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RGraphBIEE=

MR “F” ERNPHAR—TRIBT
P “BB” ARNPERZVNEE, ERNAANEE

painting: FR@RIEBHE

drawing: FRBPEBNHRB/LHFRE

picture: EXFRIRMENE, WA, Wtake picture
image: EEED%ﬁ’ﬁﬂ%EYJ@n, & f%IJLHﬁleage Eizﬂf%&ﬁ&%%m%ﬁ’ﬁ%
graph: B8 : S L

figure: BERNRE, %AfﬂJ@B’ﬂi’BEE ﬁﬁuﬁflgure outBYIR A
diagram: HRAEZRAE, WEBEE. BFIRE. XERE
chart: BEFHIMERNERE. HE. T4E

map: HIE; plot: MIE_EBI—/)\IR
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RGraphBIEE=

o —BERNXNEBMEXQIET S ERER, MILIRAVERNINESEX
R R ERERERRNICI
SFARS, AKOIRAIER ARSI R O R @SB E XEE, Bit&E it
WEIXREEED ;
BURARRETIBE, MOMURRBESXIRRMEETEINAZTERRNGME, BEE
BEBIH ;
ERMEBHEAT DS MESERNSEAMS, BT EIREERBETEN2E
EEERNSE. RRREREUNBR,
KRR BEBKIHEXR, IESHERRT
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Route Map of Beijing Subway
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o R EFARPAZEBIRZ6TARITIE
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0 o IJmVertex

R “BmNode” , RENEAARSS, MRABSIFRRKey, HTUSHHIER
’@ payload,

8

% iﬂEdge

AR “ghAre” , REBHNRS—TNERANID, FN2TTIRZEBXRANTRR, DEZMRTTR
m; DT LIRE [Oone-waySi & XX O two-wayHl, WR—TEBPHAEDHEREEA, FMIRX
TN “BOBdirected graph/digraph” .

( uoyifg

o N&EWeight
N I TAEN—TIRREAZ— TR “NH0” , JEUEDHENR; SINARNBIMNMERZ
B8 “ppE” . “BTHE” 3 “EN” BIYLUHENNRE.
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TEN

e — I BIGOUENNG=(V, E)
HOVRIIRNES
ERNNES, EPHNERBe=(v, w), vAIvE VPR ;
WRBWEXE, WILFEePRNE=TRENE
3B subgraph: VAIERSE&

o MEAREBIS: 6N INRNRIRIL
SlElS

WENRH
V ={V0,V1,V2,V3,V4,V5}

- { (U{]&Ul: 5): (Ula 1‘72: 4)1 (1}2, ”31 g)a (U?’w U41 7)1 (U4:U01 1): }
| (v0,v5,2), (v5,v4, 8), (v3,v5, 3), (v5,v2, 1)
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NBR

° Eﬂ?éPath
RPHER, BHROKRERERNINREI;

P=(wl, w2, e, wn), HOXNFAEI=i<=n-1, (wi, wit+l)EFE;
TREBENKENDNYE, Fn-1; HTNELNKENBEINRERF;
90, BUIRPE—FRBBR (v3, v4,v0,vl), EHihN{(v3,v4,7), (v4,v0,1), (v0,vl, 5)}

BT S s ‘
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° #Cycle
BEEReEIMRERNEE, WaIiRP (v5, v2, v3, vb) 2— 1 E
WR—TEPABHEETE, WIRE “TcEB®acyclic graph”
TENEORFRME “SaiBB®directed acyclic graph: DAG”
BERNIUBRWR—NIBREERTADAG, RO ARBSABEG AR
o BE: MR —FPTLMRBIE ? BDAGA ?
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HWREIEZEARL . ADT Graph

HMREIBETUADT GraphlEe XU K :

Graph() : BI—1Z=HE;

addVertex (vert) : JR—PNmVertexXyRNNAE D

addEdge (fromVert, toVert) : SpAl—REOHA

addEdge (fromVert, toVert, weight) : WII—FKHENRANE DA
getVertex (vertKey) : BRI vertKeyBIIRm

getVertices () : IROEDPAEINRIIZ

in: #FMRvert in graphBNBOF T, IROIMREBEBERPTrue/False

o ADT GraphBSCIN HEBMMPEEREI:

SLiERFFad jacency matrixfILfERadjacency list
MM SESBINS, RE2AEANORRMAPIILLERE
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SRIEREFEAd jacency Matrix

o XNERINEREMKISERKAE 4R

o RBENBTHBIENRBPHNMNR, WRATMRZER/NEE, WEHE
NATIHERRERF D & P N0 CUATR
ZRANREFREFFEDERENL, HEO

AN IREREF NEEDEE vo 5 2

o WERABFEXMANNRBESE
IURERBIMRNTHE

o BYUREDPEVAOEIR/DNEAE R
N “Mifmsparse” FEfE

RZHIQVRAFTIV A B ER R IR EY
Dz DF V] 28R
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SREDFKAd jacency List

o ZIZFRKadjacency 1istTUNNBRENE SV HHR
#HIFP— P BRSHABIMMEEIIZFR (naster list)

FIRPHNBIAR, BRE—TSESHNERNAEIMRBIIIER

« TEPythonsZ I M Vertexk 1, W URXRAFHEKXRFIN AT &
o FHF keydt N T EATIR, Mvaluel ¥ LRGN R EHE A WA E

o AEIRZANGHEZEERESW
o REZRETINRATERNATINN
o DIRERNNER

_|id ="vo A

“|adj={V1:5,V5:2}
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L id = Ilv1"
"ladj={V2:4}

| id = |lv2"

“ladj={V3:9}
Vertex Objects
| id = llva"

ladj={V4:7,V5:3}

N id = llv4"
“ladj={V0:1}

_|id ="v5"
“ladj={Vv2:1,Vv4:8}
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ADT GraphBYSCI
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o BIEMR A VertexF]Graph
GraphfRrZ S BSFIBIMmNERnaster list

VertexllI22 STIMER, UNRIMREREDNES
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nbr2ImXdg:Adkey

class Vertex:

def

def

def

def

def

def

__init_ (self,key):

self.id = key
self.connectedTo = {}

addNeighbor(self,nbr,weight=0):
self.connectedTo[nbr] = weight

__str__(self):
return str(self.id) + ' connectedTo: " \
+ str([x.id for x in self.connectedTo])
getConnections(self):
return self.connectedTo.keys()
getId(self):

return self.id

getWeight(self,nbr):
return self.connectedTo[nbr]
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ADT GraphBYSCI
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class Graph:
def _init  (self):
self.vertList = {}
self.numVertices = ©

def addVertex(self,key):

self.numVertices = self.numVertices + 1

newVertex = Vertex(key)
self.vertlList[key] = newVertex
return newVertex

def getVertex(self,n):
it n in self.vertlist:
return self.vertList[n]
else:
return None

def _ contains__ (self,n):
return n in self.vertlList
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ADT GraphBYSEIH

def _ contains__ (self,n):
return n in self.vertlList

def addEdge(self,f,t,cost=0):
it f not in self.vertlList:
nv = self.addVertex(f)

it t not in self.vertlList:

R RERRITREG A nv = self.addVertex(t)
INSREEA self.vertList[f].addNeighbor(self.vertList[t], cost)
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def getVertices(self):
return self.vertlList.keys()

def _iter (self):
return iter(self.vertlList.values())

LR K S/ 3 =7#/2025
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ADT GraphgyscIy : SB

>>> g= Graph()
>>> for i in range(6):
g.addVertex(i)

connectedTo: []

connectedTo: []

connectedTo: []

connectedTo: []

connectedTo: []

connectedTo: []

