3agaum 0 NOKPBLITHH

Hano: CeTb TOPOr 1 KOHEYHOE MHOKECTBO ITYHKTOB IS pa3menicHus moctos ['A.
Kaxapli MyHKT MOXET KOHTPOJHUPOBATH JOPOTY HA 3aJaHHOM PACCTOSIHUM OT HETO.
M3BECTHO MHOKECTBO OITACHBIX YYaCTKOB Ha JIOPOTrax.

Hauru: MUHUMAJIBHOE YMCJIO IMTOCTOB JJIsI KOHTPOJISA BCEX OIMACHBIX YYAaCTKOB.
O0o3HaueHus:

I={1,..., m} — MHOXECTBO BCEX BO3MOKHBIX MYHKTOB I pa3MenieHus moctoB ['AU;

-

J={l,..., n} — MHOX€CTBO OIIACHBIX Y4aCTKOB;

. 1, ecii M3 MyHKTA i MOKHO KOHTPOJIMPOBATH YYaCTOK
Y |0 BIpOTHBHOM CiIydac

IlepemeHHbIC 3a1a4u:

o= 1, eciu B myHKTE [ ycTaHaBiauBaeTcs moct I'AN
* |0 BIOpPOTHBHOM CiTydac
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MaremaTuyeckass Mojae/Ib
min le-
iel
IIpU OTPAHUYECHUSIX: Zal-jxl- >1, jelJ;
iel
x;€{0,1} iel
ITycTh ¢; 2 0 — CTOMMOCTB CO3JaHUA NTOCTA B ITYHKTE I ¥ YUCJIO IIOCTOB HE MPEBOC-
xoaut p>0. TpeOyeTcs MUHUMU3UPOBATH CYMMAPHYIO CTOUMOCT:
min Z C;X;
iel
IIPU OTPAHUYECHUSIX: Zaijxi >1, jelJ;
iel
2 Xi < p;
iel

x;€{0,1} iel.
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HpGI[HOHO)I(I/IM, 9qTO0 HMMCCTCA BO3MOJKHOCTL OTKPBLITH HEC

., 0oJee p MOCTOB M UX HE XBAaTUT JJIsI KOHTPOJIS BCEX OIlac-

B+ #— HbLIX yYACTKOB.

TpeOyercss mpu JaHHOM OTrpaHUYECHUM HAWTH pa3Melle-
HUE MOCTOB I KOHTPOJISI MAKCUMAJIbHOTO 4uCJia OIac-
HBIX YYaCTKOB.

IlepeMeHHBbIC 3a1a4M:

|1, ecniu omacHbI# y9acTOK j TIOJ KOHTPOJIEM
Y7708 IIPOTHBHOM CITy4ae

. 1, ecin B myHKTE [ ycTaHaBauBaeTcs moct I'AN
* |0 BHOpPOTHBHOM CiTy4ae
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MarteMaTuuecKass MOJa€eJab

max Zyj
jeJ

IIPU OTPAHUYCHUAX Zay-xl- 2V, JE J;

iel
D% < p;
iel
x;, ¥i€10,1}, iel, jed.

anamnenne. HOKaBaTB, qTO OTa MOJICJIb HC DKBHUBAJICHTHA HH}I(CCJICI[YIOH_Ieﬁ MO-

JIeTIN:
max Z Zal-jxl-
jedJiel
IpY OTPAHUYCHHUSX D x; < p;
iel
x;€{0,1}, iel

-4- Jlekyusa 12. 3ada4u o NoKpbimuu



Ecnay omacHele y4aCTKH OIaCHBI B PA3HOW CTEIIEHU M BEIMYMHA b; 3a]1a€T, HAIIPH-
Mep, YHCJI0 aBapuil Ha y4acTKE j 3a TOJI, TO 3ajada IpeIoTBpalllcHUsS MaKCHMAallb-
HOI'O YKCJIa aBapHil 3aIIUCHIBACTCS CISAYIOIIMM 00pa3oM:

max Zb]y]
jeJ
IIPU OTPAHUYECHUSIX: Zaijxi 2y, JE€J,
iel

> x; < p;

iel

x;, ¥;€10,1}, iel, jed.
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AaHbIA AJITOPUTM

PaccMOTpyuM B3BEIIEHHYIO 337a4y O IIOKPBITUU

min Zcixl- Zaij-xi >1,jeJ,x; €{0,1}
iel iel
AJropurm
1. Honosxuts X° := &, k=0, Jl-k ={jeJ] aj; = 1}, icl, ' = O:

