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I‘I/I6pI/I,ZLHbII71 AJITOPUTM penieHmnd 3aJa91 MUHUMU3allnun
CyYMMapPHOTI'O 3alla3dbIBaHUA JJId OJHOI'O an/I60pa

Jitg NP-Tpyanoit B 0OBIYHOM CMBICJIE 3aJadd TEOPUH PaCIUCAHUI
MUHUMU3AIMS ~ CyMMApHOI'O  3alla3JIbIBaHUsl I OJHOrO  IpHubopa
moctpoeH  [ubpudnoili  aJrOpUTM, HUCHOJB3YIONIANA W0  H3BECTHOTO
METa3BPUCTUIECKOTO ajropurMa "MypaBbuHble KOJOHNN'" 1 KOMOMHATOPHBIE
ceoiicrBa IlpaBmn mckimouenus 1-4. IIpuBomurcst cpaBHUTEILHBIN aHAIN3
spdbekTunoctu  [ubpudnozo amropurma u ajropurva "MypaBbunbie
KoJtoHnn" .

BBenenue

Ha mpaxTuke 3a4acTyio BCTpedYarOTCsS 3aJa4dd, I KOTOPBIX CJIOKHO
OCTPOUTH A(MMEKTUBHBIN AJITOPUTM 03 IMPHUBJIEUYCHUT MaTeMaTHICCKOIO
aIlmapara. 3ajada, paccMaTpuBaeMas B JaHHOI pabore sBiserca NP-
TPYIHON, TO €CTb JJjIs JII0OOr0 aJrOPUTMa CYIIECTBYET TaKas BapHaIlds
BXOJIHBIX TIAPAMETPOB, UTO AJTOPUTM OyaerT pabortarh "Hempuemiemo
nosro" (B npenosoxennn P # N P).

B cBsasu ¢ atuM 0co0yio IPaKTUIECKYIO0 IIEHHOCTb UMEIOT aJIlOPUTMBI,
[IO3BOJILIONINE 32 [IPUEMJIEMOE BpeMsl [oJIy4daTh 'xoporiee'" perenue.

B pabore paccmarpuBaercs KiaccudeckKass NP-TpygHass B 0OBIMHOM
CMBICJIE 3a/1a4a Teopun paCHHC&HI/Iﬁ MUHUMU3aIInA CYMMapHOT'O
3anasjblBanus st ogHoro unpubopa [1]. HeoGxompumo o6CayKuTh n
TpeboBaHuit Ha ojgHOM 1pubope. IlpepbiBaHust 1pu OOCIYKUBAHUU WU
obcy:KuBanme 0OoJjiee OXHOTO TpeOOBaHUSI B JIIOOOH MOMEHT BpEMEHH
samperienbl.  Jus TpeboBamma j € N = {1,2,...,n} 3amaHb
IPOJIOJZKATEIBHOCT ObcyKuBanug p; > (0 W JUPEKTUBHBII CPOK €ro
okoHuanus dj;, rae N — MHOXKeCTBO TpeboBaHMil, KOTOPBIE HEOOXOIUMO
00C/Iy>KUTh. 3aJaH MOMEHT BPEeMeHH ty, ¢ KOTOPOro MpuboOp IoTOB HAYATDH
obcy:KuBaHue TpebOBaHUIl, TTOCTYIAIONINX OJHOBpeMeHHO. Bes orpanndenus
obmuocTn Oyzmem 1osararb, 4yrto ty = (. Pacnucanme obciyKuBaHus
TpebOBaHUNl 7 CTPOWTCA C MOMEHTAa BpeMeHU tg W OJHO3HATHO 3a1a6TCsI
[IePECTaHOBKON 3/IeMEHTOB MHO)KeCcTBa V.



Tpebyercss mocTpouTh pacuucanue 7° 00C/Hy:KUBaHUS TpeOOBAaHUI
MHOXKecTBa N, IpHU KOTOPOM JIOCTHUTaeTcss MuUHUMYM dyakiun F(71) =
n
> i1 max{0,¢;(m) — d;}, rae ¢;(w) — MoMeHT 3aBepuieHust 00CITyKUBAHUSA

TpeboBanus j npu pacrnucanun w. Ilyere m = (ji1,72,...,7n), TOLIA
cj (m) = to+pj, ucj(m) =cj_,(7) +p;, naa k = 2,3,...,n Berrmma
Tj(m) = max{0,cj(m) — d;} HasbBaerca sanazdviearuem TPeOOBAHUS j

npu pacrucanuu mw, a F(m) - cymmaproim 3anazdwsaruem TpebOBAHUN TIpU
pacrucanuu .

Mozxno JaTh HECKOJIbKO [IPaKTUIEeCKUX UHTEpIpeTauit
paccmarpuBaeMoit  3ajaun. K mupumepy, pabora aspomnopra. meercs
0JIHA B3JIETHO-TIOCA/I0UHAs ToJ10ca. [0 TexHnYecKuM IpudInHaM BOBpeMs He
o "mocazkeHbl" HECKOBLKO peiicoB. To ecTh HEKOTOPBIE caMOJIeThl OYIYT
3ama3/pBaTh (y KarKJI0r0 U3 HUX HA3HAYEHO TOYHOE BpeMsl [IpuieTa). 3aaada
JIECIIeTYepa — COCTaBUTD II0C/IE0BATEILHOCTD "TIOCAIKN" caMOJIETOB, ITOOBI
MHUHHUMU3UPOBATL CyMMapHOE 3alla3/I[bIBaHUE.

MoxHO JaTh W JIPYryl0 UWHTepuperaruio 3ajaqdu. lIpeacraBum
POU3BOJICTBEHHYIO  JinHUIO. [locTymalor  3aka3bl, KOTOpPbIE HMEIOT
KOHKDETHBIIT 00beM (& CJIeIoBaTe/IbHO, MPOI0JIKUTEIbHOCTD U3TOTOBJICHS )
n  JUPEKTUBHbBIE CPOKH HMCIIOJIHEHUA. MO}KeT CJIYyIUTbCdA, HYTO 3aKa30B
6bI.HO Ha6paH0 CJIMIIKOM MHOI'O MW HEKOTOPbIC M3 HHUX O6ﬂ3aTeHbHO HE
Oy/IyT WCIOJHEHBI B CPOK, UTO TPO3UT BBILIATON HEyCTOWKW. 3ajada -
COKPATUTH CYMMAPHOE 3alla3/IbIBAHNE MCIIOJHEHUS 3aKa30B, YIOPSJIOINB UX
10 BPEMEHH.

Uccrenyemas sajgada ssigercs NP-rpymnoit B obbranoM cmbicie [2].
Jlaynep [3] npeiozKu1 neeBaonoJIMHOMUAIBHBIN AJITOPUTM PeIlleHus 00IIero
ciyaas npobGsembl Tpygoemkoctn O(n* > p;). Hleapn m ap. nocrponstn
[4, 5] amropurmbl pemieHust MpOGJIEMbI, KOTOPbIE OBbLIM MPOTECTHPOBAHBI
st ipumepos n < 600 (rtecrosbie mpumepsl Ilorrca n Ban Baccenxosa
[6]). UccnemoBanue 1pUOINKEHHBIX —AJTOPUTMOB DEIIeHUs TTPOOJIEMbI
6bI0 TIpOBesieHO B pabore |7], Due MOCTPOEHBI MPHMEpBI, Ha KOTOPBIX
U3BECTHBIC MPUOJINKEHHBIC aJrOPUTMBI HAXOJAT PelleHue ¢ OTHOCUTEILHOM
HOTPEITHOCTBIO TIOPSIKA, PA3MEPHOCTH IIPUMepa. 1.

[Tox  rubpugHbIM  (KOMOMHMDOBAHHBIM) — aJIFOPUTMOM  JIMCKPETHOI
onTUMH3AIMA  OyJeM HMOHMMATh aJfOPUTM, B KOTOPOM Ha Pa3IudHBIX
STalax BBIYUCIUTEILHOIO IPOIECCa MMEETCs BO3MOXKHOCTH BBIOOpa Ha
IPOrPAMMHOM YPOBHE OJIHOIO M3 HECKOJIBKHX AJTOPUTMOB JJI PENICHH
HCXO/IHOM 3a/1aun nim ee moazaaada [10].



