUs CpeaHEl Be-
JmunHbl Ep; mpencrabiser 3HaYMTENbHBIM MHTEpEC,
MOCKOJIbKY 9Ta BeIMYMHA XapaKTepU3yeT acUMIITO-
THYEeCKOe 3HaYeHWEe HaIeXKHOCTU CHUCTEMBI B pamMKax
HEKOTOpPOI PEeKYppEeHTHOM MOMAEIM, 3aJaBaeMON Ha-
6opom {(6;,m;)}. W3 pesynbratoB [2] ciemyer, 4To
9TO aCUMIITOTMYECKOE 3HAYEHME 3aBUCUT TOJIBKO OT
CpeIHNX 3HaYeHuit BennuuH {(0;,71;)}, j > 1.

B [3, 4] uccnenoBanach CUTyallusl, TIpU KOTOPOI
paccMaTpuBacTCs HabOp OTHOTHUITHBIX CIIOXHBIX MO-
IUIpyeMbIX 00heKTOB (MO), KaXXmelit U3 KOTO-
PbIX 00CITy>KHBaeTCsl COOCTBEHHOI PEMOHTHOU Opura-
noii (PB). Uccnenosarento xoreaoch Obl ONMpeaeanuTh
ycpemHeHHOe 3HadeHue p mo BcemM MO. s pere-
HUsI 3TOM 3aIaul B yKa3aHHOM paboTe ImpemiokeHa Tak
HaspIBacMas OaliecoBcKasl mocTaHoBKa. [Ipemmosara-
eTcsl, UTO paccMaTpUBaeTCs 1ieJ1asi TpyIina OAHOTUITHBIX
MO u rpynma UM COOTBETCTBYIOIIMX OMHOTUMHBIX PB.
Ilyctb m = 1,2,... — HOoMepa 3TUX O00BEKTOB. s
kaxmoro MO (BmecTe ¢ ero PB) cymecTByeT coocTBeH-
bt Hadop {(07',7")}, j > 1, m > 1, He3aBUCUMBIX
OIMHAKOBO pacIpeneeHHbIX MPU KaXIoM (DUKCUPO-
BaHHOM j IBYMEPHBIX CTyJalfHbIX BEKTOPOB TaKUX, YTO

0 < n" <1; 0 < 6" <1 nourn HaeepHoe. Ho
CpeoHuE 3HAYEHUS BEJIUYUH 9;”, 77;”, 7 >1, m >
> 1, He mpennoJjararTcs U3BECTHBIMU; OoJiee TOro,
OHM He TIPEHATIOJIaraloTCs Iaxke OMMHAKOBBIMHU. BBo-
ZUTCS TIPETIONOKEHHE, YTO BEMMIMHBI A = 1 — EOT",
p = Eni" camn no cebe sIBISIIOTCS CTy4ailHBIMA, T. €.
Ha BEPOSITHOCTHOM IPOCTPAHCTBE, B KOTOpOE B Ka-
YEeCTBE 3JIEMEHTAPHBIX COOBITUI BXOJST BCE paccMart-
puUBaeMbIe B paMKaX JaHHOI 1mocTaHOBKH MO BMecTe
c ux PbB, 3amaHbl caygaitHble BETUYUHBI A 1 4 (KOTOPBIE
TTojlaraeM He3aBUCHMMBIMHU ), IMEIOIINE CMBICT A = 1 —
— B0, p = Enj", tne m — cayvaiiHslii Homep MO.
[TpuHMMaeMble McciienoBaTesieM 3a OCHOBY pacripese-
JICHUS BeJIMUYWH A U 4 OyIeM Ha3bIBaTh allpUOPHBIMU.

INomnexammue BBIYUCICHUIO XapaKTePUCTUKU Ta-
KOI «paHIOMM3MPOBaHHOI» rpyrmbl MO, ecrecTBeH-
HO, SIBJISIIOTCS paHAOMM3aleil aHaTOTUYHBIX XapaKTe-
PUCTHUK «OTIEJIBHO B3sITOM» MO ¢ y4eToM aripuopHOro
pacrnpeeeHus mapaMeTpPOB \ U ji, B3SITOTO UCCIIe0Ba-
TeyieM 3a OcHOBY. HaunboJsee ectecTBeHHOM 1 ynoOHOM
IUIST U3YIeHUST XapaKTePUCTUKOM SIBJISIETCS YCPEIHEH-
Hoe 1o BceM MO 3HaueHue MpeieabHON BEpOSITHOCTU
HalleXKHOCTH, T. €.

K

A+p’

TJie YCpemHEeHUe BEAETCS TI0 COBMECTHOMY pacripene-
JICHUIO CITYYaHBIX BEIUYUH (\, f1).

B paccmaTpuBaeMoil cuTyalluy BeTUYUHBI 77}” u 9;”
VIOBJIETBOPSIOT OrpaHndeHusiM 0 < nf" < 1,0 < 07" <
< 1. 3Haywt, ¥ 3HAYEHUs] A\ W p BenmyuH 1 — EOT
1 En" COOTBETCTBEHHO Takke HAaXOAATCS Ha OTPE3Ke
[0,1]. TloaTomMy B KadecTBe ampUOPHBIX pacIpeie-
JIEHUII TTapaMeTpoB A\ U [ CJIeAyeT BbIOMpaTh TOJbKO
pacripeieieHus1, CocpenoToueHHbIe Ha [0, 1].

B paborax [3, 4] ObUIM paccMOTpPeHbI HE3aBUCH-
Mble CIIyJyaliHble TIapaMeTpbl A W ji, WMEIOIINEe Of-
HOBPEMEHHO PaBHOMEPHOE WM OeTa-pacrpesesieHue
COOTBETCTBEHHO. B HacTosiueil ctaTbe MccieaoBa-
HUsI 0alieCOBCKOM peKyppeHTHOU MoJeau pocTa Ha-
JIESKHOCTY TIPOIOJIKEHBI TSI CUTYalluy, KOTJa OMUH U3
rapaMeTpoB UMeeT OeTa-pacrpeiesieHne, a Ipyron —
paBHOMEPHOE pacTpe/iesieHIe.

Pcpen = Ep =E

2 OcHOBHBIE pe3yabTaThl

Bgenem cienytoiiue o6o3Hauenust. Yepes B(m,n),
m,n > 0, OyneM obo3HauaTh Oeta-¢yHkKinoo. Yepes
R(a,b) n (m,n) 0603HAYUM COOTBETCTBEHHO PaBHO-
MepHoe pacrpejeneHue u 6eta-pacnpeneieHue. [1yctb

(a)i=ala+1)-(a+i—1), (a)o=1.

HecMmotpst Ha TO 4TO (); UMEET CMBICT HEMOJHO-
ro ¢akTopuaia, HUTAE gajee He TpeOyeTcsl, YTOObl «
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OBLJIO MOJIOKUTEIBHBIM. PaccMOTpUM KJIaCCHUYECKYIO
runepreoMeTpuyeckyto pyHkiuo laycca

=

a, B3,v;) ™)
1=0 )it '

IMoanamorun ¢9.180.1,9.180.319.14 . 1 u3 [5] BBeaem
B pacCMOTPEHME JIBe 0000IIEeHHbIE TUTIePreoMeTpruye-
ckue (YHKIIMU IBYX TIepEeMEHHBIX:

Gz:g(avﬁlv"'aﬁpvﬁia"wﬁ;;’}/vglv"'
05,00,y Oy y) =
= o= (@i (B)i - (Bp)i(B1) -+ (By);
Z;;Z R AR ANCA RS
1,0
% i!]y'! (M
H§77tq(ﬁla"'761)7617'"aﬁ;;/ya&lu"'aé‘saéiu
',5£;x7y) =
e B)i - (Bpi(B)i - (BY)s
a ;; (7)i+(01)i -+~ (85)i(1); -+ (97, g
1,0
% i!]y'! - @

Teopema 1. Ilycmo cayuaiinvie 6eauuuns. \ U [ He3a8uU-

CUMbL U UMEHOm coomeemcmeenHo pacnpedenenus R(a,b)

ufB(m,n),ede0 <a<b<1l,m,n>0. Toeda
B(m+1,n)

(b—MBOmn)n<Zii)+

b(m +1)72
G- a)Bm,m)b+1)

XHf”g (1—n,m+1,m+1,1,1;

Pcpen =

+

)

a(m+1)72
b—a)Bim,n)(a+1)

1
2 2; 1) —
m+ 7m+ 7b+17> (
fo’:g(l—n,m—i—l,m—i—l,l,l;
Fomt 21 (3)
m m T .
) 7a+17

HoxkazaTenbcTBO. HaiimeM miIoTHOCTS f,(x) ciy-
yaifHoil BeanunHbl p. UMeem

X

— y) aly)dy .

b
_ Y
fP(I) - / (1 _x)Q f,u (1
Wcnonb3ys 3ameHy nepeMeHHoit z = zy/(1 — x), 1o
dopmyrne 8.391u3 [S] w10 < = < 1/(b+ 1) umeem

100

/bb—la_x (b - a)B(m.n) |
X( =) (-

1
_mrn e
~ - a)Bm,n)

n—1
dy =
1—:v> 4
bZC m—+1
(=) -
bz
1—2x

m—+1
- ar G(l—-nm+1,m+2; a
1—a 1-—

><G<1—n,m—|—1,m—|—2;

S
&
~__
~_
Il

=51 (x),
amsl/(b+1) <z <1/(a+1)
(1-z)/x L m—1
o= [ G amm (1)~

< (1-

X (B(m+ 1,n)—

n— —2
zy T
d = —
1—x> 4 (b —a)B(m,n) .

1 ar
m+1\1—=z

ax
1—x

xG(l—n,m—i—l,m—i—Z;

Taxkum obpazom,

1/(b+1)

Ep — a1, (o) do =

BorauciivM oTebHO MepBbIii MHTETpasl U3 MpaBoii
gacTtu (4). Umeem

1/(a+1)

/:vSl(:v) d:v—l—/:cSz(x) dx. (4)

1/(b+1)

(=)

1/(b+1)
/xSl (x)dx =

(=}

1/(b+1)
0/

xG(l—n m+1,m+2;, ——

(m+1)" 1zt
(b —a)B(m,n)

< be \™

X
()
bx ar m+1><
1—x 1—2

xG(l—n,m+1,m+2;1ﬂ>) de = Uy —Us .
— X
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g mepBOro cjlaraéMoro uMeeMm:

U = bm+1(m—|—1 1i (1 —mn); m—|—1)b
T - n) = (m+2)
1/(b+1)

bm+1(m—i— 1)71
& —a)B(m,n)

™ dx
/ (1 _ x)m+i+1 =
0
1/b
(1 —mn); m+1) bt / ((1/b) —
(m+2); (z—(b+1)/b)

o0

D
=0

Z)m-H dz .

Bocrmonszyemcst popmyitoit 3.196.1 n3 [5]:

U, =

b m 4+ 1) S (1 —n)i(m + 1)
(b —a)B(m,n) ; (m + 2);i! x

X

b (1T G L, m i+ 2,1/(b+ 1))

b+1<5> m+i+1 B
B b

T —a)Bm,n)

(1—n)i(m+i+1)721 /1 '™
i(m+i+2); b+1 '

SHW

1=0 j=0
AHaJIOTUYHO

am+1

& —a)B(m,n)

SHI

=0 j=0

U, =

(1—=n)i(m+i+1)"2a3!
z'm—|—z—|—2)

1 m-+1 1 Jj+1
G) =)

AHAJOIrMYHO TOJyJYaeM JUIsl BTOPOIO CJIaraeMoro
u3 (4):

1/(a+1) . | .
m+1,n +1
S dz = . 1 —
() da (b—a)B(m,n) n(a—l—l)
1/(b+1)
1/(a+1)
B / (m+1)" 1zt az "t "
(b—a)B(m,n) \1—=x
1/(b+1)

1—=z

XG(l—nm+1m+2 )d:vEU3—U4.

Pa3ouB BeluMTaeMoe B MOCAeIHEM BbLIpaXX€HMM Ha
JBa MHTETrpaja, rnojayynm

1/(a+1)
n- [
0

xG(l—n,m+1,m+2;

fﬁtiﬁ;ﬁ; <1a—xw>m+l )

ﬂ) dr — Uy =
1—=z

a

~ (b—a)B(m,n) .

(1—n)i(m+i+1)7%! /1
im+i+2); a+1

J+1
) o

SHN

1=0 5=0

ITonpITOXMBasE BCe BCITOMOTaTebHbIE BBIKJIAIKHA,
rmorygaem 1St (4)

Ep=U1—Ux+Us - Uy =
_ B(m+1,n) In b+1 b "
B (b—a)B(m n) a+1 (b —a)B(m,n)
|
== zm—|—2—|—2) b+1
o a
(b—a)B(m,n)
(1—n)i(m+i+1)721 7 1 '™
. (5
. ZZ im+i+2); a+1 ()
1=0 j=0
I/ICHOHB:SYH QJICMCHTApPHLIC Hpeo6pa3OBaHI/IH

mng (5), mo ompeneneHuto (2) moaydaem (3), 4TO
3aBeplIaeT J0Ka3aTeIbCTBO TEOPEMBI.

Terrepp pacCMOTPUM CHMMETPUIHBINA CAyJail s
pacrpeaeIeHuiA CyJaifHbIX BETUIUH A\ U [i.

Teopema 2. [lycmb cayuaiitvle 6eauyunvl A U L He3A8UCU-
Mbl U umerom coomeemcmeenHo pacnpedenenus B3(m,n)
u R(a,b),20e0 <a<b<1 m,n>0.Toeda

R )
bm~Hm+ 1)t
(b—a)B(m,n)
_%> _
1

XG%(l) (m,l—n,m+1,1;m+ 1,m—|—2;1,__>. (6)
7 a

Pcpen

(m,n)
XG%:(I) (m,l—n,m—i-l,l;m—i— 1,m+2;1,

am™(m+1)""
~ (b—a)B

(m,n)

HoxaszatenbcTBO. HaiineMm miotHoCTh f,(x) ciy-
yaliHOI BeMMYUHBI p. UMeem

WHOOPMATUKA U EE TPUMEHEHUS TomM 9 Boimyck 1 2015 101



1O. B. 2Kasoponkosa, A. A. Kyopssues, C. 4. lllopeun

/1 pE fu ( y) faly) dy

Mo bopmyie 8.391 us [S]ansta/(a+1) < & < b/(b+1)

nMeeM
1

a(l<z)/z
B(m+1,n)(1—z)"?2
(b—a)B(m,n)
a™ Mt (m+ 1)1 - 2)m !
(b — a)B(m,n)z™*!

xG(l—n,m—Fl,m—l—Q,M) =Ti(x),
x

—x -2
O] ym(1—yytay -

o= ] G-asm

awsb/(b+1)<z<1

(1 )72 b(l—z)/z
_ — T m _o\n—1 _
a(l—z)/x

— /ym(l—y)"’ldy =

0
B bm+1(m+ 1)—1(1 _ :C)m—l y
 (b—a)B(m,n)z™"!

xG(l—n,m—l—l,m—l—ZM) —
x

a™" M m+ 1)1 - )™t "
(b —a)B(m,n)z™ !

xG(l—n,m—i—l,m—i—Z,M) =Ty(z).
x

Takum o6pazom,

b/(b+1) 1
Ep = /xfp(:zr) dx = /:ch (z)dx + /xTQ(:c) dz. (7)
a/(a+1) b/(b+1)

Bblunciaum oTaenbHO MepBblii MHTErpal u3 MpaBoi
yactu (7). Umeem

b/(b+1)
Ty (x) dx =

a/(a+1)

B 1 32)-

102

b/(b+1)
am—i—l(m + 1)—1(1 _ I)m—l y
(b — a)B(m,n)z™

a/(a+1)

1—
xG(l—n,m—i—l,m—i—Z,u) de=V1—-V5.
T

Ons  BbruucieHus Ve hopmy-

soii 3.196.1 u3 [5]. Umeem

BOCITOJIL3YEMCA

—1 ©©

>

=0

(1 —-n); m+1)
(m+2);

m+1(m —|— 1)
(b—a)B(m,n)
b/(b+1) .

(1 _ x)m—i—zfl

$m+i

Vy =

dr =

a/(a+1)

m oo

(b—a mnZ

1=

1—n
m—|—z—|—1

1/(at1) ym—i-i—l

Ao W=

L=y
1/(b+1)
m+

(b—a

X

1—n
m—|—z—|—1

mn

@ME%

1”‘””(1/( I
. / ety T

1/(b+1) -
B / (1/(b+1)—9€)”“”‘1 g | =
(x4+0b/(b+1))""

m+

(b —a) 120

—m—1 1
><<a ,G<1,m—|—i,m—|—i—|—1,——>—
a

1—n
m—|—z—|—1

Mg

b—m—i

m—+1 m 41

b
1—n
m—|—z—|—1

B i b—m—i(_b)—j
= m-+i+7

1
xG(l,m—l—i,m—l—i—l—l,——)) =
m+
(b—a

@M%ﬁ

(m,n)
o —m—i(_ \—j
X Z%
= m+1+

st BToporo ciaraemoro B (7) aHaJJOTUYHO UMEEM

1

1
B b (m+ D)1 - )™t
vhy(w) de = / (b —a)B(m,n)z™ 8

b(l—:c)> b

b/(b+1) b/(b+1)

><G<1—n,m—|—1,m—|—2,
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B /1 a™tm+ 1)1 —z)™ ! "

(b —a)B(m,n)x™
b/(b+1)
1—
><G<1—n,m+1,m—|—2,u> de =V3-Vy,
x
rae
‘/73:
o (1 —n);(=b)~7
(b—a ZZ (m+i+7)(m+i+ 1)’
z:O]
Vi=
m+1b— = (1 —=n)a'b ™ (=b)™7
(b—a ZZ (m+i+7)(m+i+1)i!"

=0 j=0

OO0BeIUHAS TIOTYICHHBIC PE3yJbTaThl, ITOJyJacM

b
(b— a)B(m n) x
(1 —n);(=D) -
. (8
X;Jz(:) (m+i+7)(m+1i+ 1) ®)
Hcnonb3ys  sleMeHTapHBlE  [TPeOOpa3oBaHUs

wisg (8), mo ompenenenuio (1) momydaem (6), 4ro
3aBeplllaeT JJ0Ka3aTeJIbCTBO TEOPEMBI.

3ameuanue 1. IIpu a = 0, oueBUIHO, BhIpaxkeHue (6)
ocraeTcsl CIpaBeUTMBBIM, €CTU TOC/IeIHee cllaraeMoe
TTOJIOXKUTH PAaBHBIM HYITIO.

