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3aJa4M O KpaTdyauilieM IMyTH

BO3MOXHbIV BapMaHT: MCKaTb TOAbKO MYTW, HE COAep Kallne KOHTYPOB.

K coxkaneHuto, Takas noctaHoBKa 3agaumn asasetca NP-TpygHou (K HEW MOXHO
CBECTM HE3aMKHYTYHO OPUEHTUPOBAHHYO 3a4a4y KOMMUBOSXKEPA).

[loaToMy noctaBmm cebe 3asauy B TakOM BuAe: And 3agaHHoro rpada G(V, E),
w: E = R, C oTpuLaTenbHbIMW BECaMU AyT, 1 BbIBpaHHOW BEPLUMHBI S € V BblgaThb
OAWH N3 OTBETOB:

a) «Brpade ecTb KOHTYp OTpULaTENBHOIO Beca» (4OCTUXMUMBIN U3 S).

b) Ecan KOHTYpOB OTpMLATENBHOIO BECA HET, TO MOCTPOUTb KpaTyanLine nyTu
13 s BO BCe BepLMHbI rpada.

DTy 3aga4y 3QPeKTUBHO peLlaeT aaroputm bennmana-®oppaa.



Anroput™ bennmana-dopaa

Anropuntm beanmana-®opaa peannsyet MeTos OUHAMU4Yecko20
npoecpamMmupoB8aHus.

[TpMHLUMNbBI AMHAMMYECKOrO NPOrPaMMMNPOBaHUS:

v" VlcxogHasa 3asada CBOAUTCS K NOCAeA0BaTENbHOCTV NoA3a4a4y MEeHbLLIEro
pa3mepa.

v’ 3apaun peluaroTcs OT MeHbLUen K 6oabLien. Pe3ynbTaTbl COXPaHAOTCA B
Tabanuy.

B kauecTBe NnapameTpa, xapakTepu3yroLLero pasmep 3ajauu, Bblbepem 0/1uHy
nyTn: L =KOAnM4ecTBO Ayr B NyTW. TO €CTb, Mbl MHULMAAN3NPYEM TabanLy BeCcamm
nyTen gavHel L = 0 (Takou NyTb TONbKO OAUVH: s — s, Bec=0), NOTOM
paccuMTbiBaeM Kpatyauwne nytm aamHel L = 1 n 1.4,



Anroput™ bennmana-dopaa

Ecan y>ke paccumTaHbl Kpatyavwime nytm aamH 1, ..., L, TO Kak HanT1 Kpatyanwme
nyTV AAVHbI < L + 17

Ka>kabl Takon nyTb (C KOHLLEBOW BEPLUMHOMN V) IMBO nmeeT AannHy < L, nmbo
MOXET BbITb MOAYYEH N3 HEKOTOPOro NyTN s ~ u (KpaTyanwmn NyTb U3 S B U
AAvHbl < L) pobaBneHnem ayrm (u, v). 3TO CaefyeT U3 Caeayrolen 1eMMBbI,
ONUCbIBaOLWEN NPUHLMN ONTUMaNbHOCTU (KAKOYEBOE yCA0BME ANA
NPVMEHNUMOCTU ANHAMMYECKOTO NPOrpaMMmMpoOBaHnd) Aas 3agaum o
KpaTyauLwmx nyTax.



Anroput™ bennmana-dopaa

Jlemma (MpUHUMN ONTUMaNbHOCTU ANA KpaTdanwmnx nyten). Jlobon dparmeHT

KpaT4yauLero nyty ABAAETCA KpaTyannm NyTéM MeXAy CBOMMU KOHLEBbIMM
BEPLUMHAMM.

[loka3aTenbCTBO.

PaccmoTpum NyTb P 13 BEPLUMHBI U B BEPLUMHY U 1N MPOXOAALLNN Yepes
BEPLWMHbI X N Yy (BOSMOXHO, X = U U/Uany = v).

