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Graph Algorithms el el | wiblaladl] il 10

Directed Graph ﬂgll (eibue| 2L :1-4 e i

(directed graph, or 43 (et @aapdt gi) bt dadasaly
(o polic degeme oo Ve (@ pair) G = (V,E) ¢4 s» digraph)
(ordered agye zigh oo dcgame o E 5 (Vertices) Lu_ﬁj) P
(00des) "uEE" Lyl weus Le fyisn Lugally -V pwolic (re PAIrs)
dgman ayit i (edges) "G,sit lgde Glay B odcgesti wolicg
(v,w) 4:.,11 cayadt ) dewidlag . (arcs) Lutedi 4 « (directed edges)
.(its head) "awiy” tad W (its tail) "any' 155 V o8 E icgenti o8
VoW agulls (diagrams) aobedt gyt o3 Jies (V, W) zojlis
VW dbaliws 4050w Ui a9 (the arrow)

48,a11 (binary relation ) aduy a8statt oo R oi (o,ay 1-4 Jhieo
L, ¥t e wipstiy S ={1, 2, ..., 10} dcgentt i
o Aad [ Gda Jale b R O doyadt Gasd S (X,Y)
Sl (X #F y) o i (a proper factor of)y Jwlse
XRY wass sakeg .0 1paw st (remainder of) (¥/ x)

(X, Y) € Rolaostt s p Mool

otz (1—4 gsa) g (digraph) 4:-,11 GOl dalasati 3
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SOl 13 dadBg 13 Y ) X (e (ATTOW) mguw <ILing S dogentt polic 0
451 g <(transitive) woia’e R a8%a31 of tas .(if and only if) xRy
eyig . aadmte Lt 0ssSXRZos cniassie XRY&YRZ cales i

e G = (V,E) o0 gt bt dalainti fiag)

V={12,...,10}
E = {(1,2), ..., (1,10), (2,4), (2.6), (2.8),(2,10), (3,6), (3.9), (4,8), (5,10)}.

1-4 ysa

Y Jelge (pe (And Jole X IR ASLAN A80alt Jhoy darge Sl dalads

The relation R representing "X is a proper factor of y"

Undirected graph GQU o guiuiel| ALY 2-4 ke it

degorma o0 Vi (G = (V,E) gg) 0 da gl pud it datasl

(unordered agye ué zlgi (o degers o B g i'lugsy ol o polic
ugitty .V olic ;e (distinet elements) 53eis jolic (e pairs)
o "y lgde ity B oty . (nodes) "ase” MLl el e | piss
ocied (San By 51y . salilt (undirected edges) dgaye pué cayat
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OB Mg (upmate Ao geied (Subset of) V e wbis dcgeme
RYCIME JORINEVSE R IEWITPOWIKIIE PIPPYRRVIE JER IS YR LAY
Rild adatlyg VW sl i Lin (poag ¢ (1IN€) V — W dastt 9o

VW = WV LB A gl pud dilodt Sllalase ol

(2—4) Js U USA B dn gl il ket daladall b 2-4 Jlied

V = {ab,cd}
E = {(a, b)' (a' d), (bv C), (b' d): (Cv d)]

Notations <&is-Mhol

St )3 o Juotgd iyt Y e (3 ) cmytf.xs,:mgm o
AL} ootaw¥i (e sl

Aacdatt it e¥h & oledt Sl ol sl yughy I Bl o Seyiw @
.(natural 1, 2, 3, . . . numbers)

M= V] et dalasnti ugh) ade ) e 18 psd) ainiios
dalasdi o3 Mied .M = |E| adysi se ) st M cayatig

2-4 Jsa b i
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n=|Vl=4 .gc

m=|El=5 ,a¥sc
Subgraph 3 qlad) st (13— i

o dalkie g2 G =(V,E) bt dalsti o Q)
o= 1 G=(V,E) ot kst e (subgraph) S5
5555 o) Ll o et dalasli nyal ey V' EV & E'CE
EcvxVv
Symmetric digraph c}:\d&.\aﬂs;\ ) sl (o

VW (o IS3 a3 o (directed graph) asse its dalasis 5o
Ll iy .(the Teverse edge) WV usolali cbysd Lial g
Jlee dmge ibo dalase 4 (undirected graph) asge i i
iy Yy (corresponding symmetric  digraph) Jotde
E;w ojsiels (undirected edge) amge & Ly i (Interpreting)

(rwsalate caalad) o8 (a pair of directed edges) cngage crip> (ro

. (in opposite directions)

Complete graph J.\S) sl bl (>

795 I o (an edge) by 4 (ange pui F1e) b daladee g

.(between each pair of vertices) jugyyt (e
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(incident upon) ol gh / sis S VW 548 &) Jiy (s
Ao VW oyt O Sl (61 qumis puSalt Salisag <V, W g i)

VW o3t le Olads /die
Adjacency relation  "A” yobaid} &iNs 44 el e

V, W olg dange s g dnge) il dalasns G = (V,E) 0 2,2

casig ("W is adjacent to V") "V syglone W o S35V L8 Hijate

wglulig. (if and only if vwis in E) vw € E (i 1) dazdg 13 VAW

e (MOVINEG) & ydls V iy Lgdt S ol (San W i a3 VAW (18 4507

dago pid Glalasti flss 135 . G g~ (e (along one edge) astg >

Ol 1) dasdy 1y WAV i il . (Symmetric) abileis (a3 A a85ali (1d
A(1f and only if) vAw

Path in a graph  (geisl ialad (g shuidf :5-4 el il
o daiiie g0 G = (V,E) Lilo dalasie 038 W 3 V (e sl
OF cass (a sequence of edges) VoVy, ViV, e, Ve Vi Loy

