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Lectuce 1 :  Coucse  intyvoductiprm

We will {(rgﬁ Qe Jq\\rm&k L Kng?sﬁt& abowt= “tle  Cource . and tlan  we Wil do  an overview

a& e ourse.
Then, ‘o EQ&‘M with  hww we d&-??m;, +1 e LMP\QX?{\A - {‘mc\(% W \wrk f‘xrm\g\,\ a

S?w?\z and \\r\tuagﬁn% Pro\obw\_

Cm.(&o 1 A‘Em mo.'h'lw\

1< %“t’t?& // (’_S‘L,\w&T;I,rL00~CA/w]{>\PQLxT /CS 241 / ;

ﬁl\;;v Conlsa \r\mg_\)fkil QAL

Thae Coursa \mfb\(mxﬁm /%gllo\bu s FDSJ@J\ undac  +the notes  SecBion .
\/\)L \(\o\\/o. O\ \)\QRD\ PO‘&L ‘fh\( (’LKSU&&%?W& andy Qg{‘\\'

T W Prb\/‘\a\g Cohurse. wneote (ke thid) Ound MSV\ML% Fus‘b T Yl d\ma bﬂ—%}‘UL lectuces.

We wee +threg Q%Lru\(& \Qnok& and \”Q\C&r to them ms‘mS tha J%u“m\n(i s hovthands .

= LOPW)  Algocthms . by Dasqupta, Papadimition and Vaicand

- [xT) A\gzﬁﬁ%m (}Uﬁl%h) ‘ma K\Q‘mbmz and lacdoS .

- {aLRrs) TrtvoducBon o Q‘Saf\f%ms , h\a memah/ ) eiSecsem , Rivest , ond  Stein,

Pleose b Condiderate  to  otlacs ook tiarn D/{f{’ Yoe PL\WD_&~ Yﬁlfﬂrc\\w\ fm\m %m‘{\hg 3
Ond  dv nott wke me?wtxrﬂ %S\/‘ ok vikiey  tlat Oxe  not OJC\WU,YL\% velatedh 1 tle courle

Q,Q,&_ Yﬂ&&lhg wotas wﬂ%‘.ng neteg . mg\v\& Wl /%v( Coucte yelatad ratecial o & kag'

AW\T\A\OL . fa\udw“bk . omaile  axe  net ckag > .

Courte  ove(viows

The main %DO\«S @—Q o Cour ¢ on  +ha dum\xgn Onde ar\m(agv‘s ef&’ {{'{-Wugvxt a\joﬁ%%ms . oand

tlec oce *&:\Ahrﬂamen‘ra\ bmikd}vg blocks  1n  tla d&valoszv\\L of Qm?\mef Qdence -

Towarde the end of the couce. howsne -~ wa will vealize that  we do not haw VbHrcIin*

Qk&m’?t%w\& *Ew mo\ma H\r\%k(y_ﬂ\w\% omd TV\«?MG\V& PTD\DLJZM&, ond e Ll intredue  tlo

’%\\JW\% e&» N?*Wvlﬁ,ﬁl‘/\,&gg v Q/X‘F\ﬂ\j\r\ e X)L\ﬂnmavxm\ N&/Mdln‘
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e o\z\m(np on  etkaenk Q\Soriﬂ\m ot g m&iful i Prmﬁu Hoce are

a {zm %fsa?&
sk, we weed s undecstand the  Stvuctures and modlematical

Pre\wzct\‘ax o\[ o Pro%[pm
TS \AV\Y%‘,\Q\J KLtC_B ,

and P(DUL thet the A\Sm\ﬂ/\ms a i

(L&. a »ice Cecurene (elation

Tkam WQ

OPY‘\W\D‘\ Solwtitn

s these  observalions  to d\lﬁ\/&h a\goviﬂws

atyyect ond O\V\D\\VA%L tlae  +timae Qs\m\)]m&%a.

T("mov\\us, W W\ma wee s de\ daton Shyuctuces

o Speed wp tha b\)a(q‘ﬁm\s )

“t_LJk PQ\‘{S\( nmawn (..