[MpeanonoxXum, UTo GparmMeHT NyTn P MeXAay x U y He ABAAETCA KpaTyanllnm
NyTEéM U3 X B .



Anroput™M bennmana-dopaa

3aMeHMM 3TOT GpParMeHT Ha KpaTyanlIMn NyTb U3 X B y — NOAYyUYMM NyTb P’
OueBngHo, uto w(P') < w(P), noaTtomMy P — He KpaTyallnii NyTb U3 U B V.

I'IonyquHoe npoTnBoOpeYne 4OKa3blBa€T IEMMY.



Anroput™ bennmana-dopaa

Tak, NnycTb y>Ke paccumTaHbl KpaTyanwme nytm aavH 1, ..., L. O6o3Haumnm Takme
nytv P, (v), rae v — KOHeYHas BepLunHa nyTtu, a Yepes d; (v) - Beca 3TuX
KpaT4yauLmx nyTen.

Torga Beca Kpatyauwmx nyTm aanHbl < L + 1 MOXHO BblUMCANTD C MOMOLLbHO
PEKYPPEHTHBIX COOTHOLLEHWNW:

d,(v),

dp+1(v) = min {min{dL(u) +w(u,v): (u,v) € E}

Camu KpaTyanwme Nyt HauAem C MOMOLLbIO CCbIIOK Ha «MNpejKa» B
KpaTyauLem nyTu.



Anroput™ bennmana-dopaa

JNlemma 1.

Ecin ana Hekotoporo k = 0 v gna Bcex v € V BbINOJIHAETCA

dp+1(V) = di (v),
TO

1) AnascexL >kwnecexv eV d,(v) =d,(v).

2) [naecex v € V BennumnHa d; (v) paBHa pacCTOAHUIO OT S A0 V.

Jlemma 2.

Ecan pnsa kakon-1o BepwuHbl d,, (v) # d,,—1(v), TO Ha rpade ecTb KOHTYp
oTpuMLATENbHOIO Beca.



Anroput™M bennmana-dopaa

// Inmumannsaums
For each veV:

d[i] := 4o00;

pli] := NULL;
d[s] := 0;
// Pac4eT kpaTtyanwmx nytemn
Innaga 1 or 1 mo |V]|-1:

Insa Bcex (u,v) €EE:

Ecam d[v] > d[u]+w[u,Vv], TO

dl{v] := d[u]+w[u,Vv];
plv] = u;

I/ TlpoBepka

NegativeCycle := False;

Ina Bcex (u,v) €€E:
Ecam d[v] > d[u]+w[u,Vv], TO
NegativeCycle := True;

BepuyTe NegativeCycle.
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Anroput™ bennmana-dopaa

Teopema. Anropnt™ bennmaHa-®opaa KOPPEKTHO peLlaeT NOCTaBAEHHYHO
3a4auyy, TO eCTb

a) Ecam B rpade ectb KOHTYp OTpMLaTENBHOIO Beca (AOCTMXUMbIM U3 S), TO
BO3BpaLuaet True.

b) Ecan KOHTYpOB OTpuMLaTeNbHOIrO Beca HeT, TO PacCUMUTbIBAET BeCa
KpaTyauwmx nyten (Mmaccme d) n gaHHble A MOCTPOEHNA KpaTyamLmnx
nyTen (MaccuB p) U3 s BO BCe BePLUMHbI rpada.

KoppekTHOCTb cneayet ns nemm 1 u 2.

BpemeHHas cnoxHocTb anroputma: 0(nm)~0(n3). To ectb, oH paboTaer
AONbLle, YeM anroputm enkcrpel.

