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Onpegenenune

3iineposbim nymem 8 2pache Ha3bI8aemMcs nPouU3e8osbHbIl Myme,
npoxodauwuli Yepes kaxcdoe pebpo epaga 8 MoYHoCmu 0OUH pas.

Onpegenenune

3amkHymeiii alinepos nyme Hasblieaemca 3lineposbim 0b6xo0om unu
alineposbim yuKaom.

Onpegenenune

Siinepos epagh — 2pagh, 8 Komopom cyujecmsyem 3linepos 06xo0.
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Teopema

3linepos Yukn cyujecmsayem < epadgh ceA3HsIU U 8ce e2o 8epUUHbI
YyemHoli cmerneHu.

def EulerCircuitExists(G):
for v in G.nodes(): #poBepka HeobxoOumbix
if G.degree(v) % 2 != 0: # ycnoBul cywecmBoBaHus
return False
return True

JoKkasaTenbcTBo.
[OCTaTOYHOCTb <— aNropUTM HaXOXAEHMA 3NepoBa NyTH.
HeobxoamumocTb:

€C/IN BepLUMHA V B 31epoBOM 0bxoae k pas
=> CTeneHb 3TOM BePLUUHbI B rpade 2k. ]
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ANropuTm HaxoxaeHus Inneposa LMKNA

def EulerCircuit(G):# next(iter(G))
EP=1[0]
while G.number_of_edges() > 0:
for i, v in enumerate(EP):
# Kyoa 6bl 0obaBumb YUKA? 9
if G.degree(EP[i]) > ©:
break
while G.degree(v) > 0:
#noka He B «mynuke»
w = next(G.neighbors(v))
G.remove_edge(v, w)
i+=1
EP.insert(i, w)
vV =W # u noBmopsem Bce c w

return EP
[0] + (0 : <12340>) -> [0, 1, 2, 3, 4, 0]
[0, 1, 2, 3, 4, @] + (1 : <41>) -> [0, 1, 4, 1, 2, 3, 4, 0]
[0, 1, 4, 1, 2, 3, 4, @] + (3 : <53>) -> [@, 1, 4, 1, 2, 3, 5, 3, 4, 0]
[e, 1, 4, 1, 2, 3, 5, 3, 4, @]
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3agava

«Kommueosxep», «TSP». 3a0aHbl HEOpUEHMUPOBAHHLIU 2padg U3 n
8epwuH-20p0008, u djj = d(v;, v;) — nonoxumernsHeoie yessie
paccmosAHuUsA Mexcdy 20p00amul.

Yemy pasHa HauMeHbWasa 803MOXHAA OAUHA 2AMUMBMOHOB8A YUK/A
(Konbuesoz2o Mmapwipyma, npoxodau,e2o no 0OHOMy pasy Yyepes ece
20p00a)? m. e. HyXHO HAlimu MUHUMGQ/1bHO 803MOM(HOE 3Ha4YeHue CyMmbl

n—1

min E :dpf,pf+1 + dpsprs (1)
1 2 ... n\i=1
pe
20e muHuUmMym 6epemcs o ecem nepecmaHosKkam p yucea 1, ..., n.

“B aHrnos3bl4HOM AnTepatype — Traveling Salesman Problem.
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Onpegenenune

3adaua kommusosepa (3adaqa 1 «TSP») Hasbisaemca mempu4ecKod,
ecnu 0418 Mampuybl paccmosHul 8bIMOAHEHO HEPABeHCMao

mpey20bHUKQ:
Vi, j, k dix < djj + dj.
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OnpepeneHune

3adaua kommusosepa (3adaqa 1 «TSP») Hasbisaemca mempu4ecKod,
ecnu 0418 Mampuybl paccmosHul 8bIMOAHEHO HEPABeHCMao

mpey20bHUKQ:
Vi, j, k dix < djj + dj.

B meTpuueckoli TSP — rpad fonKeH 6biTb NoNHbIM!
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Onpegenenune

3adaya Kommusosepa (3adaya 1 «TSP») Hasbieaemca mempuyecKodl,
ecnu 019 Mampuybl pacCMoAHUL 8bIMOAHEHO HEPABEHCMEB0
mpey20bHUKQ:

Vi, j, k di < djj + djk.

B meTpuueckoli TSP — rpad fonKeH 6biTb NoNHbIM!

Jlemma
Mempuueckas 3ada4a kommusosaxepa N P-nonHa. }
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OnpepeneHune

3adaua kommusosepa (3adaqa 1 «TSP») Hasbisaemca mempu4ecKod,
ecnu 0418 Mampuybl paccmosHul 8bIMOAHEHO HEPABeHCMao

mpey20bHUKQ:
Vi,j, k dix < djj + djk.