3ameuanue 2. Boipaxenus (3) u (6) cirykar Jist KOM-
MAKTHOW 3aIUCH Depen. IS TPAKTUYECKOTO MCIIONb-
30BaHMST (HETMOCPENCTBEHHOTO BBIUMCICHUS]) HMEeT
CMBICJI TPENCTABIATD Depen B BUAE PAIOB TUIA (5) 1 (8),
KOTOpBbIE HECJIOKHO BBIYMCIISIIOTCS C JII0OOU Harepen

n3 (7) 3aJaHHOU TOYHOCTHIO.
B xadecTBe WITIOCTpallMM TPUBEIEM HECKOIBKO
Ep=Vi-Va+V3-Vy= Ta0JIUL CO 3HAYEHUSAMU Pcpen. I yIOOCTBA CpaBHE-
_ B(m+1,n) 14 1 I (& +1 HUSI C pe3yJbTaTaMi, OIyOJIMKOBaHHBIMU B [3] u [4],
~ B(m,n) b—a \b +1 3HAYEHMSI TapaMeTPOB PAaBHOMEPHOTO U OeTa-pacrpe-
a 0o oo (1= n)i(=a)™ JIEJICHUST B3SThI U3 3TUX CTaTef/'I.)\ Tabauust 1 u 2 C(i_
—— — - - OTBETCTBYIOT PACIIPEHCICHUSIM A\ U [ M3 TEOPeMbI 1,
(b~ a)B(m,n) i=0 j=0 (m+i+j)(m+i+1)il a Tabi1. 3 ¥ 4 COOTBETCTBYIOT Teopeme 2.
Ta6mmua 1 Yactuble 3HaYeHUA cpeaneit HanexHocT (A ~ R(a,b), p ~ B(m,n))
[a, b] m;n
1;7 1;3 3;5 ;1 | 6;10 | 2;2 | 10;6 | 5;3 3;1 7;1
[0,1/4] 0,47 | 0,60 | 0,74 | 0,75 | 0,75 | 0,78 | 0,84 | 0,83 | 0,85 | 0,88
[0,1/2] 0,34 | 0,48 | 0,61 | 0,63 | 0,62 | 0,66 | 0,73 | 0,73 | 0,76 | 0,79
[0,3/4] 0,28 | 0,40 | 0,53 | 0,56 | 0,54 | 0,58 | 0,65 | 0,65 | 0,68 | 0,72
[0,1] 0,24 | 0,35 | 047 | 0,50 | 0,48 | 0,52 | 0,59 | 0,59 | 0,62 | 0,66
[1/4,1/2] | 0,22 | 0,35 | 0,48 | 0,52 | 0,49 | 0,54 | 0,62 | 0,62 | 0,66 | 0,70
[1/4,3/4] | 0,19 | 0,30 | 0,42 | 0,46 | 0,43 | 0,48 | 0,56 | 0,55 | 0,60 | 0,64
[1/4,1] 0,16 | 0,27 | 0,38 | 0,42 | 0,38 | 0,44 | 0,51 | 0,51 | 0,55 | 0,59
[1/2,3/4] | 0,15 | 0,26 | 0,36 | 0,40 | 0,37 | 0,42 | 0,50 | 0,49 | 0,54 | 0,58
[1/2,1] 0,13 | 0,23 | 0,32 | 0,37 | 0,33 | 0,38 | 0,46 | 0,45 | 0,49 | 0,54
[3/4,1] 0,12 | 0,20 { 0,29 | 0,33 | 0,29 | 0,35 | 0,41 | 0,41 | 0,45 | 0,50
Ta0auua 2 YactHble 3HaUCHWS cpeHeit HanexHocTH (A ~ R(a,b), p ~ B(m,n))
[a,b] e
1,7 [ 1,1;3,3]1,2;2,0]1,31,3]1,4,2,383]1,5;1,5 1,6;0,96 | 1,7;1,02 | 1,8;0,6 | 1,9;0,27
[0,1/4] 0,47 0,61 0,70 0,76 0,71 0,77 0,81 0,81 0,85 0,87
(0,1/2] | 0,34 | 0,48 0,57 0,64 0,58 0,65 0,70 0,71 0,75 0,78
[0,3/4] 0,28 0,41 0,50 0,57 0,50 0,57 0,63 0,63 0,67 0,71
[0,1] 0,24 0,36 0,44 0,51 0,45 0,51 0,57 0,57 0,62 0,66
(1/4,1/2] | 0,22 | 0,35 0,45 0,53 0,46 0,53 0,60 0,60 0,65 0,69
(1/4,3/4] | 0,19 | 0,31 0,40 0,47 0,40 0,47 0,54 0,54 0,59 0,63
[1/4,1] 0,16 0,27 0,36 0,43 0,36 0,43 0,49 0,49 0,54 0,59
(1/2,3/4] | 0,15 | 0,26 0,34 0,41 0,35 0,42 0,48 0,48 0,53 0,58
[1/2,1] 0,13 0,23 0,31 0,38 0,31 0,38 0,44 0,44 0,49 0,53
[3/4,1] 0,12 0,20 0,28 0,34 0,28 0,34 0,40 0,40 0,45 0,49
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1O. B. 2Kasoponkosa, A. A. Kyopssues, C. 4. lllopeun

Ta6mma 3 YacrHble 3HaYeHUs1 cpepHeit HanexHocT (A ~ B(m,n), p ~ R(a,b))

. [a, 0]

" /A | 0,5/7] | 0.3/4] | [0.4] | (/4,173 | [1/4.3/4] | [1/41] | [1/2,3/4] | [1/2.1] | [3/4.1]
1;7 0,53 0,79 0,81 0,74 0,72 0,74 0,75 0,71 0,66 0,67
1;3 0,40 0,52 0,57 0,65 0,73 0,69 0,75 0,77 0,78 0,75
3;5 0,09 0,39 0,72 0,52 0,69 0,73 0,74 0,83 0,85 0,27
1;1 0,25 0,35 0,43 0,50 0,51 0,55 0,58 0,61 0,63 0,66
6;10 0,25 0,38 0,46 0,54 0,70 0,73 0,74 0,83 0,85 0,86
2:2 0,23 0,32 0,41 0,48 0,39 0,47 0,55 0,59 0,62 0,64
10;6 0,16 0,27 0,35 0,41 0,55 0,54 0,55 0,65 0,67 0,74
53 0,17 0,26 0,39 0,41 0,55 0,50 0,48 0,87 0,18 0,87
3;1 0,15 0,25 0,32 0,38 0,33 0,41 0,44 0,49 0,51 0,54
71 0,13 0,22 0,27 0,34 0,30 0,36 0,38 0,42 0,47 0,49

Ta6mmua 4 YactHble 3HaUYeHU cpeaHeii HanexHocTu (A ~ 3(m,n), u ~ R(a,b))
- [0,
’ [0,1/4] | [0,1/2] | [0,3/4] | [0,1] | [1/4,1/2] | [1/4,3/4] | [1/4,1] | [1/2,3/4] | [1/2,1] | [3/4,1]

1;7 0,36 0,79 0,81 0,74 0,72 0,74 0,75 0,71 0,69 0,68
1,1;3,3 0,53 0,57 0,61 0,60 0,78 0,67 0,66 0,69 0,71 0,69
1,2;2,0 0,34 0,50 0,54 0,58 0,62 0,59 0,63 0,68 0,69 0,75
1,3;1,3 0,25 0,43 0,48 0,50 0,45 0,53 0,53 0,54 0,60 0,59
1,4;2,33 0,37 0,45 0,56 0,50 0,50 0,56 0,59 0,60 0,64 0,63
1,5;1,5 0,23 0,35 0,42 0,49 0,46 0,53 0,57 0,58 0,60 0,65
1,6;0,96 0,20 0,30 0,36 0,44 0,42 0,46 0,51 0,54 0,59 0,62
1,7;1,02 0,15 0,29 0,35 0,41 0,40 0,45 0,49 0,52 0,58 0,59
1,8;0,6 0,16 0,28 0,32 0,42 0,34 0,40 0,45 0,45 0,49 0,51
1,9;0,27 0,13 0,21 0,28 0,37 0,35 0,39 0,40 0,40 0,46 0,48

3  3axiiiouyeHue 2. Kopones B. IO., Cokonoe U. A. OCHOBLI MaTeMaTUYeCKOI

l'lonyquHLIe pE3YabTaThbl MOI'YT NIPUMECHATLCA, HAa-
OpuUMEP, AJA BBIYUCIICHUA APYIMX MOMCHTOB M I10-

CTPOCHUA TOBECPUTECIIbHBIX MHTCPBAJIOB AJIA XapaKTCPpH - 3

CTUKHM p. B mampHeleM mpenrosaraeTcsl pacuiupuTh
KJIACC COBMECTHBIX PACTIPEIEICHUI MapaMeTpoB (A, /1),
pa3paboTaTh COOTBETCTBYIOIINE PacUYeTHBIC aJTOPUT-
MBI JUISl BBIYUCIEHUS BETUYUHBI Peper U TPOBECTU Te-

CTOBBIE PACYETHI. 4.
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Bayesian recurrent model of reliability growth: Beta-uniform distribution of parameters

BAYESIAN RECURRENT MODEL OF RELIABILITY GROWTH:
BETA-UNIFORM DISTRIBUTION OF PARAMETERS
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Abstract: Forecasting reliability of complex modifiable information systems is one of the topical problems of the
mass service theory nowadays. Any first established complex system designed for processing or transmission of
information flows, as a rule, does not possess the required reliability. Such systems are subject to modifications
during development, testing, and regular functioning. The purpose of such modifications is to increase reliability
of information systems. In this connection, there is a necessity to formalize the concept of reliability of modifiable
information systems and to develop methods and algorithms of estimation and forecasting of various reliability
characteristics. One approach to determine system reliability is to compute the probability that the signal fed to
the input of the system at a given point of time will be reacted to correctly by the system. The article considers
the exponential recurrent growth model of reliability, in which the probability of system reliability is represented
as a linear combination of “defectiveness” and “efficiency” parameters of tools correcting the deficiencies in the
system. It is assumed that the researcher does not have exact information about the system under study and is only
familiar with the characteristics of the class from which this system is taken. In the framework of the Bayesian
approach, it is assumed that one of the indicators of “defectiveness” and “efficiency” has the beta-distribution and
the other one has the uniform distribution. Average marginal system reliability is calculated. Numerical results for
model examples are obtained.

Keywords: modifiable information systems; theory of reliability; Bayesian approach; beta-distribution; uniform
distribution
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K OLUEHKE B®®EKTUBHOCTH YUEBHO-ITO3HABATEJIbHO
HNEATEJIBHOCTU YHALLINXCA C UCITOJIb3OBAHUEM
NHO®OPMALIMOHHBIX TEXHOJIOTUH

O. M. KopyaxkuHna®

Annoramus: PaccmarpuBaioTcst mpo6iaemMbl u3mepeHus 3G GeKTUBHOCTH yueOHO-TT03HABATETbHOM IesITeTbHOCTH
(YI11) yyammxcs KaK 1oKa3aTesisi COOTBETCTBUSI TUIAHUPYEMBIX U IOCTUTHYTHIX 00pa30BaTeIbHBIX PE3YJILTATOB.
DTOT MoKasaTresib BbIpaXkaeTcsl B TEPMUHAX KOHKPETHbIX MpoaykToB YII/I, mosyyaembix B XO[I€ BbIITOTHEHMS
MBICIIUTENIbHBIX orepaiuii. OOCyXIaeTcst BOIPOC COBMEIICHUST CTUIST YI€HUSI M1 METOJOB OOyIeHUST B YCTIOBUSIX
MHTETpalyy MeJaroruueckux U HOBbIX MH(OPMAIIMOHHBIX TEXHOJIOTUI MPU BHIMOJHEHUH 3aJlaHUil Pa3TuYHbIX
tunoB. [lpuBoauTcs npumep Bepdaau3alMu AJOCTUTHYTHIX pe3yasratoB YII/I ¢ ucnosb3oBaHUEM MOOMIBHBIX
YCTPOICTB, OCHOBaHHBIII HA TAKCOHOMUWM MBICIUTENbHBIX omnepaunii benmkamuaa biayma. YcranosneHo, 4To
ypoBeHb adexkTuBHOCcTU Y] ¢ Mcnonb3oBaHEeM MH(MOPMaIIMOHHO-KOMMYHUKAIIMOHHbBIX TexHoJoruil (MKT)
ONpEEsIeTCs] CITIOCOOHOCTBIO YUYUTENSI OPraHMW30BaTh COBMECTHYIO paboTy C yYalllUMUCS], ODUEHTUPOBAHHYIO Ha
pa3BuTre GopM MBICIUTETLHON AEATEIEHOCTH, MPUBOISIINX K CO3TaHUIO MHTETPUPOBAHHOTO TIEPCOHAIBHOTO
MO3HaBaTEIbHOTO CTUJISI KaXA0TO.

KnoueBbie ciaoBa: s>ddekTuBHOCT, 00y4eHMs; TUITAHMpYeMble 00pa30BaTeNbHbBIE PE3yJIbTaThl; NOCTUTHYTHIE
obpa3oBaTeIbHbIe Pe3yJbTaThl; MOOMIbHBIE YCTPOMCTBA; MBICIUTENIbHbBIC ONepallii; WHANBUIYAIbHBIA CTHIb

yueHusT; MeToabl 00ydeHust; LOA-TexHoI0THS
DOI: 10.14357/19922264150110

1 Bsenenue

DPHeKTUBHOCTL 00YUeHUST KaK COOTHOIIEHME TT0-
JIE3HOTO pe3ysibTaTa 1 3aTpaTHbIX (haKTOpOB 00pa3oBa-
TEJIbHOTO TMpOoILecca MOXET BhIpaXkaTh pa3UUHbIE €ro
CTOPOHBI, TTO3TOMY, KOTAa BCTaeT BOIIPOC 00 M3Mepe-
Humn g dexkTuBHocTu uctojb3oBanuss MKT B obpa-
30BaHMM, HEOOXOAMMO ONPENeTUTHCS, KaKyto addek-
TUBHOCTbH CJIAyeT paccMaTpuBaTh U UTO KOHKPETHO
TOHUMATh TOJ1 CJIOBOM «3(PHEKTUBHOCTb»:

— addekTuBHOCTb Uctionb3oBaHus MKT (unu, 60-
Jiee y3K0, JIEKTPOHHBIX 00pa30BaTeIbHbIX peCyp-
coB — DOP) B yueOHOM mpolecce;

— 2(bdhEeKTUBHOCTDL YUEOHOTrOo Mpolecca ¢ UCOIb30-
BanueMm UKT;

— a¢pdexkTuBHoCcTh YIIJI yyalmuxcst ¢ MCIOJb30Ba-
Huem UKT.

O4yeBUIHO, UTO CJeIyeT nejaaTh akIEeHT He Ha 9KO-
HoMuuecKyl 3ddextuBHocts BHeapeHust UKT, T.e.
CUNTATh 3aTpaTaMM TIPU ITOCTIKEHUU OITpenesIeHHO-
TO pe3ysbTaTa He MaTepUallbHbIe BIIOKCHUS TOCyIap-
CcTBa B MH(popMaTU3aLMIO0 00pa3oBaHUs WM 3aTpaThbl
KOHKPETHOI0 y4eOHOro 3aBeleHUsT Ha MPUoOpeTeHue
KOMITBIOTEPOB, TTOMICPKKY CETei M OIUIaTy Tpyaa ITie-
JIaTOTOB WJIM TeXHUYECKOTO TTepcoHaa. 3a CKOOKaMM

cleayeT OCTAaBUTh TAaKXe BPEMEHHBIE U IICUXOJIOIM-
YeCcKMe 3aTpaThl YUYUTENIs U ydalluXxcsl U paccMaTpU-
BaTb 9(P(HEKTUBHOCTH TOIBKO KaK YPOBEHb TOCTHKEHHS
00pa3oBaTeIbHOTO pe3yJibTaTa.

HNs3mepenue 3(p¢peKTUBHOCTA B IEPBO TPAKTOB-
K€ — KaK YPOBHS IOCTIDKEHHMSI 00pa30BaTeIbHOTO
pesyabraTta npu ucnonb3oBanun MKT umm DOP
B Yy4eOHOM Tipoliecce — JOJMKHO OCYIIECTBISThCS
¢ MpUBJIEYEHNEM OUeHb MHOTHUX MOKa3aTejeit, Hampu-
Mep, coriacHo [1, c. 298], yennocmu yuebnoeo mamepu-
ana, Momueayuu i KOMHemeHmHoCmy yIaIImxcs.

Cpenu npemIoXeHHBIX aBTopamu [ 1] mokasaTeneit
3 HEKTUBHOCTU OCOObIE CIOXHOCTU AJISI UBMEPEHUS
BBI3BIBACT YeHHOCMb Y4ebH020 Mamepuand, KOTOPYIO,
OCHOBBIBAsICh Ha MOJIOXKEHUSIX TCOPUU WH(MOPMALIUU
IllenHOHa W TEOPUU CTATUCTMYCCKUX PEIICHUM, TIe
€CThb TI0Ka3aTellb <«IIEHHOCTh MH(MOPMAIINN», MOXKHO
Bcien 3a camuM Kionom IlleHHOHOM onpenenuTh Kak
«MaKCUMAaJIbHYIO 0JIb3Y, KOTOPYIO JaHHOE KOJIMYECTBO
MH(OpPMAaIKU CITOCOOHO TTPUHECTH B JIejie YMEHBIIIe-
HHUS CpeIHMX TTOTeph». OIHAKO B paccMaTpUBAacMOM
ciIyJae IION MOTePSMU CIICAYeT, BUIUMO, TOIpa3yMe-
BaTh HEYCBOCHHOE 3HAHWE, HEMOITOIYIeHHBIC HAaBBIKU
1 YMEHUsI, KOTOPBIE OITSATh K& OYEHBb CJIIOKHO M3Me-
PUTH KOJIM4YeCcTBeHHO. KpoMe Toro, Takoii ImokasarTeb,
KaK «KOJIMYECTBO yU4eOHOM MH(MOPMAIINK» B OTIpEIee-
auu llleHHOHA, HY:)XHO KOPPEKTHO OIIEHUTH IIPH IT10-
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K ouenke apdextuBHocTr Y1/ yyanmxcs ¢ MCIOIb30BaHMEM MH(MOPMAIIMOHHBIX TEXHOJIOTUIA

MOILM COOTBETCTBYIOIIUX CTATUCTUYECKUX METOIOB —
pacnipeaenenus Lllennona, Xaptiau wiu bojbiiMaHa.
Takum obpa3zoM, mepBasi TpaKToBKa «3((HEKTUBHOCTh
ucnoab3oBanus UKT B yueOHOM mpoliecce» HEOIHO-
3HayHa, a caMa 3((HEKTUBHOCTb B 3TOM ITOHUMAaHUN
CJIOXKHA JUTSI U3MEPEHUs U, CIeloBaTeIbHO, HE MOXET
OBITh TPUHSITA KaK MPaKTUUECKUIT BApHUaHT.

Bropas TpaktoBka 3 dekTuBHOCTU — 3P HEKTUB-
HOCTM Y4eOHOTO Mpoliecca ¢ ucronbzoBanuem MKT —
CJIMILIKOM CJIOXKHAsI U MHOTOACITeKTHAs KaTeropusi, U ee
OlLIEHMBaHMUE JIEXKUT B 001aCTU TaK Ha3bIBAEMbIX HETPU -
BUAJTBHBIX TIEIarOTMUECKUX M3MEpPEHUI, 9TO TpeOyeT
MIPUBJICUYCHUS CIOXKHOTO MAaTEMAaTHIECKOTO arapara.

