Se,omd{m% ndl Soﬁ'm%_ Geaghs



Lost Time:

IY\Q\AT’. wndicected  G=(V,E)
[SSAVERTS \hAe,pexer.n‘\’ ¥ no
WVES ore commected by on e_o\ée..

Goo\: Moax cordwmality \V\t‘)zeex\am"( )

_"oo'a\/I Oli(e.Cl'eoI 3( ap\\s
acyclic g(‘ap\\s,
%Po\oéic,q\ sor'\.',

Iholep, St undi¢ QC\'QA 8(‘ ap\\s

Pl =)= 4 : 9 3
— - _—— /]
_ I 1 = a 7
V%) >"/ - V\‘ ;__J\'/_’_:'—’—* [
/\(’\CNX}.\“ZD :L ; A \% o/ [y 6 %
N \a€ /5'75" S
NI/ 7 —
N~ MWIS-intervals(F = {4 = [ar.by].....Jy = [ay.b,]}, w:. — Rog)
/% We assume Iy = [av,bil.....Jy = [ansby) is sorted tn increasing onder \
of a;. */ |
s, o 1. 16 2= 0 then return 0 /
2. Let i > 1 be the first index such that a; > by /
\g /1 Iy is the first interval disjoint from I, and {1, .., 1,} = set of /
intervals disjoint from I ~ SubYre
3. return the maximum of MWIS (o, exclude-root) ©
/% The MWIS among those excluding I _
T S N R e A MNIS-intervals({f....Ja} , 0) 1. If exclude-root
lno\LpQV\d(vﬂ' /% The MWIS among those including I /* Don’t include v in the independent set */
is polyfime, “then et Bttty +Is-intervals ({f.... 1) ) A. Return the sum of WWIS(s, false) over all hildren & of
. . . solvec 2. Otherwise return the maximum of:
enfive 0\8_0('\'“'\‘(“ s /% Don’t include v in the independent set */
Po\ ‘\'\‘m& A. The sum of MWIS(x, false) over all children x of .
Y /% Include v in the independent set */

B. The weight of » plus the sum of MWIS(x, true) over all
children x of v

N

/3

cycles, veachability, depthisl seacch,
S\'roné\\/ connedied Cmeohen'\'s

( which 8\\:{ a 16T oF Studiue 1o o very s‘\m?\e, anol
brood\\/ Qﬂ:\i coble model )



Cprap“\s

vertces e

Qo\ge.s

we o\

undirected
eAge.
beTween W omA N

G=(V,E)

n =\
wm=\E\

we » v
d'wec‘ké
edae

SCO«\ w o v




wr\‘\'\h% down %fO\P\'\b

”o\o\\so\umcx/ \at

Sor eadh vectex have o [sT &5
o\l ('\w_om'mé’ OWY %o\hg\ ed 5.

Qg.

v.owl = [ob,¢~)

N, ‘\Y\ — [d,Q,S’, /)—rj



(no oydes)

Dicedied Acychic Graghs (DAGS)

/ \‘
o
\ /.\//
® O
2.0, OcLwWS
g e . AddiTion S !
XO@ (”QXC\U\SNQ'oc) //\\

(Troe 85 x2%2)

P AN

X1 X9

HoxyxD= (RATIN AR Sl 2%, %) = ‘{ “f A Ky = ARy
O"\A\V\Q\“w\se



(defnition)

N \Og\w\ %o‘\‘(es arromgec)

ZPL\*A as Verives w o
/;< /A/Aﬁ&\\ Aie ei\'eA oc\/c,\ic, %Co\e\\
"8\0(\’e§ * Yoke some MPRYTS s, ov«'vx\ 1 6t

N)e— omd-gi\'e
olso “ow¥puY 30‘»\' e

\é‘hs‘igc:\'

me\i\ gc‘»‘e.



= OW Yo eN o\\v\o‘\\‘e o O Qu\‘\'?

V

p
A
A,

(ConceP'Yua\\\D



Y

To?o\ og\Ca\\ oCaes /

A
—|/ \\/ i
- AN
Tk o5 arcs as < %»A
(direded edqe) - A A\
”U\ < S\f v/ A/ﬁ{
» Yo /L] \
1 ) X3 X4

s deSnes a @m"\"\ o ocder on \
ToQo\ogk_a‘\ ocdles ing (5 V):

ony orc)er'\hg consStent  w/ eo\ées

Yo ewmluasle, jw¥ process leSt 1o n‘g\\‘\’?



W0, Sowlces
/\'OQO\oa\LO\\ sorT: keep Cewont Q

=7 g




source-peeling(G = (V,E \
/* We assume G is a DAG. \q /)%('/4

1. While there is a source v € V

A. Append v to the output list. 1 23 45 69 % a 1o
[ ] @

B. Remove v and all incident edges from G. W

Theorem 6.1. Given a DAG G with m edges and n vertices, one can compute a
topological ordering of V in O(m + n) time.