2. Iloka JO # J BBIIIOJIHATD:

C: . C:
2.1. Haiitu iy €I\ X* Takoi, 4To Jl-lg £0u — Y — min ’

k
| Ji =D s
[ Jip | ienx® (17|

2.2. Tlonoxurs k :=k+1, X :=Xk_lu{i0}, Jo =0 UJiIB_l

u Jlk = Jlk_1 \JZB_1 IUTSL BCEX 1€ I\ X~
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Ipumep

I={1,....,n+1},J={1,...,n}

BEKTOD (¢;)

‘»—A:\r—‘

S S
[ =]
[\ O] p—

1

Marpuua (a;)

OntumanbHoe pemeHue X* ={n + 1} u ero 3nauenue (1 + &). XKanueiii anroputM

CHayaJila BO3bMET [ = 1, 3ateM i = 2, ..., I = 1, 1 IOJIy4YUT 3HAYCHUE

1+14

2

1

3

+...+%Sl+logn.
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k
Tpynoemkocts anropurma 7' ~ O(mn) nipu NpaBUIBHOM XpaHEHUU MHOXECTB J ,
iel
bes orpaHndyeHuss 0OIHOCTH OYJIEM CUMTATh, YTO X ={1,2,....k} nna k=1,...,K

Y QJITOPUTM IIOJIYYMJI IOKPBITUE TI0CHE K UTEpaiui.

O003HaUUM qZ‘T =| Jl-k , iel, k=1,..,K u3amerum, uro

crlaf <cilqf, iel,

S ertn B agf=sigf,

K
_ ko gkt~ gk2 _
J—HJk, Jd N2 =D, upn ki # k.

P
PaccmotpuMm dyuknuio H(p) = Z%, p=L12,...
i=1
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Teopema Usarama. Ilycte X* — onTumanbHOE pElICHUE B3BEIICHHOW 3aJ1a4M O

MTOKPBITUH, a Xt — pelIeHue XaaHoro aaropurMa. Toraa

Zci < H| max Zaij Zci.

: iel :

iex* jeJ JieX”
Jloka3areqbcTBO: Hapsany ¢ MCXOIHOM 3aJaueil pacCMOTPUM 33J1a4yy C HOBOU
LEJIEBOM (PYHKIIMEN U HENTPEPHIBHBIMU ITEPEMEHHBIMMU:

N

'
.

min- ZCiH Zalj X; Zaijx,- >1,jeJ,x; 20
el jeJ iel

J

JIBOMICTBEHHAsI K HCUM UMEET BU/]

4 A

maxs Zuj Zaij”j <ciH Zaij ,ze],uj >0
JjeJ |jeJ jeJ

A4
.

J
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Tak xak MHOXecTBa J ,lf 00pa3yroT pa3drueHre MHOXKECTBA .J, TO MOJIOKHUM
U =ck/q,]§, jeJ,ff, k=1,.,K.
IlokaxeM, 4TO #; —I0IyCTUMOE PCIICHUC TBOMCTBCHHOM 3aﬂatm s moboro iel
K K K
Dagup=y Yagui=y  du; = ek/af= Z(% o Dex g
jeJ k=ljeJf k=ljeJ)nJ; k=ljeJf\Jf"
Ilycth nsa paccMmaTpuBaemoro i€l Homep ky — HauOonbimuii Homep k, 1 <k < K

Lo d k
takodd, 4yro J; #4. Torma, nmpoaoipkas MPUBEICHHBIC BBIIIC HEPABEHCTBA,
I0JIy4yaeM

Z ajju ; Z(Clz k+1)ck/qk < Z(ql k+1)cl/ql =

jeJ

kO
CiZ(sz k+1)/ qi < Z(H(%) H(CIkH))S ciH(q})=c;H D ;|
= k=1 jeJ
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HNTak, mOCTPOCHHOE PEIICHUE SBJISICTCS OONMYCTHMBIM B JIBOWCTBEHHOU 3ajaye.
Kpowme toro,

2.1 chk/qk qu"k/qk ch— 2.k

]EJ k= lje,]k k=1 keXK
Ho 1o TeopemMe 1BONCTBEHHOCTH

Zu j<H (ma]x Zaij) Zci OTKYJla ¥ BBITEKAECT TpeOyeMas OlICHKA. m
jeJ 'L jed  iex”
I1;10xast HOBOCTB.

CymectByeT KoHCTaHTa 0 < ¥ < | Takas, 4TO HAUIMYUE TTOJIUHOMUAIBLHOIO MPUOIH-

KEHHOT'O aJrOpMTMa C OLIEHKOHW OTHOCHUTEJIBLHOM MOrpelmHocTH ¥ H(max Z“zj)
iel .
jeJ

BiieueT P=NP.
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AJITOPUTM MYPABbHUHOU KOJOHUU

IIpeanoxkeH B Hayajie 90-x rogoB npomuioro Beka M. Dorigo u V. Maniezzo

MypaBbu OpUEHTUPYIOTCS MO 3araxy.