V=vy&ve=w

90 &1 jhatt B e W sue ga (length of the path) et Ssteg

g 3} Vipo shuo dlsbs Lxm s (alone) Lasyaes V uly ig K
st OF Cesw lws 9o (a simple path) Gewadt latiy
W Lufy o Jldsg -(are all distinet) spleis lgares Vo, Vi, voe, Vg
hare SSlis (s 1y (reachable from) v it e Led) Jouost! (e

WV e
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&Y ey saieg . (D), (0,d), (d,€) judt o 3-4 gsa <3-4 Jub
& (sequence of vertices) _ugspl dadiie &l jluus
&1 Jse O y=005 1,3 . (through which it passes) tg s
(number of edges (ajist L3 ¥ sie g8 shewe
M alsby a,b,d,c 503 -4 4ss L8 gudla . traversed)

3-4 J8
€ ol a o sl

Connected graph J-&I (o] 2L 6-4 e i

"Juae’ (undirected graph) da st 2l Gohedt dadasti o) Jlay (1
o V, Wrgy U3 L (if and only if) 1) dazdg 1) (connected)

W )V (e (@ path) slee ugy,
/ St 2535 (directed graph) 4 st et dalasti o) Jld (o
(if and onlgf if) 13 dazdg 1y (strongly c;)nnected) B9 JuaTe

W NV e (@ path) s ughslt e V, Wi gy IS L

50 aSallt do il O s (plamdie (mdopal S0 OB cowddl 4D M0
S Hles 1) 4:.3“,;; et dalasl) Wl (B 451 90 cdudy
slews Uy (@utomatically) féstm L8 W NV e s
Qﬁyu@éﬁilgﬂ.ﬂjlwiwka@L.e:%zv‘,!!w&‘,.a
"Strongly ssay @l adsSt 438 Sy dovswo K
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@8 (condition) doyadt of M s (qualifier)
O pldas a5i e 4,,11 il dalast ) 13,185 1y . (Stronger)
(a system of two- way streets) slsa¥i wilis ¢,fsa
ONE-) sl dslod £ylad (pe pllad d3i e d gl daladaliy
"Seal Ll / "Jlal¥) 58" oyad (way streets
t.ta’.,,a &1 e O LK 431 o (Strong connectivity)
& ety (from anywhere to anywhere) pusge i )
O eadlglt (pog - Aouuall Lgilaladt B olad Wi doslai ¢yl
(more stringent lacuai / 1aidl / dof o isal o i 1

Lol B8 ¢ 5 gadt el oY Lee condition)

Cycle in a graph (geilesl ialadg (gd 839ad] :7-4 wli pite

e e 3y o (cycle) zygan PRT et dalasti o8 (

S Wi of cusw (Just a nonempty path) s

.(identical) tazlaie (first and last vertices) s %1 (uipig

NO ) iy &1 lgud 15555 ¥ 350 0 (simple cycle) aaudt 355015

oMt IaTe 3 55y T oW 31 00 sliicds o(Vertex 1s repeated

Lo Lot Alauan i 3ypuatly B gl Laspa samgll yid b daasnti o8 (o

(edge) cays syl 13} rdo it 4Blud) e (SI9 4.«,:.1 dalastf 8

&3 Ladla_yglas o ed (appears more than once) s o yisai
Coles 1y a3i iaes (With the same orientation) awas do g2t

vi=x & vij;y =y foro<i<k

V=Y & Vi =X O] gl O (e S
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By93 81 e gin @t 1) (acyclic) "GN Pl dalasti o JuiEs (-

(undirected acyclic graph) (g5 4:.,11 e Gohed dalasdi (s
o= 13y .(undirected forest) "agmge jué WLE" ade Gl
Byt dule Blad i (connected) Shate LSLadt dalasly
(undirected tree) "agmge pé 5pns" 4 (a free tree) s
44 (s Sie ]

(directed (ggy53501 gt ) daladll @l et Lo LG (2
dalaslf Bdsn OF oo yas ¥g "DAG" . acyclic graph)
.[(any connectivity condition) adtwit & y& SIDAG

H H
H—C——C——0 —H
H H
4-4 ysa

(Jgoms 253 Ji) g gn il Byomit [ By 0yt
Connected component deduid dum pbf :8-4 el il
giL:g.) dalasms 2 G dage ool dalasme 8 dladd %}ii
.(a maximal connected subgraph of) G s 5= ‘,e.hc? Jain
@ O Aolo Sllalase (1o Lo 40 gams [yt “(padiel” dl) (il dadasad Slasg
dalade 5f e (@ proper subgraph) Lued L Lobo Ualads S
JAegesdiols 8 Alo

05D Say B Shals G @ ) dage @ Pl dalase (g
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= Oybll thbsdl bl )lgs
(separate connected (alaais dlatie CiiEmye ) (partitioned)

-4 48a) U sty (UNIQUE) duemg W3l oiidg .COMPpONENtS)
adatie Gl e S &Y Lobe Uatades (e (5

5-4 usa
Ao ClEn e G5 A1 o daladie

Weighted graph g;';ll el | daladd | :9-4 it it

(V,E) e (a triple) (V,E, W) 3315 58 05511 ket datasnty

Revs R (3 E e asts Wy i(amge 1ud g anga) (a graph) il datases

(edge) € cays % awtlyg .(the reals) am@st slus¥l degase b
.(weight of ¢) "¢ &}y’ Lede Gilas W(e) 012

oail s (e A wola N € iy s (gl Oy i Ble daade
aasuat! (application) Gedaild Lag 2yt (properties)
Liple ey € cpod! Ol 13 Siked Ll dalast s ad
as W(E) wish nilads i ouals ons Adlews gi Lepld i
9 gl gf o)biciont As puw gi Bapdadt 10 Sl LSS () i
Slodlaal! (e L:n puviu wl Sl Adlulf ola alad (e
Jebog «(cost) wauotssy «(weight) iy -adi (terms)
a3t s (capacity) aaws (length)
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Graph Representations bl | ciblaladd| Jusinti § sla