Ha ocnoe wm3Bectnoro asnropurma "MypaBbunbie kosionun" — Ant
Colony Optimization(ACO)[11] u Ilpasun Uckiouenust 1-4[4, 8, 9] namun
IOCTPOeH HOBBII [ ubpudnviti aszopumm. B manHoil pabore HIpUBOIAUTCS
CPaBHUTEIbHBIN aHan3 ero 3@ eKTuBHOCTH U 3(POEKTUBHOCTH AJITOPUTMA
ACO. B wactHOCTH, WCCIEIOBAINCH: CpEIHEE KOJMYECTBO WTEPAInii,
HEOOXO/IMMBIX JIJI HAXOXKJICHWS OITUMAJIBHOTO PEeNIeHUsd, OTHOCUTEIbHA
[OTPEITHOCTh, ITPOIEHT TOYHO HAWIEHHBIX PEICHUI.

ODKCIIEPUMEHTAILHBIE — HUCCJIEOBAHUS — ITPOBOJIUINCH HA  MHOXKECTBE
IpuUMepoB 3 3-X Kiraccos (TecroBble ipumeps [lorTca n Ban Baccenxoal6],
npumMeps! crydas B-1[8|, kanonmdeckune DL-ipnmepsi|2]).

B nepsom maparpade npusoastcesa [lpasmia uckimodenns 1-4 U TOUHBIM
AJICOPUTM PeIeHust st OOIero cyrydasi 3a/1aqu.

Anropurm ACO u [ubpudnviti airopuT™ OMUCAHBI, COOTBETCTBEHHO, BO
BTOPOM M TPETheM Taparpadax.

PesysibraTbl  9KCIIEpUMEHTAJBHBIX — WCCIEJIOBAHUN — TPHUBOJATCA B
naparpadax 4-6.

1. Komb6uHaTopHBIEe MeTOAbI pemrenus 3aga4au 1|| > 7

Onpenenenns. Pacimcanne m = (ji1,J2,...,Jn) Oymem HazeiBarh EDD-
pacnucanuem (early due date), ecmm d;, < d;,, (ana d;, = dj,,
BBINOJIHACTCA P, < Py, ), k=1,2,...,n—1.

Yepes z = ({p;, d;}jen, to) 0603HATIM IPUMED HPOOIIEMBL, JIJIsI KOTOPOTO
TpebyeTcss OCTPOUTD ONTUMaJIbHOE pactucanue. [loanpumepoM npumMepa x
Oyuem nasbiBarb napy {N',t'}, e N' C N, N' £ 0, u t' > to.

Be3 orpanmyenus obmiHocTu OyjeM mpenosararb, 4TO TpeOoBaHUS
MHOZKeCTBa N IIPOHYMepOBaHbI B OPSIKE HeyObIBAHUS TUPEKTUBHBIX CPOKOB

di <dy < ... < d,,

ecin dy, = dgy1 TO P < Pry1-

Yepes J*(N") 0603HAINM TpeboBaHme c HAMOOJIbITIEl
[POJIOJIZKUTEIbHOCTBIO  OOCIy2KUBAaHUs — CPe  TPeGOBAHUH MHOXKECTBa,
N’ C N, ecau takux TpeGOBaHUI HECKOJIBKO, TO BbIOMpaeTcs TpeboBaHue

¢ HauGOJLIIUM JWMPEKTUBHBIM cpokoM, T.e. j*(N') = argmax{d; : p; =
JEN

max p; }. st cokpamenns 3amucu BMecto j*(N') Gynaem sanucbiBaTh j*,
iEN
eCJIM OYEBU/IHO O KAKOM MHOYKECTBE UJET Pedb.



Pacemorpum  mpumep  (mogmpumep)  obcayKuBaHus — TpeGoBaHMA
muoxkecta N C N, N’ = {1,2,...,n'}, ¢ momenra Bpemenu t' > t.
Muoxkectso L(N',t') ectb mmoxecTBo Beex mmgekcoB k € {1,...,n'},
k > 7*(N’), rakux 910:

(a) t' + Z?lej < dp4+1 (upaBuio uckiaovenus 1[5, 8|) u

(b) dj +p; <t + Z?lej, s Beex j o= j*(N')+ 1,k (upaBuia
uckiaodenus 2,3(5, §)),

re dyiq = +00.

Teopema 1. [8]dns smoboro npumepa (mogupumepa) ({p;,d;}ien,to)
muoxkecTBo L(N, ty) ne mycro.[]

Jlemma 1. (3, 6, 8] [z moboro npumepa ({p;,d;}jen,to) cymecrByer
ONTUMAJILHOE pacIucanue m° 00Cc/IyKuBaHus TpeOoBanuilt MHoOXKecTBa N, IpH
KOTOPOM (j — j*)p« Juist Beex TpeboBanuii j € {1,2,...,k}\{j*} u (* — J)nr
1t Beex Tpebosanmii j € {k+1,...,n} mra nekoroporo k € L(N, ty).0
Yepes (i — j)p obo3HA4UAOT, YTO TpeOOBAHME i OOCIYKUBACTCS DPAHBIIE
TpebOBaHKA j IIPU PACIIUCAHUU T.

IIycts N = (j1,...,7n), djy < ... < d;,. Monudunuposannoe EDD-
paciucanue, Ipu KOTOpoM TpeboBaHue j* o0C/Iy:KUBaeTCad k-M 110 TOPSJIKY,
0003HATUM TF = (J1, ...\ Jone1s Jmd 1y - - s Jhs 3 Jhtls - -5 dn)s 35 = Jmym < k.

Jlemma 2. IlpaBusio uckimouenus 4 [4, 9|. Ecom F(7%) > F(rkt)
wm F(7%) > F(x) ana nexoroporo j* < i < k, To nosuius k UCK/I09aeTCst
u3 crnucka "moxxongamux" nosmimit L(N',t') naa npumepa ({p;, d;}jent, t'),
ecm |L(N' )| > 1.00

[lepBble mpaBWia JIOMUHUPOBAHHUSA JIJIs  JIAHHON  3ajiadm  ObLIN
npejioxkensl B paborax |1, 13, 14]. Dru npasBuia COKPAIaOT MHOXKECTBO
BO3MOXKHBIX [TPOJIOJIZKEHUI KazKJIO0H M0CIeI0BATEILHOCTH (1, - . . , Jk) B CXeMe
[IOCJIE/IOBATEILHOTO aHAJ/IM3a BapUAHTOB, T.€. MHOYXKECTBO TpebOBaHWT J,
KOTOpbIe MOT'YyT 00padaThIBATHLCS HEIOCPEJICTBEHHO 3a ji. lIpemnoxkennas
cxeMa IIpejioJiarajia IMoC/Ie/I0BaTe/IbHOE KOHCTPYUPOBAHUE PACIHCAHUS,
KOTJIa Ha IIare ¢ BhIOMpaJoch TpeOOBaHUE JIJIs TTIOCTAHOBKH B TO3UIIHIO f.



Hpyroro pojia npaBuia JOMUHUPOBaHUsI ObLIN TIPEJTIOZKEHbI B padore [3].
[TpaBuina uckiodenus 1-4 sBJISIIOTCS YCOBEPIIEHCTBOBAHHBIMU IIPABUIAME
OTCEeMBaHUSI BAPUAHTOB, OIMCAHHBIME B [3].

OrnuireM aJropuT™ HaXOXKJIEHUsT OINITUMAJILHOTO PACIUCaHUs Ha OCHOBE
[TpaBur uckmodenus: 1 — 4.

IIpoueaypa ProcL (NV,t)

0. /lau npumep {N,t} ¢ muO)KRecTBoM TpeboBanuit N = {j1,jo,...,Jn} U

MOMEHTOM HadvaJja obciayzkupanud t, d;, < d;, < ... <d;;
1. IF N = ) THEN 7*:= nycroe pacucanune, GOTO 6.;
Haiinem tpebosanue j*(N,t) u3 muoxecrsa N

Haiizem muoxkectBo L(N,t) ayist TpeboBanust j*;

BowoN

. FOR ALL k € L(N,t) DO:

7, := (ProcL(N',t'), j* ProcL(N" ")), e
N o= {jr g \Th =t
N” = {jk-f—l; s ajn}7 t” =1+ Zi::l Pji

5. mF= i F )L
T argkerg(lgvlﬁt){ (T, 8) }5

6. RETURN 7*.

ajgroputm A
7 :=ProcL(N, ).