O\V\Ok

al¢o

‘wvxi)levv\awﬁ 1t Q‘O\(L‘Q\ALL% +5 oPﬁmT%l

This courgae s +Lm;m\@\% sriented . We vl ’"Foum_% o tha %\\rs% oo QJWLPS and

g?u\& much Bme mathemotcal ‘FYOO&“S,

in
Tor data vuctures . the Standard tmes Lhot \gou have \2ornt (L&. Quatne Stock ,L\swx\)/

balaned search 4«\(12&) will

ba J?,V\Du&]r\ {\v the \)\A(POSQ b—% +h3c
k;m\) Wnomied thatl geue s{ tle f‘mfzsf Q\ior‘\ﬂnms
So\;\q\\ st cate A deota

Coursz | olt mujk

\ﬂzqv‘\ha rﬂ—\\a on  tla wuse o'f
tvuchuras .
Theve  will be  geme ?rogrw}w&né& ?ro\ahw\s n tle qgg?ymavﬁg to Pro\d\‘cg \AO\,\(\ Rm‘)\gm“\Lqﬁm\ ckalle.

1PN

We il leccn bostc

f{c\,\vﬁwg to dzs\gn ond C«V\O\\ﬂ%& M&o(\ﬁr\f\mg P 'Hmom&k thee

g%\m‘\u6 o&* VOX iU S Pm%\em Tn OKT—H‘UM\#

%P‘\ L.

The +antative chedule nclude -

e awnd Qmwr ond go\\/‘mg L CUNTLn Gl

C 2-4 \&gm(u>
g?\fvv\a\o_ %ra\j% Q\XD(T%V\MS

ms?mg BFS and DEC (-4

\ectures )
T greedy algerdthms L3 lactuces)
- d\ar\aw\c on&(o\w\wﬁng (4 \edhuces)
- netwsk Llow (2 lectuces)
— NP-completeness  and  veductisng (4 lectuces)

Thae Qm\u\;&— oﬁ- ceduction s }mvw\mr% i otrzs“lgh?v\i Q\&ﬁr\\t\/‘(‘wﬂg os wall  as SLWO’w;hi
Nacdness  Qnd \\V\{\fm,fo\\ot\‘\hs-
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Whan  woe  lasen algorithme  this W Tharogh e e of  oliffarsnt tachnl guas
TS vasve %ng%zmoﬁ\c but Tt i olse loss jauvx bocause W m\b\d\aqtk
thea &szdm@%,wg thatl e ove &v‘\ng o e .

1% + e Parmits Cwhich wa le o ) L we Wl have  Sswa FTG\OUZW\ %o&v‘mg
2essl ons in which  we  Selua Pxolm\pmg Hoelt wa ore nek ol whida Jru\rm?;@\m
o wsn L and Pose:\x% diffecont  techniguaes Wil wovk o obtein Cowparable  Cesults

This V¢ weeme Bke  veol- Ufe  sitwalione  awd SDL Tnteviews . onk \(\QPL&\A“% thoeca

RESGew s LAl also ?VQPD\\’Q \Aou\ —fx\( +le ‘F{y\m[ QX Gy -

L(_A_MPLQ_

To &‘Wl Wol & e toncrete Tden  abeuk  the Cource . let's  eoncidee o \Qo\\m‘w\é o ?{ukotﬁmg.
We are Rivan o undicected gwﬂ;k wWith  n verBces ond  om QOKSLS,
whoro  2Lach 2k Qo hat a hbh»nm&&h\vg_ cost .
The traveling salesman  problem  osks ws to find o minimum  test oue te visTd Rvery
veclTex o& the &rq?\ at \east once C visi4  all cities ) -
The  Chinese Postrman on\o\gw\ ks ws ot Pk a Mintmum St tewe 4o Uik ﬁuré

edge of the qregh ot leask onee (U all edcests )

B nodve m&m:ﬂm Io  2olue  —hs «\zwum& Salasmon  Problem 15 fo  Lhumecati all
Permutatisne  omd  Cebuen tha  mintmum cest swe. This talkes  Onld RHma
which s Wy oo 2low (L& Q,ow\(‘t Wlvg  meve thon 16 veetites )

Using  dymemic preframming L e Can solue 1t in o OGY) tima L and  this  is
&g&av\‘hmug o bett  kaswn q\&mtﬂw et we lknow b%.

We Wil prova that AAIS problem 1t U NP- ermplete " ond probakly  erfficent
Algocithms  for  Hhic problom oo not  exict.

gu\f\jfk?wgl\a/ +le  ChWinecsgo Fog’tmc\n Pro\mkam owhich ook \/&wuk\ Similar . Con e

Solugd n OLRY)D time wgh\% cesults o gTO\P\/\ br\o\#c\n?mg,
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Know wall=knaown mlgm‘ﬁ%w\& wall .

Hove Hle  sldle to oKSLS‘L&h oW m\;gm‘\t\nmg r&w S\M\AFLQ_ Pfo\ohzms.

