cS 24\ - N&or?‘chms , S?r‘m% l°|—,. Un‘tvetsT*é o{ Watecloo
Lecture ]+ Dicected §raphs

We w3l gﬁmud divected XMFL‘S ond  Seo what  RFS/PES can do. We wall Swo{é & VoY Clever c\ixarlﬂxm

in \\de\{ij\hQQ all g\hwjlﬁ Covngcte & cpmrmnev&s o@ o dicacted K(Q})l\‘

Divected Gr aphs

D/ﬁa\>o
Tha directed &mpk 2ach zr{ga has o direction. (\ob/

u v
\When  we gm& a  ohivected ngrz UV, W2 mean  the Qmjg S Po‘mﬁhf {rm W to v o o—7°

ondk w06 called the twlond Voic calld the hesd of  the odye

Cometimes, tle wame  are ¢ wled o &MPl\asté tlebt b s a eacted xdje‘

Given o wvertex VL wnm&u) denstes  +le  numbye w{' dire ¢ted Qo?fu With v oas FAs haad and,
Wt Gl tlam e lhcw‘m(f zd\gu v, g?m\(mlgj, m%o(eﬁ(v) denolee  tle  number n—ﬁ irpctedd @clju

with v oas tl, tal and we call dlen  tha owfﬁo?hf (d&gﬁ.

Directed g\(aP‘f\s arL msefh] h W\D&Q,{MS Qsdmmd\/‘m relatisus (Q,g. web page links swz~w»ha Stveets L ¢t) -

We ate  intecested n itt«d\n\v\g +he meacb‘\fﬁvﬂ Pm?er‘b\ﬂ o{' a  dicected irQFL .
R QO)D\%/»Q
We Sm,a SIS fmdonQ {“(w Q \1—% there 1S a Oire cted PO*L ‘FWW ¢  t-

A directed &(QFR i< called sﬁmnﬁ(% Conne e g f fw auery Pa\lf of vertiaas wn EV 0w g rasdchakl
2

\C(E‘m vV and VvV s Yeachable qCYm w . /\

S}

& °

1 Q'PYMX(\J Uswneded (/6”\/50 net SJNWS[\(»S (',swmzdu’l-
o,
S

A subcet Ce\/  is called S{ijta connected I fov QV”}] pair o{ verices  w v e U u ic (eachable

’{row\ v andk U 1S veachable fwm w.

A Subeet S T¢ called o gﬁwﬂ@%_ Covnected  Component I R s g W\QXTN\%[RZ} Strong Coneded subset,

e, Q 3¢ skwmgﬁa comnected  Lut &ty o nel g&wdﬂ(a Conno cted  fov any vés, /j\)“’ Fwo

A aveected &MF% XN Airected q%clig gmg{lq (paG)

0\>O)°\ A rectad

(°<\
/) 2 directed avs NN ~e
\\{ theve arxe Wwo  dicacted uﬁdej~ s’ “ ‘”\;\ﬁ/j Mﬂd"

We  ace ateeted o fle {oum,\)\mg L%,ds{%mgi

- T¢ a dicected quP]a E{Ymgl\a Connected ¢
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- T¢ a Al vected Smw\ Qu\(\g\Tc ?

- Tind all ghmgla Connzcted chwen‘u e\L o civaected &‘(‘G\FL\.

Ii( will  tuon out tlat all Elace ProuﬁmS Can be Solved 'n O(n+m) Hme.