>>> print g.vertlList

{0: @ connectedTo: [], 1: 1 connectedTo: [], 2: 2 connectedTo: [], 3: 3 connecte
dTo: [], 4: 4 connectedTo: [], 5: 5 connectedTo: []}
—
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ADT GraphBYSIN : S|
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>2>>
>>2
>2>>
>>>
>>>
>2>>
>>>
2>
>2>>
>>>

g.addEdge(0,1,5)
g.addEdge(9,5,2)
g.addEdge(1,2,4)
g.addEdge(2,3,9)
g.addEdge(3,4,7)
g.addEdge(3,5,3)
g.addEdge(4,0,1)
g.addEdge(5,4,8)
g.addEdge(5,2,1)
for v in g:
for w in v.getConnections():
print "(%s, %s)" % (v.getId(), w.getId())
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189#6Word Ladder|oJ@i

0 e H “BWMLBIESIE” BY/F&Lewis CarrollfE18784FpT/RBANEITIEXK

o NM—TERIFEZER—1T21E, HPuEIUEIZ T PEfLF
??%*Q%Eﬁ’ﬁ%ﬁZl‘@%ﬁRﬁ‘é%l/l\?ﬁ, YOFOOLZZSAGE :
FOOL >> POOL >> POLL >> POLE >> PALE >> SALE >> SAGE

o BABIn A RIS ITT IR

o RABRBRXMNIBBNLRUF :
RUENR T BANEERAREND
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X, ERTRRZEEHER—RIBE, MI1FHEQME—#

« TERMFOOLEISAGER T, PFTRNEIRTON, BRHRE
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1« BEIDINSRERSE, fNSITHAR (R13) , SREMEREHTHR,

i WRBENINTHE, WEir—xRD =
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o TODIRAPythonFHRKEIIE

det buildGra
d = {}
g = Grap
wfile =

# create buckets of words that differ by one letter

for line

ETTECDER -

T4

for

for buck

E—MEET .

BT

LR K S/ 3 =7#/2025

return g

ph(wordFile):

h()

open(wordFile, 'r")

in wfile:
= line[:-1]
i in range(len(word)):
bucket = word[:i] + " °
it bucket in d:
d[bucket].append(word)
else:
d[bucket] = [word]

+ word[i+1:]

# add vertices and edges for words in the same bucket

et in d.keys():
wordl in d[bucket]:
for word2 in d[bucket]:
it wordl != word2:
g.addEdge(wordl,word2)

\

WA

24



13460l : IERIFRARE

S EOIREEITES 55, 110 M HHR1
3 TREERDE T

WRXABEBERNXTRIXRAB, WTEER2, 60075 TN REELRIT

5, 110%5, 110= 26, 112, 100
MLWRRBTITTES3, 286K, XOUAZIFERFLITTEEN0. 2%

BPRARBR—TIFEHRMARNE

|Il‘-|-'
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BRSRIE: XM REAXRESR—MENNE, ER— N EREMS ? &
B2 ANXRERSEBNEDRBLIR ?
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SIS BN S8R (Breadth First Search)

ERIRABZISTALG, TRUSERD I ITEIARABVERAD B,

'%'%’ 33 “I B &RBreadth First Search:BFS” &ZAXTER 19K AR EH
’}%%

BFSERARRNREREEZ—, HERRE—L&

BERG, URFIBRRVELINMS
BFSIEARFTE Ms W RBATREA

MEEAREnEEk 1AM ZEI, BFSEHIEIEERHEE kB
JRBR AU IR, WE—IRWEIIRE, NEE NERSIEINER
[TELTERERIEACIBNERZE, W0 SEREPRERP
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o0 N S IRIRIRBIALRE, F@#RESENW, RIS NEML

BT B — 1 BASIQueue kXY E KM BVIR R THES, RE P —TRERD
M (PABETAR)
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BFSEZAI1E

MEBIARsTHE, ERRIARBIRR, mENKe, BEIN0, BiSXJyNone,
NONBABL, £ PR NMEIAENTEE:
MAEEE —NRRIEN BRI ;

BN SRIINREIBEINR, URBRHRAMNBEINR, WREARSIIRE BxWM) ,
EEIEN0L, BURIRRNZRIINR, JOARIBADIE

¥
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fail

foil

fool

N
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fall

/
(=

pall

poll

pole
\ 1 Queue

pale

T—

page

foil

foul

poll
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fool poll
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def bfs(g,start):
start.setDistance(9)
start.setPred(None)

vertQueue = Queue()
vertQueue.enqueue(start)
while (vertQueue.size() > 0):