B meTpuueckoli TSP — rpad fonKeH 6biTb NoNHbIM!

Jlemma
Mempuueckas 3ada4a kommusosaxepa N P-nonHa.

JokasaTenbcTBo.
© «MamunbLTOHOB UMKAY» (eanHUYHble Beca) — N P-nonHa.
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OnpepeneHune

3adaua kommusosepa (3adaqa 1 «TSP») Hasbisaemca mempu4ecKod,
ecnu 0418 Mampuybl paccmosHul 8bIMOAHEHO HEPABeHCMao

mpey20/bHUKa:
Vi, j, k dix < dj + dj.

B meTpuueckoli TSP — rpad fonKeH 6biTb NoNHbIM!

Jlemma
Mempuueckas 3ada4a kommusosaxepa N P-nonHa.

JokasaTenbcTBo.
© «MamunbLTOHOB UMKAY» (eanHUYHble Beca) — N P-nonHa.

© [JononHum ao nonHoro rpada pebpamu c Becom 2.
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OnpepeneHune

3adaua kommusosepa (3adaqa 1 «TSP») Hasbisaemca mempu4ecKod,
ecnu 0418 Mampuybl paccmosHul 8bIMOAHEHO HEPABeHCMao

mpey20/bHUKa:
Vi, j, k dix < dj + dj.

B meTpuueckoli TSP — rpa¢ gonkeH 6biTb NoAHbIM!

Jlemma
Mempuueckas 3ada4a kommusosaxepa N P-nonHa.

JokasaTenbcTBo.
© «MamunbLTOHOB UMKAY» (eanHUYHble Beca) — N P-nonHa.
© [JononHum ao nonHoro rpada pebpamu c Becom 2.

© Tlpad cBecamn 1 1 2 — MeTpUYECKUN.
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OnpepeneHune

3adaya Kommusosepa (3adaya 1 «TSP») Hasbieaemca mempuyecKodl,
ecnu 019 Mampuybl pacCMoAHUL 8bIMOAHEHO HEPABEHCMEB0
mpey20bHUKQ:

Vi j, k dix < djj + di.

B meTpuuyeckon TSP — rpad gomkeH bbiTb NONHbIM!

Jlemma
Mempuueckas 3ada4a kommusosaxepa N P-nonHa.

JokasaTenbcTBo.
© «MamunbLTOHOB UMKAY» (eanHUYHble Beca) — N P-nonHa.
© [JononHum ao nonHoro rpada pebpamu c Becom 2.
© Tlpad cBecamn 1 1 2 — MeTpUYECKUN.

© Ecau onTumym He BK/toYaeT B cebs pebpa c Becom 2 — TO 3TO
raMu/bTOHOB LKA ANA UCXOAHOro rpada.

O
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3agava

«MuHumanbHoe ocmosHoe depeso» (Minimum Spanning Tree)

3adaH ceAsHbIli HeopueHMuposaHHsil epa G = (V, E), 2de

V={vi, ...,vp}—mMHoxecmeo sepwuH, |V| = n, E—mHoxcecmeo
pebep mexOy HUMU, U 8ecosas (hyHKuua w : E — Z+°

Tpebyemcsa Halimu HaumeHbWUuli 803MOXHbIl 8eC 0CMOBHO20 0epesa,
m. e.

20e MUHUMym bepemcs o 8cem O0CMOoBHbIM 0epPesbAM HA N BEPUIUHAX
(no ecem mHoxecmeam T uz (n — 1) dye, ceAsbi8arOWUM 8ce n 8epPWIUH
8 eOuHyto cems).

“MO’KHO BBOAMTb MOJIOKMUTENbHBIE LE/ble Beca Ha pebpax, kak wi; = w(vj, v)).

(2)
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Anroputm lNprma

def MST_Prim(G, s):
MST = {} #xow (y3en: npedwecmBeHHUK)
ToVisit = {s: @} # epaHuuayue c MST, (y3en: cmoumocms)
Ancestor = {s: s} #xsw: BepwuHsl u3 komopeix BKaw4aiwm Opyaue
while ToVisit: # noka ecmb HenoceweHHble BepuiuHbl
v = argmin(ToVisit) # 6auxaliwas docmuxumas BepuuHa
MST[v] = Ancestor[v] # 3anomuHaem, omkyda npuwau
del ToVisit[v]
del Ancestor[v] # 6osbwe He nocewams
for w in G.neighbors(v): # dna Bcex cocedeli BepuiuHsl v
if w not in MST: # komopvuie euye He B MST
# obHoBnsem cmoumocmo BkawveHus B MST
if (w not in ToVvisit
or G[v][w][”weight”] < ToVisit[w]):
ToVisit[w] = G[v][w][”weight”]
Ancestor[w] = v
return MST
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BbinonHeHue anroputma lMpuma

i $20

Minsk
Start

Utepauma Ne 1

Croumoctb MST: 0
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BbinonHeHue anroputma lNMpuma