Groph vepresontationg
f T

Roth A3 acen ot d ATacen bst  can L ole Bned otiracte d raphs. p
0 Q lau ua AYHX  on a Jau OJ 2 wa 74;\/ \ 2 & P \fy\)z
A > d len AV =1 7 ot
j +l\£ d\ h +\/N\ A i \ 102 T L o \“ = .
n D”J‘L%ffa MmoTv X /‘{ ‘J 1S o dicected KJL then ) S,
ol 1o
Tn the ad“}auwa bt L 0 W an edpe than  y T e 15 linked st ;[223}0&
(+ QoD
As n undicedtod &”qi’“ - owe Wil e e Qd‘launo«& 35t rzerxggﬁmﬁm J
1->E->E
Qin @ we would Ukr o d\agﬁgn D(ner) Q\gwiﬁmg- %i%
Readm\;ihha

QQ&E\UL %b«dn‘mg +tlese %ﬂsﬁws) (2t's %(‘{f condider o STMFWQ( QK\AQ‘(_HS\/\ n{ ngcginj rxm%a\;l[?ﬁa,
Gvan o dicected gva\?\ and  a vertex <. both BFS and DFL wn be weed o \Q‘nd\ all vertics

veachable {Yw Q YA D(nﬂw) tme |

Both BFS and UFS ae  dafined  ag in undicectad SMVLJ quFf tat  we WIZX 4xFlw«m G\A»mgT&Hnws.

DTS O\\?‘B(Tt\’\w\
N

Iv\?ﬁ : a  dvcected &MF\\ CX: (VE) . a Vertex SeN/.

Omﬁ?ﬂ: all verfices  Yeachable  fvem <

(\"mim PYQS\’AW‘> wisited (v )= ﬁcoxksz NVuel/ . //g(t,b@d vaable awa%
vigtted US] = tvue - Time = | . beplou(s)
vQK?\WQ () / Y2 oueSive ‘EAY\OU\GV’ Qylea

\DQ\( 26.ch O\Aﬂhl‘\gk\ow \V, c% “w

Stact Lul = time Cime € time + 1 S0

~ f %Owl

\{ Vistied Lv) = ’go\\ge \O
M} o

\/‘\ST{Q&\Y\)] - “bruul . kyﬁw&&d) :
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Limsh [u) = ime . time & time + 1

The +ime CMXD\Q}(H’VA ¢ 0(nam) , and T s reachable fvw A T‘F and  on (% HL visited £t) =t
We |eave Qb\uk‘m& tlete claims as  Oxerdices ( Same proots ol Tn o nditacted &rqu\s) .
\/\)L\Qh e loolk at Q\\ Vegkices ‘(JLD\CL\R\O\L ‘E\(DVV\ <, +ho gL,JOSCY {WM a ‘O{Tﬁzd’xz.d et v with

no Owtgoir\& L&gul

L) Caw O(z,%mt RS Ohv\o\ko&uuﬂdﬂ .

An TmFmTav\t \;{o?eﬁﬁa tlat T presecvas i tlat T CM?\&M all  the  Shyvtest PQH\

N
A ckanes /&W a ngvah vartex S Lﬁ?{/%
524
We leave 1% ¢ an execwse  to wr]{—\a thi g ?(oydﬁ. i‘i%,"%j/

RES / DES tvees

As  n Undicected g(a?lag, Whan a vertex v Ts Best vigted | we Yomeamber  its Pacent
a¢  the vertex  w when v i Bk vigited ’{\/M

The fLAgeg QV’?“N@X —%(M o tree |, and BFS dvais and DEC dvees arx d\»z{—imd,

BES e

T%% Qa%‘mgr disttyd = o\iskiwwﬁ[vﬂﬂ . we  compute all  ¢hwtest path olistances fym S .

In undicected g(qp\\g, Lo ol now-tvre edges Wy, digtlu) € 2 distLv)-1 , distluv). dlistiu) Jrlﬁ.
Th  dicactet gm?kgl thave could  he  vow-tree 2dges Wy, with lq(&a d?ﬁumu betusen  olictlu)

4

ond  AKTY) | but n this e we mugd have At Lw) > dist [v)  ac %U.kd QAxe \\Eackwmo{ sw{fu‘y

ﬁiﬁ\ f@ S okt ected
ﬂ I e zeﬁ;x (st
ANV VLV p—

_DYS tvmec

T undicected &{q\b\ns, all  nem-tvee ong(; are  bock zaﬁﬁ{g (gg\w\& back 4o amCQsJ(ws>.