BENVAABE1E A eI = currentVert = vertQueue.dequeue()
for nbr in currentVert.getConnections():
it (nbr.getColor() == 'white'):

;
-
£
13
S
B
%
3
>
Q
N
N\~

nbr.setColor( 'gray’)
nbr.setDistance(currentVert.getDistance() + 1)
nbr.setPred(currentVert)

vertQueue.enqueue(nbr)
LTI currentVert.setColor('black")
—

LR K S/ 3 =7#/2025
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fEBFSDAFOOL REISTAMR, & 5 FBIM, N

BN MmEE. HEEF

: Az /G

q R =

= BT DR —NORE M R AR EFOOL BT 21T MR B RATITAS

5 def traverse(y):

o = BFSH/SE =y =

S while (x.getPred()):

o) FTENSATTBRL ? print(x.getId())

> X = x.getPred() —
79'{_'_/4\ ? print(x.getId()) g

wordgraph = buildGraph(“fourletterwords.txt™)

bfs(wordgraph, wordgraph.getVertex('FOOL"))

traverse(wordgraph.getVertex('SAGE"))

A K5/ %) = /2025
o #traverse(wordgraph.getVertex('COOL")) 25



[EBILTBREEDIN

o | BFS&EA AR MBEIANERE : while—for
whilefBIAXYER P NRRIAIE—R, FTAR0(|V])

MEREAEvhiletptifor, BTEFRURBEREBEIRUEMNNIES SHRNE—R, M
TNRRERBHEMALR, FIUARBBIEEIR, —HRO0(E])

LRGBS BS RENO(|V+[E])

IR T EDEA
RIBFSHZ /5, ONM-ERBMRETE, &3R0(/V))

BIZRPIXABHTRNE, BF: HERENZD?

MR

?
S
9
S
~
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BT RREEDNT

o | Rk 1
2.% IR 19 AT EEE L (ADT GraphSEHL. buildGraph, BFS. traverse)

0
RE45>)2
FAREIIZRIENFREFERSEINADT Graph

|

( voya) NI,

LR K S/ 3 =7#/2025
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Bt Esiol@Knight’ s Tour Problem

E—TERRHEHHEE L, — TS “5” (B1) , R “SEB” 898N,
M=K, BEBEHEREE—X.
E—TXERNEERBIFRA—R “Fils”

ES X SNEIREEE F, &8 “Fis” MEF1L. 305X 101X 242, FEH
Wi PRMBEBEMES S

XABRREZE, SHRABIARURARSZEENRENOEZ—, BR
PDERIER DN :
BRREAERRBERINA—TE
XRABREBREEEI —TKEN ((TxI-1) 89
BRI/ TIRIE—R
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RS T EIBE

TS AR BIR NENRE, Rl
A AR IE R TS

—

N
R «DED” MNESEERDBIENTURZ BIER
- RIS MR ES AR REBRANEAR R R
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def knightGraph(bdSize):

ktGraph = Graph()
N for row in range(bdSize):
l@}j_J/l\*% for col in range(bdSize):

nodeId = posToNodeId(row,col,bdSize)

%—,‘fé}ftdi/\ newPositions = genlLegalMoves(row,col,bdSize)
for e in newPositions:

nid = posToNodeId(e[@],e[1],bdSize)

,,J\JJI:I &]- M ktGraph.addEdge(nodeld,nid)
return ktGraph

def posToNodeId(row,col,bdSize):
return row*bdSize+col
def genlLegalMoves(x,y,bdSize):
newMoves = []