NY ($60)
$80 " 7

Kiev ($10) > .~ g

/1 se” $50

10/ | i

$ 530, |

$20

Minsk
Start

Utepauma Ne 2 Cronmoctb MST: 15
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BbinonHeHue anroputma lNMpuma

NY ($60)
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e — Berlin ($20)

$20

Minsk
Start

Ntepauma Ne 3 Cronmoctb MST: 25
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BbinonHeHue anroputma lNMpuma

$80 " 7

Minsk
Start

Utepauma Ne 4 Cronmoctb MST: 45
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BbinonHeHue anroputma lNMpuma

Minsk
Start

Utepauma Ne 5 CronmocTtb MST: 95
9/17



MpnbnnxKeHHbIN anroputMm-1 ans metTpuyeckom «TSP»

@ Haiitn MMHMManbHoe ocToBHOE Aepeso T ¢ maTpuuei Becos [dj].

@ MMocTpouTsb 3iinepos rpad G 1 snnepos obxoa 8 G, npoaybanposas
Bce pebpa gepesa T.

© W3 sitneposa maplupyTa (06x0a) raMMUALTOHOB LIMKA CTPOUTCA
nyTem noc/ien0BaTe/IbHOro BblYEPKMBAHMSA BEPLLMH, BCTPETUBLUMXCA
paHee.
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Anropntm-1 2-npubanKeHHbIN

JokasaTenbcTBo.
© Kpartyalllumii ramMAbTOHOB LIMKA He MeHblle MST.
© [nawvHa slinepoBa maplupyTa B G paBHa aBym MST.

© HepaseHCTBO TpeyrobHUKa = NOJIy4eHHbIN rAMU/IBTOHOB LMK/ He
ANvHHee 3iinepoBa 06xoaa = He AsinHHee AByx MST = ...
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Onpegenenune

MapocoyemaHue® — noOMHoIecmso pebep epagha, maxkoe, Ymo
HUKakue 08a pebpa u3 3moao NOOMHOMECMBa He UHYUOEeHMHbI
Kakoli-nubo o0Holi eepuiuHe.

“Matching B aHrN0A3bI4HON NIUTEPATYpE.

OnpepeneHune

CosepuweHHoe napocoyemaHue® — napocoyemaHue, NoKpsisaroLyee ece
8eplWUHbI epagha.

9%Perfect matching B aHrNOA3bIYHON AUTEPATYpPE.
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Anroputm Kpuctodpugeca ansa metpuyeckom «TSP»

Haiitn MST T.

N(T) — BepLUMHbI HeYeTHOI cTeneHn B T

M — KkpaTyaiiluee cCOBEpPLIEHHOE NAPOCOYETAHNE C MHOXKECTBOM
BeplmH N(T).

Gg iinepos rpad ¢ BepwnHamm {vi, ...,v,} v pebpammn TU M.

Halitu aiinepoBs o6xog, Pr B Gg.

©00 000

MOCTPOMTb raMUALTOHOB LUMKA Py U3 Pr noc/iefoBaTe/IbHbIM
BblYEPKMBAHMEM MOCELLEHHbIX BEPLUNH.
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S-NPUBAMKEHHbIN

3
2

Anroputm Kpuctodungeca —

Gg — 3iinepos 1 cBA3eH. Py — pesynbTart. Pj; — ONTUMYM. ¢ — CTOMMOCTb

c(T) < c(P}y) < c(Py).
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Anroputm Kpuctodungeca — %-I‘IpM6J‘IVI)KeHHbIl7I
i1, i2, ..., iam — BepLINHbI HeYeTHOW cTeneHun B T (B nopaake Py).

[..]
[ o]

PaCCMOTpMM napoco4vyeTaHunA:

My = {ir,i2}, {is,ia}, ..., {iom—1,i2m},
Mo = {io,is}, {is,is}, ..., {iom,i1}-
N3 HepaBeHcTBa TpeyronbHuKa = ¢(P};) > ¢(My) + c(Ma).
M — kpatuaiiwee = c¢(My) > ¢(M), c(Mz) > c¢(M).

c(PL) > 2c(M) = c(M) < %C(Pﬁ,).
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Anroputm Kpuctodungeca — %-I‘IpM6J‘IVI)KeHHbI171
i1, i2, ..., iam — BepLINHbI HeYeTHOW cTeneHun B T (B nopaake Py).