In  directed gY&?M, Sowme  mowm- Tyee ngu wuld ba  “cress ngu” and \\{mwo\roﬁ zd&&//.
<

=~ s ik odoe
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In  divected gm?u, Sowme  mon- tyee Mgu ould ba “cross edgu” and “{D\{ww( u{&{g".

-~ o
g,w\DL\\(_aLhzd gﬁg ,"
g DFS :}%/@
E dv en Yoocle s 4 o(/%g, dicacked
Qd\?‘ E DES
?;A%’b i&o/ e

\We Seo thet  dicected KMPM ore. oo bt move (‘/um}md.

g’b“)"@\"\ Connected  Qraph¢
L) 9 v
?Wﬁ/\,\/i Consicker  the Pmbuw\ of ckact{ni whether a  divected ngL‘ s S{Ym@(ﬂ Connected .
Trom +4he o{aﬁqﬁﬁml we ne2d o Check ﬂ(ﬂl) Pa‘wri ond  Cee I-{ Flere 15 o olivected Fqﬂ‘ betwesn them .
T undirected grqsﬂ\g, ISR Qr\ougk +o ?Tck on o\r\oﬁ\rma veictax €. and  check  whetler all verb ceg
oNg'S fm@lnak[g f\{m <.
Whot  wouWd  be o QW‘({SPOI\d\w\g \\gucdnt’/ condition 4o check  n dicected grq}%s? fs\
jms’( C,\\ect‘mJ 4t whatter  all vedbiees ace Yeachable ‘\Qm\m 2 Is  hot uzhot,hfk )Q‘j" L/G\N ’
& o

Ckmck‘mg ‘W\a(ha\oim\a {Yuw\ ,Qurva virtex  would work, but 1t takes D_QV\(Y\+M>> time | too Slow .

The —ﬁum\m& observatim  allsws us o reduce Ha number of pairs o check 4 Oln),

_ Obgsoryation Cq 1< %ﬁwglb cownected l§ ond. m\\a I% uQ\/iV'Lé vertex v IS Voachable ‘ﬁ{m S
Gnd. ¢ s (fachable %w sz\/uué vertex V.
M :)) IS deuiel , bocowse  thara 6 a podh etwoen ZVM?I oy hered PQ}r n‘f: vortias b%j (‘/(szﬁhlﬁm

<?> The Csmdition Say s tHat ‘Ew szvara vertax v o tlece s a prxﬂ\ %FN\ S to v, ac well as

o path frewm Vv b g N S
<
Tkan,{w QHLA U_Vv , tlece s a ?qﬂ« ’?YU‘N\ w o v &hj CME\MMS the Po\ﬂx ﬁ'm w t g

ond tle Path —ﬂrm S t v. Co. tlete s a path Fom Wt v Hor any v e\/. 5

We know hew o check  qll verteet  are vaacheble fyw ¢ in Dlnam) time \(Jﬂ RES o DFS

How do we  chack  whethor € Vs veachable {(m all verbees Q{f{g?xnﬂa 2 <

<
N N R
Theawe 1« a S\mp\g ik to de 1t CI %(;\\ G d\\

Given G, we Yeverse the divecdBon of all tle edpec 4o sbtam G(R
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-

N ~ . N - R
Then € 35 trachable Warsw\ all varbes 'n & f ond mlg o all veetiws in G( are Teachoble fvw g,

Thic s breawe o K)WH’\ frowm ¢ v in G bemes a \Datk Hom v b T dn CTR.

T chede whether all veris  n C'{R are  Yeochable \Cvmw ¢, we can do T in ene RFES/DFS.

To Summa(%e, we have tle %Uo‘w\mg D\[Sbf\ltlﬂm

Algorithim ( S{\(E\LS_CM\QL

= Check  \Whother all  vertces a G[ oxe  Yerachable ffm g
~  Cavecse P dceon of all z&@zg in Q o obtain CTk -
—~ chedle wlether  all vecBees 1n C:(R ovre reachable ‘E(mv\ <.