Offsets = [(-1,-2),(-1,2),(-2,-1
HEHSNE T i ( 1,-2),( 1,2),( 2,-1

) B
] —
for 1 1in moveO-F'Fsets z

;
-
£
13
S
B
%
3
>
Q
N
N\~

newX = x + 1[0]
newY =y + i[1]
1T legalCoord(newX,bdSize) and legalCoord(newY,bdSize):
S Pa= tho-e8 g )
E%LA 1: 2 newMoves.append( (newX, newY))
return newMoves

def legalCoord(x,bdSize):
1T X >= @ and x < bdSize:
return True
AL TE K /%) = /2025 else:
return False 40
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BT BB ERI

o ATERAGETREIANBEREEZRREMTER (Depth First
}E Search DFS)

MBERIRRN BILGEER, EXBEZIIERMNER, REMETERELES
P RNESTREBFAO NMER, WRATEASENEELKIRICTAR, RO
S F—EBRERTN—X

TENBDFSHR NS & A
/\DFS%U&JEE:FE@/R%iHE?ITEE HESREMNNAAHIE—R

A—TDFSEAENEA, AHIIRHKERNE, JENRECEEAENEY

7w K F/ X =%/2025
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BT BB ERI

&1 RE T SRERB T ABENXEBREBEET:
L SR ERTR NSRRI (FESHBmSCSRETT) N

*@ BRKERIEATITEE (8xsHEN63)
s AR, RO, B SRR SR,

\

WA

LR K S/ 3 =7#/2025
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=] ‘\—|: \
B TRABEAAB ,
=N 5 . Y P .
— def knightTour(n,path,u,limit): n.)ilj\, pathft%’fé, \&éﬁ”]ﬁj/‘-}_\__‘\l
- a——— u.setColor('gray") limit3ERRRE
D=0 N /EP path. append (u)

1T n < limit:

nbrList = list(u.getConnections()) Xf]'ﬁﬁ éﬁf%%z‘:}]éﬁ—ﬁ%)\
i=20

done = False

SH-432 4RI% while i < len(nbrlList) and not done:
lﬁ?¢]§§$}iﬂﬁg if nbrList[i].getColor() == 'white':
WA

done = knightTour(n+1l, path, nbrlList[i], limit)
i=1+1
R ' if not done: # prepare to backtrack
%B%/i;&ml%l\l*}g [} IEI pat h. pgp( :].
;yfﬂl litZIKE_F—ﬁ\]-ﬁ,F\'J‘_\ u.setColor('white")

se:
done = True

return done

X
%

75/

uoye) FABIT
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Figure 7: Explore D
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Figure 4: Explore B

Figure 8: Explore E

1
)
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Ny
Q
S
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&z FicNE, ERIBHNEE #E &AM O MAESSRM4EE_EIICIKIBE SUHE
| XinbrListBURISHINS, DUSRET A OIAIaRES, OIMEES x SRR IE IS R 2%

Ol

g AR R
)
o YU E A D nbrList= list (u. getConnections()), EHIZLIRIBINFBFRIEE
S RERAIBRODTRE, FOEE, USH SnbrList= orderByAvail ()
§ﬁ%&éi@ﬂ§ﬁﬁﬁ%ﬁ%ﬁ:gﬁﬁmA%@ﬂgh%%%mﬁﬁﬁ
“ def orderByAvail(n):
resList = []
B=Z. MM LEEIRSMEE ? for v in n.getConnectiorjs(?: ‘
if v.getColor() == "white':
=i HBRERXEEWT ? c =0
for w in v.getConnections():
if w.getColor() == 'white':

c=c¢c+1
resList.append((c,v))
resList.sort(key=lambda x: x[@])

AT KA/ 2 = /2025 return [y[1l] for y in reslist]
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from pythonds.graphs import Graph
class DFSGraph(Graph):

def

def

def

__init  (self):

super(). _init_ ()
self.time = ©

dfs(self):
for aVertex in self:
aVertex.setColor( 'white")
aVertex.setPred(-1)
for aVertex in self:
it aVertex.getColor() == ‘white’:
self.dfsvisit(aVertex)

dfsvisit(self,startVertex):
startVertex.setColor('gray’)
self.time += 1
startVertex.setDiscovery(self.time)
for nextVertex in startVertex.getConnections():
it nextVertex.getColor() == 'white':
nextVertex.setPred(startVertex)
self.dfsvisit(nextVertex)
startVertex.setColor('black")
self.time += 1
startVertex.setFinish(self.time) 52
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Figure 14: Constructing the Depth First Search Tree-10