T Seoc Q\\\v\S Grophs



- — 1

Ja

7
O

See travel times, traffic and nearby places

Search Google Maps o W Stadium Ave

EhlGemmaiDeit Purdue Pi Kappa Alpha

<

GateWay to the
Future Arch

Purdue University

ReNEWW House
9 W Stadium Ave

a
W Stadium Av

McDonald's

Another Broken

X
z : Kappa Alpha Theta College of Engineerin: Egg Cafe ﬁ
] Tarkington Hall Purdue University 9 9 9. X @ o
=] Lyles School of @
E a Student Health Center Civil Engineering ;g.
2 - i \ Purdue Universit Seng-Liang Wang Hall @
Rankin Track and Fild™ == Purdue Universit Purdue Physics Building
afRIMEack and Fiel A College of Pharmacy \
Purdue University -
/ = Y Department of Physics i
N i ... Sylvia St
5 WileyHall - peita chi & 9 A
z o Alpha Xi Delta @
2 | @ 4 _/Purdue Material s
£ | i =] ciences and Electrical... @ -
£ Asian American 9 2
= 4 9 and Asian Resource... Schleman Hall fe Purdue Exponent °
France A. Cérdova igma Kappa Sorority Student Serfices chool of Electrical and 4,
"Recreational Sports... @ - Computer Engineering q?',; WLutz Ave
Chi Omega 9 8 %
cQ @ %,
Co Rec 9 Wiley Dining Court e Hlov ')-y% Pearl
Purdue University Kanph KnpaalGa s 9 9 Rurdue@mory ?
Fire Department % " Elliott Hall of Music
@ jlhiidiStreetiSuites 9 Lawson Computer Q Purdue Polytechnic
Science Building -
9 Krach Leadership Center ~_Bechtel Innovation Wilmeth Active Learning 3 “«
Smalley Center - Design Center Purdue Center (WALC) 2
University Residences B 5ig street 3rd St = G
a reet Purdue BWr Bailey Hall
> k Pi Kappa Phi Fraternity = B
Windsor Dining Court Phi Mu, Delta 9 Felix Haas Hall - R
Epsilon Chapter Central Dr 5
Q Windsor Halls Q | 3
Heavilon Hall Delta Sigma Phi
h Residence Hall Q 9 Cla S of 1950 a
Windsor-Residence Hall \l"laon"rs Collegeand 2ndst a B Lecture Hall Q The Anvil
esidences - South ? 3 o
9 z Purdue University oval DF - BP s
A 2 Islamic Society of Beering Hall 7 Acad Park 2
2lia Earhart ’D_@ esidence|Hall & Greater Lafayette 5 H @ Nohst ®
dence Hall ® Q " 4 +
Univerg pll 9 Boilermaker Station = Ei
a g Q The Church of g Loeb Playhouse \yoicome Center —|
AphdchiRh Jesus Christ of Latter...| [Google 2 Meémorial Mall| i purdue Memori # EEHEE 2
Department of Phg NS , untain T
- FarmHniise Fraternity ~ Map data ©2020 Google  United States  Terms ~ Send feedback 200 ft L

O







can $ reodn all oF the other verfices!



can $ reodn all oF the other verfices!

No

%OO\\‘. o\eS‘\gﬂ on a\%o(\'\\r\w\ Yo
%i%u\ft s ol O\\K‘Yomcf\;\arz\\\x/



- — 1

Ja

7
T

Search Google Maps

<

See travel times, traffic and nearby places

Phi Gamma Delta

GateWay to the

Future Arch ReNEWW House

9 W Stadium Ave

W Stadium Ave
Q McDonald's

Purdue Pi Kappa Alpha

Purdue University Another Broken . F a W Stadiur A
g Tarkington Hall  X@PPa Alpha Theta o College of Engineering . Egg Cafe 3 adium Av
2 Purdue University L School of @ )
S | yles School o 12
< a Student Health Center Civil Engineering E
T -
= - i \ Purdue Universit Seng-Liang Wang Hall @
‘ & th.St. Purdue Universit purdue Physics Buildi
Rankin Track and Field | College of Pharmacy urdue Physics Building
z Purdue University -
/ = o Department of Physics i
N i ... Sylvia St
5 WileyHall - peita chi & 9 A
z o Alpha Xi Delta @
a5 1] il _~Purdue Material §
£ AT can =] ciences and Electrical... @ =
5 4 9 and Asian Resource... 9 Schleman Hall fe Purdue Exponent ° i
France A. Cérdova Sigma Kappa Sorority Student Serfices chool of Electrical and 4,
" Recreational Sports... @ = Computer Engineering 2% W Lutz Ave
I 0 Chi Omega 9 B8 %
Hoj 9 %’))
Co Rec 9 Wiley Dining Court Tiov e Pearl §
4th st ©
Purdue University Kanph KnpaalGa s 9 9 Rurdue@mory ?
Fire Department = . Elliott Hall of Music
@ jThiidStreetiSuites 9 Lawson Computer Q Purdue Polytechnic
Science Building
Q Krach Leadership Center ~_Bechtel Innovation Wilmeth Active Learning g -
Smalley Center - a Design Center Purdue Center (WALC) 2
University Residences 3rd Street 3rd St 2 e
a reet Purdue BWr Bailey Hall
> k Pi Kappa Phi Fraternity = B
Windsor Dining Court Phi Mu, Delta 9 Felix Haas Hall e g/ Q R
Q " Ik Epsilon Chapter Lot B
Windsor Halls
9 Heavilon Hall Delta Sigma Phi
h Residence Hall Q 9 Cla S of 1950 a
Windsor-Residence Hall \l"laon"rs Collegeand 2ndst a | Lecture Hall Q The Anvil
esidences - South . ? ‘\—<—_ o
z Purdue University S S
A 9 2 Islamic Society of Beering Hall ¥ g r d I l5<|k =3
Sl RNl F Ac ai ®
:lia Earhart [wme' esidenceiHall @ Greater Lafayette ¢pr-Homh.st
dence Hall @ Q " N +
Univerg all ’ - -
B g Q The Church of 2 Loeb Playhouse ef;:zg"r;‘aekggﬁz:'on —|
AphdciiRh Jesus Christ of Latter..| [ Google 2 Meémorial Mall| i purdueMemori # EEENEE 2
Department of PhE PNIENO ) Loeb/Fountain T
- FarmHniise Fraternity A Map data ©2020 Google  United States  Terms ~ Send feedback 200 ft L

e AT I




298 N University St Q -







(\\Q(AQ.( vl/om‘\ Q\(As Q\/Q)



1“9\;\“(; (J=(\/,E\, s, Ye\N

S

-'—
Goa\i o\e,c:\oke. \S & Con Yeoch Y

Recucsive-earchls T

|, 15 =T then veducn TRUE /7\,
L Soc each ec’ae, (s,V) S <
() 1§ rewursive-ceacch(vD =TRUTE
Then  @uen TRUE
3 retuern FALSE



Av gumert
S < con ceach Y ow A\ $#¥ Then
thece wust be e.&ae, (5,v) st

V can reach
recucsivey  RecursiveSeacdh(v ) whll
decrde That v con cench ¥

Makes sense
Bu¥ wher about:




whol wexst wroné?