Kak MOXXHO An151 HEKOTOPbIX C/ly4YaeB COKPaATUTb BpeMs paboTbl anropmutma?
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Anroput™M bennmana-dopaa

// Nnnumannsaums
For each veV:

d[i] := 4oo;
p[i] := NULL;
dis] := 0;

/[ PacyéT kpatyanmx nyteun

INnmga 1 or 1 mo |V]|-1: n-1 ntepayma

Ina Bcex (u,v) EE: m ayr
Eciom d[v] > d[ul]l+w[u,Vv], TO
div] := d[u]+wlu,Vv];
plv] = u;

/[ TlpoBepka
NegativeCycle := False;
Ina scex (u,v) €E:
Ecam d[v] > d[u]+w[u,v], TO
NegativeCycle := True;

m uTepaumm

BepuyTe NegativeCycle.
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Anroput™M bennmana-dopaa

AocTonHcTBa anroputma beanmaHa-®opaa:
« KoppekTHO paboTaeT A4 3a4a4 C oTpuUaTeNbHbIMK BECaMU Ayr.

» KoppekTHO paboTaeT gaxke Ana 3a4ay C OTPULLATENbHBIMN KOHTYPaMMU.

* [lopgxoauT ansa pacnpesenéHHbIX BbIUMCAEHNN.
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Anroput™m A*

«IBPUCTUYECKMN» anrTOPUTM MHPOPMUPOBAHHOIO MONCKA KpaTyauLLero nytn 3
CTAapTOBOW BEPLUNHbI S B LLEJEBYHO BEPLUMHY t.

Anroputm A* MOXHO paccmaTpuBaTtb Kak MOAMGUKALMIO aNrTOPUTMOB MOMCKa B
LMPUHY 1 aaropuTMa JeunkcTpsl.

Npes: ana kaXkaou BeplwnHbl v € V paccumTtbiBaeTca oueHka f(v) = g(v) + h(v),
rae

* g(v) —Bec y>Ke HaAeHHOro KpaTyauLlero nyTm n3 s B v;
* h(v) — oyeHka Beca KpaTyauLero Nyt n3 v B t.
AHanusvpyem BepLUHbI B nopsagke yseandeHusa f(v).

[Mpn h(v) = 0 anropnt™m A* coBnaaaet ¢ anropntMmom enkcrpeol.
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AnroputMm A*

Anroputm A*

V' = {s}
For each veV:
d[i] := +o00;
pli] := NULL;
f[i] := H4o0;
d[(s] := 0;
f[s] := H(s, t);
[loxka cymecTByeT nyra (u,v): ueV,vel':
BeibpaTes nyry (u*,v*): f£(v*,t) MMHMMAIBHO;
V' =V'u{v};
dv*] := d[u*]+w[u*,v*];
plv*] := u*;

Eciu v*=t, TO npexpaTmUTs;
Update F&P(v*);
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AnroputMm A*

Update F&P (V)
For each (v,u)€E:
if ueV\v' & dfu] > d[v]+w[v,u]:
dlu] := d[v]+tw[v,u];
f[u] d[u]+H(u, t);
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Anroput™m A*

f) =g) + h().
Kak Bbibnpatb h() 1 kak oT Bbibopa h() 3aBnCHMT NnoBeageHne anropnutmMa?
* [lpun h(v) = 0 anroputm A* coBnagaet C anropntMom [ enkcrpoi.

 [lpn h > g anroput™ A* npeBpawlaeTca B XagHblM 3BPUCTUYHECKNY
(HETOUHBIN, HO BBICTPLIV) aNTOPUTM.

* Ecam dyHkumsa h() asnsetca donycmumou, TO eCTb BO BCEX CyYasX
BbiNnosHAETCA h(v) < dist(v,t), TO A* ABNAETCA TOUHbIM, TO €CTb HaXOAMUT
KpaT4yauLwmn NyTb U3 s B t.

BpemeHHas cIoXXHOCTb A* 3aBUCUT OT UCMONb3YyeMOW 3BPUCTUKMN: B XyALUEM
C/lyYae 3KCMOHeHUMaNbHa, HO NOJIMHOMMAAbHA, ECNN BbIMOJHAETCS YCI0BUE
|h(v) — dist(v,t)| < O(log(dist(v,t)).