Bygio muips (oY @yalt o o dalade (g el (i Ll
iy (points) delais ugsplt Led Jio (drawing a picture)
il game yuolic Sy Aol (AITOWS) mgwi g (linES) doglase
oo Ladg .(by listing the vertices and edges) ca,>¥ig Luga,t
ot (data structures) castedt Jesbo/ Cldasti oo ail o3 uyts
OF popdd ogedadl ety o8 AoLdt Sllalasll Jidd o Lol
Cos obo dalades G = (V,E)

V={v,v,, ..,v,}¢m=|E[¢n=|V|

y9\dl Edghas kel (1)
Adjacency (Incidence) Matrix Representation
wei A = (ay) daye I X N dds2me G dalastl Jid LSy
ayaiy (Adjacency matrix for )G dalaseld "yolovidl ddghas”
dasa A ddgaaty
1 if v,v, EE Sy i
= {0 oth(;r;vise a\: lae L fori1<ij<n
0953 pglanidl Adgaae OIB 4-*31‘ 28 Hladt dalasol) duwillyg
lgauas (SLOTING) (3inid zliso Lold atidgl (Symmetric) ablee

o NN (a3 (pas 4310 e Ualadee 0 V.EW) f3fg [dad
“;'\T.‘ hoso Lgas sl Jorlaty yoladi ddgdase
if v.v: S 1A
{W(v v;) if v;v; E E U for1<ij<n
¢ otherwise dlld fae Lo

ogllall Wittty Ole¥l pwdt olo died dokal Cold C o
D) Jai azd (COSES) adlss Ll e oW o) Lipkas 3y .Lets
dgmge md By Yl 12ISS oY e Colit deiBen (lus puss ade (& 4f)
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LLLLELERE s £ H]

3y .1a> adle (95 (cost of traversing a nonexistent edge)
¥ 43 Lealio 0oy © = 0 Lasi oa ((Capacities) Slaw fjs¥ cotes
(el) 6—4 A Mhie Hladl. 3gamge pid By yue &y O s SY (S

Ko diy

L 80400 °‘°

1 1 0119

0 0 0 0

1 £34 44 9'0
S8 5 TY TR O——G6)
adjVertices

N = R
2___.|1]_|_.]3] J—] 4 [ ni |
3___,111_'_,{2] 3 4« | F—{ 6 [ ni]
Y|oA 2 T Fo[ 3 T FA s [ ]

| e

o I e I S T o N B e B A
I T

its adjacency- list structure Jahiall Ll 48 45 ()

6—4 ysa
Cagyll Oligh Ogeis o g sl ik dalaint OIS
(o5honidt 58 Anglaia 5 (yghonidl A2giuans)
Stslae Lgingls Gl Ualane 01950 0 Uil (g
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LLLLELERE s £ H]

0 250 0o o o o o
o 0 100 40 o o
50 o 0 o o 160 o
w 60 180 0 o o
o o o o (0 o o
o o o 320 420 0 140
w o o o o 110 0

dalaseoll ylonit] Aagaias (o) O350 dargle il datade (1)
Its adjacency matrix A weighted digraph
adjlnfo

i o] ]

2| 4 3 Jwoo] o 4 Juo] nil |

3 4~ 1 [so] Fo 6 Jwo[ nit |

I 2 Jeo | o[ 3 [0 i |

s

nil
6_——a|4[32‘0| o s Tao] o 7 [1o] ni |
"4 oo o]

its adjacency- list structure Lhaall sl 4alE 45 ()
74 ys
e dngle il dalast (D
pamd Aoled Clalasdi Blae hay Jo Shojylss cllatiy
ole Le 2z, (edge) b, Js== (processing) Juass, (€xamining)
9l Aghiaes L) daladdi LA Liesiad faly Busly e JEY
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7o)l e (o By e Jadcdiy 431 e dadasd S AT O Liasd e 3
«(edges between all pairs of distinct vertices) sjlaidt Lugsyt
Gl e dsaall B sl (S5 pamay padl Sdade Shiejylss oY
o¥ e .(which edges really exist) a2 Bagmge By
N —1)/2 g wrspe oo dalais 3 N 4o Alaintl hya¥i sie
oin Jie (COMPIEXily) wiiad o yid dmge pé Sho dalaie B

(02) L8 s Silcodylad

29t oilgh Exaghiis Julaill (<)

Array of Adjacency Lists Representation

@8y i (array) degtaier G slodt dalasdi L LS
@isd Lo gedy (indexed by vertex number) i
.(adjacency lists) " jgaidt @ityd " eod (linked lists) alast e
the i-th array aegtaity 8 1 @3, jaiall goiew (Vertex) vy iy 4ty
gro> oo (information) clegiees (a list) 483 e (entry)
dapll Sl dalasdl By (leave) Vi plas 1 G dalasatt Gy
o Leio waysdt (tail) (s oo Vi of e i (directed graph)
.(incident upon) Vi le ady By OF ey fis sl il dalay
(one element per s JsI iy maie Ao o (list for) vy aesis,
lgaupai Liiseud ad]InfO @l doglaits sis Ao Lialsi f3jy . edge)
(s e
list [ ] adjInfo = new list[n+1];

e Sy (indexes) 1,2, ..o, D Gipastt adsiiug
@8) gudgll puiicss Wy ((POSITIONS) pubigtt (e N+ 1 ae (allocate)
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L T e L]

e Sheglaas 2ail3 adjInfoli] (s tasag .(the O-th O position)
Vi it galas S5 G s M

oL (adjacency-list structure) gl aedld s ety
G ol g . Jutaidl o st ingd Y G ladailf 08 dogs ¥ LM L3,
Seas 4310 ([N? (e S U8 dpa ade o1 51 (SpATSE) 1Al / L
ST o olialt Coles f3) 45F dasdig .Acsws (processed) disdlae
o (appear in a different order) catidee codfo stal jolod deSld
Lejyled @ (N dwdd dalasli Jia Janw (Structure) wod
it ol o peolialt (ENCOUNtET) Juldiuw gf doighius deSlatt pddvis
1 ool Wi co Giejyles b Aalie Lo Aislay Badi Jg
(CONSITUCES) i Lgeudss oyl gmd il 13) — podatly — WY (nme iy
RrPNES- IS PR -1

dalast oiia (data structure) cladaats acy Vite 64 Jss oY)
Witis Tl S8 s Ly (00t dm g Badeci, L) ySaay) angn jab
e daga daladnt Al olg)