2. Agaropurm ACO must 3amaun 1| )7

s pemreHmsT ~ MHOTUX — KOMOMHATOPHBIX — 3a7ad  3PHEeKTUBHO
UCTIOJIB3YIOTCS MEMAaIEPUCTMUYECKUE METO/Ibl: TEHETUYECKHUE aJITOPUTMBI,
JIOKaJabHBIA mouck c¢ 3amperamu (Tabu search), mypaBbuHbIE
kosionnu (Ant Colony Optimization) u ap.

B namnoit pabore paccmarpusaercs meroq Ant Colony Optimization
(ACO) [11]. DTOT HTEpAIMOHHBII METO/T OCHOBAH Ha UEE MOCJIEI0BATEIBHOIO
npubJINKEHUsT K ONTUMAILHOMY PEIIEHUIO.



Kaxnast wurepamuss —  "samyck  HMCKYyCCTBEHHOIO — MypaBba',
KOTOpbIil "mbiTaercda" 10 HEKOTOPOMY TIPABUJIY BbIOpATbH HAMJIYUIIUI
MapmpyT K "mwmme" (K ontumymy (GYHKIWH), WCHOJB3YsS METKH CBOUX
[IPE/IIIIECTBEHHUKOB.

Kaxkaprit MypaBeit BBITIOJIHAET IEMOYKY IMaroB. Ha KaxKjgoMm mare
1 = 1,2,...,n BoiOupaerca TpeboBaHUE j JIjId IIOCTAHOBKU Ha MECTO 1%
pacIucanus, UCHOJIb3Ys "BepOATHOCTU Tepexoia’.

B anropurme ucnosib3yorcs napamMeTphb:

1;; — BPUCTUYECKasd NHMOPMAIHA O TOM, HACKOJIBKO XOPOITUM KazKeTcsd
[MOCTAHOBKA TPeOOBaHUs j HA MECTO | B PACIUCAHWH. DTOT MTapaMer]p
BBIYUC/ISIETCS IBPUCTUYUECKU 110 OJJHOMY U3 BapUaHTOB:

1. Ilo npasuiy EDD: n;; = 1=1,...,n;

1
d_j’
2. Ilo mpasuiy MDD (modified due date). B amropurme MDD

IOCJIeIOBATE/ILHO Ha IIO3UIMU ¢ = 1,...,n BeIOMpaeTcsd emie
HeyTopsIoUeHHoe TpebOBaHWe j C HAUMEHBIINM 3HAYCHHEM
mazx{S + pj,d;}, tme S -~ cymMMa IpPOIOZKATEIHHOCTEN

[PE/IIIECTBYIONIUX YIIOPSIOYEHHBIX TpeOOBaHWNA. DBPUCTUYECKAST
undopManus pPacCUUTBHIBACTCS  CAEAYIOMUM 00pa3oM: 1)
1 :
max{S+p;,d;}’
3. ITo npasuay L-MDD (Look-ahead MDD): ;; = ﬁ,
J

CYMMAapHOe 3ama3/IbIBaHie [Ipu MOAUMUIINPOBAHHOM DPACIIUCAHIH
MDD, npu KoTopoM Ha IMO3UIMH ¢ OOC/Iy:KUBAETCS TpeOOBaHUEe

riae T'ard; —

J, a BCce ocTajibHble TpeOOBAHUSA yIHOPAJIOYEHbl B COOTBETCTBUU C
npasuiom MDD

4. Ilo npasnay SPT: n;; = p%-’ 1=1,...,m;

7,; — "cmen" (B upupome: cien depomona). Ilocime kaxkmoit
uTepauu 3TOT IapaMerp Koppekrtupyercs. llapamerp moka3biBaer
HacKOJIbKO "xoporuMm" s TpeboBaHMS j OKas3ajach IMO3UINAA 1.
To ecTh 3TO HAKOIIEHHAs CTATUCTHIECKas WHMOpPMAIUS O KadecTBe
BBIOOpa JId TIO3UIUH ¢ TpeboBaHMA j, B TO BpeMs KakK 1);;
XapaKTepU3yeT IIPEJIIOJIAraeMyi0 BBITOJy TaKOW MMOCTAHOBKH IPU
HEJ0CTATKE HAKOILIEHHON MH(DOPMAIIUN.



[Tom sBpucTHYECKON TPOIETyPONl TOHUMAETCA TPOIEypa, He NMEIOIas
dopmasibHOrO 000CHOBaHUS, & ONUPAIOINIASC JIUIb HA aHAJU3 CHIEUuMUKHI
CTPYKTYPHBI 33/la9M ¥ Ha CBA3aHHbIE C HEll cojiepKaTebHble COOOPaZKeH!s
[15].

Ilepen mepsoit ureparmeit 7,; = 1/(mTgpp), tae Tppp — cymmapHOe
sanaspiBanue npu EDD-pacnucanun. m—KoJudecTBo urepanuii (MypaBbes).
ITapameTpsl 7);; pacCUNTHIBAIOTCS OJUH pa3 IepeJ IepBoil uTepalueii.

Ha xazkiom mare Berauncigercd Martpuiia BeposaTHOCTel nmepexoaa:

[7:51%[m3;1° :
pij = Y nealmin]®min]?? ‘7 €L,
0, J&Q,
rie () — MHOYXKEeCTBO HEYTOPSIIOUYEHHBIX TPEOOBAHUIA.
[IpaBuio, 1O KOTOpOMY Ha TIO3UIMAIO ¢ BbIOWpaeTcs TpeboBaHue J
OTIPEJICIIACTCS CJICLYIONIIM 00Pa30M:

j = argmazneq[tin)®nin)?, a4 < qo,
j OIpeneNgeTcsa CIydaiHbIM 00pa3oM,
COIVIACHO PACIPEJIENIeHHIIO BEPOATHOCTE! pij, ¢ > qo,

re 0 < qo < 1 — mapamerp ajropuT™a, a 3HAYEHUE (¢ BBIYHC/ISICTCS
caydaiiHbIM 0Opa30M Ha KasKJIOM IIare.

[Tocne Toro, kak TpeboBaHme j OBLIO IIOCTABJIEHO HA IO3UIUAIO 1,
repecunTbiBaeTcs "JIOKaJIbHBIN caen:

Tij = (1 — p)7s5 + p70,

rne 70 = 1/(mTepp). Tepp — cymmaproe 3zamnasipiBanue 1pu EDD-
pacmcaruu. p € [0,1] — roaddunment pacnaga depomona (mapamerp
AJITOPUTMA).

ITocne xazkmoit mrepanuu "TaobanbHBEIN cien' T7,; KOppeKTHpyeTcd IIO
[IpaBUIIY:

*
Ty = (L= p)7is + p/T7,
ecin B "mydumem" HafieHHOM paCIUCAHUN Ha ITO3UIUN ¢ OOCIIY KIBAETCS
TpeboBanue j. Mnade
iy = (1= p)7j,
Suagenne T* — cymmapHoe 3alasjbiBanue ist '"jgydmiero" HaiteHHOTO
PACIICAHUS.



Anropurm ACO jaer xoporue pe3yabTaThl IIPU WHTECPAIUd B HErO
JIOKAJIbHOTO TIOUCKA, K IIPUMEPY, IOIapHOl I1€PeCTaHOBKU TpeOOBaHUI.
JIoKaIbHBIN MTOUCK 3aIlyCKAETCs TIOC/Ie KaXK 0N UTEePAIIIH.

B pa6ote [11] npuBouThCs SKCIIEpUMEHTATBHAS OlleHKa b HEKTHBHOCTH
9TOTO AJTOPUTMA. IKCIEPUMEHTHI TPOBOIUINCH JJI TECTOBBIX MTPUMEDPOB
[6] mpu n = 50,100. s pasmeproctn 3amadu n = 50 u3 125 npumepos
HETOYHO ObLI perier ToJbKO 1. s pazmeprnoctu n = 100 HeToYHO pereHo
0 npumepos u3 125. OTHOCHTEIBLHAS TOMPENTHOCTE He npesocxoamnia 0.08%.