\\8 4

I-? Loth Yes - tlan go\\g “\Ags” ; otleriite S’oL\a ne .

The Coviecness af the q[gsﬂfkm }Cb((mg ’G‘(W the sbServation Pﬂ)\&o‘\ obovg .

The “me QWPlexﬁ\;\ i Olntm) 5 we lsave Vb as an f2xercise tlat  The (‘wg(sivﬂ g'hZF Can  be

dsrwe in Olntm) Yime.

Dicecked  oacycliC  9(aphs
N S

Dicected oxuﬂg\‘\c ngks ol dicacted S(w\;%& without  Miceded C\jdkg \

g
2/7%
'ﬂx% ale wggﬂ—v\ n vv\cszzﬁvxg olszemLm\cg 2 lofisne (0;8, Cou( s Prx(a(&,mgﬁz > 10/70%2

Tn Cuch gitweltiont Tt woula be m;aful + %“0\ on mdgr‘mg u§ the werDus , so that all Hae go@f@g (&

chwo\(d\. Thie 1s colled  a +o polopTcal s\(d\u‘m{p D]L tle  vaeBces (Q,g. an md@yrir\i + teke cw(gg;)
LB

2 X0DoSH o £ Mrected g(c\F% o acyclic f and O\r\(% f Tt o has a ﬁpo(uficﬂ wd&m\g,
(oo &N Sinee all tle dicected Qd\gec gb \Cv\«wm'rk, there  afe ne dicecked cadag‘
%) We Wil chow that Oony Aivected o\cnckm g(mP\n has o vertax v ef "md\zgru Rero.

Then , we can \>w’t Vv ooog tle \pﬁ‘rst vertex Ta Tl molu‘mg L omd e cowsider  G-vl

Cine G-u o also o\cjd‘\c, tlete i€ @ ‘{m\)nkog\\ﬁﬂl wur‘urxg zr{ G-v bg Tnduwction o the

, N
Numbef o& veeheese | omd we ace  oona 0@ | S
/7\
’\“o?vl’ag\d‘_}\\ srdd:‘m&
Tt temains Yo afgue +at QMZX o eCad acac(Tc grp\?]ﬁ hat o wveekex o,g» ere jr\dlggr&. e\C &-v.

SUPPUSQ {v\( cantradichon  Hat evary Vertex  hog ‘mdqg(u ot laalt  owne-
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Then, we gtact ‘g(bw\ On o\(b?i\mrn veartex w . ond Qe o oan Ty\fr\a‘\)gk%w w,. ond 81, 4o an

A r\flfg\n\ob\( Uy . and So on . {,}
— - o
_L% [§S o&man& ?DSS\W\DKQ 3ince Q_\j,ﬂ(ﬂ verlex hat an in- y\p_:g\,\\ow . [\\ ‘/OL«\

\I-% Covma Yw»n@?g%w repeatc. than we Frnd  a directed QL&(,LQ,,

But Vb st YQPQGZ\‘ ot Some Foﬁnf SThe the SYO\PL\ (< *F{n\&a, b

Thete  are twe O\W(omku to ’ﬁ‘no\ N hyoknglu\ wdsu\m& nfy o directed ac&drc gmy% z{f{u‘zmb.

A@mo\c\/\ 1 (sh&cb\) Tuct fo\kom the above ?Ymﬁ B}

Kaop Rading  vertias of dopree oo and put tlam in Lot of the Cemoining vertieet.

We \eave Tt as a Pmmm {w You o "\mykeww.& £hrs O\LXDr\xt\'\m Tn Olnam) Bme.

nof s Jetative , but T owll ke uwseful for ws Tn tle nedt Rechiem.