S < con teach ¥ and 8T Then
there must ke e.o\ae, (s,v) st
V can reach T |
P recus S\\Iz\j Recursive-Seacch (v ) w '\\\E
( decde Thal v can veach ¥ '

recwCs\on \’Qc\u\re.s
Wauwchion 1o be

Corvect

c,\/c\e,s => o clea(

base case



B\'Q. GACXV\M‘OS



) depf\'\‘ Siest seacch

DFS(V):

O 1§ v e unmarked
@ moar\& V
® For eoadh e,&\ge, N=7W
O OFslw)

S

con S reach 0\\\ o%’ ‘\'\'& 6\'\nex' \IQF‘.\C&Q



DFS(v)

1. if » is unmarked

A. mark v
B. for each edge (v,w) from v

1. DFS(w)
A dowms
® DFS(W) runs In Olm+n) Time
@ DFSW) visits oll vefices reachable

g\"om V



@ DF3W) visits ol verfices reachoble

DFS(v)

S}V‘om V

1. if v is unmarked

A. mark v
B. for each edge (v,w) from v
1. DFS(w)

It A= {Vex‘\'ice,s o Thal oare worked s
B=NNA= { unmacked verticesy

\e:\' W be rza\c,\-s q‘o\e, Seovn ¥
Suppose. ‘o\/ covicoTion That weER

A Q3

Cohs'\aex C/m\l @CI\'\\ S"(ovv\ N ‘\’b w



since The ea‘\'\r\ stacte W A ond eds in
6, "\’\\Q‘(‘b mast e some  divectec) ec)ge

S(owx Some._ o€A cxvxo\ some. LB



® DFS(W) vuns In Olwm¥n) Time

DFS(v)

1. if v is unmarked

A. mark v

? é, B. for each edge (v,w) from v
(O 1. DFS(w)

—_—
we Traverse own edae, W=V

on\\/ oy ter vv\a\v\<\n<é_ A
eoch verlex ge”fs modked once

ov\\\l ‘\’(owe:(se_, QcAc\r\ e.r)%e, once



) depf\‘\" Swst s eﬂ\rc.\:\

DFS(VY):

O 1§ v e unmorked
@ Mo V
©® for eodn Q.oqge, NV=7W

D OFS(V) vuns n Olm¥n) Time
@ DF3W) visits oll verfices reachoble

S}\"om \V)

Mnore g:\’ec'\sa\\/‘. DFS(\B cCiuens
only astec ol vethces veadhable

grow\ \Y} \que ‘QQQV\ vaOxkﬁA



DFS 15 oFften used Yo visit ol e

verhces (Mox\l‘oe, c)dm% Some, eroc&ssiv\é_

oX ench vectex)

'\'o W\CA\<Q swie we V'\S'\"Y 0\\\ \:Q‘(““Qes y

Wse o " dewer / "wco\wec‘\

IDF S-deiver (G=(V,BY)

W\r\;\Q ‘\‘\\a( e 15 an U“VV\O\(\(QA VQ’(‘TQX \'

DFS()



Pfo\ofawl'. a\b we Y\QLA B(Q.O\ O\vaxmh;f

SuPpose. we only hod O(\ogn\ space

Va4

X space Sor O vertices, couwnrers)

undirecied g(ap\'\s w/ candowizarion:
‘I’ake G rahc)om wak S—or (xmn\ ST'Q.PS

('\'qug\{\' W candomized algocithws)
uho\*\red@\ céro\pks, &Juvv\'m‘\ﬁiu\\\j;
Al 9o By Re\hgo\a 003

(dexandomizes the condom  wolk ‘-‘Approacla,

o\so '\'uu%\'\\' W randomized a\sor\‘\'\«\ms)
divected qc aphs,  défer ministically:
5\— \\\ V\S‘V \<V\bV\lV\\.

Sttt 1470 270%™ Hine,

O(\ogn\ spoce



TL Sof“w\% OC aQ\ns



Recalls

/\.oec\cg\w\ soc T . \&QQQ ¢ emwm% sowfces
%

Alecnatve a@@fooc,\\ based on DFS



25 ey

' e anmorked
consdee  DFRSG) @ &

@ work v i

: ® For eodh Q.d\ge, \I"7WE

: O OFslw)

between Ywme thai (T
\VARYS d DF5(0)
e X ¥s
™Moe )

DFS only seacdhes VetMices Yeachable
S‘( owm V.



>

N W

Lewawoa le¥ v, weV where

o N COn mc\w w

o W Cannot reach V.

Then Oy OFS ot Qx@\o(es st v & w
wrsT Stmsh  DFSGW) beSoe. DFSKY)




D

N W

oS N>

Cose i DFS waocks v %r\rs\ m e

@?or e.m\r\ Q,&g \I-»\AIE
© DFSG) ’

S \\\\ S\\Q.S DF&(\N\ b&%ore_ %\\Y\‘\ -S\\SV\é W,

(ose 37 OFS wodks W Sicav
Then DFSW) ony seatdneg verTices
(mdnab\a <J(owx W — which exdlndes v

beS-oce g‘m\s\{m%




Levarna ot VWEV where
L e N Con ceoch W

- W Connct teach V.