[..]
[ o]

PaCCMOTpMM napoco4vyeTaHunA:

My = {in, i}, {is,is}, .., {iom—1,i2m},
My = {ia,is}, {ia,is}, .., {iam,i1}.
N3 HepaBeHcTBa TpeyronbHuKa = ¢(P};) > ¢(My) + c(Ma).
M — kpatuaiiwee = c¢(My) > ¢(M), c(Mz) > c¢(M).

c(PL) > 2c(M) = c(M) < %C(Pﬁ,).

c(Ph) < o{T) +c(M) < o(Pf) + 3e(P) = oelPp).
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BbinonHeHue anropmutma Kpmuctopumaeca

def tsp_cristofides(G):

MST = nx.minimum_spanning_tree(G) G Graph with 15 nodes and 105 edges
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree ..

if not (degree % 2)1) ® o [o}
min_matching = nx.min_weight_matching(L, maxcardinality=1 ‘ "
MG = nx.MultiGraph() ®
MG.add_edges_from(MST.edges) ® ®

MG.add_edges_from(min_matching)

euler_cycle = list(nx.eulerian_circuit(MG))

cristo_tour =[]

start_node = euler_cycle[@8][@]

cristo_tour.append(start_node)

for -u, v in- euler_cycle:

Tf.v.not.in cristo_tour:

cristo_tour.append(v)

cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G)
x_app.simulated_annealing_tsp(G,
init_cycle=cristo_tour, max_iteratipi
|

return-cristo_tour, MST
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BbinonHeHue anropmutma Kpmuctopumaeca

def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G) G Graph with 15 nodes and 105 edges |MST| = 134
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree

if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality=1
MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

euler_cycle = list(nx.eulerian_circuit(MG))

cristo_tour =[]

start_node = euler_cycle[@8][@]

cristo_tour.append(start_node)

for -u, v in euler_cycle:

Tf v not-in cristo_tour:

cristo_tour.append(v)

cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G)
x_app.simulated_annealing_tsp(G,
init_cycle=cristo_tour, max_iterati

-5

return-cristo_tour, MST
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BbinonHeHue anropmutma Kpmuctopumaeca

def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L = G.copy()

L.remove_nodes_from([v for v, degree in MST.degree

if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality=

MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

euler_cycle = list(nx.eulerian_circuit(MG))

cristo_tour =[]

start_node = euler_cycle[@8][@]

cristo_tour.append(start_node)

for u, v in euler_cycle:

Tf v.not.in cristo_tour:

cristo_tour.append(v)

cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G)
x_app.simulated_annealing_tsp(G,

init_cycle=cristo_tour, max_iterati

return - cristo_tour, MST

4

e Bl

G Graph with 15 nodes and 105 edges |MST| = 134

L Graph with 15 nodes and 105 edges

— s

®
‘..
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BbinonHeHue anropmutma Kpmuctopumaeca

def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality=

MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

euler_cycle = list(nx.eulerian_circuit(MG))

cristo_tour =[]

start_node = euler_cycle[@8][@]

cristo_tour.append(start_node)

for -u, v in euler_cycle:

Tf.v.not.in cristo_tour:

cristo_tour.append(v)

cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G)
nx_app.simulated_annealing_tsp(G,

init_cycle=cristo_tour, max_iterati

return cristo_tour, MST

4

-5

G Graph with 15 nodes and 105 edges |MST| = 134

L Graph with 4 nodes and 6 edges

16/17



BbinonHeHue anropmutma Kpmuctopumaeca

def tsp_cristofides(G):

MST = nx.minimum_spanning_tree(G) G Graph with 15 nodes and 105 edges |MST| = 134

L = G.copy() ‘,\.
L.remove_nodes_from([v for v, degree in MST.degree ——

if not (degree % 2)])
min_matching = nx.min_weight_matching(L, maxcardinality=1

MG = nx.MultiGraph() -
MG.add_edges_from(MST.edges)

MG.add_edges_from(min_matching)

L Graph with 4 nodes and 6 edges [Mininum Matching| = 99

euler_cycle = list(nx.eulerian_circuit(MG)) .\

cristo_tour =[] \\

start_node = euler_cycle[@8][@]

cristo_tour.append(start_node)

for u, v in euler_cycle:

Tf.v.not.in cristo_tour:

cristo_tour.append(v)

cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G)
x_app.simulated_annealing_tsp(G,
init_cycle=cristo_tour, max_iterati

-5

return cristo_tour, MST
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BbinonHeHue anropmutma Kpmuctopumaeca

def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality=

MG = nx.MultiGraph()

4

MG.add_edges_from(MST.edges)

MG.add_edges_from(min_matching)

euler_cycle = list(nx.eulerian_circuit(MG))

cristo_tour =[]

start_node = euler_cycle[@8][@]

cristo_tour.append(start_node)

for -u, v in euler_cycle:

Tf.v.not.in cristo_tour:

cristo_tour.append(v)

cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G)
x_app.simulated_annealing_tsp(G,

init_cycle=cristo_tour, max_iterati

return cristo_tour, MST

-5

G Graph with 15 nodes and 105 edges |MST| = 134

MG MultiGraph with 0 nodes and 0 edges |MG| = 0
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BbinonHeHue anropmutma Kpmuctopumaeca

def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality=

MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)

4

MG.add_edges_from(min_matching)

euler_cycle = list(nx.eulerian_circuit(MG))

cristo_tour =[]

start_node = euler_cycle[@8][@]

cristo_tour.append(start_node)

for -u, v in euler_cycle:

Tf.v.not.in cristo_tour:

cristo_tour.append(v)

cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G)
x_app.simulated_annealing_tsp(G,

init_cycle=cristo_tour, max_iterati

return - cristo_tour, MST

h

G Graph with 15 nodes and 105 edges |MST| = 134
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BbinonHeHue anropmutma Kpmuctopumaeca

def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality=

MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

4

euler_cycle = list(nx.eulerian_circuit(MG))

cristo_tour =[]

start_node = euler_cycle[@8][@]

cristo_tour.append(start_node)

for u, v in euler_cycle:

Tf.v.not.in cristo_tour:

cristo_tour.append(v)

cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G)
x_app.simulated_annealing_tsp(G,

init_cycle=cristo_tour, max_iterati

return cristo_tour, MST

T

G Graph with 15 nodes and 105 edges |MST| = 134
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BbinonHeHue anropmutma Kpmuctopumaeca

def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L =G.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality

MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)
euler_cycle = list(nx.eulerian_circuit(MG))
cristo_tour =[]

i
4

start_node = euler_cycle[@8][@]
cristo_tour.append(start_node)
for u, v in euler_cycle:
Tf.v.not.in cristo_tour:
cristo_tour.append(v)
cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G)
nx_app.simulated_annealing_tsp(G,

init_cycle=cristo_tour, max_iterati

return cristo_tour, MST
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init_cycle=cristo_tour, max_iterati
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def tsp_cristofides(G):
MST .= nx.minimum_spanning_tree(G)
L =G.copy()
L.remove_nodes_from([v for v, degree in MST.degree

if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality
MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

euler_cycle
cristo_tour =[]
start_node = euler_cycle[@8][@]

cristo_tour.append(start_node)

list(nx.eulerian_circuit(MG))

4

for -u, v -in-euler_cycle:
Tf v.not-in cristo_tour:
cristo_tour.append(v)
cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G)
‘nx_app.simulated_annealing_tsp(G,

init_cycle=cristo_tour, max_iterati

return-cristo_tour, MST
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree

if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality=
MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

4

euler_cycle = list(nx.eulerian_circuit(MG))

cristo_tour =[]

start_node = euler_cycle[@8][@]

cristo_tour.append(start_node)

for u, v in euler_cycle:

if v not in cristo_tour:

cristo_tour.append(v)

cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G) 1
x_app.simulated_annealing_tsp(G,

init_cycle=cristo_tour, max_iterati

|

return cristo_tour, MST
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree

if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality=
MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

4

euler_cycle = list(nx.eulerian_circuit(MG))
cristo_tour =[]
start_node = euler_cycle[@8][@]
cristo_tour.append(start_node)
for u, v in euler_cycle:

Tf v.not.in cristo_tour:

. cristo_tour.append(v)
cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G) 1
x_app.simulated_annealing_tsp(G,

init_cycle=cristo_tour, max_iterati

"

return-cristo_tour, MST
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality=

MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

euler_cycle = list(nx.eulerian_circuit(MG))
cristo_tour =[]

start_node = euler_cycle[@8][@]
cristo_tour.append(start_node)

4

6 Graph with 15 nodes and 105 eages TSPC| = 75 [MST] = 134

for u, v -in euler_cycle:
Tf v not-in cristo_tour:
cristo_tour.append(v)
cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G)
x_app.simulated_annealing_tsp(G,

init_cycle=cristo_tour, max_iterati

return cristo_tour, MST
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])
min_matching = nx.min_weight_matching(L, maxcardinalit
MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

euler_cycle = list(nx.eulerian_circuit(MG))
cristo_tour =[]
start_node = euler_cycle[@8][@]
cristo_tour.append(start_node)
for u, v in euler_cycle:

if v not in cristo_tour:

=1

cristo_tour.append(v)
cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G)
x_app.simulated_annealing_tsp(G,

init_cycle=cristo_tour, max_iteratilor|
H

return cristo_tour, MST
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree

if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality=1
MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