B cBoux »9KcmepmMmeHTax MBI HCIOJIB30BAIN Te K€ 3HAUYCHUS
YIIPaBJISIIONINX TADAMETPOB U 9BPUCTUKH, KakK 1 B pabore [11].

Herpynno ybeauTbes, 9TO TPYAOEMKOCTH aJropuT™a 0e€3 JIOKAJILHOTO
noucka O(mn?) . Jlng kaxjoit nosunuu i (BCero n Mosuiyil) BHIOUPAIOCH
Tpebosanue j 3a O(n) omneparuii.

Tpynoemkocts Jokasibioro moucka O(n?). Torma Teopermdeckas
tpymoeMkocTh ajroputMa ACQO ¢ JIOKaJbHBIM ITOUCKOM COCTABJIAET He
menbiie O(mn?) oneparuii.

3. TI'mOpuaHbIil aJropuT™M

Ha ocnose anropurma ACO u IlpaBur nckirodenusi 1-4 HaMu TOCTPOEH
HOBBIN [ ubpudnoili asrzopumm. Vmess aaropurMa 3aKI0IaeTCS B TOM, 9TO
Ha KaxKJIOf uWTepaluu 3allycKaeTcs MOAuUIMPOBAaHHbIH ajroput™M A, B
KOTOpOM oOdepesiHoe TpeboBanme j* "caydaitubim" obpasom craBuTCs Ha
HeKoTOpyIo mosunuio k € L(N,t).

"Cutyuaitabiit!  BbIOOpD mpoucxonuT corsiacHo Meroiy 'Mypasbumbie
kojoHuu", T.e. Mmoj3ajiada  BBIOOpA  IOAXOJAINIEH IMOSUIUU  PEIaeTcs
anropurmom ACO.

MoaudurnupoBannas npoueaypa ProcL (N, t)

0. Jau upumep {N,t} ¢ muO)KRecTBOM TpeboBanuit N = {j1,Ja,...,Jn} U
MOMEHTOM HadvaJja obciayxkupanud t, d;, < d;, < ... <d;,;

1. IF N = () THEN 7*:= nycroe pacmucanune, GOTO 7.;
2. Haiinem tpeboBanue j*(IN,t) u3z muoxecrsa N;

3. Haiigem muoxectBo L(N,t) ajist TpebGoBanust j*;



4. PaccunTtaeM MaTpuIly BEPOATHOCTEN Iepexojia s KarKJIOW MMO3UIUN
i€ L(N,t).

Tijx 1/F(7TZ, t)
D oher(ny Thyl/F(Th 1)

Ry . . o . . .
rae 7T - (jh s Jm=1Im+1s - -5 Jis 5 Jitly - - a]n)v J = Jm, M < 1,
F(7",t) — cymmapHoOe 3ama3/iblBaHie P PACIHCAHII T, TOCTPOCHHOM
C MOMEHTa BPEMECHH T.

5. Boibepem mnosurnuio k € L(N,t) mpousBOJbHBIM 00Pa30M COIJIACHO
pacupeaeIeHui0 BEPOITHOCTEH ;.

6. Ilepecunrtaem "nokasnbubii ciaex:
Trjx = (1 — p)Thjs + pT0,

tiae 70 = 1/(mTepp). Tepp — cymmapHoe 3amnasjbiBanue pu EDD-
PaCIIICaHUN.

7. RETURN
7 :=(ProcL(N', '), j*,ProcL(N",t")), rae

N={ji,.. .ot \ i}, t' =t k
N" = {Jit1, s dnks U= 0+ 320 Dy

ITocne xaxkmoit urepanuu "Taob0anbHBIN cien' T7,; KOppeKTHpyeTcd IIO
[PaBUILY:

Ty = (L= p)7is + p/T7,
ecain B "myumem" HafieHHOM paCIUCAHUN Ha ITO3UIUN ¢ OOC/IY KHBAETCS
TpeboBanue j. Mnade
iy = (1 = p)7ij

rie p € [0,1] — mapamerp asropurma. 3HadeHue T — cymMMapHOe
3arra3blBanme s " ydmnero’ HaiieHHOrO PaCIuCaAHUS.

[Toce kaxkmoit UTepanuy 3arycKaeTcs MpoIe/Iypa JIOKAJIbHOTO TOUCKa —
oTapHas epecTaHOBKa TPeOOBAHMIA.

Unest BBIGOpa MOIXOSAIIEH TO3UITMN CITyIailHBIM 06pa30M (TeM caMbIM B
MEeTO/Ie BETBell 1 I'PAHUI] BBIOMPAETCsT TOJIBKO OJIHA BETBb M3 MHOI'HMX ) HE HOBA.



MIkypba u jp.[13| npeioKuin cxemy BepOATHOCTHOIO MOJIETUPOBAHUS JJIsI
3a/a4 KaJeHJIapHOrO ILIAHUPOBAHUS, COIVIACHO KOTOPOIl IPOCMaTpUBAETCS
OTpaHUYEHHOE [OJIMHOXKECTBO "mojxomdanux" BapuaHTOB, BBIOMPAEMbBIX
HEKNM CJIydaitHbiM obpasom. Eciam B npemraraemom [ ubpudHom aaropurme
He y4HUTLIBAThL IapaMeTp T;;, TeM CaMbIM He HaKallIuBasd CTaTHCTUKY O
IPUOPUTETHOCTU TOU WU HHOU IOAXOAANICH I[O3UIMUA, TO MBI IIOJIyYUM
AJITOPUTM BEPOATHOCTHOT'O MOJICTHPOBAHMSI.

Jlazapes [8] mpemokmia  MOIUGDUIMPOBAHHBIA — aJroput™M A J1st
paccMaTpuBaeMoil  3aJladd, B KOTOPOM BBIOOD TOJXOJMIIECH MO3UIIAN
IIPOUCXOJIUT CJYyYaHBIM 00pa3oM 6e3 HAKOIJIEHUs] CTATUCTHKY.

Herpymaao ybemuTbest, 9T0 TPYI0eMKOCTh [ubpudHozo anropurva 0Oe3
nokaabHOro nomcka O(mn?). Tlponeaypa ProcL samyckaercs n pas. B
KazKJION IIPONEeAypPe BBIIOJTHACTCA OPAIKA O(n) JeificTBuii.

Tpynoemkocts Jokasibioro moucka O(n?). Torma Teopermdeckas
TPYI0eMKOCTh [ ubpudno20 aaropuTMa ¢ JIOKAJbBHBIM TTOUCKOM COCTABJISIET
e wmenbiie O(mn?) onepamuii. To ecTb TPYIOEMKOCTb HCC/IELyeMbIX
AJITOPUTMOB UJIEHTUIHA.

4. DddeKTuBHOCTH,  aJTOPUTMOB  JJd  TECTOBBIX
rpumepos [6]

BorauciurebHble 9KCIEPUMEHTHI, IIPEeJICTaB/IeHHbIEe B 9TOM Iaparpade,
IIPOBOJINJINCH JIJIs IPUMepoB pa3MepHoctu n = 4,...,70,100, xoropsie
reHepPUPOBATIICH ¢ TIoMoIbio cxeMbl [loTTca 1 Ban Baccenxosa [6].

IIpumeps! TeHepHPOBAIHCH CJCIYIONUM O0pa3oM. JHadeHud p; €
pacipeiesieHbl 10 pAaBHOMEPHOMY 3aKOHY Ha rnpomexyTke [1, 100]. 3nauenus
d; TeHepUPOBAJIMCH 110 PABHOMEPHOMY 3aKOHY Ha IPOMEXKYTKE

j

) pj(1—=TF - RDD/2),> p;(1-TF + RDD/2)].
ji=1 ji=1
[Tapamerper TF W RDD upwuHUMaOT 3HAYeHUd U3 MHOMXKECTBA
{0.2,0.4,0.6,0.8,1} [4, 5, 11]. Jdns waxmoit wombunamuu (TF, RDD)
rerepuposasiochk 1mo 100 npumepos (Bcero 2500 npuMepoB JijIst KayKJI0ro n).
[Ipumepsl, s koropbix F(meppp) = 0, He paccMaTpuBaJnCh, T.K. B
sroM ciaydae [ubpudnvit aaroputm n ACO rapaHTHPOBAHHO HAXOIAT TOTHBIE
pelenus. gpp—paclucanne mocTpoeHHoe 1o mpasuay EDD.
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B anaropurmax mCrob30Banch CJIeIyIONIHe mapaMerper: a = 1;3 = 2;p =
0,1. JlokabHbIi TOMCK — TIOMTApHAas repecTanoBKa. [Ipumensemast sBpucTuka
— MDD [11].