—ﬂ\&h ary OFS ot QxQ\o(es Bo"\'\«\\l&w
YY\\ASY Stmoh  DFSGw) GeSore. DFSK)

POS\' DFS' o (&Q,C ;
PC.\Y\J( OV\'V Vey s\
as we dmeh OFSHKY)

DFS(V):

O & v s unmarked
@ woark v
® for eadhn eAge, V-7\W
O OFsw)

g © el v



""" &Gy
g v | ! § gLemmo etV v,weV where
Q) \S- VERTS uhmurkar)\ P o\ Con Mc\jw
' @ Mo\ v : :

® Sor each edge VW] i * W Cannct Rach. :
i O OFslw) —n\u\ ary DFS ot Qx@\o(es bsth v&w
E“«© er'\n‘\’ v YY\\ASY S'\Y\\S\'\ DFS(W) (OQSO(Q DFS(\I)

IS‘ I Con Yeoch \f,
Then v connet feoch u (w\\\/?)

s0o DFS Pr'm‘\’s N beSoce

4 a2 3 K 5 6 7 % 9

E— 00— 0 0 ,0—0<&—0 ©o o o
MW

ol 60‘325 diceded ke €<—

Heyerse 7"0,00/%1@/ orolesr



Theorem 6.1. Given a DAG G with m edges and n vertices, one can compute a
- topological ordering of V in O(m + n) time.

OFs (4 revexsma) S\Ves 6 Second a\go



St cong connedy \v'\‘\’\/

two  Vertices § oand T ace

ST(OV\%\\/ Conn QC.*QC) \SI S con Y wc.\n

Al O\nA Al con (‘QD\C)\S

o %ro\‘:\\ 15 $Tron %\7 cownecied

every pair oF vertices is  STeon \7
Connec



Clowmn STfong connedivity deFnes on

equwaone  cdass

('\'\wo\"\ '\5) \S’ V\ ‘\5 S\'rmcé\y CDV\vxe.C\'e,A 1o
V, O\no\ VARTS .ST(‘or\g\\/ CoY\Y\Q,C\’Qc\ ‘o W,
Then w is .S'\'(O\mé\\/ connecled Yo W)

Peosy

Combine. Po\‘\'\\s From w2V, NS>

Yo %d eoc\‘\\ Seorm UMW

sSimlae  For dther divechion



Q,O\c\\ e,qu‘\\la\Q,V\C,e, c,\o\ss og' 3y Y‘ong\\/
connected vertices 18 colled o

S’\’ror\g‘\/ c,ovme,c'\’eo\ comp oneny (SCC)

Goals S'\hc) e SC«C’S o gof ‘\AY\V\Yh.\c,a\\\\/

[ omdla )

C.ow\ponevx'\'s



ii
/

‘1
v
L

Fiesr: 1%

Ca.\\/e,‘(\ N, Twd the S\O%,C oY N

( Conned )
comepo V\QV\-\—

.

A,
D ¢ue DFS Scom v ’>\§
@ ran DFS Scowm vV inm

Yhe  reversed %ro\p\r\ N //\\\\i/fz
@ relTurn ot o verhees
wsifed w Gy OFS

¥(@) visits ol vertices thot comn
reoch Vv w»n of\g\ m\ %( 0\9\'\



SCUW)

D (ue DFS Scom v Olmtn)

@ ywn DFS Scovwn ¥V \wn
Yhe  peversed %ro\p\r\ Ol *Y\\

® veturn st & verlices
wsifed w Gy OFS

Ol

1o gej m\\ the SC_C,J

Y wn S’(‘ om QVQX'\/ \IQ*('_\'Q)(

AR O(m*n\a O(‘mh\

belter !



Oy

w |

Lonsp\c,\,\m$~lt nNo c,\/c,\ es

a DAG



O ancvesy o PP Ooch

Sow- SULs (G=(V,E)

aty \=9
a.let v be any NexTex n \

b, C< SV

c lobel each vectex ww C W
(some label Sor O

0\.VQYY\O\I€, C ond o\\\ '\nc'adq‘n‘\ <——
20\365 S’(om G

(this takes Ol



5wk - S st we dow Wno
/m_ SCC.’.S ((:o: (\l, E)) how Yo do-this

Yet
aahl N=0
et v be ony \IQ\F\'QXW /.

DFS '\v\ o\ S'\v\k C,DW\POY\Q,Y\—‘-

C e SEW) JOFS comnsT leove s

lobe)l eoch vectex W C Wi compenest

(some label S’or)C

remove, C ond all ncadewy

eo\ge.s Scom O



3

. <
O

J
f«@s\\x. ,

2

we on\7 \/‘\s\"\’ &O\CS\ VQ("VQX OY\C.Q‘.



To wit:
15 we con 5 gare. Oul “Sink. ComponedTs
on the ¥, then

lif\__

4
2T

(OD OY\\\I j— DFS Pex‘ N (nstead of re.vers‘w%w

(b) O(M‘hﬂ Time, Yovals
each DFSOM does nat leave Vs SC

s\ron \
(commetd )
..\—

COW\Q onen

how o Sind “sink- com @0‘(\{.\\'\: orc)ex\vxg’z



\'\Dw '\'o g-mé\ ”S\ Y\\<— oW @o‘nﬂ\'f; ®)\y C’Q\" '\Y\g’!

DFS!