— Canw Prove  Correchness onol, o\hoxhérzgu o Bime Qm\;kmc?{—\a o—% an O\\&oﬁﬂwm‘

Use K\Qd\WCﬁWg o <olue \DYO\AQW\& ovneek S how \'\m(@knkﬁ-& .

How do  woa dy,{%mc +le e C/mv\\;\)z\c\\-{-\a D+ an Q\&D(\\-t\f\w\ 2

Rgmgkk\é QPM@V\S, wo  Count tle  umber ojy g?g(mﬁwi Hat the o\\gb(iﬂw\ \”Q%LC\(‘LS.

One may Counk uq&\\a hww rony ohecatiens - ima oo n Compalisoms  to Stk N numbers.

The precise esnstant s ?m\oa\ola Mmch\ngfd\g\)m\mv\t (oka?m\o‘x‘mg on tlo P‘(:m:ﬁ\ll
b?rzxoddwg Hat afe %u\vym‘vﬁxj Ovnh movy be algo oUwC\CTOmU\“ o wowk ouwl -

Qo, e <tandatd P\(O\Cﬁlt s o wle asympetic  fme GMPLQYINA +~ a\v\a\%sk algwit%ms,

Astsm?hﬁc time CM’\‘)\QX\\hA

Q{{\/Ln two ’%umc’(\m«g ~€ w) . g(h> S W N o\\a

N _ - . )
- C upper ‘ound E‘&‘D> gU\ = DC%M) \& i\\;nw T c \Cw Sl Constant €
(\\V\M\JIV\M"\\\ 0{ r\>'

IN

— — - . ©))
(kw\,\/gr \OD\/\V\[)\/ \p‘\j~n> gth\ - Q(’gb")) \& E\‘;"@ ‘—S’EVTVQ z < &\( S CW\QJVC\V\t .

- (sama ocdac, \O‘%’S\) %U‘) = @({’Uﬂ\ W& W P e

anl .
N> ’FUO %\( St G -
_ N R ()
= Closse Uppar bound, smal-o) A T vt
_ . R N BU\} _
- &KODSJZ, \Wwar \ODV\V\U\/ §ma\\—m> g&h\ e (/EQ >> \& t\\;@ —glU'O -
- N 2 hz 2 9 WZ " n
Sema axamplas s ton” = OGw) 20’ Togn O D . nlogn = Oln) loglogh = oln), 2=0ln),
N
Q\,\Qﬁ\m\g : Hew o m?q(a 1&? AVAN Y\LDSV\ . \S—h \VAS 1W\ ) 1n AV n \ 2

(We woel <20 Hoce t\(\,cké vuww‘mg e bounds  in s Cowrse , but ﬂ\ga M?\nm n rxsmrcl\)

Side Cemack: Coma Pﬁo«?\;z “ink that Tt s wove awmpﬁqf@ o woite SO'L% ne O(r\g>

TLGV\E\V\% g,% QQV}) os oo <ot o& ’E\Av\(,{“‘lmg

Come. '\)QD\)LO_, wi it

Sy WOy and no 2 00D o Wighlight  their calations .
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Al axe O\CQWTWHK In thi€ Coun(sSe

\Worst case Cm‘olu“‘g

Wa gma an o\(&ur‘:t\r\\m hae  tima CMP\QKT% D(’%Uﬂ) \1{ 1t ra%@reg ot moest O({ (h))
\Srim‘\t‘\vq_ ng(cﬁtTws fm’ all ‘mFMts o% ST%L n (z,& rn bt L on humbere L o wrebe g,:ﬁm)
B% cuh,?b‘r\i e QSL\,}MX)J@HL B C/SW\FKQX\\%\Q, Wl oW % Tgh"ar\mg the Lmui\mg Csn STant

OW\O\ kﬁ\u 2\ U\(&SL( Jtﬂ_r wm< .

\o
g L

Tor axample,  wa Wil Sma thot  an o\\gmﬁﬂ/\m with vuwv\‘m& tme 2 n i< /gmgmr

32

Han onothe o a\io(\ﬁcb\w\ with Y\Amn?r\g Rt N odHang\ {watl Prad{a\ va@u&c& tlo hg

o\\%w\‘ﬁ\«m s Aoskac.

RETES o o A Yo\rmk\g happens Chut Tt does happen In recearch popecs 3, ond  Quin T{ -t L\q@kn;
wswally  the  (guadcatic) q\gmzﬂm Can ba Tmproved 1o have wuch Smallec Cosffcent .