Skiad iy iy o Jieh dnge b daladie (51 b di das Db
(Vyghad dalild e W il jaie o gd dalasdi 8 (8ys VW (les 1)
A3 polie o 2IM sie v gs 10589 . Wiglad 4eild Lle V il paieq
ghmit @Sle3 e N auey (2m adjacency-list elements) jolidt
Aig8n — Ly (€0 (8 A go dalais ¥ Wwillyg (0 adjacency lists)
i Sllalaiiald ol @318 SOLAL O dam Mg L betonlg B e o — g g0
(corresponding symmetric aitati abledi dg Ut gk ot
.(identical) aastae digraphs)
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dotni el | illaladl) i |

Traversing Graphs
0L Sllalastt JSlae Jond el Clia)ygidt alane pads
Alisg .(edge) s sy (Vertex) (wly J&o Juadd ol asma
Belass Oof Ayl Lagie JS0 antdl 200t Ollalasutl e N Ol bl
exactly ) dauallssumigsye Bys JEag iy J&o (VISIHING) 35la3 Adle
et Ol Sttt Olilag . (ONCce
i) Lt wauds (breadth-first search) g payally Eomdi @
.(breadth-first traversal) ¥gi yaatls
St ¥l L audy (depth-frist search) ¥oi geatly coudi o
.(depth-frist traversal) ¥ 3oatls
OB el e Aiee = odde Slpeligh OB ddde sliyg
(Erows Lidas. sty (TUN 1N HME) (e (b bgbuids @i — (ot fsd |

.(input graph) Jiss¥f dalaies @ 2 linearly)
Depth-First Search (DFS) Ysi aaslly usalt : Y5
(an undirected dsge pé ol datase G = (V,E) o jo a5
:@L:‘.;t dasatls duughy Bylais podinw Lidig . graph)
"laygys'g (select a starting verteX) v atou i) 3’,3 =S
(incident Vv ,ic 231y (any edge) (V,W) Ly i fiss @3 @

- W 39335 Upon)
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(the MOSt  (gijs) cead uly Giml b X OF Liudyd 13 Logecy ©
Shisls peiew (search) cedt b recently visited vertex)
(some unexplored edge) s dslisicd @i @ (X,¥) Lo
X (e 2Blg
(has been previously [::.;L.« lgisls) cedy a8 Y colss o (1)
(another new edge) 57 cos iy (e Cond LaLs (Visited)
.X‘_.,.ch:élj
O St Ty (Y pg3d LW (B (e Ll @i @ Y cols ofy (11)
Y i e it cou
Ol (Y e i S (paths) St poes pe ot Jloso) ey @
Bye JGIY () g Lo g Y (il W (o9 X () agan S
(unexplored edges) iadsiutl pd By lost Ades yoiudi ©
i (list) aedld (exhausting) staiiwt plio i~ X Ae 4adisls
5 g..é)::}’l
drge jb oho daladee (ughy Bilai Al ols Gle Bl
AW ] e il B e L3Y 113 (DFS) "¥gi Gaatly cumudt®
Aellaiw¥i 43 (in the forward / deeper direction) (@eatt )

.(as long as possible)

leso Lyl dagll Aledt dalasti e DFS a,b Godas (<o
(edges X (po it (X, Y) dgmsth Cpm &1 dasd jiid X iyl e <

3525 LIS (Y (oo A bt By WY pocen sliiiudt wasg .directed out of )
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Sapilyl) cSlbabas bl Sluaylgs

ey Lo @i @ Y g Bgrge 3 Byl Slis COlS ¢ i X )
.(have not yet been searched)

drge b o dalade ¢ e DFS iyl cads g
G ely JSm o Gld) Jewt 8 (connected) Yo Olsag
OB Juaie ué daladdl Hls Oy .(eXxamined) jesaow By~ JE=og
(completion) Jless) ey .dalasdl B dlaie Linye 8 Codt @iw
Bl Aol Gy (950 g L) @5 @ bl S Aluaie Eame
u:..u. L...f:-..t iwag (the new starting vertex)

b dalaine (51 e DFS ¥gi Gaally ot 2,0 Guda Loicg
coo T, Bosiegome 1 Eymiaizoc pgaigita G = (V,E) a5 50 2
B (e dplo) @ @ W 31 Ol 1) T e gantt o8 (V, W) 2 (61 i
B ot paa L «(V; W) Lyt oW 8 il V il 31 i (9950 Loctie
Gy T degestt Cayaiy .03 e W Layy 13 B acgesdt o3 (V,W)
By Lgde @lay B La,ai lein (Tree edges) spois by’ Lt
Wiz g (V,T) 350t ibedt dalasntiy . (Back edges) "auuse/ wats
G dataseeld 5fge Wld" Lede @il (undirected forest) agmge pé
. (a depth-first spanning forest for G) ”'3'31 Gealls