DFS(VY):

O 1§ v ie unmarked
@ Mo V
® For eoadh ed\ge, V=7W
O OFsw)

g# © el v

START

N

7, -~
post-order DFS “roversa)



Po.s'\"o cdec DFS ordec

l\sts  verfices 'ISSV\\OS"\@T order

—

all Lross— Componeny eo\%as [ih BL\I\E}

ore n The Same dicection






k- Siest
/L= SLs (G=(V,EY)
ahl N=

et v be JL‘;’:T“i"Zﬁax w \

'\v\ poS\' -OFS o rc)Q,(‘

PDFS
C & S OFS comnst leave sk

\O\(OQ.\ Q,O\C,\r\ VQ\"ke.)c ‘\‘(\ C \// f-OW\eo\\eﬁ\'

(some label S’or)C

Yemove C OW\C\ a\\\ ;nc:\da\n‘\

Qc)\ges S’\”ow\ G

Olmin) 1]



Chapter 6

Searching and sorting graphs

The previous discussion was about some optimization problems in undirected
graphs; here we focus on directed graphs. The difference here is that the edges
are directed, represented by ordered pairs (u,v). Here u and v are vertices, and
the edge (u,v) is said to be directed from u to v. A directed graph is allowed to
have edges in both directions (#,v) and (v,u) between two pairs.

Seemingly anything can be modeled as a graph, but let us give a few examples
where the modeling is fairly straightforward. The world wide web is a directed
graph. Every website is a node. Every link from one website to another is a
directed edge from the first website to the second. Modern search engines are
based on analyzing this graph.

Another example comes from programming. Modern programming languages
allocate most of their data from a heap, where small blocks of memory are
encapsulated by objects. These objects refer to each other by their locations
in virtual memory. Here we have a graph where the objects are nodes and the
pointers across objects are directed edges. In this model, garbage collection can
be understood as a graph theoretic problem where the goal is to identify all
the objects that cannot be reached by any sequence of pointers starting from a
pointer on the stack, so that we can recycle the underlying memory.

Lastly, consider any road map. We can think of each intersection as a node,
and the streets between the intersections as edges. Most streets will be undirected
(or equivalently bidirected) edges since they allow traffic in both directions. One-
way streets are modeled by a directed edge in the direction of traffic. We can also
annotate the edges with the speed limit and the length of the road, which gives
us enough information to estimate how long it takes to go traverse that segment
of the road.

We usually assume that graphs are given as a list of (possibly weighted) edges.
With this list, one can build different data structures to make certain operations

89
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more convenient. Here we list the two most common ones. The first is to maintain,
for each vertex v € V, the list of all edges leaving v and (optionally) the list of all
edges entering ». This is called the adjacency list representation. The second
is to encode the edges in a large I X I matrix 4 (i.e., a two-dimensional array
indexed by vertices V'), as follows!. For every edge (u,v), we set A[u,v] = 1.
Alternatively, if the edges are weighted, then we set A[u,v] to be the weight of
the edge. The other coordinates corresponding to non-edges are left as o.
There is an important functional difference between the adjacency matrix
and the adjacency map. The adjacency list allows us to query, for each vertex v,
the list of neighbors of v in O(1) time per neighbor. The adjacency matrix does
not, as one has to loop through the array to find each successive edge. On the
other hand, the adjacency matrix allows us to query, for every pair of vertices

'Here, to use the array, we assume that the vertices are numbered from 1 to n. If not, then we
can preprocess the input and reindex the vertices from 1 to z. Alternatively, instead of an array,
one can use a hashmap to store the values. We will discuss hashmaps in greater detail later, but
morally, this is like randomly reindexing the vertices from 1 to O(n).
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u,v € V, whether there is an edge from « to v, in O(1) time. The adjacency list
does not, since one has to scan the list of #’s neighbors to see if v is there.

Can one get the best of both worlds? Easily: just have both data structures
on hand. One can also consider extensions such as using data structures (like
search trees or hash maps) for each list of neighbors in the adjacency list data
structure. We may discuss more advanced graph data structures later.

6.1 Sorting directed acyclic graphs?

We start with an important special case of directed graphs where there are no
directed cycles. Such a graph is called a directed acyclic graph, abbreviated
DAG.

We say that a vertex v € V' is a source if there are no edges directed into v,
and a sink if there are no edges directed out of v. Every DAG has at least one
source and at least one sink. (Why?)

Now, let G = (V,E) be a DAG. Let v; be any source vertex in G. Observe
that the graph G; obtained by removing »; from G (and all incident edges) is
again a DAG. In particular, G; has at least one source vertex vy (which was either
a source in G, or had only one incoming, which was from v71). We can remove
vy from G; to obtain a new DAG Gg, and continue in the fashion, repeatedly

removing vertices v3,v4,05,... where for each i, v; is a source in the graph G;_;
obtained by removing v; ...,v;-1 from G. The following subroutine encodes this
process.

source-peeling(G = (V,E))

/* We assume G is a DAG. */
1. While there is a source v € V'

A. Append v to the output list.
B. Remove v and all incident edges from G.

Below we number the vertices of a DAG as they are peeled.

2This section overlaps with section 2.3, which was about circuits, an important example of
directed acyclic graphs. We repeat some parts about DAGS in general because we ran out of time
to fully discuss circuits in lecture.
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The list output by the source-peeling algorithm is an example of a topological
order. In general, an ordering v1,...,v, of V is a topological order iff every
directed edge in G goes from v; to v; for i < j.

Topological orderings are extremely useful algorithmically. They give us a
sequential structure of the graph on which we can apply the algorithmic techniques
of chapter 4 (as we will see later). For these applications it is worth pointing out
that source-peeling can also be made to run in linear time. Here one spends
linear time to first calculate the in-degree?® of each vertex. The sources are the
vertices with in-degree 0. Whenever we peel a source v, for each arc (v,w) leaving
v, we also decrease the in-degree of w as we delete that edge. We keep track
of the vertices whose in-degrees are 0 so that the next source can be identified
instantly.