G Graph with 15 nodes and 105 edges [TSPC| = 75 MST) = 134

euler_cycle = list(nx.eulerian_circuit(MG))
cristo_tour =[]

start_node = euler_cycle[@8][@]
cristo_tour.append(start_node)

for-u, v in euler_cycle:

cristo_tour.append(v)
cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G) 1
x_app.simulated_annealing_tsp(G,
init_cycle=cristo_tour, max_iteratiloi|

H

return cristo_tour, MST
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])
min_matching = nx.min_weight_matching(L, maxcardinalit
MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

euler_cycle = list(nx.eulerian_circuit(MG))
cristo_tour =[]

start_node = euler_cycle[@8][@]
cristo_tour.append(start_node)

=1

for u, -v-in euler_cycle:
Tf v not-in cristo_tour:
cristo_tour.append(v)
cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G)
x_app.simulated_annealing_tsp(G,

init_cycle=cristo_tour, max_iteratilor|
H

return-cristo_tour, MST
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])
min_matching = nx.min_weight_matching(L, maxcardinalit
MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

euler_cycle = list(nx.eulerian_circuit(MG))
cristo_tour =[]
start_node = euler_cycle[@8][@]
cristo_tour.append(start_node)
for -u, v in euler_cycle:

if v not in cristo_tour:

=1

cristo_tour.append(v)
cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G)
x_app.simulated_annealing_tsp(G,

init_cycle=cristo_tour, max_iteratilor|
H

return cristo_tour, MST
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L =G.copy()
L.remove_nodes_from([v for v, degree in MST.degree

if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality=
MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

G Graph with 15 nodes and 105 edges [TSPC| = 75 [MST| = 134
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euler_cycle = list(nx.eulerian_circuit(MG))

cristo_tour =[] .
start_node = euler_cycle[@8][@] Y
cristo_tour.append(start_node) Y ' '. —— T
for -u, v in euler_cycle: \ P =]
Tf v not in cristo_tour: L4 .

“cristo_tour.append(v)
cristo_tour.append(start_node)
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree

if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality=
MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

G Graph with 15 nodes and 105 edges [TSPC| = 113 [MST| = 134

4

euler_cycle = list(nx.eulerian_circuit(MG))

cristo_tour =[]

start_node = euler_cycle[@8][@]

cristo_tour.append(start_node)

for u, v -in euler_cycle:

Tf v.not.in cristo_tour:

cristo_tour.append(v)

cristo_tour.append(start_node)
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree

if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality=
MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

G Graph with 15 nodes and 105 edges [TSPC| = 113 [MST| = 134

4

euler_cycle = list(nx.eulerian_circuit(MG))
cristo_tour =[]

start_node = euler_cycle[@8][@]
cristo_tour.append(start_node)

for u, v in euler_cycle:

if v not in cristo_tour:
cristo_tour.append(v)
cristo_tour.append(start_node)
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L =G.copy()
L.remove_nodes_from([v for v, degree in MST.degree

if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality=
MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

G Graph with 15 nodes and 105 edges [TSPC| = 113 [MST| = 134

4

euler_cycle = list(nx.eulerian_circuit(MG))
cristo_tour =[]
start_node = euler_cycle[@8][@]
cristo_tour.append(start_node)
for u, v in euler_cycle:

Tf.v.not.in cristo_tour:

. cristo_tour.append(v)
cristo_tour.append(start_node)
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L= 6.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])
min_matching = nx.min_weight_matching(L, maxcardinalit
MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)
euler_cycle = list(nx.eulerian_circuit(MG))
cristo_tour =[]
start_node = euler_cycle[@8][@]
cristo_tour.append(start_node)
for u, v in euler_cycle:
Tf v.not.in cristo_tour:

=1

cristo_tour.append(v)

cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G)
x_app.simulated_annealing_tsp(G,

init_cycle=cristo_tour, max_iterati

return cristo_tour, MST
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree

if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality=
MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

G Graph with 15 nodes and 105 edges [TSPC| = 125 [MST| = 134

4

euler_cycle = list(nx.eulerian_circuit(MG))

cristo_tour =[]

start_node = euler_cycle[@8][@]

cristo_tour.append(start_node)

for u, v -in euler_cycle:

Tf v.not.in cristo_tour:

cristo_tour.append(v)

cristo_tour.append(start_node)
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree

if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality=
MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

4

euler_cycle = list(nx.eulerian_circuit(MG))

cristo_tour =[]

start_node = euler_cycle[@8][@]

cristo_tour.append(start_node)

for -u, v in euler_cycle:

if v not in cristo_tour:

cristo_tour.append(v)

cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G) 1
x_app.simulated_annealing_tsp(G,
init_cycle=cristo_tour, max_iteratilor|