By Byamd e 09SO Alal COlss 1y Le Al B
Goatls Bl Brma’ lgde 3ay (V,T) wiati o ((a single tree)
G dalasdi (Lo 1) a5i dasdbg (@ depth-first spanning tree) "3!,;
WA B .Bpmdt (3955 Yol Geatly 51411 uladt b (connected) Stawe
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Bkt Y il S 0 BT 8 B o 58, S0 B gLt
Byomddt ol B Wl GeatlsComdilaiie

gl el el s g el il By £10-4 by
Depth-first search tree, depth-first search forest
lgdlaasal of Lgijs) @0 @ "B’ (ughy oI} 255 I Y
sl ("new" / unvisited / undiscovered vertices) .8 (e
sy 035 (a digraph) G asge il daladie b ¥gh Geally condt
"'s,i Goallh timy By’ lgde 3y (a rooted tree) us ois
"'ﬂ,l Geally 3uige 3ma” 4 (a depth-first search tree)
SN — At e 6T 8 — by (@ depth-first spanning tree)
o) (reaching) Jswglt plaius @ 13y .(DFS tree) 'DFS 3
G dalaseld Sl fihoat Ol ((amdl) Bbdadl (ul) (re (ughpll puen
AN Lgeganme oud slasl Buie f) ugyt (PArtitions) ghedw
(depth-first search "¥gi Geals covt wla" (entire collection)
«(depth-first spanning forest) "’w,i Gealls 535 2" 4i forest)

.(DFS forest) "DFS wia” 1) — cndlodi (o (51 (o8 — puainfiy

.‘?QL:‘.) dalase 8 Wi Gl S dd Loyl g b Ladg

G0 e it bl (o 0] il e e 33105 1 e 350
Depth-first search Algorithm of an undirected graph

gttt @stgd 4y G = (V, E) Lol datases «ids- sk
L[v], for veVv
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onieganme 31 Easie :cbly sd
{(a set of tree edges) s, 8 nidegome T

.(a set of back edges) wwais / duuse (bynidegeme :B

el

S (VW) Gyt wdloly DES(V) 001 (oatas ¥ 51,0 ¥ pgdy
iy Baple (pa Gt s LB B e Jof W it ) Jacaien Liss 1) T dagaad
Ladhalt Bt 3 laaks dabainll Gugy amen OF payddy -V Gulyt (re
.(initially marked) "new"

void DFS (v)
{
1. mark v"old";
2. for ( each vertex won L [v] )
3. if (wis marked "new" ) {
4, add (v,w)to T
3. DFS (w)
H
3
:[(main program) (ot M galidl] A daa 10 i Lad
{
6. T=6;
7. for (allvin V) mark v "new";
8. while ( there exists a vertex v in V marked "new"
9. DFS (v)
3
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ai dasdby B ot b T 3 pdgs @ Gt E Gy e

ossiw V 5 LIV] e psiw Woos (B b (VW) Gyt Gl 1y
(V, W)yt ol guiad OF gt ¥ L3(3 dde sl - L[W] ie
AW oY l).b.a "old" 133:.43‘ W i, Olsng V ul e Liss 13) B 2

.(father of) v .1y ys50

Gb ondt daglt e Gt dalasdi Lowd oF poyas 4-4 Jhko

8—4 i<

8—4 s
Wity dalasll 48 ¥ Yol Gealls Cond dieiyisgs il
(Tree edges) 8 pomils LBy § Ao goimn T e game I B a8 i degasa
.(Back edges) awais by~idcgems By

/ Haatie doglainy T 8 5ymidl i Ol pMMawo!l pitiicins  1g—A

Aaladlo doglasy B 3 waisd (b ,aWig ((solid) e

S pdagy (Hhami¥ g1) B yomdid) @uu yiw Eadiisng .(dashed)
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o it @3 st (starting vertex) wladt iy gagl (Toot)
by 51 (SONS) 5Lt @uuyg B pomidt (TOD) iel (A I8 ylacuti 3
Hoid 53 @ed ol oy Claiol (ol el YO Gned () sleadt (10
el Sl ol o) O 1o e s DFS diajyigs 8 4
Gy Gla’t Ao Balsn Lyig o f) G laalf dalasial)

94 U5 B el W5l Goally

9—4 &4
DFS (ks B 3 T (A (8—4 JS5 () Glakadall & jas

die Vg ol U oyds - NEW" ughpll gees (555 doftdt b
A ytang. 2 ylactt L8 W = Vp i 38 DFS(Vy) 2 Lewtie . 8 lasat
s 21 . DFS(Vy) ey T () (V15 V) cauaas L3S "NEW" Dgine Vs
o2yaid . "0ld" Lgigie @3 48 vy (<15 L[ V2] (e Vg stas w8 DFS(v,)
T o1 (V2, V3) caea’ Lol MNEW" i gine Vao¥ xkas W = V3 i Ll
Mold" wgine V3 (wlpld Bygatt (ughplt amen oW1 . DFS(V3) Lo,
DFS(v2) o gy Listd 32
eiuisy (T ) aspisy (V2,V4) ayodt os DFS(V7) dnstiasy