JLst Kazk10T0 MpuMepa 3aIrycKaJsicsa ToIHb ajroputM A. Mbr nmostyaasn
ONITIMAJIbHOE 3HaYeHue IesteBoit bynkmm F .

B amropurme ACO MypaBbu reHEpUpPOBAJIUCH JO TEX MOp, IOKa He
HAXO/JM/IOCH PACIUcaHue 7, Ipu KotopoM F(m) = F,,. 910 "Heobxomumoe"
KOJINYECTBO MypaBbeB (DUKCUPOBAIOCH. UHCI0 MypaBbeB HamMu ObLIO
orpanndeno m < 100. IlosTomy mnepes mepsoil uTepaluu IapaMeTpbl Tij
paccunTbBaIuCch 0 dopmyie 7;; = 1/(Tgpp), ¢ = 1,...,n,7 = 1,...,n,
T0 — 1/<TEDD)

Asropurm 3amyckasics o 10 pa3 (moka He HaJIeHO ONTHMAJILHOE
pacnucanue). Takum ob6pa3oM Mbl TbITaIHCh u3bexkarh "cirydaiitnoctn"
paboThl aaropuTMa.

Jlydiee nalijennoe 3nadenue 1esaeBoit pyukimn Faco GUKCHpoBasoch.
Beranciisiiach OTHOCHTETbHAS TMOTPENTHOCTH FA%;F‘W

Takasg Ke cxemMa UCHOJIL30BaIach st [ ubpudrozo aaropuTMa.
Takum 00pazsoM MbI MOTJIM CPABHUTH OTHOCUTEJHHYIO MOTPENTHOCTDH JIBYX
amroputMoB (ACO u [ubpudnoz0), KOIMIECTBO MYPABbEB, HEOOXOIUMOE
KasKJIOMY aJITOPUTMY JIJIsl TIOUCKA ONTUMAJIBHOIO PACIIUCAHUS.

Pesynbrarhl 3KCIIepuMEHTOB IIpe/icTaB/IeHbl B TabJI. 1.

Tabmumna 1.
Pesynbrarsr sxkcnepumenToB Ha npumepax [lorrca n Ban Baccenxona.

n | Yucno HeonTuMaabHO | MakcnMasbHas OTHOCUTEIbHAST Yucmo mypaBbeB
PEIIEeHHBIX TPUMEPOB [TOI'PEITHOCTH
ACO | Twubpumssit | ACO IMubpuabrit ACO | T'ubpuabIit
19 2 0 0,22 0 1,6164 1,4004
20 1 0 0,58 0 1,6064 1,4204
22 1 0 0,16 0 1,626 1,4844
28 2 0 0,09 0 1,9704 1,6688
34 1 0 0,15 0 2,2212 1,9568
36 0 1 0 0,04 2,2332 2,154
37 1 1 0,38 0,01 2,4796 2,102
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n | Yucso HeonTuMaabHO | MakcuMaJibHasi OTHOCUTE/ILHAS Yucmo mypaBbeB
PEIEeHHBIX TTPUMEPOB HIOTPEITHOCTh
ACO | Tubpupmsiit | ACO lMubpunbrit ACO | I'ubpuanbrit

40 1 0 0,04 0 2,6036 2,2424
42 1 1 0,05 0,01 2,7888 2,4092
43 1 1 0,07 0,06 2,7316 2,3656
44 3 0 0,04 0 2,8464 2,3784
45 2 0 0,68 0 2,9736 2,4728
46 1 0 0,03 0 3,1624 2,4088
47 2 0 0,01 0 3,248 2,5152
48 9 0 0,56 0 3,4516 2,5196
49 3 1 0,15 0,08 3,4252 2,7
50 9 1 0,35 0,29 3,716 2,6336
51 8 0 0,22 0 3,8412 2,7768
52 4 1 0,04 0,07 3,5816 2,86
53 4 2 0,03 0,42 3,8948 2,9668
54 9 3 0,1 0,29 4,0324 2,9924
55 8 2 0,11 0,06 4,1048 3,0496
56 9 1 0,83 0,01 4,2916 3,0064
57 7 0 0,23 0 4,1568 3,158
58 14 0 0,17 0 4,71 3,3724
59 14 4 0,24 0,1 4,81 3,3372
60 11 1 0,22 0,01 4,7268 3,4224
61 18 2 1,26 0,02 5,3032 3,5216
62 10 2 0,26 0,01 5,0964 3,5032
63 17 7 0,16 0,08 5,3016 3,0728
64 15 6 0,57 0,46 5,2388 3,6504
65 18 7 0,1 0,14 5,548 3,6604
66 17 11 0,15 0,14 5,4288 3,8552
67 17 7 0,83 0,1 6,1068 4,1016
68 25 4 0,2 0,08 6,3864 3,7252
69 18 6 0,12 0,1 6,1912 4,0796
70 33 4 0,23 0,05 6,974 3,8672
100 36 0 0,31 0 27,35 4,66
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g pazmepnoctn 3agaun n = 100 paccmorpeno 617 mpumeposn. /[lisa
ocTaJIbHBIX pazmeprocteit 110 2500 npumepoB. B Tab/uiie BBIBOJASITCS TOJIBKO
T€ CTPOKU, COOTBETCTBYIOIINE PA3MEPHOCTH 3aJIa9u N, I KOTOPBIX YHCJIO
HETOYHO PEIIeHHBIX puMepoB 6oJbiie ().

B mepBoit KoJIOHKE TIpejCcTaB/IeHO 3HAYEHUE 1 — PA3MEPHOCTDH 3a/Iadm.
Bo BTOpoOit M Tperbeil KOJIOHKAX, COOTBETCTBEHHO, YHCJIO INPUMEPOB, JIJIs
KOTOpBIX ajaroput™m ACO wimm [ubpudnvili He HAILIH TOYHBIE perreHus. B
YETBEPTON U MATON KOJIOHKAX IPEICTAB/IEHa MaKCHUMAaJIbHAST OTHOCUTETbHAST
HOTPEITHOCTH AJTOPUTMOB (€ TOYHOCTBIO JI0 COTBIX TIPOIEeHTa). B mocseanx
JIBYX KOJIOHKaX — CpeJHee YHCI0 MypPaBbeB, HEOOXOIWMOe I TOUCKA
ONTUMAJILHOTO PEIICHUSI.

Kak Bugno u3 tabimipel, npuMepro i 99% npumMepos oba ajropurMa
HAXO/IAT TOYHBIE PEIICHMUS.

Yucao mpuMepoB, HETOYHO PEIIeHHBIX [ UubpudHviM — an20pummom,
3HAUNTEILHO Menblne, deMm aiaropurmom ACO, u me upesocxomur 0,44%
ot obmero dncia npumepoB. OTHOCHTEIbHAS TOTPENTHOCTH HE TTPEBOCXOAT
0,46%. Yucno mypapbes, Heobxommmoe [ubpudnomy aa20pummy TaKzKe
Menblie. 3aMerHo, uto s n = 100 [ubpudnomy anzopummy B CpeHeM
HEOOX0 MO 4-5 MypaBbeB JJIsi HAXOXKJICHUS ONTUMAJBLHOTO PACIUCAHUS, B
To Bpems Kak ajroputmy ACO tpebyercst B cpemneM 60jee 27 MypaBbeB.

Ornocurenbuas norpemnocts agropurma ACO upesocxomur 1,26% mis
n = 61. Yucno "merouno" pemreHublx npumepos miag n = 70 Goabme 1%
or obmero unciaa upumepon. Creyer 0XKUJIATb, UTO C POCTOM N Oyler
HAOJIIOJIATHCS 3HAMUTE/IBHOE TTPEUMYIIECTBO [ ubpudiozo arzopumma.