H

return-cristo_tour, MST
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree

if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality=
MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

G Graph with 15 nodes and 105 edges [TSPC| = 125 [MST| = 134

4

euler_cycle = list(nx.eulerian_circuit(MG))
cristo_tour =[]

start_node = euler_cycle[@8][@]
cristo_tour.append(start_node)

for u, v in euler_cycle:

if v not in cristo_tour:
cristo_tour.append(v)
cristo_tour.append(start_node)
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality=

MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

euler_cycle list(nx.eulerian_circuit(MG))
cristo_tour =[]

start_node = euler_cycle[@8][@]
cristo_tour.append(start_node)

for u, v in euler_cycle:

if v not in cristo_tour:

4

cristo_tour.append(v)
cristo_tour.append(start_node)

tour = nx_app.greedy_tsp(G)
nx_app.simulated_annealing_tsp(G,

init_cycle=cristo_tour, max_iterati

return cristo_tour, MST
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L =G.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality

MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

euler_cycle
cristo_tour =[]

start_node = euler_cycle[@8][@]
cristo_tour.append(start_node)
for u, v in euler_cycle:

list(nx.eulerian_circuit(MG))

cristo_tour.append(v)

4

cristo_tour.append(start_node)

tour =

nx_app.greedy_tsp(G)
nx_app.simulated_annealing_tsp(G,
init_cycle=cristo_tour, max_iterat

return cristo_tour, MST
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality

MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

euler_cycle list(nx.eulerian_circuit(MG))
cristo_tour =[]
start_node = euler_cycle[@8][@]

cristo_tour.append(start_node)

4

for u, v -in euler_cycle:
Tf v.not.in cristo_tour:
cristo_tour.append(v)
cristo_tour.append(start_node)

tour = nx_app.greedy_tsp(G)
nx_app.simulated_annealing_tsp(G,

init_cycle=cristo_tour, max_iterat

return cristo_tour, MST
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L =G.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality

MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

euler_cycle
cristo_tour =[]
start_node = euler_cycle[@8][@]
cristo_tour.append(start_node)
for u, v in euler_cycle:

if v not in cristo_tour:

list(nx.eulerian_circuit(MG))

4

cristo_tour.append(v)
cristo_tour.append(start_node)

tour =

nx_app.greedy_tsp(G)
nx_app.simulated_annealing_tsp(G,
init_cycle=cristo_tour, max_iterat

return cristo_tour, MST
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L = G.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality

MG = nx.MultiGraph()
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MG.add_edges_from(min_matching)

euler_cycle
cristo_tour =[]

start_node = euler_cycle[@8][@]
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cristo_tour.append(start_node)

tour =

nx_app.greedy_tsp(G)
nx_app.simulated_annealing_tsp(G,
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MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

euler_cycle list(nx.eulerian_circuit(MG))
cristo_tour =[]
start_node = euler_cycle[@8][@]

cristo_tour.append(start_node)

4

for u, v -in euler_cycle:
Tf v not-in cristo_tour:
cristo_tour.append(v)
cristo_tour.append(start_node)

tour = nx_app.greedy_tsp(G)
nx_app.simulated_annealing_tsp(G,

init_cycle=cristo_tour, max_iterat

return-cristo_tour, MST

euler cycie
crsto_tour
reedy tsp.tour

sa_tsp._tour

G Graph with 15 nodes and 105 edges [TSPC| = 147 MST| = 134

012 1211110 109 914 14.8
o 2 u 1 9 w s 7 1 3 4 5 & 2

16/17



BbinonHeHue anropmutma Kpmuctopumaeca

def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L =G.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality

MG = nx.MultiGraph()
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MST = nx.minimum_spanning_tree(G)
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L.remove_nodes_from([v for v, degree in MST.degree
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min_matching = nx.min_weight_matching(L, maxcardinality

MG = nx.MultiGraph()
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cristo_tour =[]
start_node = euler_cycle[@8][@]

cristo_tour.append(start_node)

4

for u, v -in euler_cycle:
Tf v.not-in cristo_tour:
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cristo_tour.append(start_node)
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L =G.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])

min_matching = nx.min_weight_matching(L, maxcardinality=

MG = nx.MultiGraph()
MG.add_edges_from(MST.edges)
MG.add_edges_from(min_matching)

euler_cycle list(nx.eulerian_circuit(MG))
cristo_tour =[]
start_node = euler_cycle[@8][@]
cristo_tour.append(start_node)
for u, v in euler_cycle:
Tf.v.not.in cristo_tour:
cristo_tour.append(v)