TpeTuii BapuaHT TPakKTOBKU 3G (HEKTUBHOCTH, Ha-
OpsIMyI0 CBSI3aHHBIN ¢ pe3yabratamu YI1JI yuamuxcs
¢ ucnoas3oBaHuem MKT, 1eXUT B MIOCKOCTU TpaK-
TUYECKON MEsATeJIbHOCTU YYUTENIsI M MOXET OBbITh
C YCIIEXOM MM peaju30BaH, ITOCKOJIbKY CBSI3aH He-
MOCPEACTBEHHO C OpraHMu3alMeil y4eOHOro mpoiiec-
ca, OPMEHTHPOBAHHOTO Ha JOCTIDKEHHUE YJIAITUMMUCS
TUTAHUPYeMBIX 00pa30BaTeIbHBIX Pe3yJIbTaTOB, TEeKIa-
pupoBaHHBIX B DemepaabHBIX TOCYIaPCTBEHHBIX CTaH-
naptax (nmanee — MI'OC) BToporo mokojieHus [2].

2 DddeKTUBHOCTb O0YYECHUS
KaK COOTHOILIEHME IMJIaHUPYEMBbIX
U JOCTUTHYTBIX 00pa30BaTeIbHbIX
pe3yJILTaTOB

B nipouenype oueHuBaHus pesyasratoB YIIJ yua-
IIUXCST Pa3INYaloT TPU YPOBHS TOCTVKEHUST 3TUX Pe-
3yJITATOB:

(1) maHupyeMblii ypoBeHb L p — TOT, YTO IeKIapu-
pyetcst Bo @I'OC BTOPOro MOKOJIEHUST M HAXOIUT
BOTLJIONIEHNE B yueOHUKAX U y4eOHO-MeToauue-
CKUX MOCOOUSIX;

(2) peammu3yeMbIil YpoBeHb L, XapaKTepU3YIOIIH
pE3yIBTaTHI, ONpeae/IsieMble YUUTEIEM B 3aBUCH-
MOCTH OT CBOMX ITPOheCCUOHATBHBIX ITPEIITOUTE -
HUIi U YCIIOBUIT 0OyUEHMUS;

(3) DOCTUTHYTBI YpOoBeHb L 4 — YPOBEHb OOBEKTUB-
HBIX, peaJbHbIX JOCTUXEHU I yJalnuXcsl.

B cBs3u ¢ aTUM TpebyeTcst ompeneanuTb, pasHUILY
MEXIY KAKUMM YPOBHSIMU TOCTUKEHMST 00pa3oBaTesib-
HBIX pe3ybTaToB: 0pr = (Lp—Lg)/Lp,0ga = (Lr—
—La)/Lruméps = (Lp — La)/Lp — HEOOXOMUMO
MUHUMU3UPOBATh, YTOOBI MOXHO OBLJIO TOBOPUTH 00
00bEeKTUBHOM M3MepeHuu 3 dexktruBHocTr Y1/,

OueBUIHO, YTO HaMOOJIee JOCTOBEPHBIC Pe3yiIbTa-
Tbl U3MepeHus addexktuBHocT YIIJ maer mokasa-
TeJb 0 p 4, TIOCKOJIBKY OH YYUTBIBAET IIPUOIMKEHHOCTh
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YPOBHSI 00BEKTUBHBIX JOCTUKEHUI yJalIUXCs K YpOB-
HIO OOBEKTUBHOTO abcojioTa, T.€. TOro Ipeiesia, Ha
KOTOPBIf OPUEHTUPYIOT BCEX YYaCTHUKOB 0Opa3oBa-
TEJILHOTO TIpoliecca HOpMAaTUBHBIC TOKYMEHTHI defe-
paTbHOTO ypoBHA. MIMEHHO mMo3TOMY TIpU M3MEPEHUN
apdexktuBHocTr YT yuyaiuxcs 1enecoodpa3Ho ro-
BOPUTH 00 ouyeHke 00CmudiceHUs: NAAGHUPYEeMbIX 00pa30-
8aMENbHBIX Pe3YAbMamos.

Takum 00pa3oM, cHUCTeMa OLEHKU TOCTUXKEHWUS
IUTAHUPYEMBIX 00pa30BaTeIbHBIX Pe3ybTaToB, C OII-
HOIl CTOPOHBI, HallpaBieHa Ha peaau3aluio TpeboBa-
Huit ®I'OC, a ¢ Apyroii — CHOCOOCTBYEeT OOBEKTUB-
HoMy u3MmepeHuto addektuBHocT YIIJ Ha ocHOBe
peaTbHBIX TOCTVKEHUI YIaIImxcs.

OcHoOBHOI (DYHKIIME CUCTEMBI OLIEHKU, OPUEHTU -
pyloleil oopazoBaTeIbHbIN MPOLECC Ha TOCTUKEHUE
TUTAHUPYEMBIX PE3YJIbTaTOB, SIBJISIETCS ObOecreveHue
pe3y/lbTaTUBHONM O0OpaTHOI CBSI3W, IO3BOJISIIONIEH
OCYIIECTBIISITh yIpaBJIeHWEe 00pa30BaTeIbHBIM IIPO-
11ECCOM, OCOOEHHO B YaCTH MPUHSTUS MeIarornyecKux
Mep, KOTOpbIe CMTOCOOCTBOBAIN Obl MOBBIIIEHUIO (-
¢extuBHocTr YI1/ yyammuxes [3, ¢. 133].

B cuctemMy OIleHKM HIOCTIDKEHMS TUTAHUPYSMBIX
00pa30BaTeIbHBIX PE3YJIbTaTOB BKJIIOUYAIOTCS CJIEIY-
Io111ie He0OXOAMMbIe KOMMOHEHTHI |3, ¢. 133]:

— (opMyIMpOBKa OCHOBHBIX HAIlpaBJICHUI U 1iejeit
OIICHOYHOM IesITeTbHOCTH,

— onucaHue 00BbEKTOB U CoOCpPXKaHUs OLICHKHU,

— 3aJaHMre€ KPpUTECPUEB, OIMMCAHUE ITPOLCAYP U COCTa-
Ba MHCTPYMECHTApUA OUCHMUBAHUWAA,

— omnucaHue GHOPM TPEACTaBICHUs Pe3yJIbTaToB,
VCJIOBUM W TPaHWI[ TIPUMEHEHUSI CHUCTEMBI OIle-
HUBaHUS;

— IIpUBJICUYCHUE Pa3HOOOPA3HBIX METOMOB M (hOpM
OLIEHMBAaHUS, B3aMHO JOTOJTHSTFOIIVX APYT ApyTa.

3 Poab nuH@OpMaLMOHHO-
KOMMYHUKAILIMOHHBIX TEXHOJIOTUIA
B NOBBIILIEHUN 3PPEKTUBHOCTHU
y4eOHO-TI03HaBaTeJIbHOMN
NeSITeJIbHOCTU YYaIlIUXCSI

C pacwupeHueM rmpouecca HUHbOpMaTU3aALUU
00pa3oBaHus U BHEIPEHUEM B yUEOHBIN MPOLECC HO-
Boix KT oxwunmanoch moBblllieHUE ero 3(deKTuB-
HocTh. OpHAKO CKOPO CTajo OYEBUIHBIM, YTO MC-
nosib3oBanue MKT B pyciie TpaauliMOHHOTO O0yYeH s
HE CTOJIb CYIIECTBEHHO BIIMSICT HAa YPOBCHb OOYJCH-
HOCTH, T.€. Ha 3(p(PEeKTUBHOCTL OOyUYEHUsI, KaK Mpe/-
roJiarajgoch paHee [4, c. 22, 23], oqHaKO 3HAYUTEJIbHO
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MOBBILIAET IHEPTOEMKOCTh TPYAa YUUTENIS 3a CUeT He-
00XOIMMOCTU OCBOEHMST HOBBIX TEXHUK U TEXHOJOTUIA
B cxkaTble cpoku. bosee Toro, cTporuve pamMkKu Io-
CTOSTHHOTO MOHHMTOPHHTA YIeOHOTO TIpoliecca, B KOTO-
pbIe TIOCTaBJICHBI YUYUTENST TIpu ocBoeHNM HOBBIX MKT,
aTak>Ke MOBbIIIEHUE MHTEHCUBHOCTH TPya yUUTEIsI Ha
MepBbIX 3Tamnax npoiecca MHGopMaTU3aluu 00pa3oBa-
HUSI TPUBOIUIN MHOTUX YUUTEJIEN K pe3KOMY HETTPUSI-
THIO MHHOBAIIMOHHOMU TIeIarOTMYeCKOM MeITeTbHOCTH
B o0s1acT MHGOpMaTU3allM1 00pa3oBaHusl, a YacTh U3
HUX — Jaxe K (pycTpauuy U NpodeccuoHaIbHOMY
BBITOPaHUIO.

ITo nmpoiecTBUM MOCAEAHUX AECATH JeT MH(pOpMa-
TU3aLMU POCCUICKOTO 00pa30BaHUsI, KOTaa O0JbIIMH-
CTBO YIUTEJICH-TIPEAMETHIKOB CPEIHEI IITKOJIBI BOJIb-
HO WJIM HEBOJBHO C pa3HOM CTEMEHBIO YCIICITHOCTU
BKJIIOUMJIMCh B 3TOT IMPOLIECC, TTO-TIPEXKHEMY OCTAETCS
0e3 otBeTa Borpoc: nouyemy ke MKT He mosnusiiu cy-
IIECTBEHHBIM 00pa3oM Ha 3(pHeKTUBHOCTb 00yUeHUSsT?

171 Toro 4ToObl MOHSTH 3TO, HYXXKHO MPOCIEAUTD,
K KaKM M3MEHEHUSIM B YIeOHOM TIpoIiecce TPUBEIN
HoBble MKT ¢ TOuku 3peHust TEXHUUECKOM, coluaib-
HO-TIeAarOTMIeCKOU M IICUXOJIOTO-TIearOrMIeCKOM.

Texnuueckas cmopona WMHGOPMATHU3ALNU 3aKITIO-
yaeTcsl B OOHOBJEHMM KaK amrmapaTHoro, Tak
U TIPOrpaMMHOTO obecrneyeHust cpepbl 00pa3oBaHMUsI,
Mpu4eM B IocjieTHne HecKombKo JeT — 2010—2014 ro-
Il — WIOET TPOoIlecC TaK Ha3bIBAEMOU J4eKmpoHu-
sauyuu [5, c. 167], xoropasi xapaKTepusyeTcs pac-
MPOCTpaHEeHUEM MOOUJIBHBIX DJIEKTPOHHBIX YCTPONCTB
pa3IMYHOTO TUIA M Ha3HAuYe€HWUsI, WCITOJb30BaHU-
€M MOIIHBIX TePCOHAbHBIX KOMIIbIOTEPOB, OBICT-
PONEMCTBYIOLIMX HAKOIUTeNIel OOJbIIO €MKOCTH,
00JIAYHBIX CEPBEPOB, HOBBIX MH(MOPMAIIMOHHBIX U Te-
JICKOMMYHUKAITMOHHBIX TEXHOJOTUM, MYJIbTUMEINa-
TEXHOJIOTUIT U BUPTYaAJbHON peaibHOCTU, TOSIBICHU-
eM 3D-npuHTEPOB, MEPBOT0O MOKOJEHUS 2JEKTPOHHBIX
y4eOHUKOB.

C coyuanvHo-nedaeoeuyeckoil TOYKU 3pEHUS U3Me-
HEHUS MPOU3OIUIM KaK B TOW POJIM, KOTOPYIO CTald
WUTpaTh B y4eOHOM IMPOLIECCE YUNUTEb U YUALIMIACS, TaK
U B UBMEHEHUU OXUIAHUN U MPUOPUTETOB yUaILIMXCS
10 OTHOIIIEHUIO K 00pa3oBaTeIbHOMY TPOIIECCY.

Ecnu npu TpaguiiioHHOM 0OyUYeHU U YUUTEb SIBJIS -
eTCS eMMHCTBEHHBIM ITOCTAaBIIMKOM TOTOBBIX 3HAHUU
1 KOHTPOJICPOM MX YCBOCHUsI, TO B XOIE BHEIPCHMS
MUKT B yueOHBIIT IpoliecC Bce CYIIECTBEHHEE OIIyIa-
€TCsl KpeH B CTOPOHY aBTOHOMUM ydaiuxcs. [Tpu aTom
MpeBajupylollee BAUSHUE MPUOOPETAIOT CleIyIolIne
(opmbl 00yUeHUS:

— perynupyemMoe (HampasisieMoe) oOydeHue (ydu-
TeJIb — KOHCYJIbTAHT, HABUTATOP, COAECICTBYIOIINI
1eseHanpasiaeHHo Y1/ yyanuxcs o oCBOSHUIO
IJIAHUPYEMbIX KOMITETEHIINIA);
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— camMoo0yueHMe (y4uTeab — TBIOTOpP, MOIEpaTop,
B 00513aHHOCTU KOTOPOTO BXOJAMT KaK CONEHCTBIE
PACKPBITUIO TTOTEHIMAIBHBIX CIIOCOOHOCTEM yda-
LIMXCs, TaK U HajJaXMBaHUE KOHTAKTOB MEXIY
HUMU [UIS1 OPTaHU3aLIM1 COBMECTHOM paboThI);

— camoperyaupyemoe odyueHue (yuurelb — dacu-
JINTaTOp, PabOTAIOIINI B TTapaauTMe JTUIHOCTHO-
OPMEHTUPOBAHHON TIEJATOTUKM M  CIIOCOOCT-
BylOIIMK Haubosiee >OPeKTUBHOMY ydeOHOMY
B3aNMOIEUCTBHIO) [6, c. 408—424].

[Momyuast 6OTBIITYI0 aBTOHOMMUIO, yJaIIAECs] CaMO-
CTOSITETbHO HAaYMHAIOT BHIOMPATH IPUOPUTETHI, CPEIU
KOTOpPBIX B TIaHe (OPMbI OOYYEHUSI OCHOBHOE MECTO
3aHUMAIOT:

— MOOMJIBHOCTb — XKeJaHWe ToJay4yaTb 3HAHUS He
TOJIBKO B y4€OHOI1 ayIMTOpUM B paMKaxX KJIacCHO-
YPOUYHOM CUCTEMBI;

— TUTAHIIETU3AlNS] — UCITOIb30BAHNE TUIAHIIIETHBIX
U MHBIX MOOMJIBHBIX YCTPOMCTB [T O0YyYEHUST;

— KOJITabopaIns 1 KpayJICOPCHUHT — CETEBOE COTPYI-
HUYECTBO;

— TeiMeTH3alNs — UCITOJb30BaHNe MHTEPAKTUBHBIX
HUTPOBBIX TEXHOJIOTHI B OOYICHUM.

Ewe B 1990 . B npoekte KoHuenuuu nHgopma-
TU3alUMU OTEYECTBEHHOIO0 O00pa30BaHUsS OYEPEIHOTO
nepuonaa [7, c. 4] yKa3pIBajaoCh, YTO C HCUX0A020-Ne-
daeoeuueckoti Touku 3peHnss MKT B obpa3zoBaHunu crio-
COOCTBYIOT:

— PaCKpbITUIO, COXPAHEHUIO U Pa3BUTUIO UHIUBUIY-
aJIbHBIX CITOCOOHOCTE 00y4aeMbIX;

— (OpMUPOBAHUIO Y YYAIIMXCSI TMO3HABATEIbHBIX
CITOCOOHOCTEM, CTPeMJIEHMSI K CaMOCOBEpIIEH-
CTBOBaHUIO;

— 00ecrneYeHNI0 KOMIUIEKCHOCTH U3yUeHMUST STBJICHUI
NECTBUTEIBHOCTH, HEPa3PBIBHOCTHU B3aMMOCBSI3N
MEXIY €CTCCTBEHHBIMM M TYMaHMTapHBIMU Hay-
KaMM;

— TIOCTOSTHHOMY JTMHaMWYECKOMY OOHOBJICHHIO CO-
nepxkaHust, GOpM M METOIOB IIpoliecca OOyUdeHUS
¥ BOCIIUTAHUS.

OnHako 3a TPOLIEAIIYIO TTOYTH YeTBEPTh BeKa Mbl
TaK ¥ HE CMOIJIM OTBETUTH Ha TJIIABHBIN BOIIPOC: UTO
caenaHo mist Toro, ytoosl MKT criocobcTBOBanu pac-
KPBITHIO, COXpaHEHUIO0, (POpMHPOBAHMIO, oOccIIeUe-
HUIO, OOHOBJEHUIO U T.NM.? WM 3TO MOMKHO OBLIO
MPOU30ITH aBTOMAaTUYECKU, 0e3 KaKUX-JIM0O YCUInit
CO CTOPOHBI YYaCTHUKOB 00pa30oBaTeIbHOTrO Mpoliecca?

[IpakTrKa 1moKkasaia, 9To MpenMyIIecTBa, KOTOPHIE
npenoctasistior MKT He B TexHUYeCKO, a, IIaBHBIM
o0pa3oM, B TMCHUXOJIOrO-Meaarorunyeckoii cepe, Mo-
I'YT MPUBECTU K KOPEHHBIM M3MEHEHUSIM B YUYeOHOM
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npoiiecce. OcraeTcs TOJbKO MOCTPOUTD YUEOHBI MPo-
1lecC TaKUM 00pa3oM, UYTOOBI OBLIM CO3MaHbI YCIOBUS
JUISl peaiv3aluu d3TUX MpeumyllecTB. MMeHHO 3To
00CTOSITETICTBO TMTO3BOJUT BMOCIENCTBUY TOBOPUTH 00
apdexruBHOoCcTU Ucnonb3oBaHus UKT.

Htak, BOmpochl, Ha KOTOpbI€ IOJKEH OTBETUTH
YUUTESb, 3aMHTEPECOBAHHbBIN B MOBBIIIEHUU 3D beK-
TUBHOCTU CBOeit paboThl cpeacTtBaMu HOBBIX MKT,
MOXHO C(pOPMYTMPOBATH CIAEMYIONIUM 00pa3oM:

— C BHenpenueM MKT B yueOHBII Mpoliecc KakK U3-
MEHWJIOCh MBIIIUIEHUE yJallnXcs U B KaKOM Ha-
TPaBJICHUH CJIeIyeT Pa3BUBATh UX MBICITUTEIbHBIC
criocobHocTr?

— C BHenpenueM MKT B yueOHBII Mpoliecc KakK U3-
meHuack Y111 yyaiuxcst Ha ypoke 1 B uHpopma-
IIMOHHO-00pa3oBaTenbHOI cpene (MOC) — kakue
HoBble BUAbI Y1/l BOZHUKAIOT, KAKWE TUTIbI 3a1a-
HUI mpenjaraTh yJalluMcsl U KaK CTPOUTh YPOK
B kiacce u B MOC nikosibl?