Kaxnplii MypaBedl OCTaBJSET IIOCiEe ce0s
CUJIBHO MMaXHYIIEE BEMIECTBO — hepomeH.

[Ipu BBIOOpE HampaBJIeHUS JOMOU ¢ OOJIbIIEH
BEPOATHOCTHIO BBIOMPAETCSI HAIMPABJICHUE C
00Jiee CUJIBHBIM 3a1axoM.
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Nest Food

e
_-ﬁ:wﬁﬂr" < Kparuaiimmuii myTh

Nesi Food
[TostBUIIOCH IIPENATCTBUE —> ot e =
o e o
Obstacle
Nest " Focd
=] il < OOXOJ IIPETIATCTBHS
e
Obstzcle
] o Nest "5 TV Food
HoBBIN KpaTUaiIlyii IyTh —> e ;#‘Hﬂv——-

Obstacle
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BepoSATHOCTHBIN KATHBIM AJITOPUTM

[ycts XI, J(X)={jeJ| Z aj; 2 1} — MHOXeCTBO “IOKPBITBIX CTONOLOB,
ieX

qi{(X) — momHocTs MHOXECTBA Ji(X) = {jeJ | a; = 1} \J(X), iel\X,

0 =c;/qi(X), iel\ X — yaenbHble NpUpaIlCHUs LIEICBON (PYyHKIINH,

L(p) — ciyyailHO€ NOAMHOXKECTBO MHOXkecTBa / \ X; anieMeHT i€/ \ X BKItO4aeTcs

B MHOKECTBO L(p) C BEpOATHOCTBHIO p HE3aBUCHUMO OT JIPYTUX AJIEMEHTOB.

BeposATHOCTHBIN KAAHBIA AJITOPUTM

1. INomoxuts X := I, L=
2. Toka J’ #J BBIIONHATS:
2.1. ChopmupoBaTh nogMHOXECTBO L(p) < I\ X;
2.2. Haiitn ipeL(p) ¢ HEHYIEBBIM 3HAYECHHEM iy (X) ¥ MUHHUMAIbLHBIM

yJCIBbHBIM MIPUPAIICHUEM p; .
2.3. Tonmoxute X = X U iiy}; JY=J%0 Jig (X).
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BnusiHrMe paHI0MHA3AIMY HA NOTPEIIHOCTh, caydau ¢; = 1, iel

1DD01
e004
&00
400 4

2004

[Ipu puxcupoBanHoM 3HaueHnu p>0 npoBoawiock 1000 ucnpiTaHU anropuT™a.
Yucro penieHuii ¢ OAMHAKOBBIM 3HAYEHUEM MPEACTABICHO Ha Tpa(UKE CTOIOUKOM.
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AJITOPATM MYPABbMHOM KOJOHUH

IIycth BekTOp 7;, i€l 3a7aeT CTaTUCTUYCCKYIO HH(GOPMAIIUIO O YACTOTE IOSBICHUS
aneMmenta , i€l B pemenun X < I. Ilonoxum p; = ¢; /q(X) + a /7, iel\ X, rae
mapamMeTp o onpeesieT BAXKHOCTh CTATUCTUYCCKOM HH(pOpMAIHH.

Aaroputm MK
1. ITonoxuts 7;:=1, iel, XM =1 r=0.

2. Iloka t < T4« BBIIIOJIHSTD:

2.1. IToctpouts pemieauss X,, 7= 1,..., T BEpOATHOCTHBIM >KaJHbIM aJITOPUTMOM
2.2. BeiOpaTh yacTh Hawayudux pemeHud X,, t=1,..., T/, T'< T
2.3.1lo pemienusm X,, 7= 1,..., T/, OOHOBUTb CTAaTUCTUUYECKYIO MH(OPMAIIHUIO

7;, 1€l M NOJMOXUTh ¢ =1+ 1

K v
2.4. CMeHHUTb pekopa X', ecid HaiaeHo Jy4Ilee peneHue.
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BnusHue cratuctuueckoi nHdopmamuu, ciydam c; =1, iel

=
1000 5 r

4004

=00 4

A0 -

20104

bosbIoe YuCa0 ONTUMANIBHBIX pelreHnur mosrydeno npu 0,3 <p <0.7.
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Aapec: Iiﬁl hittp: /v, aco-rmetaheuristic, orgflinks. hkml

3agaua o p-ueHTpax

&m@ @@[kam . @ﬁ[ﬁ]ﬁaa@*@m =38 MHARCD DORIGO, IRIDIA HI..E.-ITf:BI:!E DE ERUXELLES . EELGIUM

Links

This page contains a number of interesting links to activities around
Ant Colony Optimization and to related fields.