A@(oac\f\ R Thic 1 ?Qr‘r\ox?ﬁ

The VYdoo s ™ do a DFL ow tle whole SYD\F\A QMMM»\S ok 7{‘ W gof stuck . we  Qtard tHe DTS

tx&o:m ™ Sem wnvisited veclax | wnbS| szna vartex ¢ visited | jus”t Nte what we Aid Ta ’Fw\hd)\hj all

Covmnectad Compments  in  undicectad grc@\s),

TL\R_ DFS Con \00_ Aone \\Y\ O\Y\\a D\(d\u\mg D—% \lﬂ(ﬁuﬁ LIV\ \)G\VHM(O\(A no ‘\v\‘f‘\wmc\“ﬁm QJOWT 'h)])o[ofkal b“fa\lr]‘r\jﬂ‘
o verRas  of Unoeprae Jtco_otc .

_Claim 1{ G s direcked c\cndic) {V\' W\a directed th UV \C‘m\sl\ﬂxﬂ< %n\skiuj n (MJ DTS,

{00 Thace  ate two canet o Considar . \)‘O\\J
°
v

Cosa A %”bm%[\z} < %Jcmf[\ﬂ_ Cine the RMPL NS O\(_A(‘_R(, , W s hot ¢ 2achable “E‘(M V.

Qu. e Cannct be o decandawt c\c Vo, Qand b\& e Pa(u\kus‘\g ?ru?uha L 4le e \\Mu\/a\g

Ustart (), Sk T ) oma Cotuet G, Bnish Ta)) mest e disjoint

“The Wk\a \n&s‘wst\“\ﬂs bt 5o tlat start (v < finish W) < Stact Tud < fiwishTw)
Cace i o TTwl < gtoct V),

Then , Sine v 1S wnisited  when W Started .V Wil be a4  ocesScendant a& we .

QL& tle ?o«mﬂ\n\\i \>w\>ed\3‘ we  howe gtoct L) < gtek TU) < \Qn\sk W) < %Ms%ﬁﬂ, D

With ke cdaim n ?\au s we  have the %DHB\N\”\S o\\ib(TfL\M ‘{bv ‘%noﬁ'\g a %Fo\og\w\\ wdz(TV\g,

Mgbﬁ%\nm L )vv\\m\og? cal wd\ar\_hi;)
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~ Yun DPFC m the \whole &fD\PL\\
N ©U~T?\¢ e w‘;‘u\‘“g (WIRSN dﬁﬁfug‘\»\& %Y\\\SL\\V\X e

~ check whetler ¢ i a Jvo?oksg\ux\ o\(ohuing.

The Covtectrest of the  alpsithm  Abllows from e aim.

The o\kgs\m%\,\w\ Coan be N\w\?hzm@w‘ﬁui n Olntm) Bme. (Dovﬁ do gwi‘;n&), Just put @ vectex

n a Quaire when € s Paished ba ML&}Y\S me ling in the code. )

Q{qulﬂ Csnwnected lepwud‘s
M

F\V\Q\\\&) we  comnider the Umove dﬁ\{&imﬁ} ?{DHQM o{/ %no\‘w\g oll S*wmjhg Connectod cwfm\eﬁz.

We will combine and extond  tle \wgv\wL vdeas o obtan an O(Y\+w\§ Time o\[go(%(f\m

Ticst, we gﬁc o Qood Tdea  obout lww o &Lmuo\[ diractod .%MP% looks  \ike
A PcU'lm?no«\a obtervaton :  two S'\ﬂm\&L\é Cewne cTod mem\u\tg ove  wvertex d?sjoinf I{ ‘o Cmeevd“;
Cl ono\ Cl Share o vetex . tlen G o Gy e QLSD g-{\(sv\g\\a Lthd‘Lj\/ C/s\,\‘t\/o\dn\cﬁhg ma\(\\w\q\?{’\a DW[ C, , Cl,

(a) (b}

# s ’ o N N
D E— =y \Aj'—ﬁ}\n'k —I-I\ch.l‘/l
~ )// - IIIr PRCW({ ’{\(DN\ [D?\/ 24]
1 L]

i = H .-,/ _?\

pe lfl‘ . Q;.f_}.r \

\ ‘ 2 IKL)

[ = {1 K

Tn  the ?\»C{\A{l, whan G_\)Jma Q%ijka conne cbad C/s»m?nnevd— < ‘H\w\g:l\t 0—% 6ns a §ihj(q verTox . then

e WSM%‘W\S Airectad K(W\)% NS acndfu Weo laave 0 oag on wxerdte  to ﬁfm\/i it

A\

Tdea 1: gmppou we Stogt oo DFS  In o Sink Cm?wev\f/ C

LO\ CSW\PU\'\D.V\“\.’ with  no ou‘ﬁgomg

Lolggg)/ tlen we Qan \\c{av&\\{—\a o CG‘M?S‘v\ev\t C.