EMKOCTHas COXHOCTb — B Xy/LLIEM C/yyae 3KCMOoHeHnanbHa ®

17



Anroput™m A*

Kak 4na KOHKpPEeTHOU NpUKNagHOM 3agaum BolbmnpaTtb h()?

(B peakmx cny4vasnax) MOXXHO 3apaHee paccumTtaTthb dist(v,t) n ncnonb3oBatb 3Tu
3HayeHns B kKauectse h(v).

Ecnv BeplwnHbl rpaga — TOUKKM Ha MJIOCKOCTU/B NPOCTPaHCTBE/HA PeLLETKE, TO
B kKavectBe h() MOXXHO BblbpaTb €BKINAOBY/MaHXETTEHCKYH METPUKY.

[MpaBnao pacuéta h(v) MOXXHO M3MEHATb AVHAMMUECKN MO XOAY BbINOJHEHMS
ajropuTtma.

Ecan BbibpaTe Hedonycmumyro h(), TO A* MOXET HaUTK He CaMbIU
ONTMMabHbIW NyTb, HO @) HAMHOTO bbICTpee, 1 6) yuecTb 4OMOAHUTENbHbIE
BaXXHble A9 MPaKTUKN XapakKTepPUCTUKN (OTCYTCTBUE PE3KMX NOBOPOTOB U
T.M.).

18



3amanue 5



3amaHue S

3agaua «JIArymkay.

JIarymika meutaeT mo0parbcs K MyxoMopy. UToObl 3TO caeiaTh €l Haao
IPBITaTh MO OOJIOTY C KOYKHM Ha KOUKY. OTHUM MPBDKKOM JIATYIIKA MOXKET
IIEPEMECTUTLCS TOJIBKO IO ONMKAMIINX KOYEK, KOTOPBIC HAXOIATCS Ha
paccTosHUM He O0oee R oT TeKkyliero MecTtononoXeHus JISrymku. Beero
Ha 0osote N Kouek.

[lomoruTe nsarymke no0parbCsa JO MYyXOMOpa, TaK YTOOBI CyMMAapHOE
paccTosHuEe, KOTOPOE OHA MPOMNPHITaeT, OBLII0 MUHUMAJILHO.
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3amadue 5

@dopMaT BXOTHBIX JaAHHBIX
B nepBoii crpoke nBa uncia N u R pasnenennsie onHuM npooenaom. [anee ciaemyror N
CTPOK ¢ KoopJauHaTamu Kouyek. Kaxkmas cTpoka mpeacTaBiseT coOOW ABa IENbIX YHCia
(abcuucca u opauHara kouku) B auamnazoHe or O go 1000, paznmeneHHBIX OFHUM
npooOenoM. JIsryiika HaxoaMTCS BCErJa Ha IEPBOM B CIIMCKE KOYKE, a MYXOMOp Ha
IOCJIEIHEN.

DopMAaT BbIXOAHbIX TAHHbIX
Ecnn penieHne He CylIecTBYET, TO BbIBECTH -1. Eciin pelienne CymecTByeT - BBIBECTH
CYMMAapHOE€  pacCTOsSHHE, KOTOpPOE€  TIPUIAETCSA  HAIpbIraTh  JIATYIIKE, 51
MOCJIEA0BATEILHOCTh KOOPAMHAT KOYEK (KOOPAMHATHI Ka)XJAOW KOYKH Ha OTACIbHOM
CTpPOKE, pas3jiejeHbl MPoOEIOM), B TOM IOPSJIKE, B KOTOPOM IO HUM JIOJKHA MPBITaTh
asryinika. BelmecTBeHHbIE 4yucia OyayT CpaBHUBAThCA C TOYHOCTBIO JIO BTOPOIO 3HAKa
TIOCJIE 3aIISITON.
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3amadue 5

NMpumep

4 3 6.00
11 1 1
1 3 4 1
4 1 4 4
4 4
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