» The Metaheuristics MNetwork

The Metaheuristics Network is a project sponsored by the
Improving Human Potential program of the European
Community {HPRN-CT-1999-00106), aimed to study wvarious
metaheuristics on different combinatorial optimization
problems.

Swarm-bots Projects

Swarm-bots = a project sponsored by the Future and
Emerging Technologies program of the European Community
(IST-2000-31010%, aimed to study new approaches to the
design and implementation of self-organizing and self-
assembling artifacts.
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IIpennonoxum, 4yto p noctoB I'AN yxe BbIOpaHO, W KaXJblid OMACHBIM Y4YacTOK
NPUKPEIJIEH K OnmKaimeMy nocty. O003HauuM 4epes d;; pacCTOSIHUE MEXKY yYa-
CTKOM j 1 mocToM i. [jsg BeiOpaHHOTO Habopa moctoB S < I, | S | = p o0o3HaUNM

qcpe3 D MakcuMaJIbHOE pacCTOAHUC MCKIY ITIOCTOM U YHACTKAMH

D =maxmind;;

jeJ ie§ U

\1 BenmuunHa D cBs3aHa C 3aJIEPKKOM MPU BBIE3IE U3
| IIOCTA [ HA y4YacTOK j. 3ajadya MUHUMU3AINUN STOU

= 3aJIeP’KKH Ha3LIBAETCS 3a7a4eii 0 p-IeHTPaXx:
]
]
< max min d i = min
jeJ ieS Scl|S|=p

“Y 3amada 0 p-lICHTpax CBOJUTCS K PEIICHHIO HE 0O0-

~_ JIee m-n 3aJla4 0 MUHAMAJIbHOM MOKPBITHM (Kak?).
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3aaya 0 MHOTOKPATHBIX MOKPBITUSAX

[Iycts BenmmunHa D 3a1a€T paagnyCc OTBETCTBEHHOCTH IIOCTA, T. €. BCE YYaCTKU Ha
paccTosiHur D OT TIOCTa HAXOJATCS B 30HE €0 OTBETCTBEHHOCTHU. 30HBI MOTYT IIe-
pecekatncs. 11ycTh 77 2 1 — MUHMMAIBLHOE YHCIIO0 ITOCTOB, KOTOPLIE TOJKHEI KOH-
TPOJINPOBAThL YYacToOK j, b; > 0 — cpeaHee YnCio aBapyuid Ha Y4acTKe J.
TpeOyercs BbIOpaTh p MOCTOB TaK, YTOOBI KAXKIbIM y4aCTOK KOHTPOJIUPOBAJICS HE
MEHEE 7 IOCTAMH, ¥ YMCJI0 IPEAOTBPALIEHHBIX aBapUi ObLIO ObI MaKCUMaJIbHbBIM:

max ) b; ) a;ix;

jeJ el
IIPU yCJIOBUAX le- <p,
iel
Z ajix; 215, jedJ,
iel
x;€{0,1}, iel
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BeposiTHOCTHAS MOCTAHOBKA 3a/1a4M
BBI30BEI ¢ Y4aCTKOB IPOUCXOASAT CIy4aHBIM 00pa30M U HE3aBUCUMO JPYT OT APYTa,
g > 0 — BEPOATHOCTH TOTO, YTO MOCT HE MOXKET OTKIIMKHYTHCS HA BbI3OB;

k
pr=1—g — BEpOSATHOCTH TOrO, UTO XOTS Obl OJIMH U3 kK TIOCTOB OTKJIUKHETCS;

Pr — Pi1 = (1 — qk) — (1 - qk'l) = (1 - q) qk'1 — IPHUPOCT BEPOSITHOCTHU IPH
100aBIECHUU OJHOTO MYHKTA.

IlepemeHHbIE:

_ |1, ecm y9acToOK j KOHTPOIUPYETCS KaK MUHIMYM k TTIOCTaMH,
Yk =0 8 IIPOTHBHOM CITy4ae.
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MaTteMaTHuecKass MOJ1eJb:

n.
J
k—1
max Y > b (1-q)g" "y
jeJ k=1

n.
J
IIPU OTPAHUYECHUAX Z Yk = Zal-jxl-, jed,
k=1 iel

> x <p,

el
xiayjk < {091}9

9IS nj:Zal-j, jed, iel.

iel
3ameuanue. B onTuManbHOM pelIeHUN

Vik < Yjk-1 1s Beex jeJ, 1<k < n;.
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