Figure 15: Constructing the Depth First Search Tree-11

Figure 16: Constructing the Depth First Search Tree-12
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Figure 19: Constructing the Depth First Search Tree-15
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B—MNERESE, BHMA I TIRIERFENSNRIGER, RELFr
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MR IEREE — ML SPriority QueueXkizi, {LIEPASIPIERNIL
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AT ISRIO : Dijkstra& A
— from pythonds.graphs import PriorityQueue, Graph, VerE;;
def dijkstra(aGraph,start):
pg = PriorityQueue()

Xjﬁﬁﬁ]-ﬁj,"\l—\:l@i&, start.setDistance(®)

pq.buildHeap([(v.getDistance(),v) for v in aGraph])

v Z while not pq.isEmpty():
FZRTS SRS
. currentVert = pq.delMin()
ﬁE%BA&UHjBA for nextVert in currentVert.getConnections():
newDist = currentVert.getDistance() \
+ currentVert.getWeight(nextVert)

;
-
£
13
S
B
%
3
>
Q
N
N\~

Az A if newDist < nextVert.getDistance():
1|Z&|IZHBATJF3,"\|—\:'\}5E7B\ nextVert.setDistance( newDist )
Tﬁ]ﬁ,"\l—\'—'\ﬁl‘JdISt, #155 nextVert.setPred(currentVert)

pq.decreaseKey(nextVert,newDist)

det bfs(g,start):
start.setDistance(®)

start.setPred(None) B Fsyj'tb
vertQueue = Queue()
vertQueue.enqueue(start)
while (vertQueue.size() > @):

currentVert = vertQueue.dequeue()

for nbr in currentVert.getConnections():

if (nbr.getColor() == ‘white’):
nbr.setColor( gray"')

PNEEHEAS

nbr.setDistance(currentVert.getDistance() + 1)
nbr.setPred(currentVert)
vertQueue.enqueue(nbr)

currentVert.setColor( 'black") 70
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e Hamiltonian path problem ([§ZRUR[OIEZITIER)

Traveling salesman problem (JR{TRSIG)™R)

Subgraph isomorphism problem (B EFIC)ER)

o Clique problem (EALRIGIR)

e Vertex cover problem (dominating set) (INm7ez=I0)%R)

e Graph Coloring Problem (BRErof)
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A Hamiltonian path (or
traceable path) is a path in an
undirected graph which visits
each vertex exactly once. A
Hamiltonian  cycle (or
Hamiltonian circuit) is a
cycle in an undirected graph
which visits each vertex
exactly once and also retums
to the starting vertex.
Determining whether such
paths and cycles exist in
graphs is the Hamiltonian path
problem  which is NP-
complete.

A graph representing the
vertices, edges, and faces of a
dodecahedron, with a
Hamiltonian cycle shown by red
color edges.

NP problem can not be solved in polynomial time.
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Subgraph isomorphism problem

LR K S/ 3 =7#/2025

/
Subgraph Isomorphism Problem
* Input: Two graphs G=(V, E;) and H=(Vy, Ey)
* [Vi=IVsl and |ELSIE]
* Question: Is H a subgraph isomorphic to G?
* [s there an injective map f from V to Vg
o {flu).f(v)}€E holdsfor any {u, v}EE,
Example ch -
©
K Graph G Graph H, Graph H,
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Clique
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You can find a maximal clique by starting with a small clique (at left) and repeatedly adding another node

so that the selected set of nodes is still a clique. The procedure stops when all nodes are selected or there
is no way to add another node without violating the complete connectedness of the existing clique. Note that
the final result in the above example is not the largest possible clique in the graph.
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Vertex cover problem

Vertex Cover Problem

Problem: Given graph G = (V, E), find smallest V'cV s. t. if
(u,v) € E,thenu € V'orv € V' or both.
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Graph Coloring Problem
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