4

cristo_tour.append(start_node)

tour =

nx_app.greedy_tsp(G)
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L =G.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])
min_matching = nx.min_weight_matching(L, maxcardinality
MG = nx.MultiGraph()
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MG.add_edges_from(min_matching)
euler_cycle = list(nx.eulerian_circuit(MG))
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greedy_tsp_tour = nx_app.greedy_tsp(G)

4

sa_tsp_tour = nx_app.simulated_annealing_tsp(G,

init_cycle=cristo_tour, max_iterati
W

return cristo_tour, MST
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L= 6.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])
min_matching = nx.min_weight_matching(L, maxcardinality=
MG = nx.MultiGraph()

MG.add_edges_from(MST.edges) MG MultiGraph with 15 nodes and 16 edges |MG| =
MG.add_edges_from(min_matching)

4

euler_cycle = list(nx.eulerian_circuit(MG))

cristo_tour =[]

start_node = euler_cycle[@8][@]

cristo_tour.append(start_node)

for-u, v in euler_cycle:

Tf.v.not.in cristo_tour:

cristo_tour.append(v)

cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G) 1
sa_ ‘nx_app.simulated_annealing_tsp(G,
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init_cycle=cristo_tour, max_iterati
¥

return cristo_tour, MST

=1

MG MultiGraph with 15 nodes and 16 edges |MG]| =

12:3456‘7‘5‘9310 1

2,11 11,10 10,9 9,14 14,8 87 7,1 1,3 3,4 45 56 €

12 11 10 9 14 8 7 1 3 a 5

16/17



BbinonHeHue anropmutma Kpmuctopumaeca

def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L= 6.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])
min_matching = nx.min_weight_matching(L, maxcardinality=
MG = nx.MultiGraph()

MG.add_edges_from(MST.edges) MG MultiGraph with 15 nodes and 16 edges |MG| =
MG.add_edges_from(min_matching)

4

euler_cycle = list(nx.eulerian_circuit(MG))

cristo_tour =[]

start_node = euler_cycle[@8][@]

cristo_tour.append(start_node)

for-u, v in euler_cycle:

Tf.v.not.in cristo_tour:

cristo_tour.append(v)

cristo_tour.append(start_node)

greedy_tsp_tour = nx_app.greedy_tsp(G) 1
sa_ ‘nx_app.simulated_annealing_tsp(G,
init_cycle=cristo_tour, max_iteratipl

"

12}3456‘1‘5‘9;10 1

return-cristo_tour, -MST 2,11 11,10 10,9 9,14 14,8 87 7,1 1,3 3,4 45 56 €

12 11 10 9 14 8 7 1 3 4 5

16/17



BbinonHeHue anropmutma Kpmuctopumaeca

def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L= G.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])
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def tsp_cristofides(G):
MST = nx.minimum_spanning_tree(G)
L= G.copy()
L.remove_nodes_from([v for v, degree in MST.degree
if not (degree % 2)])
min_matching = nx.min_weight_matching(L, maxcardinality=
MG = nx.MultiGraph()

MG.add_edges_from(MST.edges) MG MultiGraph with 15 nodes and 16 edges |MG| =
MG.add_edges_from(min_matching)

4

euler_cycle = list(nx.eulerian_circuit(MG))

cristo_tour =[]

start_node = euler_cycle[@8][@]

cristo_tour.append(start_node)

for -u, v in euler_cycle:

Tf.v.not.in cristo_tour:
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cristo_tour.append(v)
cristo_tour.append(start_node)
G Graph with 15 nodes and 105 edges [TSPC| = 155 [TSPG| = 118 [TSPS| =

tour = nx_app.greedy_tsp(G)
nx_app.simulated_annealing_tsp(G,
init_cycle=cristo_tour, max_iteratior|

sa_tsp_tour

return-cristo_tour, MST

MG MultiGraph with 15 nodes and 16 edges [MG| = 233

if __name__ "__main__":
G = subway_graph()
cristo_tour, mst = tsp_cristofides(G)

cristo_edges = list(nx.utils.pairwise(cristo_tour))
for-u, v, d in G.edges(data=True): r
if not ((u, v) in cristo_edges or (u, v) in cristo_ed

d[ 'weight'] =2

o 12 3 4 s & 7 s 8 ow o m o onm om o

. i X I | cveoce 012 12011110 109 16 18 87 21 13 34 45 56 62 21 L1
cristo_tour. = tsp_cristofides(G) B | costosour o um/m 1w 9 w s 7 1 3 & s & 2 1
pass eetyspow 0 13 1 2 6 5 4 3 7 8 14 9 1o m u
B satsp tour o 12 1 10 9 14 8 7 1 3 - B O 2 13
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MHTepHeT noggeprkKa Kypca
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Bonpochb? J
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