OTBeTHl Ha 3TU BOIIPOCHI JIeXKaT B TNTIOCKOCTH KO-
THUTHUBHOI TMCHUXOJIOTUU, a HEIIPEMEHHBIM YCIOBHUEM
MOBBILIEHUST YYeOHBIX OOCTHMXKEHUN Yydalluxcs, T.e€.
3(pGeKTUBHOCTU OOY4YEeHUSI, CIIELMATUCThl Ha3bIBa-
[OT TIPOOJIEMY COBMEIIICHMST CTWIICH YICHMS yJaIllmX-
cg ¢ MeTogaMu oboydeHwus [8, c. 263]. Dra npodiema
BO3HMKAET B CBSI3U C TAKUM, Ka3aja0Ch Obl, HEMPEIOXK-
HBIM (hakTOM, UTO OOyYeHHE MPOUCXOAMUT TeM Oosee
9 GheKTUBHO, YeM 00Jiee OHO COOTBETCTBYET IMO3HABA-
TEJTbHBIM CTUJISIM YYaIlIMXCsI, KOTOPBIC Ha3hIBAIOT €IIe
CTHIISIMY YICHHS .

Torma BcTaeT eunie oAMH BOIPOC: a YTO O3HAyYaeT
Takoe cooTBeTcTBUE? O3HayaeT Jid 3TO, YTO CPEACTBa
00yJyeHHusT — MeTolbl 00yuyeHus!, HOPMbI MpeabsBIe-
HUs y9eOHOTO MaTrepuaja, WCITOIb3yeMble TEeXHUKU
W TEXHOJIOTUU OOYYCHMS W TIp. — ITOJDKHBI TOICTpa-
WBaThCS IO KaXXIOTO KOHKPETHOTO YYaIllerocs, TeM
caMbIM (hOpMUPYS €ro 00pa3oBaTebHYIO TPAeKTOPpHUIo?
Wnu xe, HaoOOpPOT, 3a1aua yuyuTessi — cO3IaTh TaKKe
yCIIOBUSI OOYYeHUsI, TaKyl0 OOpa30BaTeJbHYIO Cpemy,
B KOTOPOM KaXXAbIM yJalllUIACcs, HOCUTEIb CBOETO IIEp-
COHAJIPHOTO TTO03HABATEIbHOTO CTHIISI, HE TOJIBKO CMO-
KET BbIOpaTh CBOIO JIMHUIO OOYYEHMSI, HO U WHTEN-
JIEKTYaJbHO Pa3BMBATbCsl, OCBaMBasi HOBbIE IJIsI CeOs
CMOCOObI MO3HAHUS OKpYXalollel AeCTBUTENb-
HocTH [8, c. 266, 267]?

OueBUAHO, UTO MEPBBII CMIOCOO HE TOJBKO TPYA-
HO OCYILIECTBMM, HO U MNPUBOAUT K 3aKperIeHUIO
y yyalerocs onpeneseHHOro CTUJISI YyCBOSHUST yUeOHOM
nH(OpPMAIIUK, OTpaHWYMBas €T0 MHTE/UICKTYaIbHOE
pasButHe. Bropoii ke crmoco6, HalIpoTUB, CTUMYJIUPY-
eT (hopMHpoOBaHUE MHTETPUPOBAHHOTO MEPCOHATBLHOTO
MO3HABATEeJIbHOTO CTUJISI KaXIO0TO yJallerocss v B3au-
MooOoramieHue CTUJeH ydalluxcsl pyu COTpyIHUYe-
CTBe, UTO CO3MAacT YCIOBUS IS WX MaTbHEHIIEro MH-
TEJUIEKTYaJTbHOTO BOCITUTAHUS U PA3BUTHSI.

M.A. XojonmHasi, NPUBOAS OTU PACCYXIEHMUS,
CChITaeTCsl Ha 11eJ1eCO00Pa3HOCTh CTUJIEBOTO MOIXO-
Jla K O0YYeHUI0, OPUEHTUPYIOLIETOCs Ha BHYTPEHHIOIO
nuddepeHInanio Kak OqHy 13 AByX (opM MHINBU-
JIyanu3annu o0pa3oBaTesIbHOTO Tpoliecca. B mportu-
BOBEC BHeIHel nuddepeHImaium, Korna nponu3Bo-
JIATCSI OTOOP JeTeil Mo onpeaeSeHHbINA TUM 00yYeHUsT
C LEJIbI0 CO3MaHUSI TOMOTEHHBIX KJIACCOB, MMEIOIIUX
OIHOHAIPABJIEHHYIO CEUUATIN3ALUI0 METOIOB 00yyYe-
HUSI, BHYTpeHHss1 AuddepeHunanust mpennoaraet
«Y4eT WHAWBUAYATbHBIX TO3HABATEIBHBIX BO3MOXHO-
CTell KaXJIoro pebOeHKa B paMKax OOIIEero mjisi Bcex
reTeporeHHOro 00pa3oBaTeIbHOTO MPOCTPAHCTBA —
BapMaTMBHOTO C TOYKW 3PEHUSI CBOETO coiepxka-
HUSI U BUAOB y4eOHOU JNesITebHOCTU (B TOM YMC-
Jie ¢ UCTIOJTb30BAHMEM COBPEMEHHBIX MeAaroTnIecKux
1 MHOOPMAIIMOHHBIX TEXHOJIOTHiN)» [8, ¢. 265, 266].
N nanee: «[1paBuibHee roBOPUTH HEe 00 yuyeTe MHAUBU-
TyaJIbHBIX TMO3HABaTeJIbHBIX CTUJIEN JaeTei, a o (op-
MUPOBAaHUM Yy KaXIOro pedeHKa TMEepPCOHATBHOTO
MMO3HABATEJIbHOTO CTUJISI Ha OCHOBE aKTyaTu3aluu
1 oboraileHust BceX MEXaHU3MOB CTUJIEBOIO IMOBe/e-
Hus» [8, c. 271].

Takum o0pa3zoMm, [JIsi MOTHOLIEHHOTO MHTEUIEKTY-
aJIbHOTO Pa3BUTHUSI YYaIMXCS, T.€. MU Pa3BUTHUSI UX
MBICJIMTEIbHBIX CIIOCOOHOCTE! 1 MOBbILIEHUS 3D heK-
TUBHOCTHU 00yUeHUsT, HEOOX0AUMO opraHu3oBath Y I1/]
B TaKoil 0Opa3oBaTebHOI cpene, KoTopasl Oblia Obl
BapHaTUBHOM 3a CYET MHOTOOOpa3HBIX MHCTPYMEHTOB,
(bopMUpPYIOLIMX HEAOCTAIOLIME MEXaHU3MbI CTUJIEBOIO
MOBeICHMS yUaluxcs>.

OueBUAHO, YTO OpPraHU30BaTh U OOECTEYUTh pa3-
BUTHE MHOTOOOPa3HbIX MMO3HABATEIbHBIX CTUJIEH U Me-
XaHU3MOB CTUJIEBOTO MOBEAEHUS yJyalllMXCsl TpU Tpa-
JTULIMOHHOM OOYYeHMH BeCbMa TPYIHO, ITOCKOJbKY

lCTI/U'[I) YUYCHUA — O9TO MHIAMBUAYaAJIbHAasA XapaKTCPpUCTUKA JIMYHOCTU, TICUXUYCCKOC o6pa3013aHMe, KOTOPOEC ABJACTCA MHOTOMEPHBIM IO
CBOMM IIPOSABIICHUAM B pas3iIMYHBIX BUOax ynﬂ,, HNEPpapxXuiIeCKuM I10 yCTpOI7ICTBy, BKITIOYAIOMIEMY pa3sHbIC YPOBHM CTUJICBOI'O IMOBEACHUSA,
MHTETPAJIBHBIM ITO CBOMM ME€XaHU3MaM, SABJISACH IMPOAYKTOM HMHTErpalyvy pasHbIX (bOpM WHAWBUAYAJTbHOIO MEHTAJIBHOI'O OIIbITa, 1 ruo-
KHWM I10 CBOMM aganTallMOHHBIM BO3MOXHOCTAM, YTO CHOCOGCTByST (I)OpMI/IpOBaHI/IIO UHTETPUPOBAHHOTO IIEPCOHAJIBHOTO MMO3HABAaTCJIbHOI'O

crund [8, c. 269].

2I1cHXONOTH-KOTHUTHBUCTBI PA3INyaloT CIIeAYIONIe YPOBHYM GAa30BEIX MEXAaHM3MOB CTMJIEBOTO IOBEIEHMS MO3HAIONIEH JMYHOCTH:
YPOBEHb CTUJIeI KONUpOBaHUsI MHGOPMAILIMK, OCHOBAHHBIX Ha Pa3HBIX MOAATBHOCTSIX OMbITa (KMHECTETUUECKOI, BU3yalbHOM, CIOBECHO-
pEUYeBOil, CCHCOPHO-IMOIIMOHAJIBHOI); YPOBEHb CTUIICH MepepaboTKu MH(MOPMALIMKU (MHTEJUIEKTYalIbHbIE, UMITYJIbCUBHbBIE, pedIeKTUBHbIE,
HEYCIICLIHbIC); YPOBEHb CTUJIEH MOCTAHOBKU 1 PELIeHUs MPpodJieM (BapuallMi B HAOOpe MPUEeMOB PELIEHUS 3a1a4M OT aJalITUBHOTO K CMbIC-
J1000pa3yiolieMy); ypoBeHb CTUJICH MO3HABATEIbHOTO OTHOLICHUSI K MUPY (UyBCTBEHHOE, PAIlMOHAIBHOE, CBEPXUYBCTBEHHOE MO3HAHUE

n ap.) 8, c. 270].
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ABTOHOMMUSI YYalllUXCsl OrpaHUYEHa, CYIIEeCTBYET He-
JIOCTAaTOK B HOBEUIIIMX MHTEPAKTUBHBIX yUEOHBIX MaTe-
puajiax U cpeicTBax OOy4eHMsI, a yYUTEb U yJallluecs
ITOCTaBJICHBI B )K€CTKIE paMKH KJIAaCCHO-YPOUHOM CHC-
TeMbl. Torma kak coBpemeHHass MOC, mpemoctaBisis
yyalumcsl pa3HOOOpa3Hble MOOUJIbHBIE TEXHOJIOTHYE-
CKH€ UHCTPYMEHTBHl — OT MPUJIOXEHUIN IS MOOUJIb-
HBIX YCTPOHCTB (CM. pasi. 4) 10 2JEKTPOHHBIX yuyeo-
HUKOB HOBOTO ITOKOJICHUSI, CO3IAeT YCIOBHS KaK IS
peaTbHOTO, TaK M Ui TIPOAYKTUBHOTO BUPTYaJIBHOTO
yueoHoro B3anmopelictud. Dt dynkunm MOC mo-
3BOJISIIOT yuuTesto HanmpaBuThb YI1JI yuanimxcst B pycio
Pa3BUTUSI MHOTOOOPA3HBIX (DOPM UX MBICIUTETbHOMU
NeATeTbHOCTH, YTO HEOOXOMUMO TIPUBOAUT K (hOPMU-
POBaHUIO MHTETPUPOBAHHOTO TIEPCOHAIBHOTO TTO3HA-
BaTeJILHOTO CTHIIS KaKIIOTO YJAIIeToCs 1 B IEPCIICKTH -
Be — K MOBbIIEHUIO 3(hPeKTuBHOCTU 00yueHus. [1pu
9TOM CJIeNyeT YYUThIBATh CJIEAYIOLINE YPOBHU WMHTE-
rpaiuy MHGOOPMALIMOHHBIX U MeIarornyeckKrux TeXHO-
JIOTUI MpU ocyliecTBieHun ydamumucsa YIIJ ¢ uc-
noJyib3oBaHueM MKT.

VYposenb 1. 3aHsATUS CMELIAaHHOrO THIIA, KOTJa
cpenctBamu MKT BBoguTCS HOBBIN MaTepuaj, OCYy-
IIECTBIISIETCS €T0 OTpabOTKa M KOHTPOJIh YCBOCHMSI.
Yaurenab MCIONB3YeT OTAEIbHBIC 3JIEMEHTHI TOTOBBIX
uiu aBTopckux DOP 1 HeMHTepaKTUBHBIE UHTEPHET-
pecypchl ISl BU3yalIu3aluy TPagULIMOHHONW PadoOThI
B Kjacce 0e3 TMpUBJEUYEHUsI ydallluxcsl K Herocpe.-
cTBeHHOI pabote ¢ DOP.

VYpoBenb 2. 3aHATUS CMEIIAHHOTO TUTIA, KOTAA
cpenctBamu MKT BBoguTCS HOBBIN MaTepuall, ocylle-
CTBJISIETCS €r0 OTPabOTKA U KOHTPOJIb YCBOSHMUSI. DJIeK-
TPOHHBIE 00pa30BaTEIbHbIE PECYPChl U HEMHTEPAKTUB-
HbIE UTHTEPHET-PECYPCHI UCTIONB3YIOTCS KaK YIUTEIEM,
TaK ¥ yYaIIUMUCS IS WITIOCTpAllMi YIeOHOTO Ma-
Tepuajia U B BUJE CIIPABOYHBIX MCTOYHUKOB (B TOM
YycJie OHJIaitH-CcloBapei, mMpeaMeTHBIX CITIPAaBOYHUKOB
1 DHLUMKIIOTEIN, SI3bIKOBBIX KOPITYCOB M OHTOJIOTUIA
JTAHHBIX); JTST paOOTHI B TIOMCKOBBIX CUCTEMAX, TIPOBE-
JIEHUSI OHJIAITH-TECTUPOBAHUSI U OIPOCOB; C TPUBIIE-
YEeHWEM JINYHBIX DJIEKTPOHHBIX YYEOHBIX OJIOKHOTOB
1 3aMETOK TPY TPAIUIIMOHHON paboTe B Kjlacce U/uiu
JioMa.

Vposenb 3. 3aHATHS CMEIIAHHOTO TUIIA C UCITOJb-
30BaHMEM SJIEKTPOHHBIX KOHCTPYKTOPOB, BUPTYaJlb-
HBIX Cpell /WU MHTepHeT-cepBrcoB Web 2.0, mo3Bo-
JISTIOIIUX OCYIIECTBJISITh IMPOCTENUIIYIO BU3YaTU3ALUIO
U mpeodpa3zoBaHUe yueOHOro MaTepuaa (ornpeaeaeHue
3aBUCUMOCTEN, OTHOULIEHUU, TOCTPOCHUE YEPTEXKEN,
nuarpamm, rpadukoB, co3gaHue o0pa3oB, CTATUCTU-
yeckasi 00paboTKa JaHHBIX, 0(pOpMIJIEHIE B BUIE 3JIeK-
TPOHHBIX TaOJUI, MHTEJIJIEKT-KapT, 00JIaka KITIOUeBbIX
CJIOB, MHTEPAKTUBHBIX PA0OOYUX JTUCTOB, SJEKTPOHHBIX
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KaTajoroB MOHSITUI) C LENbIO €ro YCBOCHUS TIPH Tpa-
IUITMOHHOM paboTe B Kacce 1/ IoMa.

VYpoBenb 4. 3aHITHUS CMEIIAHHOTIO THUTA, BKIOYa-
IolMe KaK 00s13aTe/IbHbIii KOMIIOHEHT COBMECTHYIO
paboTy ydaluxcsl B y4eOHBIX CETEeBBIX COOOILIECTBaX
C MICTIOJIF30BaHNEM MHTepHEeT-cepBrcoB Web 2.0 1/mmn
TIPWIOKEHWI 1T MOOWMIIBHBIX YCTPOMCTB (2JIEKTPOH-
Has cTeHa; CEpBUC JJIs1 CO3MaHUSI PaOOUMX TPYIII; MPO-
CTPaHCTBO 151 CO3AaHMsI 3aMETOK U COBMECTHOI pabo-
Thl C HUMU B TPYIINE), MO3BOJSIOIIMNX OCYIIECTBISITH
MIpOCTeHIIMe TIpeodpa3oBaHMsI yU4eOHOTO MaTepHaia
C IIETBI0 JOCTIKEHUS KOJUICKTMBHOTO YU4eOHOTO pe-
3yJIBTaTa.

YpoBenb 5. 3aHATHS CMENIAaHHOTO THIIA B Cpe-
JIle TIPOTPaMMHO-METOANIECKNX KOMIUIEKCOB B BHIE
BUPTYaAJbHBIX MPEeIMETHBIX CpeJl (JJabopaTopuii U cpel,
MMO3BOJISIIOIIUX OCYILIECTBISITh AITOPUTMU3ALINIO U MO-
JIeTUPOBaHUE U3ydaeMbIX SIBIEHWI M TMPOLIECCOB IO
MTAaHHOMY TIpEIMETy C WCIOJIb30BaHMEM BCTPOCHHBIX
(GyHKIMIA cUCTEMBI) TP WHIWBUAYAIBHON WM CO-
BMECTHOIf paboTe yyalluxcsl B Kjacce U/Wau JoMma,
HCIIOJIb30BaHUE€ MOOWMIBHBIX YCTPONCTB M AUCTAHLIM-
OHHBIX MHOTO(YHKLIMOHATbHBIX PUIOXEHUT ]I CO-
BMECTHOI pabOTHI HaI MPOEKTAaMM, a TaKKe MMCTaH-
IIMOHHBIX TEXHOJIOTUI, B TOM YHCJIC IS TIPOBEACHMS
BUIEOKOH(EPEHIINIA.

Yposenb 6. KomrurekcHbIie 3amanus 3-, 4- 1 5-T0
yposHeii B MOC yueGHOro 3aBeIeHIs, YHUBEPCATbHBIX
pabouux mpoctpaHcTBax (B ToM ynciie MOC anekTpoH-
HBIX YYEOHWKOB) M WHTETPAJbHBIX 00pa30BaTeIbHbBIX
miatopmax Web 2.0.

[MpuBeneHHast KiaccU@UKAUs MOKa3bIBAaeT, YTO
YeM BBILIE YPOBEHb MHTErPALM U MeJarorudeckKmux U MH-
(GopMallMOHHBIX TEXHOJOTUII, TeM 0oJjiee IIUPOKUE
BO3MOXKHOCTHU MPEAOCTABSIOTCS ydaluMcs 1ist hop-
MHPOBAHMUS W Pa3BUTHUSI WHTETPUPOBAHHOTO IIEPCO-
HaJIBHOTO IT03HABaTEJIbHOTO CTWJISI, 4YTO, KaK CIIeM-
CTBUE, CIOCOOCTBYET IOBBIIIEHUIO 3((EKTUBHOCTU
VI1J ¢ ucnons3oBanuem MKT.