5. OddeKTUBHOCTH AJITOPUTMOB st caydas B-1

B sTom maparpade mpejicraBiieHbl SKCIEPUMEHTAJIbHBIE UCCIIETOBAHUS
AJITOPUTMOB  JIJIs  TIPUMEpPOB  caydad B-1, mnpusemennoro B pabore
[8], mpu koropoMm mnapamerpbl TpeGOBAHUI YIOBIETBOPSAIOT —CJIELYIOIIIM
OI'PAHUYEHUSIM:

D1 = P2
dy < dy

dn - dl Pn-

9KCH€pHM€HT&JIbeI€ uccJjeJJoBaHusd aJropuTMa A IIoKa3aJi, 4YTO JIJId
9TOr'o CJjiydad AepeBO IIOMCKa HUMeeT HanbOoJIbIIIEe KOJINYECTBO BETBJICHUM.

IN IV

P
d, (1)

VANIVANIAY
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B [16] mpescrasieno jokazareabeTBo NP-TpysaHoCcTH B OOBIYHOM CMBICIIE

caydas B-1.
9KCHepI/IIVIeHTbI, aHaJIOTYHbIC 9KCIIEpUMEHTaM nus3 Ipeablayniero
naparpada, IpOBOIUINCH JIjId TpUMepoB pazMeproctu n = 4, ..., 100. s

KaxKJI0ro 3HadeHus n paccmarpubasioch mo 1000 npumepos ciaydas B-1.

SHaueHud p; reHePUPOBAJIUCDH 110 PABHOMEPHOMY 3aKOHY Ha IIPOMEKYTKe
[1,500]. JdupexTuBnble CpOKN d; pacupe/eeHbl PAaBHOMEPHO Ha HHTEPBAJIE
[A> A +pn]> e A € [Oa ij - pn]'

Cxema TpoBe/ieHnsT SKCIIEPUMEHTOB U MapaMeTpPhl aJrOPUTMOB OIUCAHBI
B IIpeiblIyIeM naparpade. B KagecTBe TOUHOIO aJIrOPUTMa UCIIOJTb30BAJICS
ajroput™m B-1 MomudunupoBaHHbI, TPYI0EMKOCTH KOTOPOTO He O0JIbIe
O(n )" pj) AJIs HEJTOYNCIEHHBIX IPIMEPOB.

Boumm nostyuensr pe3ysibraThl, IpecTaB/IeHHbIEe B TaOJI.2.

Tabauma 2.
Pesysibrarsl skciiepuMeHTOB Ha mpuMmepax B-1.

n | Yucmo neonrumasibno | Makcumasibuas oTHOCUTEIbHAS | UUC/IO MypaBbeB
PEIeHHBIX TTPUMEPOB MIOTPEITHOCTh
ACO | Twubpummbiit | ACO [MubpuanbIit ACO | I'ubpuaabIit
7 1 0 0,67 0 1,38 1,044
26 0 3 0 0,01 1,381 1,871
27 0 1 0 0,01 1,429 1,707
31 0 4 0 0,01 1,354 1,929

B Tabsmmiie BBIBOJATCST TOJBKO T€ CTPOKU, COOTBETCTBYOIINE PA3MEPHOCTH
3aJIa91 N, JIJIsT KOTOPBIX KOJUYIECTBO HETOUHO PEIICHHBIX ITPUMEPOB
6osibiie 0 1 OTHOCHTEIBLHAS OIPENTHOCTE 0oJbine niau pasua 0.01%.

Agropurm ACO HaxoauT TOYHOE peIllleHre IMPaKTUIeCKN IS BCeX
IpuUMepoB. EMHCTBEHHBI HETOYHO PENICHHBIH TPUMED BCTPETUJICHA s
n = 7. Tubpudnwil aaropuT™M HaXOAUT To4YHOE pemenue s 99%
npumMepoB. [Ipudem oTHOCHTE/IBHAST TOTPEITHOCTE [ Ubpudnozo aaropurma He
upesocxoaut 0.01%.

B cpennem oboum asiropurmam TpedyeTcs He 0Oojiee JIBYX MYPaBbeB,
9TOOBI HAWTH TOYHOE PEIeHHE.

[Io  pesynbratam  skcnepuMeHTOB  3bdekTuBHoCcTh  [ubpudnozo
aJITOPUTMa, UCIHOJB3YIOMEro wiaen aaropurMa A, Himxke 3pEPEeKTHBHOCTH
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asmopurMa ACO na npumepax B-1. MoxXHO 00BSICHUTH 3TO TeM, 9UTO
npumepsbl B-1 "nanbosee cioxubie" jyist aaroputma A.

3aMeTuM Tak Ke, UTO IPU TAaKOW IeHepaluu IPUMEPOB, TPYI0EMKOCTH
Tounoro ajropurma B-1 momucdunuposannbii menbme O(n?), Tak kak
rereparnueii "me 3axBarbiBaeTca" NP-Tpyaabiit mojciyaii.

6. DdDEeKTUBHOCTH AJTOPUTMOB Jjisi KAHOHHMYIECKUX
DL-npumepos |[2]

NP-tpynnocts kanonmveckux DL-mpumepos nokazana csejienuem NP-
nostaoit mpobsremer Yerno-Hewernoro Pazouenns(9HP) k mpobieme 1| ) T
[2].

ITocranoska 3amaun YHP.

3a/1aHO yIOPSAI0UE€HHOEe MHOYKECTBO U3 21 TMOJIOXKUTETLHDBIX TEIbIX THCeT
B = {b1,by,...,ban}, bj > biy1, 1 < i < 2n — 1. Tpebyercs onpenesnTs,
cymiecTByeT Jii pasbueHme MHOXKecTBa B Ha JBa IOJMHOXKecTBa B u
By, takoe, uto Y, p bi = Y, .p bi m qma kaxgoro i = 1,2,...,n
noaMHO)KeCTBO By (ciieioBaresibho, u By) COJAEPKUT B TOYHOCTU OJMH
ssieMeHT u3 napbl {bo; 1, by; }.

[Ipusenem nosmHoMuaIBHYIO cxemy cBegenns UHP x mpobreme 1 | |
Z Tj [2] OHpe,ZLe.HI/IM 0= 2?21(621;1 - bgl)

HyCTb a9;—1 — 622;1 + (977,2 +3n—1+ 1)%5 + 571(61 — bgn) n
agi = boi + (9n® +3n — i+ 1)36 +5n(by — byy,), i =1,...,n

[Moctponm  kanonuvweckutt DL-npumep [2| mpobmemsr 1 || Y T, mas
MHOKecTBa u3 3n + 1 tpebosanmit N = {Vi, Vo ... Vo, Wi, Wo, ... . W1}
[Iycts b = (4n + 1)%5. BajaauM napaMerpbl TpeOOBaHUI  CJIe Ly IOIIIM
obpazoM:

i=1,2,....2n,

=b,  i=12....n+1,

j—1b+15+(a2+a4+  + ag;), ecmm i =25 — 1,
dV2J 1+2 n_]+1)(GQJ 1—CL2]) ecnuz’:Qj,
7=12...,n

ib+ (ag+ag+ ...+ ay) ecsm i = 1,2,...,n,
dw, +30+0b ecam  =n + 1.
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Ob6oznagum (51 = bgi_l - bgi, 1= 1, ., N

Mpur renepuposasu npumepbl YHP juis n = 4,...,40. Ilapamerpsnr 9;
pacIpesiesieHbl 10 paBHOMEPHOMY 3aKOHy Ha mpomexyTke [1,50]. I[Tpumep
YHP samaercsa ciaemyrommm obpasoMm by, = 1, bo,_1 = bay, + 0,, by =
boiv1+ 1, by 1 :=bg; +06;, i:=1,...,n—1.

3a noaMHOMMAJbHOE BpeMsi MbI IpeoOpasoBbiBaun rnpumep IHP
K KaHoHW4YeckoMy DL-tipumepy (kosmdectBo TpeboBanuit 3n + 1
13,16,...,121). g kanouuveckoro DL-mpumepa s3amyckajcs TOYHBII
[ICEB/IOTIOINHOMUAJIBHBIN  ajropuT™M  B-1 KaHOHUYIECKUil, TPYI0€MKOCTHIO
O(nd), anropurmel ACO u [ubpudnoii. [lapameTpbl aaropuTMoB IpesKHUE.

g Kaxkjoro 3HadeHus: n reHepupoBasioch 1mo b0 mpumepon. Kazkbrit
amroput™ ([ ubpudnwd n ACO) samyckascs 1 pas.