Theorem 6.1. Given a DAG G with m edges and n vertices, one can compute a
topological ordering of V in O(m + n) time.

6.2 Searching graphs

We consider the elementary problem of connectivity. Let G = (V, E) with m edges
and n vertices. A walk in a graph is a sequence of vertices along edges; i.e., a
sequence vy,. .., € V such that each (v;,v;41) is a directed edge. A path is a
walk that doesn’t repeat vertices. We say that a vertex s can reach a vertex ¢ if

3The (unweighted) in-degree of a vertex v is the number of edges directed into v.
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there is a path from s to ¢ in the graph. To test these definitions, consider the
following directed graph. Can s reach all of the vertices in this graph?

Identifying the set of reachable vertices a very practical computational task.
Of course there is the literal interpretation of physical reachibility on a map.
Garbage collection, mentioned earlier, is also a matter of reachability. In planning
problems, we interpret vertices as some kind of state, and edges as actions that
take an entity from one state from another. Then reachability is asking whether
it is possible to get from one initial state to another, desired state.

Let us first focus on the (s, ¢)-reachability problem. Here we have two vertices

s and ¢ and simply want to know if s can reach ¢. Consider the following natural
recursive algorithm.

sl

recursive-search(s,?)

1. if s = ¢ then return true
/* See if any outgoing edge from s leads to t. */
2. for each edge (s,u) € E
A. if recursive-search(u,t) then return true
3. return false

The logic is clear. We are searching for ¢ and are currently at s. If we are
already on ¢ then of course we are done. Otherwise, any path to ¢ from s must
start with an outgoing edge from s. So we try each of them and see if any of
them will lead to s with a recursive call. If any succeed, then we return true.
Otherwise, we return false.

There is a catch, however; more precisely, an algorithmic flaw in our argument.
Consider, for example, the following graph.
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The recursive search algorithm will spin around the triangle indefinitely. In
general, any cycle in the graph will send recursive-search in a loop.

In general, when using induction to justify a recursion, we require some kind
of ordering to avoid these “bad” cyclic recursive dependencies. That is why
dynamic programming was so effective on the line, or on trees, where there are
clear notions of “left and right”, or “top and bottom”, and we naturally steered
clear of cycles.

A helpful analogy is mazes. A maze is essentially an (s, ¢)-reachability problem.
The entrance of the maze is s and the exit is . When imagining a maze, though,
keep in mind that the algorithm’s perspective is not the convenient birds-eye view
that we see in puzzle books. Rather, we should think of ourselves as being in
the maze, with tall walls to either side, and not having a clear sense of absolute
location or direction. Imagine running through a maze, revisiting the same
intersection again and again, feeling lost. That’s how recursive-search feels
when it falls into a cycle.

6.2.1 Depth-first search

To solve mazes, let us take inspiration from folktales: breadcrumbs. Imagine
being in a maze, or a dense forest. If we left breadcrumbs along our trail, we
can keep track of where we’ve already been, and avoid a lot of wasted effort.
Algorithmically, this is embodied by the simple idea of marking: whenever we
visit a vertex v we mark it in memory. If it was already marked - meaning, we
already visited v - then we stop exploring v and return (to wherever we left off
before v). Otherwise we continue to explore v’s edges. The following algorithm,
called depth-first-search (and abbreviated DFS), augments recursive-search
with marking.

DFS(v)

1. if v is unmarked

A. mark v
B. for each edge (v,w) from v
1. DFS(w)

The algorithm is pretty simple. The following observation is obvious but it is
helpful to make it explicit.

Observation 6.2. If vertex v is marked, and (v,w) € E, then w is (eventually) marked.
This sets up the main structural invariant of depth-first search.

Lemma 6.3. When DFS(v) returns, all vertices reachable from v have been marked.

94



6. Searching and sorting graphs Kent Quanrud
6.3. DF'S and topological sort Spring 2022

Proof- Consider the moment that DFS(v) returns. Let
A = {marked vertices} and B = {unmarked vertices}.

Let w be reachable from v, and suppose by contradiction that w € B. Since w is
reachable from v, there is a path p from v to w. Since that path starts in 4 and
ends in B, there must be a directed edge (a,b) € p such that a € A and b € B.

(\ °
&
\

But having @ marked, 4 unmarked, and (a,b) € E contradicts observation 6.2.
| |

Remark 6.4. Lemma 6.3 applies to recursive-search as well, except for that
recursive-search may never terminate.

Now we analyze the running time.
Lemma 6.5. DFS(v) runs in O(m + n) time.

Proof- We only traverse an edge ¢ = (v,w) after marking the initial point ». Each
vertex gets marked once, so each is traversed at most once. [ ]

Combining our two lemma’s in the following theorem about DFS.
Theorem 6.6. In O(m + n) time, DFS(v) marks all the vertices reachable from v.

So we can identify all vertices reachable from a vertex v in linear time.

6.3 Depth-first reverse topological sort

In section 6.1 we discussed directed acyclic graphs and how to topologically sort
the vertices by iteratively peeling the vertices. It is also interesting to examine
DFS when applied to DAG’s.

First recall the basic invariant of DFS: DFS(v) returns only when all vertices
reachable from » have been marked. A slightly stronger observation is as follows
(and applies to all graphs, not just DAGS).

Observation 6.7. Consider a call to DFS(v) for a vertex v. In the time between the
beginning and end of the call, DFS only searches vertices that are reachable from v.
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This sets up the following lemma (which again applies to all graphs).

Lemma 6.8. Let v,w be two vertices in a graph such that v can reach w but w cannot
reach v. The first call to DFS(w) (marking w) exits before the first call to DFS(v)
(marking v) exits.