4 BepOanuzanus 1iesei
y4eOHO-ITI03HAaBaTEIbHOM
NesITEJIbHOCTU yJallluXCsl

Boime 3a mokazatenb 3¢h¢GeKTUBHOCTU OO0YYEHUS
ObLT TIPUHST YPOBEHb COOTBETCTBUSI TLJIAHUPYEMBIX
U JOCTUTHYTBIX 00pa30BaTelbHBIX PE3YJbTaTOB (MU-
HUMYM TioKasateist dp4 — cM. pasm. 2). Cremo-
BaTesibHO, 3 dexTuBHOCTh YIIJI ¢ Mcnonb3oBaHuEM
UKT pomxkHa BbIpaxKkaThcsl, 10 MEHbIIIEH Mepe, B Tep-
MUHaX JOCTUTHYTHIX 0Opa3oBaTe/bHBIX Pe3yJbTaTOB,
T.€. €6 KOHKPETHBIX MPOAYKTOB, MOJydaeMbIX B XOJe
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BBITIOJTHEHUST MBICIUTEbHBIX omnepaluii. DTo Oymer
3a7aBaTh BEKTOP OLIEHOUHON NeSITEeIbHOCTU YYUTESI,
paboTaroIIEero B pycjie KOMIETEHTHOCTHOTO U CUCTEM -
HO-IeSITeIbHOCTHOTO TToaxoaa. I1oaToMy yauTeTio mpu
onpeaeneHun 3¢pdexruBHoctr YIIJI yuamnmxcss HeoO-
XOJIMMO OPMEHTUPOBAThCSI Ha KOHEUHBIE Pe3yJIbTaThl
9TO JeATeNIbHOCTU, KOTOpble OYIyT TOHSITHBI €My
u ydamumcs. Kpome Toro, Heobxonuma (hopMyiu-
poBKa 1eseil o0ydyeHusi, a OHU TPU KOMIETEHTHOCT-
HOM M CHUCTEMHO-ICSITeIbHOCTHOM TIOIXOIe KaK pa3
COBMAMAIOT C Pe3yIbTaTaMM 3TOM AeSITCITHHOCTH.

Kaxk BbIpa3uTh 3T LIeAU-Pe3yJIbTaThl TAKUM 00pa-
30M, YTOOBI MOXHO ObLIO HE TOJIHKO OIHO3HAYHO CO-
ITOCTAaBUTH TO, YTO OBLJIO 3aTUTAHUPOBAHO M UTO JTOCTUT-
HYTO, HO ¥ BEIPA0OTATh afcKBaTHBIE KPUTEPUU OILICHKHU
STHX ITOCTUTHYTHIX pe3yabratoB? JIJIst 3TOro HeoOXo-
JIMa OTpeNieJICHHOTo pojia BepOaau3alus 9TUX Lesei,
T. €. hopMajbHOE TMPEeACTaBICHNE UX C TTOMOIIBIO SI3bI-
KOBBIX CPEJICTB.

B kagecTBe ynoOHOI TTOCIEI0BATETbHOCTA KOTHU-
TUBHBIX TIeJaTrOrMIecKuX IIejieit, mommaromieiicss dop-
Maju3aluyd Ha BepOaJIbHOM YPOBHE, aMepUKAHCKUM
TICUXOJIOTOM MeTOJ0B o0y4yeHus1 beHmkamuHoM biy-
MOM B 1956 . Obl1a TIpeIioXKeHa TaKCOHOMUS (Mepap-
XWSI) 9THUX IIeJIeil B BUIE TIEpeYHsI MBICIIMTEIBHBIX (KO-
THUTHMBHbBIX) OIepalluii, WM YMCTBEHHBIX NEUCTBUMA,
MIpeacTaBIcHHAs B BUIe mupaMubl [9] (puc. 1), BocHO-
BaHUU KOTOPOI «JIEKUT» 3HaHUe KaK 0a30BbIil ypPOBEHb,
a caMoi1 BBICIIEH MO CTEMEeHU CJIOXKHOCTU U pa3BUTHUS
MBICIMTEJIHON orepalueit SIBasieTCsl oueHKa, Haxonsi-
Iasicst Ha IIeCTOM YPOBHE.

B mpuBeneHHOit Tabmmiie (cM. ¢. 112) mis Kaxkmoit
MBICTUTEILHOI omepaluu AaeTcs HaOOp CMBICIOBBIX
IJ1aroJioB, COOTBETCTBYIOLIMX PAa3IMYHbIM YUYEOHBIM 3a-
nayaMm. [lonb3ysach aTolt Tabauilelt, yUuTedb MOXET
COOTHECTH Ha3BaHWE MBICIIMTENIBHON OIepalui ¢ UX
cofiepXkaHueM, 00ecneynTh KOHLIEHTPALMIO YCUJIUI Ha
rnaBHbIX acrniektax YIIJI, HaMeTuTh nmepBooYepeaHbie
3a7a4 U MIEPCIEKTUBBI JajibHENIIel paboThl, cO30aTh

6. OreHKa

/ame \
/ \
/ \
/ A\
/ \

4. Ananus

3. [Ipumenenue

2. [Tonumanue

1. 3Hanne

Puc. 1 Mupamuma Bryma

WHOOPMATUKA Y EE TPUMEHEHUHS ToM 9 BbImycK |

BO3MOXHOCTH JUISI Pa3bsSICHEHUSI yJallluMCsl OPUEHTU -
poB YII, chopMupoBaTh 3TaJOHbI OILIEHKU pe3yJibTa-
TOB 00y4YeHMsI, obecrneynBalolime HaJeKHOCTb U 00b-
eKTUBHOCTbD [11].

Takum 00pa3oM, TIaroibl MBICIUTEbHBIX Orepa-
LIMA, C OJHOW CTOPOHBI, IMOMOTAIOT YYUTEIIO B IO-
craHoBKe 1eieit u 3amaq YIIJI, a ¢ apyroit — mosBo-
JISTIOT TIPOM3BOAUTE OMMCAHUE W OIICHKY pPe3y/IBTaTOB
STOU NESITCIHPHOCTH B CPaBHEHUM C ITOCTaBICHHBIMU
neasmMu. C MX MOMOIIBIO YYUTENb BBISIBJISIET HaIU-
yye M XapakTep OTKJIOHEHHUU OT 3aIllJlaHMPOBAaHHBIX
ueneir YIII Ha ocHOBe 0oOpa30BaTeIbHOIO MOHMTO-
puHTa, onpeneseT uX NpuunHe [3, ¢. 134] 1 BHOCUT
COOTBETCTBYIOIINE KOPPEKTHUBEI.

B pycne pasButus HoBbix MKT B 2000-X rT. mo-
SBWJIOCH TaK HasbiBaeMmoe «[lemarormyeckoe Koyeco»,
KOTOpOE TTO3BOJIICT YCTAHOBUTH COOTBETCTBHE MEXKIY
[JlarojlaMM MBICTUTENbHBIX omnepauuii biayma, Buma-
Mu YIIJ yyanuxcss 1 MHCTpyMEHTaMU MOOUJIbHBIX
HKT [12] (puc. 2), T. e. MOKa3bIBaeT BOILJIOIIEHUE TTPO-
necca YI1JI B ee IpoayKTUBHBIN KOHKPETHBIN Pe3yib-
TaT, TOCTUTAEMBII C TTOMOIITBI0 COBPEMEHHBIX MOOMITb-
HBIX MHCTPYMEHTOB. Ha puc. 2 Bo BHEITHE 4YacTu
«Ilemarornueckoro Koseca» MpPUBEACHbBI MPUIOKEHMS
st iPad Apple, KkoTopble SIBASIIOTCSI MHCTPYMEHTaMU
peam3aliii MBICTUTEIBHBIX OINepalnii, coOpaHHBIX
B €r0 LEHTPAJIbHOW YacTH.

Hanpuwmep, nis paznena «Cuntes (Create)» MOTyT
OBITh MUCTIOJIb30BAHbI CACTYIOIINE TPUTOKEHUS:

Aurasma — IIPUIIOKCHHUE, TTO3BOJIAIOLICC CO31a-
BaTb JOIMOJHEHHYIO p€aJIbHOCTD,

Creative Book Builder — nmpuioxeHue, mo3Bossi-
Ioliee co3naBaTh, PelaKTUPOBATh U MyOJIMKOBATDH
KHUTH;

Easy Release — nipuioxeHue ajisi co3naHus U pe-
JTAKTUPOBaHUS MH(POPMALIMOHHBIX COOOIICHUIA;

Fotobabble MPWIOXKEeHUE IS O3BYYMBaHUS
n300paxkeHuit (co3gaHue «roBopsIIux» (poTorpa-
buii);

Garageband — BUpTyaJIbHBII CaMOYYUTEb UTPHI
Ha My3bIKaJIbHBIX MHCTPYMEHTAX;

iMovie — npuyioXeHue Il Co3MaHusl BUIEOPOJIU-
KOB;

Interview Assistant — BuUpTyaJbHBIII MHKPOGhOH
1 3aIiCh 3BYKa;

iTimeLapse Pro — npuioxeHue 11l CbeMKU CepUn
U300paxkKeHU U UX KOMITUJISILIUU B BUJIIEO;

Nearpod — vHTerpaysibHas rardopma, Mo3BOJSI-
Jo11ast YYUTEIIO OCYIECTBISTh COBMECTHYIO pabo-
Ty C yYalllUMUCS U €€ OLIEHKY B peaJIbHOM BPEMEHU;
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TakcOHOMUST MBICTUTETBHBIX Orepatiuii o b. biaymy (1956 .)*. CTpoku TaGaUIbI COOTBETCTBYIOT YPOBHSIM «ITupaMuibt

Bryma» [10]
Ha3zBanue ConepxaHue [1aronbHOE BbIpaxkeHUe
MBICJIUTEJIbHOM MBICJIUTEIBHON MBICJIUTEIBHON
orepauuun ornepauuu orepauuu
1. BHAHUE Yyaiuiics 3HaeT ynorpebJsieMble TEpPMUHBI, | YHOPSIOUM, ONpeAeau, Mpoaydaupyil, cocTaBb

KOHKpETHBIE (DaKThI, METObI M MPOIIEIYPHI,
OCHOBHBIE TIOHSITHS, TIPABIJIA Y TIPUHLIATIBI

CITMCOK, COOTHECH, 3allOMHM, Ha30BH, MMPOPaH-
KHUPY, OMO3Hail, OTHECH, BCTIIOMHU, TTOBTOPH,
BOCITPOM3BEIN

2. IOHUMAHMUE

Vuamuiics TIOHWMaeT TpaBuia, (HaKThI
M TIPUHLMITBI, WHTEPIPETUPYET CIOBECHBIN
MaTepuai, CXeMbl, rpaduKu, TuarpamMMbl,
mpeoOpa3yeT CIOBECHBINI MaTepuanl B Ma-
TeMaTMYeCKHe BBIPAKEHUSI W HaobopoT,
MPEANONIOXUTEIbHO OLEHUBAET Oyayliue
COOBITHSI, TIOCNIENCTBUS, BBITEKAIOLINE W3
HMMEIOIIUXCST TaHHBIX

Knaccudunupyii, ormminm, oo6cyau, 00bsICHHI, BbI-
pasu, oco3Hali, yKaxu, pacrnojioxXu, pacro3Hai,
€o001IM, TTIOATBEPIU, caenail 0030p, oTdepu, OT-
COpPTUPYIA, paccKaxu, MepeBeau, MPOIKCTPATIO-
JIUpYi

3. MIPUMEHEHMUE

VYuamuiicss UCTIONb3YeT MOHSATUS U TIPUHITU -
bl B HOBBIX CUTYalMsIX, IPUMEHSIET 3aKOHBI
U TEOPUM B KOHKPETHBIX MPAKTUUECKUX CH-
Tyalusx, TeMOHCTPUPYET TTPABWIbHOE TIPU-
MEHEHHe METOJa WJIU MPOLeTyPhI

[Mpumenu, BeIOEpU, TIPONEMOHCTPUPYIL, MHCIIE-
HUDYU, MPUBIEKU, MPOWLIIOCTPUPYI, MPOUH-
TEpIpeTUpyid, TPOU3BEAN OMNEpalny, TPUTO-
TOBbB, BBITIOJIHU, OCYIIECTBU, OTpabOTall, COCTaBb
J1aH/TiporpamMmy, Habpocait, peiu, UCIob3yil

4. AHAJIN3

VYyamuiicss BblIEsIeT CKPBITbie (HESIBHBIE)
MPEeANoJIOXEeHUsI, BUAUT OLIMOKW U YITyllie-
HUSI B JIOTUKE PACCYKIEHNI, TTPOBOIUT Pa3-
JTIUST MeXTy pakTaMu U CIIeNCTBUSIMU, OLie-
HUBaeT 3HAYUMOCTb JaHHBIX

[Mpoananusupyii, oleHn, paccunTail, KaTeropu-
3UpYyil, CpaBHU, COIMOCTaBb, BBICKAXH KPUTH-
Ky, COCTaBb IUarpammy, pa3jinyu, pPacro3Haif,
HaliIu OTJINYUS, UCCIENYid, TTIPOIKCIIEPUMEHTHU-
Py, TIOJIBEI UTOT, MIPOSICHU, OIPOOYii

5.CUHTES3

Yyamuiicd nuiuer HeOOIbILIOE TBOPYECKOE
COYMHEHME, MpemaraeT IJaH MPOBEIeHUs
9KCMEPUMEHTA, UCIOJIb3YeT 3HAHUSI U3 pa3-
HbIX 00sacTeil, 4TOObl COCTABUThH ILJIAH pe-
LIEHUS TOW UM MHOM TTPOOIeMbl

Opranusyii, codbepu, CKOMIIOHYi, COUMHU, TO-
CTpOIi, co3laii, CIpOeKTUpPYIi, pazpadboTaii, oBjia-
IIefl, OpraHu3yH, CIUIAHUPYU, TMOATOTOBb, MpEM-
JIOXXU, YCTAaHOBU, CUHTE3UPYH, HATTUILIU

6. OLLEHKA

VYuamuiics OIleHWBAaeT JIOTUKY TPeacTaBiie-
HUSI MaTepuajia B BUJE MHUCbMEHHOIO TeK-
CTa, OILIEHMBAET COOTBETCTBUE BBHIBOMIA MME-
IOIMMCSI TAaHHBIM, OLIEHWBAeT 3HAYMMOCTD
TOTO WJIM MHOTO MTPOIYKTA IESTSIbHOCTH UC-
XOJisl U3 BHYTPEHHUX WM BHELTHUX KpUTe-
pues

O11eHH, TTOCIIOPh, OCYIIECTBU SKCIIEPTU3Y, BbIOE-
pU, CPAaBHMU, 3aIMTH, BBICKAXU CYXIEHUE, B3BECh
«3a» U «IIPOTUB», CAETAN BBIBOJ, CIIPOTHO3UPYH,
MPOpaHXUpPYi, BbICTaBb OLIEHKY, BbIOEpHU, TOA-
NIEPXKU, OLIEHU 3HAYUMOCTh/3HaUyeHUe

* B 1990-x rr. rpynma aMepuKaHCKHUX TCHUXOJOTOB-KOTHUTUBUCTOB, BO3IIaBisieMas OblBIIUM yuyeHUKoM b. Biyma JlopuHom AH-

JIEPCOHOM, TIpEeJIOXKIIIa OOHOBJICHHYIO BEpCUIO TaKCOHOMMU biayma mpumeHuteabHo K peanusim XXI B.

B nupamune Biyma

CYILIECTBUTEIbHBIC, HA3BIBAIOIINE MBICIUTEIbHBIC OMEPAIlK, ObLIM 3aMEHEHBI HA TEPYHANN — YacTh PEUM, OMUCHIBAIOIIYIO MPOLIECC
BBITIOJIHEHUSI MBICJIUTENIbHBIX oniepalnii (knowledge — remembering; comprehension — understanding; application — applying; analysis —
analyzing), a synthesis — creating vi evaluation — evaluating noMeHsuIMCh MecTamu [10].

Prezi — npunoxeHnue 11t cO3gaHMs PEe3eHTALINIA;

ScreenChomp — mHTepakTUBHAS IM(MPOBasT TOCKa
JUUIST CO3AaHUST HAOPOCKOB U 3aMETOK;

Voicethread — vHTEpaKTUBHOE MPUIOXKEHUE IS
OIHOBPEMEHHOI'O BBIIIOJHEHUSI HECKOJIBKUX OIle-
pauuii ¢ OJOKyMEHTaMU:

CO3IaHME CXeM 1 3aMETOK;

Wordpress — cuctema yrnpaBjieHUsI COIEPKUMbBIM

Toontastic — npunoxXeHue UIsT CO3MaHUSI MYJIbT-
(UIBMOB M aHUMUPOBAHHBIX U300PAXKEHMIA;

MpaBKa, OOCYyXIeHue,

5 CucteMbl OLIEHKH
3(pPEKTUBHOCTU
y4eOHO-I103HAaBaTEJIbHOM
NeSATeJIbHOCTH YYaIlXCsl
KaK YPOBHS JTOCTHKEHUS
IUIaHUPYEeMbIX 00pa30BaTEIbHBIX
pe3yJIbTaToOB
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caiita, Oyiora.

B xoHtekcte TpeboBaHuii HoBbIX PI'OC cienyer
yIeJUTh BHUMaHWE TBYM OCHOBHBIM BHUIIAM OLIEHKU
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Puc. 2 OpurunansHas Bepcust «[leqaroruueckoro Koiaeca» — COBpeEMeHHOI nHTepnperaunu «[Tupamumas Biyma» ¢ Touku

3pEHMST MHTErpaliuu rnegarorunyeckux u MoomibHbix MKT

TMOCTVIKSHMSI TUTAHUPYeMBIX 00pa30BaTeIbHBIX PE3Yib-
TaTOB: CyMMHPYIOLIeMY (MTOrOBOMY) OLEHUBAHMIO 1 (hop-
MupyieMy (IPoIeccyaIbHOMY) OLEeHUBAHUIO.

Ipu cymmupyrowem ouenuganuu OTPENEISIETC
KavyeCcTBO YCBOGHMSI HEKOTOpOro obbeMa y4eOHOro
MaTepuaja B TE€YEHHUE OIMPEIeIEHHOrO BPEMEHHOrO
(geTBepTH, TONYTOOUsI, YIeOHOTO roma) Wi mHdOop-
MaIMoHHOTOo (YpoKa, pasmesa, MOIYJIsI, TPYITITBI MOIY-
JIel, LIMKJIa YPOKOB, Kypca U T.JI.) 3Tara oOy4eHWUsI,
KOTOPBII paccMaTpuBaeTcst Kak HEKOTOPBIA UTOT.

UH®OPMATUKA U EE TIPUMEHEHUS Tom 9 Bbimyck 1 2015

Cymmupyloliee olieHMBaHUE MMEET LIeJIbIO BHICTaB-
JIEHWE YacTMYHO (ITPOMEXYTOYHOM) WJIM TOJTHOCTHIO
WTOTOBOI OTMETKM U TMPOM3BOAUTCS, KaK IPaBUIIO,
B YMCJIOBOM BBbIPAXKEHUU.

Cymmupyloliee olieHUBaHUE SIBJISIETCSI CBOETO PO-
Jla 00OBEKTOM IIPE3eHTALIMU ITePETOBOTO OIbITa, OTYe-
Ta YYUTEIS W/VUIM YJaIIuXcs O TPOICIaHHOM paboTe
B TeUeHME YKa3aHHOTO 3Tara o0pa3oBaTesIbHOM mes-
TeJIbHOCTU (TIeproaa yueOHOro BpeMeHU WK 00beMa
y4yeOHol nH(popMaLMU, moajiexalleil ycBoeHuto). Io-
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9TOMY CyMMHUpYIOIllee OLIEHWBaHWE MOXHO paccMmar-
pUBATh JIUIIIb KaK MPOCTYI0 KOHCTaTallMIo (hakTa TOro,
OBUIM WIN HET JOCTUTHYTHI 3aIllJITaHMPOBaHHBIE 00Pa30-
BaTeJIbHBIC PE3YJIBTAThI, M €CIIH «lIa», TO KaKO# YPOBEHD
OBLI JOCTUTHYT. DTO OMPEIeISIET MECTO CYMMHUPYIOIIIE-
ro OLIEHMBaHMSI KaK Obl BOBHE Ipoliecca OCBOEHUS
3HAHUU WY TPUOOPeTeHUs KoMneTeHuui [11].