% TJ@ 1S e canse JL\/lw’\é verfex n C s {2ocheble —E\(w the Sﬁ(*ﬁ\'\& vertex buk o vedies oulsde

go/&u&% Qad o{% tle veroe with wigrted Tu) = tree will  Yatover C.

Tlfﬁs §\Aggz§,fs tle "Elcuﬁ\«ﬂn(g gJND&QSS.
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Tind o vertex v in oo Qiak Qb\/vx\)wﬂnf C.
— Do o P & BFS 4 \\d\m\ﬁﬂﬁa C.

—~ Remvr C {/m the g{c\Pk and, TQP.Q&%.

Now, the rsction e how s Brd a vertex n a Sink Component g{%uznﬂz]g

1t d\ozgy\uc look Lo\g%, Can \ﬁcu thwnk o% how 2.

4

_Ldeo 2 Do \\*“Mg‘\%\ st

Tn e pretuce abova, whan we ek 0% 2ach CW—fmanT as o (bkg) vertex _ tl gmrl\ 1S o directad
qck:\c\\\q %MF‘A.
Teom +ha previous  Gectiom about  d\rectod o\cmdtc ng\r\s, we know thal \\{ we de a DTS en
The  Whole groph the nede with the eacllest  fSnighing e 18 a Sink.
Thie Sugpests tha {mum‘\,\é) g&mm.

— Run DES on Al whole qu'?l\ and_ obtean  an mz)\u‘mg Th \\r\Crxo\S\n\S \Cﬁm‘slq‘mé Hme .

Use this S dacing in the  previsw S{\'c&zjta Cieo stort fvem Ha fRest vertex a0 thie

\ﬂé\m‘mg) Yemove  all verfws veachable ‘Q\f@m Tt oand Sqa Tt Te S”‘wa C/WwaawT , then
&o 4o e noxk  wn-vemovad  wvartiex i Ll D“(OLP.(\W\dD , and FKFZQJC 3

Thic s o Ve el gJ\\(o&a“, but w\{wi\mo&@kvd bt werk

NPT Sa R
Tov &)mm?kq, comsider  tle EYQPL\ 6\7 . 1{ wa start vl DES at ¢, tlen tle nede t

t S
_Qarhest f ,r’&/‘_~
_Q\\“isl,\ '// .

Timt

has tla gucliest \CQnTsL\ B but It T¢ not

n o Sink cm\;m\aw‘h
Tdea 2 Nobt all 15 bst. The OES suim\ng will gt Qive ws Some wseful Information  abowt  the hPolaika{
GYohu‘w\& of  tlo m?wmwﬁg‘
In poctiodac, alkhough e couldil Soy Hlat bla vedex with  Smallest fak time 05 inoa ik
cwymeﬁ . we esuld PYowe ot the wvartex with \Q(Eg;t %m‘gh Brwe 1S in 6 Yol cmfmmnt

The prost 18 Similac b Ha claim In Jm?n(ngica\ Wd&(‘nga

C\a\\m 1{ C ond QI Qxe %’H‘bh& Cb“m?m\ey\’tj and  thero are ngts —ﬁ(w C Q/) Hen Tl \Mgn,gf
< ’ &
’G‘m\s\,\ tTime a0 C 0 Y¢ \Oigge( tHan  ths \o\cgut J\zﬁ‘n‘.sL Bme In C .
C/
E(coﬁ There  oace o Cases t cemldar.
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/

Cogy A2 Iﬂ% e Prst vertex v owvisited in Qu Q} s In C, Sine verBees Yn O @re met
veochable %m voobul all vereet in @ are Tradholble —ﬁ/o\m V. ot tle tme when
uog \Cih\s‘r\s&d\, ol wveetiee in o ave %n\&hnd ,owhile all viebae Tn € hoawe wot glartad.