Proof. We have two cases, depending on whether DFS marks v or w first. Suppose
DFS visits marks v first. By lemma 6.3, DFS does not return from the recursive
call DFS(v) until all vertices reachable from v have been marked. In particular
we call and complete DFS(w) before the call to DFS(v) completes.

In the second case, suppose w is marked first. Then the depth-first search
will only explore vertices that w can reach before completing the call to DFS(w) -
and in particular, it will not search v before DFS(w) terminates. [ ]

Suppose we run depth-first search on a graph and print out the vertices v as
we complete each call to DFS(v). The list is called a “post-DFS ordering”, since
it is a post-order traversal. Let us make the process explicit in the following code.

post-DFS(v)

1. If v is unmarked.

A. Mark .
B. For each edge (v,w) from uv:
1. post-DFS(w).
/% The following line is the only difference from DFS. */
C. Append v to the output

By lemma 6.8, for every pair of vertices u,» € V' such that u can reach v but v
cannot reach u, v will be printed out before u. Now, suppose G is a DAG, and u
can reach v. Then v cannot reach u because otherwise we would have a cycle. So
v is always listed before u in the post-DFS order. If we apply this observation to
every edge (u,v) € E, we see that the edges are always directed up the list in the
post-DFS ordering. That is, the post-DFS ordering gives a reverse topological sort.

Lemma 6.9. In O(m + n) time, post-DFS(v) outputs the vertices reachable from v in
reverse topological order.

If we want all the vertices in (reverse) topological order, and not just those
reachable from a single vertex v, we can create a simple driver that loops post-DFS
over all v.
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post-DFS-driver(G = (V,E))

1. For each vertex v € V

A. post-DFS(v)

Lemma 6.10. In O(m + n), post-DFS-driver(G = (V,E)) outputs a list of the
vertices V in reverse topological order.

So DFS (plus reversing the list) gives a second way to topologically sort a
directed acyclic graph.

6.4 Strongly-connected components

Two vertices s,¢ € V are strongly connected if s and reach ¢ and ¢ can reach s.
A graph is strongly connected if every pair of vertices is strongly connected.

Lemma 6.11. Strong connectivity defines an equivalence relationship (that is, if u and
v are strongly connected, and v and w are strongly connected, then u and w are strongly
connected).

Rather than a full proof, we believe the following picture will suffice.

Each maximal set of strongly connected vertices is called a strongly con-
nected component. The strongly connected components partition V. In the
following pictures, we have colored the vertices of a graph by their strongly
connected component. The strongly connected components can be computed,

e

Figure 6.2: The strongly connected components of a graph.

rather crudely, by running dfs from every vertex and then examining the every
pair of vertices if they could reach one another. To establish a base line, let us
observe that this approach takes O(n(m + n)) time.
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Let us consider the simpler problem of identifying the strongly connected
component of a particular vertex v. We have a O((m + n)n) time based on running
dfs from every vertex. This seems excessive - can one do better?

Here is a helpful tip for this and many more problems: don’t change the
algorithm; change the graph. Consider the graph G, = (V,E,) that has the same
vertex set as G but reverses the directions of all the edges. Then a can reach 4 in
G iff b can reach a in G,. If we run dfs(v) in G’, then we will identify all the
vertices that can reach v in G in O(m + n). The strongly connected components
of v is then the set of all vertices marked by dfs(v) in both G and G,. This
algorithm only takes O(m + n) time.

Thus we can find a single strongly connected component in O(m + n) time.
Let’s move on to the greater task of identifying all the strongly connected com-
ponents. A natural idea is to repeatedly use our clever O(m + n) algorithm to
identify and remove one strongly connected component at a time.

SCC-peeling(G = (V,E))

1. until V=0

A. let v be an vertex in V
B. compute the strongly connected component C of v and add
C to the output

C. remove C and all incident edges from G

Consider the running time of SCC-peeling. Potentially, we might remove
only one vertex at a time. This gives a O(n(m + n)) running time which is hardly
impressive.

Taking a step back, consider the graph G¢ obtained by contracting each
strongly connected component to a single vertex.

_e__
L
S &« °
There is something conspicuous about this contracted graph - there are no
directed cycles. This follows from maximality of the connected components — if
there was a cycle among the components in the contracted graphs, then all of
these components would have to be strongly connected, a contradiction. Since the

strongly connected components form a DAG, we can also speak about topological
orderings of DAG’s, as well as sink components and source components.
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Now, consider the peeling algorithm above, with the one modification that
we always select a vertex from a sink component. Note that we don’t know how
to easily identify a vertex from a sink component quickly, but we will assume it
for the moment and explore the consequences first.

sink-first-SCC(G = (V,E))

1. until V' =0
/% At the moment, we don’t know how to identify the following vertex
v. */

A. let v be any vertex in a sink component of V

/% dfs(v) will search exactly the sink component of v. x/
B. C « all vertices marked by dfs(v).

C. Append C to the output.

D. Remove C and all incident edges from G

Observe that if v is always selected from the sink component of the remaining
graph, then dfs(v) never leaves the sink component (by definition of sink). Thus,
over the course of processing all the sink components, we only search each vertex
and traverse each edge once. This gives a running time of O(m + n), a great
improvement from O(m(m + n)). Of course, the algorithm is incomplete, because
we won’t know how to find vertices in a “sinkfirst” fashion. Thus the question
remains: can we find a “sinkfirst” ordering of components?

Recall our discussion from topological sort, where in particular we showed that
depth-irst search can also give a (reversed) topological orderings. In particular,
we observed that for any two vertices u,» € V' where u can reach v but not
vise-versa — so in particular, # and v are not strongly connected — v will be listed
earlier than « in any post-DFS ordering.