Boumm nostyuensr pe3ysibraThl, IpeCcTaBJIeHHbIE B TaOII.3.

|

Tabnuna 3.
Pesynbrarsr sxkcnepumenToB Ha npumepax DL.

3n + 1 | Hucso veontumabno | Makcumaibnag orHocuTebHas | Hucjao MmypaBbeB
PEIeHHBIX TTPUMEPOB ITOT'PENTHOCTD
ACO | Twubpummsit | ACO [MubpuHbIit ACO | I'ubpu bt
16 1 0 0 0 4,92 3,4
19 2 3 0 0 10,3 11,64
22 2 2 0 0 7,66 8,22
25 4 4 0 0 16,28 16,44
28 6 4 0 0 19,2 15,24
31 0 3 0 0 8,16 15,66
34 1 1 0 0 8,8 9,44
37 1 0 0 0 7,12 7,58

B rabsmmrie BBIBOAATCA TOJIBKO T€ CTPOKHU, COOTBETCTBYIONINAE PA3MEPHOCTHI
3aja4u 3n + 1, 71 KOTOPBIX KOJMYEeCTBO HETOYHO PEIIEHHBIX ITPUMEDPOB
6ombe 0.

Db dPeKTUBHOCTL AJTOPUTMOB TPUMEPHO UJIeHTUYHA. TOJIBKO I 3n +
1 = 25,28 KoIMYeCTBO HETOYHO PeNIeHHbIX HpuMepoB jocruraer 10%.
[Tpu sToMm norpemnocTs agropurmoB Menbiie 0.01%. Cpeanee Heobxoaumoe
KOJIMYECTBO UTEPAIUiL JIJIT HAX0XKJICHUsI TOYHOTO PerieHus He rnpeBbirmaet 20.
CTouT OTMETUTD, 9TO STU METAIBPUCTUICCKUE AJTOPUTMbBI HAXOMAT TOTHOE
perterne 151 Kanonndeckux DL-mmpumepoB pasmeprnoctu 3n + 1 = 121. s
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peIleHns TAKUX ITPUMEPOB HEOOXOIMMO IepebpaTh Mopsiika 2" KaHOHUIEeCKUX
DL-pacnucanuit|2]. B Tubpudrom anropurme jijis Kaxk10ii napbl TpeboBanuii
Vaiz1, Vo, 1 :=mn, ..., 1 paccMaTpuBaeTcsd TOJBKO 2 MOPAIKa OOCTYKUBAHUS:
TpeboBanue Vo1 obciy:KuBaercd Ha mo3unuu 2¢ — 1, a TpeboBanme Vo
obcryzkuBaercst Ha nosurun 3n+ 1 — (i— 1) u mHaobopor. [Ipraem BeposiTHOCTH
[OCTAHOBKM B 9TU MO3UIMK NPUMEPHO PaBHBI 1/2 Ha KaxKJI0il WTeparun.
To ectb nmosuruu "pasHoseposTHBI". Crie0BaTe/ILHO, MIAHC HAWTH TOYHOE
pelieHne CrpeMuThes K Besmanae (1/2)".

Kak ©Obuto 3amedeno, Ha HEKOTOPLIX MPUMepax, JId KOTOPBIX He
HAWJIEHO OITUMAJIHLHOE DACIHCAHUe, KOJMIEeCTBO 3aIllyCKOB JIOKAJHLHOTO
noucka npesbimaer n?. To ecThb Ha JOKaJBHBIH HOUCK 3aTPadeHo TOPa3o
OoJIbIlIe BpEMEHU, YeM Ha OCHOBHYIO IIPOIEyPY MOUCKA PEIeHM.

B pabore [17| upuBomurcs jokazaresibcrBo, uro ecau P # NP,
TO HUKAKOW aJIrOPUTM JIOKAJbHOTO moucka s NP-tpymaHoit 3amgauum ¢
MTOJTMTHOMUATBHOM CJTOKHOCTBIO KasK 10 UTeparun He MOXKET OBITh TOTHBIM.

MbI TOBTOPUIIN SKCIIEPUMEHT Ha TEX K€ IIPUMePax, IPH TeX Ke YCIOBUIX,
OTKJIIOYMB B aJiropuTMax "JIoKabHbIH Tonck" . BbLu oy Yensl pe3yibTaTsl,
[peJicTaBIeHHbIe B Ta01.4.

Tabauna 4.
Pesynbrars sxcrepuMmerToB Ha npumepax DL 6e3 JIoKaJIbHOrO MOUCKA.

3n + 1 | Yucno veonrumasibao | Makcumasbuas oTHocuTesbHas | Yucio MmypaBbes

DEIIeHHBIX TPUMEPOB [IOTPEITHOCTh

ACO | Twubpummsit | ACO [M'ubpuHbIi ACO | T'ubpuaabIit
13 50 26 13,46 0,01 100 58,2
16 50 35 0,77 0,03 100 73,82
19 50 43 3,29 2,78 100 88,06
22 50 46 2,86 2,05 100 93,52
25 50 49 2,03 1,58 100 98,02
28 50 50 2,97 2,49 100 100
31 50 49 3,48 2,02 100 98,48
34 50 49 2,85 1,67 100 98,4
37 50 49 1,71 1,41 100 98,02

B Ttabmuie He BBIBOAATCA CTPOKHU, COOTBETCTBYIOIINE PAa3MEPHOCTHU
3ajia4n 3n + 1, 119 KOTOpbIX 06a aJropuTMa HETOYHO PEIIAIOT BCE ITPUMEPHDI.
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Anammsupys obe TabIUIBI MOXKHO CJIeJIaTh BBIBOJ, 9TO 3(hPEKTUBHOCTD
AJITOPUTMOB Ha JAHHOM KJacCe MPUMEPOB JOCTUTAETCsI B OCHOBHOM 3a CYET
JIOKAJTbHOTO TIOUCKA.

[Ipu 3n+1 > 40 oba ajropurma 6€3 JIOKAJILHOIO IIOUCKA HETOYHO PEIIaloT
BCE IPUMEPHI.

SakJro4eHue

[To pesynbratam sKcrepuMeHTOB, [ubpudHvili aaropuTM CyIIeCTBEHHO
sdpdexkruBnee amropurma ACO Ha TecToBBIX HpuMepax Ilorrca um Ban
Baccenxosa. g 99.5% npumepos Iubpudrvim aaropuTMoM HARIEHO TOTHOE
pemenne. OTHOCHTE/IbHAsT TOrpemHocTh He mpesocxomut 0.5 %. Cpennee
HEOOXOIMMO€e KOJIMYECTBO MyPaBbheB He IMPEBOCXOJIUT 5.

Ha "rtpymubix" npumepax ciyuas B-1 [ubpudnviii ajroput™m ycryraeT B
rounoctu anropurmy ACO, HO HaxXOUT TOYHOE perenue bosiee yem it 99%
npumepos. OTHocuTenbHas norpemnocts He npesocxoaut 0.01 %.

s NP-tpymabIx KAHOHMIECKIX DL-tipumepon "xopormast
3 dekTuBHOCTE" AJTOPUTMOB JTOCTUTAETCS 34 CUET JIOKAJIHHOI'O ITOUCKA.

Crucok aureparypbl

1. Tanae B.C., IIlkypb6a B.B., Beenenue B Teoputo pacrucanuii. M:
Hayxka, 1975.

2. Du J. and Leung J. Y.-T., Minimizing total tardiness on one processor
is NP-hard // Math. Oper. Res.. 1990. Ne 15. P. 483-495.

3. Lawler E.L., A pseudopolynomial algorithm for sequencing jobs to min-
imize total tardiness // Ann. Discrete Math.. 1977. Ne 1. P. 331-342.

4. Szwarc W.,Della Croce F. and Grosso A., Solution of the single
machine total tardiness problem // Journal of Scheduling. 1999. Ne 2.
P. 55-71.