Coge 2: IJV tle %Rrs& verex Vo uisitezd a0 QU < ts oin C . Since Wveees in Cu ¢ ane rachablg
‘?rw v ol vertices Tn Cu C/ will be %mmm }J'L’ESYQ v. ond thuse vel will awe

2

tle \wg(st %»\WQL\ Tme “n Cud. 0

With the claim. wa knew that Tf we ficgt do oo DTS, ond then wa oo o DFS again  using
o oku(ug‘mg ovde ¢ OQL WQ\ATS\A Pme, Hon we Wil vigstt  ancestsy cwgwen‘m b;UYNJL \w R
Vst d\agcm\d\gn‘t (\/S\'\«\\)m\zﬁi

But this ¢ not g“’o\/ since  we VMK% want  te Ctmet th o0 Sk cmFm\evﬁt and et 1t out \Q‘rﬂ"

Tdon & Roverse +he EYQFl\ ! ( Like what we ok in U\ubv\& S*bfs»\& Cs\m\zdw\ﬁhg,>

TL\L %rﬁ oh&z(wﬁn‘w vttt Tl %N\\{w& Lmvm\od'& d\vvit CL\m\gg whan  Wwa Yevorte A A cectom o%

le 238y
all + Res- G ED\\)O = f}?\ Q(R
O 0 O
|

\fsuxa \m?n\ﬁcm\t T wsl Rouwre m\)onavﬁm botome $ink  oand i Vicsa !

Thetetoa, +le O\(M(\\Y\& we have in & ‘Fo(\m}n& tla Tops logical Wd\om\i Of(: tle m«\\)nwn%s
Qf\(m Souccas 4o inks ) belewes o m&\szr‘m(g n (q, fb(lvw?v\g ‘o Coverce ﬁFo\ogTu{ Dfobzr‘mof
b{“ +Ha CM?W@&& ( {\ro\m Sinks Ao gcm(d,&) .

Now . e Con :\mﬁ jpw((w this O\rd\m\w\g S do the DFS o ot oul Sink Cvah&NlCS ™Me

ot oo Bme ag n vdea 4 oand Vdea L.

A (ot erponer )
Aloy ekl Wg Compenersts

© Run DES on thae  Whole &Yc\?\(\ \/LSME on o\v‘oﬁ\(m\a ox dea I\Og D—E verthces .
@ obtewn o new  svdel np 5\6 O‘\(LCUZD&S\\\X scdor  of %n? sh Bme n V\’EV‘\DM LX) o o’% DFS .
@ Rouzcse  the graF% G( o  obtain  tle S‘m‘?)\ GTR‘

@ Tollbw the haw md}u‘mg to -QXKJ\D\(Q, tho gxagk C‘ak $v  cul out e Lw\?wanh sne ot o time .

To be wove Prade, W 2xpand i%&P ® n move detels .
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- |et 1 be e vertex D\L 1-th \O\rgu% {%n?&l\‘mg Bme m{‘flr S{QF @

- ot cC=1. T s a vadable c\wmﬁng tle number o{' %’{Ymi Lmrmih%g,

- ‘GW 1 < R é 1} Ao
W nised 10 = false
R ~
PFCC G, )

mrack, all tle  vertices Yeachable f\fm T in this ttecaton s be  in meanT C

IESERGR

The prosf of  covractnese llows o sur (mug AlsemsSion -

We leave & as on exerde o check tlet ol the S+Q?S Com be Tmp\ﬁmmﬁrd n Olntm) Hme.

Thig aLSO{Kt%m IS \/MA clever  omd UL ey Toke vnsve Bma 1 understand —f’\AHLj.

Reference = LDPY 3.3-24])
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