This means that, if we list the vertices in post-DFS order from left to right, all
of the edges that go across components will be directed from right to left. One
might be tempted to declare that the first vertex must be from a sink component.
Actually this is not quite true. But we can say something about the last vertex
instead.

Lemma 6.12. The last vertex in the post-DFS ordering is a vertex from the source
component.

Proof- Let v1,...,0, list the edges in post-order traversal; the claim is that v, is
in a sink component. If not, then there exists some vertex v;, where i < n, that
can reach v,. But this contradicts lemma 6.8. [ ]
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We want the sink component of a graph G, and we have access to the source
component. How do we get the sink component instead? It’s a trick we’ve used
before: the reverse graph G,. Any sink component in G is a source component

in G,.

Lemma 6.13. Let G be a directed graph. The last vertex in the post-DFS order in the
reversed graph G, is a vertex from a sink component in the (original) graph G.

Thus, finally, we can extract sinks components in the following fashion. We
compute a post-DFS ordering in the reversed graph G,. We take the last vertex »
in this ordering, which belongs to a sink component in G. We find the connected
component of » and remove it from G and G,. We still have a post-DFS ordering
in the remainder of the reversed graph, where the (new) last vertex v belongs
to a sink component in the remaining part of G. And in this fashion we keep
extracting sink components from G and source components from G,. The
(corrected) pseudocode is as follows.

sink-first-SCC(G = (V,E))

1. Compute a post-DFS ordering of V' in the reversed graph G,

2. Until V =0
A. Let v be the last (remaining) vertex in V' in the post-DFS
order of G,

// v is in a sink component of G.

B. C « all vertices marked by dfs(v)

C. Append C to the output

D. Remove C and all incident edges from G

Thus we have shown the following.

Theorem 6.14. Let G = (V,E) be a directed graph with m edges and n vertices. In
O(m + n) time, sink-first-SCC(G) computes the strongly connected components of G.
Moreover, it outputs a list of the strongly connected components in reverse topological order
with respect to the DAG obtained by contracting the strongly connected components.

6.5 Exercises

Many more exercises related to the discussions in this chapter can be found in
Chapter 5 and Chapter 6 in Jeff’s notes.

Exercise 6.1. Prove that every directed acyclic graph has at least one source,
and at least one sink.
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Exercise 6.2. Prove or disprove: every walk in a directed acyclic graph has finite
length.

Exercise 6.3. Consider the following recursive algorithm for exploring a directed
graph with zn vertices and m edges.

edge-search(v)

1. for each edge ¢ = (v — w) leaving v
A. if ¢ is unmarked
1. mark e
2. edge-search(w)

Analyze edge-search and give an upper bound (as tight as possible) on the
running time, as a function of m and x.

Exercise 6.4. Let G = (V,E) be a patriotic directed graph where all the edges
are colored either red, white, or blue. An American walk is a walk where the
edges alternate in color in the order of the American dream: red, white, blue,
red, white, blue... Here the first edge could be any color and then the colors
have to cycle through the American dream thereafter. We say that a vertex s can
patriotically reach a vertex ¢ if there is an American walk from s to ¢.

Consider the problem of deciding whether a vertex s can patriotically reach
t. For this problem, either (a) design and analyze a polynomial time algorithm,
or (b) prove that a polynomial time algorithm would imply a polynomial time
algorithm for SAT.*

Exercise 6.5. Let G = (V,E) be a patriotic directed graph where all the edges
are colored either red, white, or blue. An un-American walk is a walk that never
cycles through the American dream; that is, a walk where no three consecutive
edges in the walk have colors that form any of the following three sequences:
(red, white,blue), (white,blue,red), or (blue,red, white). We say that a vertex s
can un-patriotically reach a vertex ¢ if we can walk from s to ¢ via an un-
American walk.

Consider the problem of deciding whether a vertex s can un-patriotically reach
t. For this problem, either (a) design and analyze a polynomial time algorithm,
or (b) prove that a polynomial time algorithm would imply a polynomial time
algorithm for SAT.

Exercise 6.6. Let G = (V,E) be a directed graph, and consider the problem of
adding edges to G to make G strongly connected. The goal is to make G strongly

*Hint: don’t change the algorithm; change the graph!
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connected by adding the minimum number of edges. For this problem, either (a)
design and analyze a polynomial time algorithm, or (b) prove that a polynomial
time algorithm would imply a polynomial time algorithm for SAT.

Exercise 6.7. Let G = (V,E) be a directed graph. We say two vertices s,t € V
are half-connected if either s can reach ¢ or ¢ can reach s. We say that the graph
G is half-connected if every pair of vertices is half-connected. We say that two
vertices s and ¢ are strictly half-connected if either s can reach ¢, or ¢ can reach s,
but not both. We say that G is strictly half-connected if every pair of vertices is
strictly half-connected.

1. Consider the problem of deciding if G is half-connected. For this problem,
either (a) design and analyze a polynomial time algorithm, or (b) prove
that a polynomial time algorithm would imply a polynomial time algorithm
for SAT.

2. Consider the problem of deciding if G is strictly half-connected. For this
problem, either (a) design and analyze a polynomial time algorithm, or
(b) prove that a polynomial time algorithm would imply a polynomial time
algorithm for SAT.

Exercise 6.8. Let G = (V,E) be a directed graph with m edges and n vertices,
such that there is at least one edge between every pair of vertices. Suppose each
vertex v € V is labeled by a distinct integer 7(v) € [n] (thatis, 7 : V — [n] is
injective). We say a pair of vertices (u,v) is reachably-misordered if « can reach
v and (v) < m(u).

Design and analyze an algorithm (as fast as possible) that counts the number
of reachably-misordered pairs of vertices. Partial credit will be awarded to an
algorithm that works in linear time on DAGS.

102