(sl oLt g (G20 (0 989 V3 man (of) Vg Loy LT das g . DFS(vy)
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g2 Mg (Vg iyl Byghme "MEW" (ughy 61 g3 ¥ G5 . Vg (iU
Vg ol Byglme "NEW" Lugsy 6T (¥ s ¥ LS camg . DFS(V3) 1
Vs a=s DFS(V) old et dboisesy -DFS(Vq) 1) aan Lisd
M01d" s gineg 8yt e ugh st pmen gmal 14589 . Vg s DFS(VS)
OB Shate et dalaidt (S @ 3l Leled 1] Arehylgit Jaal Iy

e IS B igBye 3ySiiw 8, 9 G yladdiBg e

Analysis of DFS ¥9] iuouialbi cnitutl} duied 5310 Juk

(WOTSt Wl Tgual (b Zue)ylpndt cidial G ps e Juasd OF 39

ade "M" o AL dalasti gy se NGB Wik case complexity)
Aea)ylgatt o8 basic operations cuuula cnilaal! i dasdls . a8y
aliw)iyelglg (traversing graph edges) dalasdi Caysi jliat sles
Aty . (assignments to the mark vector) jogtiatt/cledatt asd,
N sy @ 4F dasdy (mark assignments) gugbiatt ali) ddeat
N Sl (ol aeliadt o8 7 awdt 3 (N operations) #dee
b i) dleat ety Leig DFS st 08 1 et 03 ddlee
sty By edian DFS st o ’yji 40 (edge traversals)
(main algorithm) a3 dceyyiasdt (e Lo iy 3 (called once)
a3l Lol wsg Lawas DES siya ¥ e (Tecursively) fe.msjt 4
(adjacency list of a iy &% jolncdt desl3 jloat @ (Within) DFS
Ll O e Lol ¥ 51 a9 - (€Xactly once) daualls sasig 30 Vertex)

.|a total of O(m) traversals] wuss oot Sldee O(m)

O(m + n) .o (complexity) .aamdt dm s o e Gaw Lasy
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A Aty Lely . O(M) dale (9s5 N O (a3 O(M) dale (3 1y
QL:«-\-M-" R dﬁi 3‘5 le_gl.u.a fade A,&M L@\sﬁ ‘?A.__uej)“’:'d‘ cb Ql‘g.h:'-.}\

.(operations)

oyttt b DFS dejyias Jdod oo B Lo pasdh O LiiSey

PRI

b 3Lt TR0 ittt Bioalen) 1-2 szt J1-df Bl

Cifglas CAlats TN a3y aieg 1 duwghy sie damge pd b

.O(max (n,m)) lasae (steps)

30 (scanned) Lalioweg (wagpt oo (liSt) wedld Lilee 13
"NEW" (ughy (e ity dehylaid B T placdt OB By
2o N1 B 48,a0 I (ra3lly Siglast (pe O(D) Glatlats
(eXClUSIVE dwaiy wuntoiiy ¥ dits et sliiuls - DFS(V)
- [e; b cwdin - of recursive calls to itself)
sy Mg .V Luiyld Byglatt Lughydt sue (proportional to)
Eaddg V Slane (uly) dasd Simig 8ye ojleiiut @ DFS(V)
e Jot DFS(V) Lediis Lo "01d" (sias V it 0%
sohan DFS L3 adjans ot A0 30 o8 asay

.O(max (n, m))

O

DALY Adle Bolasn s diayyls DFS diajyias O madisdl (e

Gugadl (e A3 ile Bagyd gl Lol Soo (il daladve (eXxploring)

.38 593, (its input vertices and edges) a,=¥iy
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&
DFS Gajyies otd (valid) f:-.._m Bobadt Lddod (950 (o5
(where to sl /et (of e (TEMEMDET) 008 OF i
¥ 82 et o8 ¥ jlie continue / resume)
for ( each vertexwon L [v])

if (Wis marked "new" ) {
add (v,w) to T

DFS (w)
H
< 9lonid! @193 e gliie) I SILedt Juemd) Linald [l 131 Shied
o e N = i N o N = o S WY
P2
i a3t

current pointer
:(array Of pOINters) ciiyije dogtain I gliod Lidh iny liigd
(automatically LAEG 1Y Fasvo s Oy . (VerteX) guly I pdge
.(Tecursion) iYL e (System) altas i 8 done for us)

Wi et ki (oo ) ool coadf
Depth-First Search of a directed graph
dgmge Bufye W2 slew¥ (PR QR I IR Grdal LiSan
G=(V,E) arse ol dalsa (a directed spanning forest)
e V it "adjacent” "5l i’ sugh,dt deild o L[V] dastan Laie il
ot (Vertices) Lugyyt aaitd Lo L(V) o i «fw |(v, w) is an edge} L
. (tail) v 4ua (head of an edge) <, i) 58 Lgis 5
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10-4 35 5 ot G s gl ikt dadadal Uil (0 a5 :5-4 Jlnd
e syl g (Gdatasty oa Y &'33 Gealls St die)ylgs Gulo
3B g

10-4 ysa
G g0 ilo datades
Lo glasy (tree edges) spmadt dysi Ola it plamials S
Al Jacaond - (sl Likad Losin - AalaZiie dogladn Lo sy Kieuase
1144 J52 o wines G dalainell 5t pe 3uld

11-4 ysa
(10-4 ys2) G dataselt s.s':,.- wla
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L T e L]

wedian DFS(Vy) 5,2 ¥1 .V Ll die fidw 5.&,« Ll slany
Oldlus) (51 s adgin pi W1 1asg DES (V3) pewiw gt DES (vy)
Agie Sl ow U8 1089 V) dao Vg 4lbd (i cbem g3t (B pondt OW 3ol
V2 (8 U (poln Vg S Caaainy g DFS(V;) .11 350 fissag . "0ld"
G B V3 OY I Bkalt o) Sldls) sl asds Wy wadg DFS(vy) o
48 Vg (e doylidt By W aes O¥ DFS(V,) g @3 . “0ld” Lgngie
DFS(Vg) ot il Vg ) Lintyal agad 1050y . oW 3 Lads] &
DFS(V1) golariws ¥ Salisng dymddl ) Olbld] i (g adgh faag
Ll (51 ddlu)
ol pliig Bl ol Gealls Bllge Bymdd yimen Vg jisd (¥
G L 5 OF dam g L dialie @ SO G Al & 509 B W il 8ot