5. Szwarc W., Grosso A. and Della Croce F., Algorithmic paradozes
of the single machine total tardiness problem // Journal of Scheduling.
2001. Ne 4. P. 93-104.

18



10.

11.

12.

13.

14.

15.

. Potts C.N. and Van Wassenhove L.N., A decomposition algorithm

for the single machine total tardiness problem // Oper. Res. Lett.. 1982.
Ne 1. P. 177-182.

Della Croce F., Grosso A., Paschos V., Lower bounds on the approx-
imation ratios of leading heuristics for the single-machine total tardiness
problem // Journal of Scheduling. 2004. Ne 7. P. 85-91

. Lazarev A., Kvaratskhelia A., Tchernykh A., Solution algorithms

for the total tardiness scheduling problem on a single machine // Work-
shop Proceedings of the ENC’04 International Conference. 2004.
P. 474-480.

Chang S., Lu Q., Tang G., Yu W., On decomposition of total tardi-
ness problem // Oper. Res. Lett.. 1995. Ne 17. P. 221-229.

KopbyTr A.A., Curan NU.X., ®uakenasbmrreitdn FO.FO., I'uopudnwvie
memodv. 6 duckpemmnoti  onmumusayuy. |/ Wssectms AH CCCP.
Texunueckas kubepuernka. 1988. Ne 1. P. 65-78.

Bauer A., Bullnheimer B., Hartl R.F., Strauss C., Minimiz-
ing Total Tardiness on a Single Machine Using Ant Colony Optimiza-

tion. // Proceedings of the 1999 Congress on Evolutionary Computation
(CEC99), 6-9 July Washington D.C., USA. 1999. P. 1445 1450.

Merkle D., Middendorf M., An Ant Algorithm with a New
Pheromone Evaluation Rule for Total Tardiness Problem. // EvoWork-
Shops 2000, LNCS 1803, Springer-Verlag. 2000. P. 287-296.

IIkxyp6a B.B., Iloggacosa T.II., IImmuayk A.H., Typ JIL.II.,
Sajiaun KaJeHJapHOTO IJIAHUPOBAHUS M MeTOJbl uX pelnenus. Kues:
Hayxosa mgymka, 1966. 154 c.

Emmons H., One machine sequencing to minimize certain functions of
job tardiness // Oper. Res., 17. 1969. P. 701-715.

Kopbyr A.A., ®usakenbmreitn FO.FO. IIpubaruscerrvie memodo.
duckpemnozo npozpammuposarus |/ Mzsecrus AH CCCP. Texunu.
kubepueruka, 1. 1983. P. 165-176.

19



16. JlazapeB A.A., I'adapos E. P., Jloxasameavcmeo NP-mpyornocmu
YACTNHO20 CAYUAA 30004U MUHUMUSAUUA CYMMAPHO20 3aNa3006aHUA. |/
Ussectuss PAH:Teopust u cucremsr yrnpasiaerns. 2006. Ne3. C. 120-128.

17. Ilanagumutrpny X., Craiiraun K., KomOunaropHast onrumusarus.
Anropurmbl n ciioxuaOoCTh. M: Mup, 1985. 510c.

20



Tabauma 1.
Pesynbrarsr sxkcnepumenTos Ha npumepax [lorrca n Ban Baccenxona.

n | Yucmo meonrumasibHo | MakcumasibHast OTHOCUTEbHAA | JHCIO MypaBbeB
PEIeHHBIX TTPUMEPOB [IOTPEITHOCTh
ACO | Twubpummbiit | ACO [MubpuanbIit ACO | I'ubpuabIit
19 2 0 0,22 0 1,6164 1,4004
20 1 0 0,58 0 1,6064 1,4204
22 1 0 0,16 0 1,626 1,4844
28 2 0 0,09 0 1,9704 1,6688
34 1 0 0,15 0 2,2212 1,9568
36 0 1 0 0,04 2,2332 2,154
37 1 1 0,38 0,01 2,4796 2,102
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n | Yucso HeonTuMaabHO | MakcuMaJibHash OTHOCUTEILHAS Yucmo mypaBbeB
PEIIEeHHBIX TPUMEPOB HIOTPEITHOCTH
ACO | Tubpunpmsit | ACO ['ubpuHbIit ACO | I'ubpuanbrit

40 1 0 0,04 0 2,6036 2,2424
42 1 1 0,05 0,01 2,7888 2,4092
43 1 1 0,07 0,06 2,7316 2,3656
44 3 0 0,04 0 2,8464 2,3784
45 2 0 0,68 0 2,9736 2,4728
46 1 0 0,03 0 3,1624 2,4088
47 2 0 0,01 0 3,248 2,5152
48 9 0 0,56 0 3,4516 2,5196
49 3 1 0,15 0,08 3,4252 2,7
50 9 1 0,35 0,29 3,716 2,6336
51 8 0 0,22 0 3,8412 2,7768
52 4 1 0,04 0,07 3,5816 2,86
53 4 2 0,03 0,42 3,8948 2,9668
54 9 3 0,1 0,29 4,0324 2,9924
55 8 2 0,11 0,06 4,1048 3,0496
56 9 1 0,83 0,01 4,2916 3,0064
57 7 0 0,23 0 4,1568 3,158
58 14 0 0,17 0 4,71 3,3724
59 14 4 0,24 0,1 4,81 3,3372
60 11 1 0,22 0,01 4,7268 3,4224
61 18 2 1,26 0,02 5,3032 3,5216
62 10 2 0,26 0,01 5,0964 3,5032
63 17 7 0,16 0,08 5,3016 3,0728
64 15 6 0,57 0,46 95,2388 3,6504
65 18 7 0,1 0,14 5,548 3,6604
66 17 11 0,15 0,14 5,4288 3,8552
67 17 7 0,83 0,1 6,1068 4,1016
68 25 4 0,2 0,08 6,3864 3,7252
69 18 6 0,12 0,1 6,1912 4,0796
70 33 4 0,23 0,05 6,974 3,8672
100 36 0 0,31 0 27,35 4,66
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Tabaumna 2.
PesysibraThl sKciiepuMeHTOB Ha npuMepax B-1.

n | Yucmo neonrumasibuo | MakcumasibHas oTHOCUTEIbHAS |  UUC/IO MypaBbeB
PEIeHHBIX TTPUMEPOB [IOT'PENTHOCTD
ACO | Twubpummbiit | ACO [MubpuanbIit ACO | I'ubpuaabIit

7 1 0 0,67 0 1,38 1,044

26 0 3 0 0,01 1,381 1,871

27 0 1 0 0,01 1,429 1,707

31 0 4 0 0,01 1,354 1,929

Tabnuna 3.
Pesynbrarsr sxkcnepumenToB Ha npumepax DL.
3n + 1 | Hucmo neontumaibno | Makcumaabnag oTHOCHTEIbHAS | HKMCI0 MypaBbeB
PEIIeHHBIX TTPUMEPOB ITOI'PEITHOCTD
ACO | Twubpummseiit | ACO [MubpuHbIi ACO | I'ubpunnbrit

16 1 0 0 0 4,92 3,4
19 2 3 0 0 10,3 11,64
22 2 2 0 0 7,66 8,22
25 4 4 0 0 16,28 16,44
28 6 4 0 0 19,2 15,24
31 0 3 0 0 8,16 15,66
34 1 1 0 0 8,8 9,44
37 1 0 0 0 7,12 7,58

23




Tabauna 4.
Pesynibrars! sxciepuMmerToB Ha npuMmepax DL 6e3 JI0KaJIbHOrO MOUCKA.

3n + 1 | Yucno neonrumasibao | Makcumasabuas oTHocuTe bHas | Yucio MmypaBbeB

PEIIeHHBIX TTPUMEPOB [IOTPEITHOCTh

ACO | Twubpummsiit | ACO [MubpuHbIit ACO | I'ubpuaabIit
13 50 26 13,46 0,01 100 58,2
16 50 35 0,77 0,03 100 73,82
19 50 43 3,29 2,78 100 88,06
22 50 46 2,86 2,05 100 93,52
25 50 49 2,03 1,58 100 98,02
28 50 50 2,97 2,49 100 100
31 50 49 3,48 2,02 100 98,48
34 50 49 2,85 1,67 100 98,4
37 50 49 1,71 1,41 100 98,02
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