3HAYMMOCTb opmupyoue2o oyeHueaHus COCTOUT
B TOM, YTO OHO, OYIy4yd KOMIUIEKCHOI, MHTErpagbHOMU
MpoLenypoii, BKIoUeHHo B caMm npouecc YIIJ, mo-
3BOJISICT TIOJYYUTDH <«ITOIIArOBBIe» MaHHBIC 00 YPOBHE
Pa3BUTHS MBICITUTEIIBHBIX CITIOCOOHOCTEH M KOMIIE-
TEHIUU yJalIuxcs Ha CKOJIb YTOTHO MEJIKUX IMTPOMEXKY-
TOYHBIX ATarnax. JTa nmpoueccyaibHast GyHKUMs Gop-
MUPYIOIIETO OIIEHMBAHUS ITO3BOJISICT PacCMaTpUBaTh
€ro Kak He00XOAMMYIO COCTaBHYIO 4YacTh 3(PHEKTUBHO-
rO OOYUYCHHMS, TPEOYIOIIEeTO, OTHAKO, TOITOTHUTEIBHBIX
3aTpatr yueOHOro BpeMEHU.

®opmupyoliiee OlleHUBaHUE Oa3MpyeTcsl Ha Tpex
OCHOBOIIOJIararoIIMX MPUHIIMIIAX ITeAarornyeckom Tex-
Hojioruu, TmonyuyuBleld HaszBaHue LOA (learning-
oriented assessment) — «OIlCHUBaHWE, HAIIpaBJICHHOE
Ha oOyueHue» [13, c. 57, 59—60]:

(1) TmocTaHOBKe 3ama4 OIICHUBAHMS KaK YICOHBIX 3a-
nad;

(2) TIpUBIECYCHUIO YIAIIMXCS K OIICHUBAHUIO PAOOTHI
CBOMX TOBapuIIEei 1 CAaMOOIICHKE;

(3) ocymiecTBIeHNIO OOpaTHOI CBSI3M, HampaBJICH-
HOW He Ha MPOMIEHHBI MaTepral, a Ha MaTepu-
aJ1, KOTOPBIiA TIPEICTOUT OCBOMTb.

B nazBanuu LOA-TeXHOJIOTMU KITIOYEBBIM SIBJISET-
csl CIOBO «O0OyueHHe», a He «OLleHUBaHUE», TTOCKOJIb-
Ky BHE TIpollecca OOYJYeHUs TperuMyIecTBa (popmm-
pYIOIIIEeTo OIICHWBAHMSI TepsIIOT CMBICH. bojee Toro,
Npu cObaJlaHCUPOBAHHOM ITOAXOJe U 00yYeHue, U olle-
HUBaHWE HE TMPOCTO ABUXYTCS B €IUHOM pyCJe IO-
CTHKeHUST 3(PPEKTUBHBIX Pe3yabTaTOB O0yYeHUs, HO
STH PEe3YNBTATHI SIBJISTIOTCST 3aNAQHUPOBAHHBIMU PEIYIThH-
TaTaMM, TTOCKOJIBKY OPUEHTHPYIOTCS Ha KOHKPETHYIO
YUeOHYIO IIeJIh, ITOCTaBICHHYIO TIpU (POPMYIMPOBKE
yyeOHOM 3a1auu, a UMEHHO: TTO00Has 11eJb SIBISIeTCS
oobekToM YIIJI. B aToM cMmbicie (popmupyioliee ole-
HUBaHIE CAMBIM OIITUMAaJIEHBIM 00pa30M OpUEHTUPYET
IIpoliecc OOYICHMS Ha TOCTIDKEHIE 3aIlJIaHNPOBAHHBIX
pe3yJIBTaTOB O0YICHUS KaK €r0 KOHETHOM MU TIpOMe-
JKYTOYHOM LIENH.

[lepeuiit npunyun LOA-TeXHOJOTUU — MOCTAaHOBKaA
3a/1a4y OLIEHUBAaHUS KaK y4eOHbIX 3a/1ay — TMpearnosiara-
€T COBMeEIIIeHME 3a/1a4 OLICHUBAHUS U 3aa4 OOyYeHUSI.
DTOT NMPUHIIUII COCTOUT B ITOIIIATOBOM OIICHMBAaHUU
MePCIIEKTUBI YCIIEITHOCTH/HEYCTICIITHOCTH PEIICHMS
3a/la4yy Ha IPOMEXYTOUYHBIX, 00Jiee MEJIKMX dTarnax, T. €.
MPOTHO3UPOBAHNE ATON YCTIEUITHOCTU/HEYCIIEITHOCTH

C 11eJIbI0O KOPPEKTUPOBKU aJirOpUTMa ee peteHus. [1pu
9TOM yYalIUMCSH C LIeJbI0 TPOTHO3UPOBAHUS CUTYalIUU
TOHEBOJIE TIPUXOIUTCS OCYLIECTBISATh NEUCTBUS, CBSI-
3aHHBIE C SKCTPAIOJSILMER yueOHOTO MaTepraa, T. €.
¢ yriny0JeHeM He B TIPOAeHHbBIN y4eOHBIM MaTepuall,
ac obpalleHreM K MaTepualy, moajiexalieMy faibHei-
IIEMY YCBOEGHUI0. DTHU 111ard CIOCOOCTBYIOT Pa3BUTUIO
MHOT000pa3HbIX (HOPM MBICIUTEIBLHON AeSTETbHOCTH
VYAITAXCS.

Bmopoit npunyun LOA-TEXHOTOTMM — TIPUBJIC-
YyeHHe ydalluxcsl K OLEHUBAHUIO PabOThl CBOMX TO-
BapuIllell U CaMOOLIEHKE — CITOCOOCTBYET HE TOJIBKO
DPa3BUTUIO HABBIKOB PeJIEKCUU U CAMOOIIEHKH, SIBJISI-
IOIMUXCA BaXXHEHITMMU PETYISITUBHBIMA XapaKTePH-
CTUKaMHM KaK TPEeIMETHBIX, TaK M MeTalpeaIMeTHBIX
KoMmIteTeHIIN. OH mpuydaeT WX K OCYIIECTBICHHIO
9KCMEPTHON OLEHKU B COOTBETCTBUM C KPUTEPUSIMHU,
pa3paboTaHHBIMU UMW CAaMUMU, K MPUHSTUIO OTBET-
CTBEHHBIX DEIICHUI, BIUSIONIMX HAa KOHEYHBbIN pe-
3yJIBTaT, K y4eOHOMY cOTpymHUYecTBY. Kpome Toro,
IIPO3PavyHOCTh OIICHKM, BEIHOCHMOIT B pe3yJIbTaTe CO-
BMECTHOTI'O OOCYKIIEHUsI, CIY>KUT 3aJI0TOM MTOHUMaHUSI
yyalMucs KoHeuHoit enu cBoeit Y11/,

Tpemuii npunyun LOA-TEXHOJOTUU — OCYIIIECTBIE-
HUe 00paTHOM CBSI3M, HAIIPABJIEHHOW He Ha MPOIeH-
HBII MaTepuaj, a Ha MaTepuall, KOTOPBI TIPEACTOUT
ocBouth. OOpaTHas CBSA3b caMa ITo cebe He TTo0yKaa-
eT yyalluxcsl K JaJdbHEeHIlIeMy M3y4yeHMIO MpeaMera,
OJTHAKO, BBICTYIasi KaK OCHOBHOI CIToco0 aHaiu3a pe-
3yJIBTaTOB Ha OTIEIBHBIX 3TallaX peIleHUs yIeOHOI
3a/1a4M C LEJIbI0 KOPPEKTUPOBKU TyTEH €e pelleHusl,
OHa TeM CaMbIM HalleJIMBAET yYallluXcsl Ha JajbHEN1Iee
U3y4yeHue MaTepuaia.

[Ipolienypa MHTErpaliuy OLICHUBAHUS U O0YYEeHUSI
B pamkax LOA-TeXHOJOTMM COMOCTaBUMA C OJHUM U3
MIPUHIINIIOB (DOPMUPOBAHUS OIEPAIIMOHHOTO CTHJIS
MBIILIJICHUSI, BBIABUHYTHIX akagemMukoM A. Il. Epiio-
BbIM ellie B 1980-X I'T.: ryiaHupoBaHUEe CTPYKTYPHI LieJie-
HaIpaBJeHHBIX NEUCTBUN B OMpeneIeHHBIX YCIOBUSIX
C MOMOIIIbIO 3aJaHHOTO Habopa cpeacTB. Peanuzanus
9TOr0 MPUHLIMIIA TPEINOJIATaeT, YTO yUalluiics 1oJKeH
HE TOJBKO IPEICTaBIATh ceOe CUTYallMIo, B KOTOPOIt
OymeT OCYIIECTBIISIThCS PEIICHNE TTOCTaBICHHOM 3a1a-
Y, HO M yMETh aHAJIM3UPOBATh €€, BBISIBJISISI UMEIOIIIM -
ecsl CpeNcTBa, TOCTYITHbIE Pe3ePBbI U MpearoaaraeMbie
TPYAHOCTU. AHAJIM3 3TOW CUTyaUMW HEOOXOOWM IS
BBICTpaBaHMSI BEpHOI CTpaTeTUM PEIICHUS — WHBI-
MM CJIOBaMM, CO3IaHUS afieKBaTHOM 3aavue CTPYKTYPBI
1LieJIeHaTpaBIeHHBIX YMCTBEHHBIX NEUCTBUI (aITOPUT-
Ma), OCYIIECTBJICHUE KOTOPBIX COTJIACHO MPUHSITOMY
IJIaHYy TTOMOXET MPUBECTU K YCIIELITHOMY Pe3yJIbTary,
YTO caMo 10 ceOe U TIpearonaracT (hOpMUPYIOIIee Olle-
HHUBaHUE.

B npoiiecce aHaiM3a UCXOMHOM CUTyalluU yJalye-
csI MOA0MPAIOT Psili 00siee MPOCTHIX LUEJEBbIX CUTYaLIUI,
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K ouenke apdextuBHocTr Y1/ yyanmxcs ¢ MCIOIb30BaHMEM MH(MOPMAIIMOHHBIX TEXHOJIOTUIA

BBICTPAMBAIOT MX B OMPEIEICHHYIO NepapXulo, He TIpo-
TUBOPEYAIIYI0 UCXOIHOM, XOTS M YIPOIIAIOIIYIO €€ Ha
HEKOTOPBIX dTAIlaX, ¥ TEM CaMBIM IIIar 3a IIaroM JIBU-
JXKyTCsI B HAIIpaBJICHNU HY>KHOTO PEIICHMUS.

Kpome Toro, Takme mormaroBbie TIpOIIEeAYPHI CyxKa-
FOT ITOJI€ TIOWCKA PEIIEHUS M TEM CAMBIM YITPOIIAIOT €T0,
Jennast TIOCWJIBHBIM. TakuM o0Opa3oM, JejieHUe CIIOXK-
HBIX 3ajJ]a4 Ha 0oJjiee MPOCThIe, IJIEMEHTapHbIE, «I10-
orepallMoHaIbHBIC» 3aIaul, BO-TIEPBBIX, CyKacT ITOJIe
TTOMCKa BEPOSITHOTO PEIICHMSI, a BO-BTOPBIX, CTPYKTY-
pUpPYeT TPAeKTOPHIO ITIONCKA, pa3ess ee Ha Iaru Uin
3Tambl, TaK 4YTO IBWKEHUE OCYIIECTBIISIETCS TO3UPO-
BaHHO, a Ha KaXIOM 3Talle peliaeTcsl HeKoTopasi 3Jjie-
MEHTapHasl 3aaJa, IMpHOJIKAoIIas yJalerocs K pe-
IIEHUIO MUCXOTHOM 0oJiee CIIOKHOM 3amadunl.

OueHp BaXXKHO TTOMYEPKHYTH, UTO ACIICHUE TIePBO-
HavyaJbHOM 3a1a4y Ha OoJiee MEJIKME U TIPOCTHIE 103U -
pOBaHHbBIE 3TAIlbl, OCYIIECTBIISIEMOE B pe3yJibTaTe aHa-
JIN3a UICXOTHOM CUTYaIlUH, IPOUCXOANUT UMEHHO IyTeM
dopMUpYIOIIET0 OIICHWBAaHMUS, KOTOPOE HAIIPaBIICHO
Ha KOPPEKTHPOBKY CTPAaTETMYECKON TpaeKTOPHU Pe-
1eHus 3aaaum (6osiee moapodbHo cMm. [14, c. 28—30]).
ITpu 3TOM pe3ynbTaThl POPMUPYIOIIETO OLIEHUBAHUS,
BBIpaXKEHHBIE B Oajliax, JIEMOHCTPUPYIOT HE TOJIBKO
MMPaBUJILHOCTD PEIICHUs 3aJayd, HO W palMoHaJhb-
HOCTh BBIOpAHHOI CTpaTeTMYeCKON TPacKTOPUU ITBU-
JKEHHS K ICKOMOMY PEeIIIeHUIO.

HeobxoauMo oTMETUTh, UTO (hOpMUPYIOIIEE Olie-
HUBaHUE TPeOYyeT OJHOBPEMEHHON, «CUIOMUHYTHOM»
BOBJICYCHHOCTH B ITPOIIECC OOYUCHUS Y YIUTEIIS, U yda-
IIUXCSI, 9TO WMEET MECTO IIpM BHITIOJTHEHUU 3aja-
HUI, HaIIpaBJICHHBIX HAa MAKCHUMAaJIbHYIO KOOIIePAITHIO
Bcex yyacTHUKOB mpouecca YIIJI. Oguum u3 gpopma-
TOB YpOKa, CITOCOOCTBYIOILETO peaau3aiuy KOHIIEeT-
1y GOPMUPYIOIIETO OLIEHWBAHMSI, HAITPAaBJIIEHHOTO Ha
TMOCTVDKEHNE TUTAHUPYEMBIX 00pa30BaTeIbHBIX PE3YIlb-
TaTOB TIPHM PEIIeHUM KOHKPETHBIX 00pa30BaTCIHHBIX
3a1a4, CIYXKHUT, HallpuMep, TEXHOJIOTUS «IIepEeBEPHY-
TOro» ypoka. OHa IpearoiaraeT caMOCTOSITEIbHYIO
paboTy ydJalmxcsl ¢ 3JeKTPOHHBIM KOHTEHTOM JIOMa,
a OCHOBHOE MHTEPaKTUBHOE OOIIIEHNE OPUCHTUPYET Ha
BBITIOJTHEHNE COBMECTHBIX 3amaHnit B MOC yuebHOTO
3aBeACHUS M pellleHNe 3a1a4 ITOBBIIICHHON TPYTHOCTH
B KJIacce MPY OYHOM OOILEHWUN YINTEIS M yIaIInXCs.

OLleHKa OOCTMIKEHMST TIPEAMETHBIX pe3yJIbTaTOB
00YJeHMSI OCYIIECTBIISICTCS, KaK ITPAaBUIIO, TPAIUIINOH-
HBIMU OaJUTBHBIMU MeTogaMu. OTHAKO B psizie CITydacs,
0COOEHHO TIPM TEKYIIEeM WIN ITPOMEXYTOUYHOM OIle-
HUBaHUM, KOTOPOE MOXET BECTUCHh B (opmaTe dop-
MUPYIOLIETO OLIEHWBAHUS, TTOJYYeHHbIC PE3YJIBTaThI
1IeJIECO00Pa3HO COXPaHSITh C IMOMOIIBIO TaK Ha3bIBa-
e€MOf HaKOITUTETbHOM CUCTEMBI OlleHMBAaHMUS (HATIpH-
Mep, B ¢opMe noptdoro) U 3aTeM YUYUThIBATh MPU
OIpe/ie/IeHMY UTOTOBOI OIIEHKU BKYIlE C pe3ysibraTa-
MU CYMMHUPYIOIIETO OLICHUBAaHUSI.

WHOOPMATUKA U EE TPUMEHEHUS Tom 9 Bwimyck 1 2015

6 3axiouyeHue

YpoBenb apdexkTuBHocTH YIII ¢ ucmoab30BaHU-
em UKT omnpenensiercss crmocoOHOCTBIO YUUTENST Op-
raHW30BaTh COBMECTHYIO pabOTy C YJAIIUMMUCSI, OPH-
SHTMPOBAHHYI0 Ha pa3BUTHE (DOPM MBICIUTEITHLHON
JEeSITETbHOCTU, MPUBOISIIINX K CO3JaHUIO0 WHTErpU-
POBAHHOIO TMEPCOHAIBHOTO TMO3HABATEIbHOIO CTUJIS
Kaxnoro. Takyio BO3MOXHOCTb MPEIOCTaBISIOT YUM-
TEJTIO TIeMarormyeckue M HOBBIE WHOOPMAIIMOHHEIC
TEXHOJIOTHH, OOBbeAMHEHHBIC B IETOCTHBIA TUIAKTHU-
yeckuii npoiiecc, peanusyemsblii B MOC yuebHOTrO 3a-
BEIEHUSI.
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Abstract: The paper considers a problem of how to measure the efficiency of students’ cognitive activities as the
planned outcomes in compliance with the achieved ones, both expressed in terms of specific products of learning
and cognitive activities that are obtained while performing mental tasks. Combining the style of teaching and
learning methods with the use of pedagogical and new information technologies integrated while performing various
types of tasks is discussed. An example of how to verbalize the results achieved during the learning activities with
the use of mobile devices is given. The way of verbalizing is based on Bloom’s taxonomy action verbs. It is found
out that the level of how well students perform cognitive tasks with the use of information and communication
technologies depends on their teacher’s ability to collaborate with them while developing all forms of their mental
activity, which leads to building an integrated personal cognitive style for each student.
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Ob ABTOPAX

Taiinamaka FOmua BacuabeBna (p. 1971) — kanaupar
(pm3MKO-MaTeMaTUICCKUX HAyK, TOIIeHT Poccuiickoro
VHUBEpPCUTETA APYKOBI HAPOIOB

Homxes Ilnomu (p. 1958) — mokTop Hayk 1m0 mHOOP-
MaTuke, npogeccop YHuepcurera uM. ben-Iypruona
B HeraBe, beap-1llesa, U3panib

Kasoponkosa Qg Bagumosna (p. 1990) — nporpam-
MUCT-pa3padboTunk OO0 «CryTHUK»

Kanunnyenko Jleonun Anapeeswd (p. 1937) — mok-
TOp (PM3MKO-MaTeMaTUICCKUX HayK, ITpodeccop, 3a-
Bemytomuii jaboparopueit MHctutyta 1mpo0jieM WH-
¢opmatuku Poccuiickoit akageMuu Hayk; mpodgeccop
(hakynbreTa BBIUUCIUTETbHON MaTeMaTUKY U KUOEpHE-
TUKU MOCKOBCKOTO TOCYIapCTBEHHOI'O YHUBEPCUTETA
uMm. M. B. JlomoHocoBa