V1, Vg, ey Vg 68 (ughyd Byka3d ols it

o3 W iy (ancestor) i / walu o V [..JJ O Sty o 11-4 el it
(Toot) yusdt (pe (Path) judl e V a8y 13 Le Gy
(a proper ancestor) lad caluw V () Jlig W )
w8lg  VFE Wy W iU Gl W Olss 1y Wiy
39 {parent of) V atly g V ui,0 labd als
O olad dos [ Bl W LS W Ll Lilad Lt V ol

.(a proper descendant of) v iy

120 / caiuad Ga s ge o loda Tadie iy ol 112-4 iy
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(categories) cilzd aayi ) (classified / partitioned)
LAl Aiss ol 5l Yol Gealls G b comily
Lgaladt 8 lajat il (how they are explored)

«(traversed [in their forward direction) a3

) Ga5 A e oo : (Tree edges) 8ol b8t (1)
Laly W Ol 1) 01 g1 et Zaloe slidl B ughy
By dde Eilay VWQEAtVWLﬁ_)AJMﬁL&S.L.ulML\eA:’
. (parent of) W 315 V sy s

o2y :(Back edges) &uwss / éuyils o581 (2)
slo¥l e Apidl [ WMl e Al o By
Man¥ig sl e watadt Yy (descendants) stas¥ig
by ) aly (o Byt olandh Jledsmd ausl (@NCESLOTS)
lyn o VW 5 oV Wl Lol W olea ) 4
AV V Ll Jadn &339) [.g.\s.

:(Forward edges) gla¥! o)} &sda/éagalsl 581 (3)
sl e cal Wl (e Aol o Gy W o2y
Audaatt Ayt / ddadtt A 1) (ancestors) slia¥iy
Gpmd Ghysi cewd Lgasty (proper  descendants)
@ W I V oy [ A e W Olss 1y 4
alasiut cdg (discovered earlier) 8 adlanes
Chytig .(.y;w 8y~ ews VW ol (exploring) vw
O o [ dals [ B Qe Ll e oela¥

.(a descendant edge) "atw

(Cross asbliis / Spy\mie /| &p e B3 (4)
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Al Lgies add ugy O el 1 By W1 (oag - €dges)
.(no ancaster / descendant relationship) sLui /sLi
s VW 513 oV Gl Skl Wy Uil W (53 @8 13} 437 5
oig) Lgaidniad A Sl Sllaw¥f sy (12-4 gsa) oo gsas
o2y (e day ¥ ¢l 93Y
Jaiia dad 18y By

dadie das i eblaf By

L G)ﬁpbwﬁmdp

12-4 ysa
o il Slaua!
(tree symd oy il By (e p153%1 0048 Hlowis g GLALI WL
(forward edges) awlei ca,>ig:(back edges) awis ca,aigcdges)
251 (NOL @ Child) Lot et Lgiys ro ity (F1 oy (r 26l (o9
Wy e Legin 81 Lt Oy (o By Y oy (CTOSS €dges) ws yaiws
OLigSy w8 Lo ,anadf Byt (head and tail) (sg (eiy of das ¥y ¥
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LTTTETY

= Sl Sl Slayylgs

Mol i (edge classification) ca,s¥f cacual dacuity

oy et 9o (TOOD) Humdf oom I JSBIL nus 30 Lass Hland¥l oy

olgiue b @i LA sl b Gerelan iy i (children) ,iuig
nedd! Jyleadt o (0 Order of visiting them) egiyl) oo s

root

daglf el dadast jLoaY ‘yji Gaatls Comd Acaiylss Gabs (6-4 Jhing
e Yol Gealls Gl i by 13-4 ysa 2 ontt G
dalastf i ol cacial

13-4 sz
G Aa.n,.ng.ﬂ..u‘.hka.p
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B!

.

e e~
Tree edge Back edge (‘:rosﬁs edje Forw:‘r(iiedge
Boad G Gild Gaiga ol

Gl

14-4 s
G ol ALt dalaiald ¥gi Gantls ol jlonsi
Depth-first search trees for the digraph G

gl ikt dalad i Jia Y Vol Gaally domdt dehyisn Gulo <7-4 Jlo
By il g 4 Bl Akad Olog 15-4 Usa L3 on i G
Bya Jol daladull sughy Bhu) wuiys [/ ald Lasi el dale sy

Syl olgs

15-4 yss
G oy Lo dataiie
A digraph G

https://manara.edu.sy/



https://manara.edu.sy/

ZY

6)LiaJl

L T e L]

= Sl Slbbshl yayylgs

P Galy S plely adaddl ugdy shewls AeslE b b (J— A

I B (e By L) A o gt o lowsd

V1 1V, Vy, Vs Vs :Vy

Vy 1 V3, Vy Vg . V7, Vg
V31V, V) V7. Vs

V4 V3 Vg 1 Vy, Vg, V7

ot e ke 1218 30001 2tadt (16-4 458 ) M IS g
Lgeuds DlaMlaiwo Wi et (W89 . dugh)y Byba) S plBsig cdd poni Lavinal

Sy N By M 13 Lk Loy 50

16-4 ys
(15-4 ysa) G dglt il dalasall 5ilge 2le
Spanning forest for the digraph G

Remarks regarding trees  jlsalsY) Jos- @ylilas-dha

G =V, E)(an undirected asgpe pué obodalaie 51 : 1 &Bs-No
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(connected) Staie olsn 13 dyss 4y graph)
(cycle) 3y s e g5 ¥
ooy (equivalent) wdlsie lgrces @I Ohlaatt 2 &bsdao
T deugyy adeg Mad > s il dalasis G o
By G datasat (1)
B398 ST (A (ot Vo Jualiag idage pil G dalas (2)
N =1 4, siegdygs $ e Gaioa ¥ Gdatasti  (3)
=1 ddpaisieg (uatin G datastt  (4)
(an edge is deleted) ca,> aie o 13) 515 (o G datasti  (5)
.(disconnected) Juatis yé poaas
(an edge cay> ad) causl 3) ($I9 B398 ST e Sgioms ¥ G dalasti  (6)
.(a unique cycle is formed) ¢axas s g 3y9 00 1S added)

(A UNIqUE Lo g shewas (Dhato G datasti LAV, Wienady st (7)
.path)

Gt dalasne Glo Wi Gaally Comdl Aajlgs Gudal rangs (il Jiuid!
duaie pudgdange jul

28 G Gt dadasty oo Yol Geally Comdi duejylss Gdo :8-4 Jheid
LE Lle Jgamttyg (17-4 U 08 ol Juaidl judg d gl
gy By ) it 3 LB 41 Gloos & wdaladaald 3..\33.;4
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(=} —4)
S
O
17-4 ysas
duaie by dage it G il dataive
A disconnected undirected graph G
(mark) aedalt dalasli ughy amen shlachs alit O3bs T
.(a starting vertex) wihu _ulyes Vi fMisbwg 'new"
S gsatty (-4 dwepiasdt Siglas Gadad aali @
O Al She s wiigladdt 0l Godal dom s mubgs (18-4 Jsa)
Btalt dladt Jlass (0 -18-4)4 (1 -18-4) cuisadt (yo Mo
oy TMawol g (0 -18-4) Uit (535 dlgaie Lidas 31
&1 slinlg i uly Aol g yiamdl Co Iz.;m ola sl (i1 o a¥
sk sl S ofgiane oy (G I (gl (B Ogretas (i)
iy pldgi (1 -18-4) Jsadh b jelaty . onadt () et (oo
o Lgede Uil 30 3.6,11 Wlat 89 .G dalasatl yughyByls)
o

T ={ (vi,v2), (v2,V3), (V2,V4), (V4,V5), (V6,V7), (V7,V9), (Vo,Vs) }
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18-4 ysa
(17-4 ysi2) Juaitl iy domsth pué G L3Ledt dalaineld 5ulge ke
spanning forest for the disconnected undirected graph G

Breadth-First Search (BFS) 391 g2 il e il
e dif il dalase Jlda Y Wl Featls Comdt Ads 1l (B Ll Loy
Boall ) (ngamie Cemdt 0B petiad LS ¢ VLo “NEW Bt (i) B3la)

ot @3 By y3T e (bACK UP) panyd @3 chellait s (aleli )
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uga ) goa Biay I} A% Iy 5T oladt B (branch out) ¢ ,ans
(subgraph adjacent t0) V (uiyld johoe 35 b daladee 8 Baga sl
ol yome (NEW sUbgraph) s A5 il dalasis ) claidi L3
(preorder traversal of jsadly cos a1 Goluw Hsa ¥t Jiley ting V
(One SUbLTee) Lo dueyd 5y (B (ughplt o Bikaps pods st trEES)
Lo Wl Gaaltls Comdt OL8 Eadity AU dus yal B pomddt ) olaidf (3
b L0 5 Bl S (generalization) Lesess
CBLall Ca o ughpdt 5o L0 Mgl o yally et dasyle B L
V wiudi alsy e (in order of increasing distance) stz
o Bl B B ste oo dlalare dBlial) G Skie (starting point)
by e b paadls (uasng (number of edges in a shortest path)
G dakase 3 (reachable from) v ;e ad) Jgwgh sSax W uly ) V
(smallest number of a,>¥1 ;s ste 137 Lde g9%e (a path) LL.M
e (VISItS) 5955 / (dISCOVETS) cadass dwejylsdt o i .edges)
i) 1 Byl / Blaisnl Y8V (uipH (e d g gheas Aluws s I gyl
(central step) a st /i wW 55tas318 .V o dH] golass d8lace va
(repeated) Lyi,sis d = 0 dlues 1t - ¥gi L2 palls Gomd) Bl 2
(consider oo gt fuie¥t 8 250 O 8 - Bibiis (ughy &l i ¥ o
caming VBt ity (e d ey le Aadly "X iy 45 in turn)
(all edges incident with) X ic 4a8ish 2> ¥ pea (€Xamining)
) le 4adigl ugh Ml aecen (find and process) Jaas / jeisg wai @
Voed+1
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LLLLELERE s £ H]

Raaplsn 9 Vol payalls Comdl Rusylsn e S Gib 9-4 Jhe
o2 laall G as gl Oledl dadasdf Hhia ¥ Yol Gealls ol
A it ase ite 19-4 53

19-4 gsa
A digraph G a33e ito datass
LX) kel el lans (204 iy gEn JEEN 4
Gy Wyl payall Gl Sieylss o JS Gl G
Wajlcinl wofif JSAN b bya¥l CiaB) uBy (s Geall
.(edges are numbered in the order traversed)

DFS Er,i@mgwt(__.) BFS &,i@,ﬂpwt(i)

Depth-First search Breadth-First search
20-4 ysa
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(order in which gyt 8yu) cadiys OF JSEI (e dasdag

(i -20-4 Qx2) ¥oi oyl et aie  vertices are visited)

'yji Geally Sl tie bt Bylu) wedyd lein (ABFCGEIH 0
. ABCHGIEF s (v -20-4 ysu)

b daladue o yad o (12 -4 Cayad) B Lad L, &l
G 3 condls olid pol ) caiwas (@ digraph) G dage
(an  d>ge pé Lolo talase G ol 13} Lol Yol Gealls
o1 undirected graph)
:(produces) ziis BFS ¥gi o yatls comdt dejyiss (1
¥4 (cross edges) v atiwe ['s):.i, (tree edges) sy Layi
(forward aelei caysi gi (back edges) wwals ysi i g
.edges)
s DFS ¥4 Geatls et aeyiss (il
By gl did s By gl C_'Lﬁ Wy dais [S):Jj Byl By

< deled

LR R )
0’0 0’0 0’0
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