Kantop Ompra I'emnammeBna (p. 1971) — xaHgumar
(pM3MKO-MaTeMaTUICCKUX HaAyK, CTapIIWii HayIHBIN
coTpynHUK WMHCTUTYTa COLMATBHO-9KOHOMUYECKUX
ucciegoBaHuit Ypumckoro HayyHoro 1ieHTpa Poccuii-
CKOI aKkaneMuu HayK

Kosanes Imutpuii FOpbesuu (p. 1988) — mmammuii Ha-
YUYHBIN coTpynHUK MHCTUTYTa TpobieM MHGhOPMaTUKU
Poccuiickoit akaneMun HayK

Kosanesa [lana AnekcanaposHa (p. 1973) — xanoumat
(pM3MKO-MaTeMaTUICCKUX HAyK, HAYYHBIN COTPYTHUK
HMHctutyta actpoHomun Poccuiickoil akageMuu HayK

Kosanés Cepreii IIporacoBud (p. 1972) — nokTop dusu-
KO-MaTeMaTUYeCKUX HayK, CTapIlIuii HAyYHbI! COTPY/I-
HuK MHcTuTyTa npobieM yrnpasieHust uM. B. A. Tpa-
TIe3HNKOBA

Koran-Canenkaa Mapuna (p. 1977) — acniupaHT YHU-
Bepcuteta uM. beHn-Iypuona B Herase, beap-lllesa,
H3zpaunpb

Koaecos Cepreii BukTopoBu4 (p. 1951) — noktop xumu-
YECKHUX HayK, 3aBedylolluil Jabopatopueit MHCTUTYyTa
OpPTaHMYECKOM XMMUM Y(PUMCKOTO HAydYHOTO IIEHTpa
Poccuiickoit akaneMnu HayK

Kopenanos Dayapa Pynoasposuy (p. 1966) — kanauaar
TeXHUIECKUX HayK, 3aBEAYIOIINI cekTopoM MHCTHTYTA
npo6siem uHopmaTuku Poccuiickoit akanemMun HayK

Kopuaxkuna Oapra MakcumoBna (p. 1953) — xanau-
JIaT TEXHUYECKMX HayK, CTApIINii HAyYHbII COTPYIHUK
Wnctutyra npobaem nHgopmatuku Poccuiickoii aka-
JIEMHUU HayK

118

KynpsiBueB Anekceii AnnpeeBuu (p. 1978) — xanau-
JaT GU3MKO-MaTeMaTUYEeCKUX HayK, JOLEHT Kadbeapbl
MaTeMaTUYEeCKON CTAaTUCTHKM (haKy/lIbTeTa BbIYMCIIM-
TEJIbHOM MaTeMaTUKU U KMOEpHETUKU MOCKOBCKOIO
rocyaapcTBeHHOro ynusepcuteta uM. M. B. JlomoHo-
coBa

Kysnenos Cepreiit IBanosu4 (p. 1955) — HayJHBIH cO-
TpyaHUK MHCTUTYTa opraHuYecKoi XuMuu YhuMcKo-
ro HayuyHoro LeHTpa Poccuiickoii akageMuu Hayk

Maixkos Oaer FOpbeBuu (p. 1961) — mokrop dusuko-
MaTeMaTUYeCKUX HayK, TOIEHT, 3aBeIYIOIIUI OTIeIOM
WucTutyTa actpoHomun Poccuiickoit akaneMun Hayk;
npodeccop duznveckoro daxkynsrera MOCKOBCKOTo
rocygapcTBeHHOro ynmupepcurera uM. M. B. JlomoHo-
coBa

ITomoBa Mapus CepreeBna (p. 1994) — ctyment Mo-
CKOBCKOTO (hM3UKO-TEXHUUECKOTO MHCTUTYTA

CawmyiizioB Aunpeii KoncrantunoBuu (p. 1988) — acniu-
paHT Poccuiickoro yHMBepcuTeTa APYXObI Hapo-
JIOB; MccienoBaTelb TeXHOIOTMIeCKOro YHUBEPCUTETA
r. Tamnepe, OUHISTHANUS

Cununpin Baagumup Uropesmu (p. 1968) — mokTop
(pr3MKO-MaTEMaTUICCKUX HAYK, TOLICHT, 3aBeIYIOIIMNI
otnenaoM MHcTuryra npobiaem nHgopmatuku Poccuii-
CKOU akaneMnu HayK

Cununpia Urops HukomaeBuu (p. 1940) — moxrop Tex-
HUYECKUX HayK, mpodeccop, 3aciIy:KeHHBIN AesTellb
Hayku P®, 3aBenyrommii otaesom MHCTUTYTA TTpOOIeM
nHdopmaTku Poccuiickoii akaneMun HayK

CmmBak Cemen U3paunneBud (p. 1945) — mokrop pusu-
KO-MaTeMaTH4YeCKUX Hayk, mpodeccop baiikupckoro
roCyIapCTBEHHOTO YHUBEPCUTETA

CrpuxoB Bagum Bukroposmy (p. 1967) — kaHguaar
(hu3rKOo-MaTeMaTUYECKUX HayK, AOLIEHT MOCKOBCKO-
ro GU3MKO-TEXHUYECKOTO MHCTUTYTA, BEIyIINI Hayd-
HbBIU coTpyaHUK BrruncaurensHoro neHtpa PAH um.
JlopogHULIbIHA

Iloprun Cepreii AAkoBaesny (p. 1952) — nokTop dusu-
KO-MaTeMaTU4YeCcKUX Hayk, mpodeccop, 3aMecTUTeNb
nupektopa MHcTutyra nipobiiem mHpopmatuku Poc-
CUICKOM aKaleMUM HayK

IOnycosa lapbs CepreesHa (p. 1989) — acniupanr bar-
KHUPCKOTO TOCYIapCTBEHHOTO YHUBEPCUTETA
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IIpodeccop Urops AllekceeBrdy YIIakoB

22.01.1935-27.02.2015

PenakiinoHHbBIN COBET U pelaKLMOHHAas KoJuierus xypHana « MagopMmaTtka u e€ mpuMeHEeHUsT» ¢ TITyOOKUM
MpUCKOpOreM U3BelatoT, uTo 27 pespas 2015 1. mocie TsKea0i M MpoAoKUTEIbHOM 001e3HM cKoHYaics ropb
AJiekceeBUY YIIIaKOB — JOKTOP TEXHUUYECKUX HayK, Mpodeccop, WieH peakoieruu xxypHana « MadopmaTuka u
ee TIPUMEHEHUSI».

Hropsb AnekceeBud YIIaKoB OKOHYMI MOCKOBCKUI aBUALIMOHHBIA MHCTUTYT, B 1963 I 3alUTUI KaHAUAAT-
CKy10, a B 1968 . — mokropckyio aucceprauuio. C 1958 mo 1989 rr. paboTait B psifie HAyYHO-UCCIEI0BATEIbCKIX
opranusaunii CCCP, B Tom umcie pykosBomwa otneinamu B HUM AA u B AH CCCP; ¢ 1969 mo 1989 rr.
npernonaBan B MOTU (6bu1 mpodeccopoM, a 3ateM 3aBenyromum Kadenpoii) u B MBOU. C 1989 . —- B CIIIA:
SIBJIsIICS TipodeccopoM yHUBepcuTeTa k. BammHrrona, yHusepcurteta k. Moaiicona u KanudopHuiickoro
yHUBepcuTeTa, coTpyrHrnkoM komrnanuiit MCI, Qualcomm n Hughes.

WM. A. YiiakoB ¢ MOMEHTa OCHOBaHMS XypHayia «HaleXXHOCTb M KOHTPOJb KauecTBa» ObUI 3aMeCTUTEIEM
OTBETCTBEHHOTO PEAaKTOpa, a 3aTeM Ha IMPOTSLKEHMM MHOIMX JIET WwieHoM penkosuteruu. B 2006 r. ocHoBaja
9JIEKTPOHHBIN MexXIyHapoaHbli kypHan “Reliability: Theory & Application”, r1aBHbIM peIaKTOPOM KOTOPOTO
OCTaBaJsICs 10 KOHILIA KU3HU.

Y4yeOHMKaMU U CIPaBOYHUKAMM 1O TEOPUU HANEKHOCTU, HanmucaHHbIMU M. A. VillakoBbIM, MOJIb30BATUCH
7 TIOJTB3YIOTCST HECKOJIBKO IMTOKOJICHWI YUSHBIX U CIIEIIMACTOB B PA3HBIX CTpaHaX MUpA.

Hrops AnekceeBUY BceTma yIeisii OTPOMHOE BHUMaHHUE padoTe ¢ MOJIOAEXblo; Oomee 50 ero y4eHMKOB
3aLIUTUIN TOKTOPCKUE U KaHIUIATCKUE NUCCEPTAIU.

M. A. YimakoB Besl aKTUBHYIO HAyYHO-TPOCBETUTEIbCKYIO NeTEbHOCTh. B YacTHOCTM, OH ObUT OMHUM U3
OpraHu3aTopoB U pyKoBoauTeneil MOCKOBCKOro KabuHeTa KayecTBa W HaAeXXHOCTH mpu [loauTexHuyeckoM
My3ee (1renpio 3Toro KabmHera OBUIO OKa3zaHWE KOHCYIBTAIlM paOOTHUKAM TPOMBIINIJICHHBIX TPEIITPUS TN
W YTeHWE KypCOB JICKIIMI IS MHXXKEHEPOB, 3aHMMAIOIIMXCS IIpobiieMoil HagexxHoctn). Haxomsce B CIIA,
N. A. Yirakos co3nai MexXayHapoaHbIi MHTepHeT-(GopyM uM. b. B. [HeneHKo, 00bemMHUBIIMIT 0K010 400 BUITHBIX
CMEeUATUCTOB 10 MPUIOKEHUSIM TEOPUM BEPOSITHOCTE M MaTeMaTUYECKOW CTaTUCTMKU, MPEUMYIIECTBEHHO
B 00JIaCTU TEOPUM HANEXKHOCTU W aHajlu3a PUCKa, U3 NECSITKOB CTpaH MMpPA; KOJUIEKTUBHBIM WIEHOB 3TOTO
®opyma sBisieTcss 1 Hamr XypHan. lLlemm @opyma — comeiicTBHE KOHTAKTaM MEXKIY CIEIUaINCTaMU W3
pasHBIX CTpaH, OpraHU3aIMsI 00OMeHa MPo(eCCUOHANIBPHBIMUA HOBOCTSIMH M MH(OpMaIireit (HOBBIe ITyOTMKaIINN,
MpencTosimne coobITUs U 1p.). Takke HEOOXOIMMO OTMETUTb OOJIbILIOE YKMCIO HAyYHO-MOMYJISIPHBIX padoT,
onyosukoBaHHBIX M. A. YiIakoBbIM.

H. A. YmakoB objanan OOJbIIMM JUYHBIM OOassHUEM, MMeJ IIMPOKUI KPyr MHTepecoB. Bce 3HaBiue
H. A. Vinakosa Bcerna OynyT TOMHUTB €r0 KakK 3aMeyaTeTbHOrO YUYEHOT0 M MPeKpacHOTo YeIoBeKa.

PenakiiMoHHBIN COBET U peJaKIIMOHHAas KOJUIerns XypHana «MHdopMarnka 1 e€ mpuMeHEHNST» BBIPAXKaIOT
IIyOOKMe CO00JIe3HOBAHMS POTHBIM U OJIM3KUM MTOKOWHOTO, BCEM, KTO €T0 3HaJI M paboTall C HUM.



IIpaBuia NoAroTOBKM PYKONMCE# 1151 MyOJIMKALUH B JKypHaJie
«ndopmaTuka u e€ npuMeHEeHUs»

KypHan «MHbopmaTuKa 1 €€ mMpuMeHEeHUs» ITyOIMKYeT TeopeTUYecKre, 0030pHbIe U IUCKYCCUOHHbIE CTaThH,

NOCBALICHHBIC HAYYHbBIM MCCJIICAOBAHUAM U pa3pa60TKaM B o0sacTH I/IH(I)OpMaTI/IKI/I nee l'IpHJ'[O)KeHPIﬁ.

)KypHan n31a€TCAd Ha PYyCCKOM SA3bIKE. Ilo CII€IMaJbHOMY PECIICHNIO PEAKOJIJIETUN OTACJIBbHBIC CTaTbHU MOT'YT

eYaTaTbCs Ha aHTJIMUCKOM SI3BIKE.

L.
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TemaTuka 2KypHaJia OXBaTbIBACT CJICAYIOINEC HAITPpaBJICHUA:

TEOPETUYECKHE OCHOBBI MH(POPMATUKM;

MaTeMaTHUIeCKE METOIBI MCCICIOBAHMS CIIOKHBIX CHUCTEM U TTPOIIECCOB;
MH(OPMaIIMOHHEBIE CUCTEMBI U CETH;

WH(OPMAITMOHHBIC TEXHOJIOTHH;

apXUTEKTypa 1 MpOorpaMMHOE 0OecIeueHIEe BEIYMCINTEIBHBIX KOMITIEKCOB U CETEA.

B xypHasie mme4araioTcst CTaThM, COAEPXKALe Pe3yJIbTaThl, paHee He OMyOJIMKOBAaHHbBIE 1 HE MpeIHa3HAYECH -
HbIE K OTHOBPEMEHHOI TTyOJIMKALIMY B IPYTUX U3TAHUSIX.

[My6nukanus He JOJKHA HapylaTh 3aKOH 00 aBTOPCKHUX IpaBax.

Harmpabsist pyKOITHMCh B peIaKIINIO, aBTOPHI COXPAHSIOT BCe TpaBa COOCTBEHHUKOB JAHHOM PYKOITHCH W IIPU
9TOM MepeNaloT YUPEIUTEIIM U PEAKOJUICIMY HEMCKIIOUMTEIbHBIE ITpaBa Ha M3JaHHUe CTaTbU Ha PYCCKOM
sI3bIKe (WJIM Ha SI3bIKE CTAaThbM, €CJIM OH OTJIMYEH OT PYCCKOrO) M Ha ee pacipocrpaHeHue B Poccum u 3a
pyOeKOoM. ABTOPBI TOJIKHBI MTPEACTABUTH B peIaKIIMIO ITMChMO B CIEIyIONIei (hopme:

Coeaawenue o nepedaue npasa Ha nyoAuKauuIo:

«Mbt, HuMCCnOONUCasLIEeCs, ABMOPbL PYKONUCU <. . . », nepedaem yupeoumensm u peoxoaneeuu weypuana « M-
Gopmamuka u eé npumeHeHUs»> HeUCKAIOUUMeAbHOe NPA80 ONYOAUKOBAMb OAHHYIO PYKONUCH CMAMbU HA PYCCKOM
A3bIKe KAK 8 NeYAMHOIL, MAK U 8 2A1eKMPOHHOU eepcusx ycypHaia. Mot noomeepicdaem, umo OaHHas nyOAUKAUUS
He Hapyuiaem asmopcKo20 npasa Opy2ux Aul, UAU OPeaHU3ayULL, a MmaKice He co0epiCcum cee0eHuUl, 3anpeujeHHbIX
K OnyOAUKO0BAHUIO 8 OMKDbIMOLL Nevamu.

[loonucu asmopos: (¢. u. o., dama, adpec)».

DTO corylalleHne MOXKET OBITh IMPEICTaBJIEHO B OYMaXHOM BHJIEC WM B BUIE OTCKAHMPOBAHHON KOITMU
(C MOAMMUCSIMU ABTOPOB).

Penxosierus BripaBe 3alpOCUTh Y ABTOPOB 3KCIIEPTHOE 3aK/IIOUEHKME O BO3ZMOXHOCTU ITyOIMKALIMU IIPe/-
CTaBJICHHOM CTaThW B OTKPBITOM MEYaTH.

. KcraTbee mpunaraioTtcs naHHble aBTopa (aBTOpoB) (cM. 1. 8). [Tpu HaTnYnMM HECKOJIbKMX aBTOPOB YKa3bIBaeTCS

aMmmsT aBTOpa, OTBETCTBEHHOTO 32 TIEPETINCKY C PeIAKIINCHA.

. Pemaxkuus KypHaJjia OCYIIECTBIIACT SKCIIEPTU3Y ITPUCTaHHBIX CcTaTell B COOTBETCTBUMU C HpHHHTOfI B XXKypHaJie

MPOLIEYPOii PeIIeH3UPOBAHMSI.
BosBpatieHue pykonucy Ha 10pabOTKy He O3HAUYaeT ee MPUHSITHS K IeYaTu.
JlopaGoTaHHBII BApMAHT C OTBETOM Ha 3aMeYaHUsI PeLieH3eHTa HEe0OXOAMMO TTPUCIIATh B PEIAKIIUIO.

. Pemenue PEOKOJIJIETUN O HyﬁHI/IKaHI/II/I CTaThU UJIU €€ OTKIIOHEHUHU COO0IIIaeTCs aBTOpaM.

Pengxonneruss MoxeT Takxke HalmpaBUTb aBTOpaM TEKCT PCLECH3MMN HAa MX CTATbIO. Z[I/ICKYCCI/IH 10 MMOBOAY
OTKJIOHEHHBIX CTAaTEN HE BEIETCS.

. Pez[aKTypa cTaTeil BBICHIIAETCS aBTOpaM AJid ITpoCMOoTpa. 3ameyaHus K PEOAKTYPEC NJOJIKHBI OBITh IIpUCIaHbI

aBTOpaMHM B KpaTUaMIIIie CPOKH.

. Pykomnuch npenocrasisieTcs B anekTpoHHoM Buae B hopmarax MS WORD (.doc wnu .docx) wm IKTEX (.tex),

TOTTOTHUTEIbHO — B popmate .pdf, Ha mucKeTe, Ta3epHOM IMCKE WX 3JIEKTPOHHOM 1TouToii. [1pemocrapie-
HHe OYMaXkKHOI PyKOITUCH Heo0s13aTeIbHO.

. IIpu noaroroBke pykonucu B MS Word pekoMeHIyeTcsl UCTIOIb30BaTh CJEAYIONINEe HACTPOKM.

ITapameTpsl cTpaHUIBL: hopMaT — A4; oprueHTaIs — KHUKHAS; TIOJIST (CM): BHYTpH — 2,5, cHapyku — 1,5,
CBEPXY — 2, CHU3Y — 2, OT Kpas 10 HI>KHETO KOJIOHTUTya — 1,3.

OCHOBHOI TeKCT: CTUIb — «O0bIYHBIN», IpUdT — Times New Roman, pazmep — 14 myHKTOB, ab3allHbI
otctyn — 0,5 cM, 1,5 uHTepBaja, BeipaBHUBaHWE — T10 IIIUPUHE.
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PexoMenayeMblit 00beM pyKomucu — He cBbliiie 20 cTpaHMIL yKa3zaHHOTo (popmMara.
CokpalnieHusi cjoB, TOMUMO CTaHAAPTHBIX, HE HOoMycKaioTcs. JlomyckaeTcs MUHMMAaTbHOE KOJIMYEeCTBO
abbpeBUaTyp.
Bce cTpaHulIbl pyKOTTMCU HYMEPYIOTCSI.
Lla6monsl mpumepoB odopmieHus mpencraBieHsl B MHrtepHere:  http://www.ipiran.ru/journal/
template.doc

8. CraTbsl JOKHA coiepKaTh CJAeNYIONLyI0 MHGOPMAIIUIO Ha PYCCKOM U AH2AUTICKOM A3bIKAX:

— Ha3BaHUC CTAaTbH,

— ®.U.0. aBTOpOB, Ha aHTJIMICKOM MOXHO TOJIBKO UMS 1 (hamuiiuio;

— MecTO paboThI, C yKa3aHWeM TIOYTOBOTO aJjpeca OPraHU3alliy 1 3JIEKTPOHHOTO aipeca KaXIoro aBTopa;

— cBeieHust 00 aBTOpax, B COOTBETCTBUU ¢ popMaToM, 0Opasiibl KOTOPOTO MPEACTABICHBI Ha CTPaHUIAX:
http://www.ipiran.ru/journal /issues/2013.07_01_rus/authors.asp u
http://www.ipiran.ru/journal /issues/2013.07_01_eng/authors.asp;

— aHHotauus (He meHee 100 coB Ha KaXIOM U3 SI3bIKOB). AHHOTAIlMSl — 3TO KpaTKoe pe3loMe padoThl,
KOTOpOE MOKET IMyOJIMKOBaThesl OTAeNbHO. OHa SIBJIsIeTCS] OCHOBHBIM MCTOYHUKOM MHGOpMAIK B
MHOOPMALIMOHHBIX CHCTeMax M 0a3ax JaHHBIX. AHIIMICKas aHHOTAIMS OJKHA ObITh OPUTMHAIBHOM,
MOXET He OBITh 1OCIOBHBIM IIEPEBOJOM PYCCKOTO TEKCTA U 10JTKHA OBITh HAMTMCaHa XOPOILIMM aHJIUICKUM
SI3BIKOM. B aHHOTAIIMM He IOJKHO GBITH CChIIOK Ha JIMTEPATYPY U, IO BO3MOXKHOCTU, GOpMYIT;

— KJIIOYEBBIC CJIOBA — XKEJIATEIbHO U3 PUHSTHIX B MUPOBOW HAyYHO-TEXHUUECKON JINTEpaType TeMaTiye-
CKUX Te3aypycoB. [IpeuioxkeHnst He MOTYT GBITh KITIOUEBBIMH CJIOBAMM;

— WCTOYHMKM (DMHAHCUPOBAHMUS PaGOTHI (CCHUTKM Ha TPaHTbI, TPOCKTHI, MOAACPXKUBAIOLIIE OpPraHU3aK
WU T.1L.).

9. TpeboBaHUs K CIIMCKaM JUTEPATYPhI.
CCBIJIKM Ha JIUTEPATYPy B TEKCTE CTaThW HyMepYyIOTCs (B KBaIpaTHBIX CKOOKAX) 1 pacrojlaraloTcs B KaxaoM
13 CITMCKOB JIMTEPATYPhI B TIOPSIIKE MEPBBIX YIIOMUHAHWIA.
CriucKu IMTepaTyphl IPEACTABISIIOTCS B ABYX BApUAHTAX:

(1) Comcoxk JMTepaTypsl K pyCCKOA3bIYHOM 9acTH. Pycckue u aHmmmiicKkre pabOThl — Ha SI3bIKe U B aJihaBUTE
OpUTHHAJA;

(2) References. Pycckue pabOThI 11 paOOTHI Ha IPYTUX SI3bIKaX — B JIATUHCKOM TPaHCIUTEPAIIAH C TICPEBOIOM
Ha aHTJIMCKUI SI3bIK; aHTJIMICKUEe pabOThl U pabOThI Ha IPYTUX sI3bIKaX — Ha sI3bIKe OpUTrMHaIa.

Heobxomumo miist cocraBieHust crucka “References” mosb3oBaTbhesi pasmellieHHOW Ha caidte http://
translit.ru/ GecruiaTHO# MPOrpaMMOii TpaHCIUTEPALIMU PYCCKOTO TEKCTA B JIATUHUILLY, IPU 3TOM B 3aKJIajIKe
«BapUaHTHL. . . » CJIeAyeT BeIOpaTh omimio BGN.

Crcok utepatypsl “References” mprBOIUTCS TTOTHOCTBIO OTOEIBLHBIM OJIOKOM, ITOBTOPSISI BCE TTO3UIIMU
W3 CITMCKA JIUTEPaTypbl K PYCCKOS3BIYHOW YAaCTH, HE3aBUCUMO OT TOTO, UMEIOTCS WA HET B HEM WHO-
CcTpaHHbIe UCTOYHUKHU. Eciu B crivcke auTepatypbl K PYCCKOSI3bIYHOM YaCTU €CTh CChIJIKM HAa MHOCTPaHHbIE
myovKaluu, HabpaHHbIE JATUHUIIEH, OHU MOJTHOCTBIO MTOBTOPSIIOTCS B criicke “References”.

Huke npuBenaeHbl MpuMephl CChIJIOK Ha pa3IMuHbie BUAbI TyOauKauuil B criucke “References”.

Onucanue CTaTbU U3 XKypPHAJIA:

Zagurenko, A.G., V.A. Korotovskikh, A.A. Kolesnikov, A.V. Timonov, and D.V. Kardymon. 2008. Tekhniko-
ekonomicheskaya optimizatsiya dizayna gidrorazryva plasta [Technical and economic optimization of the design of
hydraulic fracturing]. Neftyanoe hozyaystvo |Oil Industry] 11:54—57.

Zhang, Z.,and D. Zhu. 2008. Experimental research on the localized electrochemical micromachining. Rus. J. Electrochem.
44(8):926—930. doi:10.1134/51023193508080077.

OnucaHue CTATHH U3 3JEKTPOHHOTO XKyPHAJIA:

Swaminathan, V., E. Lepkoswka-White, and B. P. Rao. 1999. Browsers or buyers in cyberspace? An investigation of
electronic factors influencing electronic exchange. JCMC 5(2). Available at: http://www.ascusc.org/jcmc/vol5 /issue2/
(accessed April 28, 2011).

OnucaHue CTaThH U3 NPOIOJIKAIIIEr0Cs H3aHUS (COOPHUKA TPYIOB):

Astakhov, M.V., and T.V. Tagantsev. 2006. Eksperimental’noe issledovanie prochnosti soedineniy “stal’—kompozit”
| Experimental study of the strength of joints “steel—composite”]|. Trudy MGTU “Matematicheskoe modelirovanie slozhnykh
tekhnicheskikh sistem” | Bauman MSTU “Mathematical Modeling of Complex Technical Systems” Proceedings]. 593:125—130.
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10.
11.

12.
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Onucanne MaTepraioB KoOHgepeHmuii:

Usmanov, T. S., A. A. Gusmanoy, . Z. Mullagalin, R. Ju. Muhametshina, A. N. Chervyakova, and A. V. Sveshnikov. 2007.
Osobennosti proektirovaniya razrabotki mestorozhdeniy s primeneniem gidrorazryva plasta [ Features of the design of field
development with the use of hydraulic fracturing|. Trudy 6-go Mezhdunarodnogo Simpoziuma “Novye resursosberegayushchie
tekhnologii nedropol’zovaniya i povysheniya neftegazootdachi” |6th Symposium (International) “New Energy Saving Subsoil
Technologies and the Increasing of the Oil and Gas Impact” Proceedings]. Moscow. 267—272.

Omicanne Kuurn (MoHorpaduu, COOPHUKH):

Lindorf, L.S., and L. G. Mamikoniants, eds. 1972. Ekspluatatsiya turbogeneratorov s neposredstvennym okhlazhdeniem
|Operation of turbine generators with direct cooling]. Moscow: Energy Publs. 352 p.

Latyshev, V.N. 2009. Tribologiya rezaniya. Kn. 1: Friktsionnye protsessy pri rezanii metallov | Tribology of cutting. Vol. 1:
Frictional processes in metal cutting]. Ivanovo: Ivanovskii State Univ. 108 p.

Omucanne nepeBoAHOI KHUTH (B CITMCKE JTUTEPATYPBl K PYCCKOSIBBIYHOM YacTu Heobxonmumo ykasate: / [lep. ¢ aHi. —
TOCJIe Ha3BaHMsI KHUTH, a B KOHIIE CChIIKM YKa3aTh OPUTMHAJ KHUTH B KPYIJTBIX CKOOKAX):
1. B pycckosi3bluHOM yacTu:
Tumowenko C. I1., Hne JI. X., Yusep V. Konebanusi B unxeHepHom aene / Ilep. ¢ anmi. — M.: MamuHocTpoeHue,
1985. 472 c. (Timoshenko S. P., Young D. H., Weaver W. Vibration problems in engineering. — 4th ed. — N.Y.: Wiley,
1974. 521 p.)
2. B aHrnos3praHOIM YacTu:
Timoshenko, S. P, D. H. Young, and W. Weaver. 1974. Vibration problems in engineering. 4th ed. N.Y.: Wiley. 521 p.

Omicanne HeoMy0JIMKOBAHHOTO JIOKYMEHTA:

Latypov, A. R., M. M. Khasanov, and V. A. Baikov. 2004. Geology and production (NGT GiD). Certificate on official
registration of the computer program No. 2004611198. (In Russian, unpubl.)

OnucaHue MHTEPHET-pecypcea:

Pravila tsitirovaniya istochnikov [Rules for the citing of sources]. Available at: http://www.scribd.com/doc/1034528/
(accessed February 7, 2011).

Onucanne JUCCepTalvv Wiu aBToped)epaTa JUccepranum:

Semenoy, V. 1. 2003. Matematicheskoe modelirovanie plazmy v sisteme kompaktnyy tor [Mathematical modeling of the
plasma in the compact torus]. D.Sc. Diss. Moscow. 272 p.

Kozhunova, O. S. 2009. Tekhnologiya razrabotki semanticheskogo slovarya informatsionnogo monitoringa [ Technology of
development of semantic dictionary of information monitoring system|. PhD Thesis. Moscow: IPI RAN. 23 p.
Omucanue 'OCTa:

GOST 8.586.5-2005. 2007. Metodika vypolneniya izmereniy. Izmerenie raskhoda i kolichestva zhidkostey i gazov s
pomoshch’yu standartnykh suzhayushchikh ustroystv [Method of measurement. Measurement of flow rate and volume of
liquids and gases by means of orifice devices|. Moscow: Standardinform Publs. 10 p.

Onucanue naTenra:

Bolshakov, M. V., A.V. Kulakov, A. N. Lavrenov, and M. V. Palkin. 2006. Sposob orientirovaniya po krenu letatel’nogo
apparata s opticheskoy golovkoy samonavedeniya [The way to orient on the roll of aircraft with optical homing head].
Patent RF No. 2280590.

ITpucnaHHbie B peaakiinio MaTepraibl aBTOpAM He BO3BpAILlAlOTCS.

I1pu ornipaBke ¢aitjioB Mo 3JEKTPOHHOM MOYTE IIPOCUM MPUACPKUBATHCS CIISIYIOIINX TTPaBUIT:

— YyKasbIBaTh B MoJjie subject (Tema) Ha3BaHUE XXypHasia U (haMUINIO aBTOPA;
— UCIONb30BaTh attach (TipucoeanHenme);
— B COCTaB 2JIEKTPOHHOI BEPCUU CTAThU TOJKHBI BXOAUTH: (Daiil, comepKalinii TEKCT CTaThu, U (haii(bl),
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Requirements for manuscripts submitted to Journal
“Informatics and Applications”

Journal “Informatics and Applications” (Inform. Appl.) publishes theoretical, review, and discussion articles on the research
and development in the field of informatics and its applications.
The journal is published in Russian. By a special decision of the editorial board, some articles can be published in English.
The topics covered include the following areas:

— theoretical fundamentals of informatics;

— mathematical methods for studying complex systems and processes;
— information systems and networks;

— information technologies; and

— architecture and software of computational complexes and networks.

1. The Journal publishes original articles which have not been published before and are not intended for publication in other
editions. An article submitted to the Journal must not violate the Copyright law. Sending the manuscript to the Editorial
Board, the authors retain all rights of the owners of the manuscript and transfer the nonexclusive rights to publish the article
in Russian (or the language of the article, if not Russian) and its distribution in Russia and abroad to the Founders and the
Editorial Board. Authors should submit a letter to the Editorial Board in the following form:

Agreement on the transfer of rights to publish:

“We, the undersigned authors of the manuscript “. . . ”, pass to the Founder and the Editorial Board of the Journal “Informatics
and Applications” the nonexclusive right to publish the manuscript of the article in Russian (or in English) in both print and
electronic versions of the Journal. We affirm that this publication does not violate the Copyright of other persons or organizations.
Author(s) signature(s): (name(s), address(es), date).

This agreement should be submitted in paper form or in the form of a scanned copy (signed by the authors).

2. A submitted article should be attached with the data on the author(s) (see item 8). If there are several authors, the contact
person should be indicated who is responsible for correspondence with the Editorial Board and other authors about revisions
and final approval of the proofs.

3. The Editorial Board of the Journal examines the article according to the established reviewing procedure. If the authors
receive their article for correction after reviewing, it does not mean that the article is approved for publication. The corrected
article should be sent to the Editorial Board for the subsequent review and approval.

4. The decision on the article publication or its rejection is communicated to the authors. The Editorial Board may also send
the reviews on the submitted articles to the authors. Any discussion upon the rejected articles is not possible.

5. The edited articles will be sent to the authors for proofread. The comments of the authors to the edited text of the article
should be sent to the Editorial Board as soon as possible.

6. The manuscript of the article should be presented electronically in the MS WORD (.doc or .docx) or BTEX (.tex) formats,
and additionally in the .pdf format. All documents may be sent by e-mail or provided on a CD or diskette. A hard copy
submission is not necessary.

7. The recommended typesetting instructions for manuscript.

Pages parameters: format A4, portrait orientation, document margins (cm): left — 2.5, right — 1.5, above — 2.0, below —
2.0, footer 1.3.

Text: font —Times New Roman, font size — 14, paragraph indent — 0.5, line spacing — 1.5, justified alignment.
The recommended manuscript size: not more than 20 pages of the specified format.

Use only standard abbreviations. Avoid abbreviations in the title and abstract. The full term for which an abbreviation stands
should precede its first use in the text unless it is a standard unit of measurement.

All pages of the manuscript should be numbered.
The templates for the manuscript typesetting are presented on site: http://www.ipiran.ru/journal /template.doc.
8. The articles should enclose data both in Russian and English:

— title;
— author’s name and surname;
— affiliation — organization, its address with ZIP code, city, country, and official e-mail address;
— data on authors according to the format: (see site)
http://www.ipiran.ru/journal /issues/2013_07_01/authors.asp and
http://www.ipiran.ru/journal /issues/2013_07_01_eng/authors.asp;
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10.
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12.
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— abstract (not less than 100 words) both in Russian and in English. Abstract is a short summary of the article that can be
published separately. The abstract is the main source of information on the article and it could be included in leading
information systems and data bases. The abstract in English has to be an original text and should not be an exact
translation of the Russian one. Good English is required. In abstracts, avoid references and formulae;

— indexing is performed on the basis of keywords. The use of keywords from the internationally accepted thematic
Thesauri is recommended.

Important! Keywords must not be sentences;

— Acknowledgments.

References. Russian references have to be presented both in English translation and Latin transliteration (refer
http://www.translit.ru, option BGN).
Please take into account the following examples of Russian references appearance:
Article in journal:
Zhang, Z., and D. Zhu. 2008. Experimental research on the localized electrochemical micromachining. Rus. J. Electrochem.
44(8):926—930. doi:10.1134/S1023193508080077.
Journal article in electronic format:
Swaminathan, V., E. Lepkoswka-White, and B. P. Rao. 1999. Browsers or buyers in cyberspace? An investigation of
electronic factors influencing electronic exchange. JCMC 5(2). Available at: http://www.ascusc.org/jcmc/vol5 /issue2/
(accessed April 28, 2011).
Article from the continuing publication (collection of works, proceedings):
Astakhov, M. V., and T.V. Tagantsev. 2006. Eksperimental’noe issledovanie prochnosti soedineniy “stal’—kompozit”
[ Experimental study of the strength of joints “steel—composite”]. Trudy MGTU “Matematicheskoe modelirovanie slozhnykh
tekhnicheskikh sistem” | Bauman MSTU “Mathematical Modeling of Complex Technical Systems” Proceedings]. 593:125—130.
Conference proceedings:
Usmanov, T. S., A. A. Gusmanov, I. Z. Mullagalin, R. Ju. Muhametshina, A. N. Chervyakova, and A. V. Sveshnikov. 2007.
Osobennosti proektirovaniya razrabotki mestorozhdeniy s primeneniem gidrorazryva plasta [ Features of the design of field
development with the use of hydraulic fracturing]. Trudy 6-go Mezhdunarodnogo Simpoziuma “Novye resursosberegayushchie
tekhnologii nedropol’zovaniya i povysheniya neftegazootdachi” [6th Symposium (International) “New Energy Saving Subsoil
Technologies and the Increasing of the Oil and Gas Impact” Proceedings]. Moscow. 267—272.
Books and other monographs:
Lindorf, L.S., and L. G. Mamikoniants, eds. 1972. Ekspluatatsiya turbogeneratorov s neposredstvennym okhlazhdeniem
|Operation of turbine generators with direct cooling]. Moscow: Energy Publs. 352 p.
Dissertation and Thesis:
Kozhunova, O. S. 2009. Tekhnologiya razrabotki semanticheskogo slovarya informatsionnogo monitoringa [ Technology of
development of semantic dictionary of information monitoring system]. PhD Thesis. Moscow: IPI RAN. 23 p.
State standards and patents:
GOST 8.586.5-2005. 2007. Metodika vypolneniya izmereniy. Izmerenie raskhoda i kolichestva zhidkostey i gazov s
pomoshch’yu standartnykh suzhayushchikh ustroystv [Method of measurement. Measurement of flow rate and volume of
liquids and gases by means of orifice devices]. M.: Standardinform Publs. 10 p.
Bolshakov, M. V., A.V. Kulakov, A. N. Lavrenov, and M. V. Palkin. 2006. Sposob orientirovaniya po krenu letate’'nogo
apparata s opticheskoy golovkoy samonavedeniya [ The way to orient on the roll of aircraft with optical homing head]. Patent
RF No. 2280590.
References in Latin transcription are presented in the original language.
References in the text are numbered according to the order of their first appearance; the number is placed in square brackets.
All items from the reference list should be cited.
Manuscripts and additional materials are not returned to Authors by the Editorial Board.
Submissions of files by e-mail must include:

— the journal title and author’s name in the “Subject” field;

— an article and additional materials have to be attached using the “attach” function;

— an electronic version of the article should contain the file with the text and a separate file with figures.
“Informatics and Applications” journal is not a profit publication. There are no charges for the authors as well as there are
no royalties.

Editorial Board address:
IPI RAN, Vavilova Str., 44, block 2, Moscow 119333, Russia
Ph.: +7(499) 13586 92, Fax: +7(495)9304505
e-mail: rust@ipiran.ru (to Prof. Rustem Seyful-Mulyukov)
http://www.ipiran.ru/english /journal.asp
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