Mbvre '1m\>sr*mwfh&) la f“\ooﬂl +ime odgorIH«M dozs  ctun  Taster  tlan  tle W Eima
rx\gertMm wlen N O3S \m&" szhwg\,\ . and Yt s “mkumﬂ% wvs efficent.

Ao whan  oue Conmputiecs ba e foster,  the quam she that we con oleal with  wii)
beteme lacger. ond this osymptotic  analysic  would be move  ceagsmable .

Qs , 2van 'Y\r\m,\gl\ this ms\amrﬁvﬁc OLMK\:BQ_& W\a\a nwet ba o \/gra oClurgte mMeaSura v{ e q(fcr\:ﬂm;

'\}fO\CJﬁC,OL\ Fﬂ(‘%\(m&wu‘ it mgmub S o %000\ waasuie  and Tt malkes Senge {—L@w;ﬁ\\@d\xﬂ.

Good  al gorithmg

Tov oSt QVHM\'iQﬁM })Yomﬂmi) (ke +tle ﬁ/o\vtl\mg Sale gman F\(oUlW\) Tlere T a i‘f\’q\ljhf‘mump{

,‘l%?s\f\u@h\ﬂt Hme Q\&DY\F{TL\W\,
Ter klote qugw\g‘ WL avxe  hest inferested  in ougxﬁmg N ?alﬂnmm\ e a]ior\x%%m

With Cumdap s Bime O(RT) B Gome coustant @ independant of 1

Apgain, an Lo“’wn“’ol&%m:p a\ﬂoﬁ%m wold ot fun Tatter than o 27 - ime ql&m‘.ﬁ»\
Tn owe Whetime . but stL b T o @iﬁhT{%c}m& ochizveament  becawte Tt talls
we et g ?m\o\zm has  sme  fundamental ?myuﬁu Hot allow we t welve T

fgo\{rgu on \:\(uﬁ({~{wtz 2numecafion | and This ok]gi\\‘,\gmskgg +le FNHQW\ «E\,m

otle ¢ Pm%\ams that \(g{u‘%lgﬁw& onumeratisn TS g%gzm‘w\mug thae  bost alfu(Tfhm.
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We will eome  back o PDKLAHM\C\L\J\_:‘ML Cmru&qﬁws Towatk s tle enol oﬂf this Cource .

Cbm?\.d‘aﬁm modelg
Whaen  we Scug thet  we  have an OQHL)\{%M@ G\LSO(T{L\M/ we n2ed vy be YnEY L Fx‘!L(/TSL

about whet are  the ’Pr‘\ mBve OFQ(QﬁM TL«X e aSSuma .

in which  we  o$éume  +lat

2

T £his  Coufse ,  we mgmmth,c\ os¢ume  The _Wovd—RAM  nmodal
W Can eSS Own av\&&\mrud \)cgt*ﬁ\w D{' on mvm% in Constant  time | and  also
that 2ok word  opecatien (T addition | ook [waite)  Can be deve  Tn Congtawt timz.

Ter .Q,Xaw\—\)\_q/ in o &m@\ with " verlies, we nezd o ule \agly\ Lty to Td\ev\‘a‘f\a a
Vertex . bu we wgw\ua Just astume  that these lopah  bits can e 6 Tnto  or wwrdd
oo~ Cencider  an ogg(aﬁs\n lTte C/svw\mm?v\g the labele of fwo vertices Can b Aowa_
in Costant time .

This  model 13 wgmu% Qo odk Qv\mgl« v praciia be conte  fha problem $i3e Can U\Q«Ao\u%
be £ in tle monn memory . ond S the werd it 1S large anowh ond 2adh

W»uv\svg occeSt  Can be dene In msre ¢ lgse 4he Wime Hima .

R\( JZXQMPUL ., we Can Oo b\w\o\fué geacch  1n a wovd~ RAM  mwmoda | n @) (\og n B (WO N u?a coctious )
whiile in a T\A(“\v\g maching  (with a  sne-dimensisnal fan \ W  Cannet  dke 10\”\0\(\2& Search -
A ey o P(A(f\\\ca.\ QCZV\q(\\v NES \A/LRV\ VIR G‘Y\Ahﬁ%e_ V\U/W\—QY\\CDVt D\lgm(\\t%mg “\c,a Lm’\)\[ﬁn&

detecminant . As \&nm Vv\ag Cnow \m/é db‘mg C‘J;qwsg?om 2lyinal®™  Th o Q‘F\OY‘\AJ\YO\fa Manneyr,

o ntecmediale numbecs could  Blow wp J{K\)D\nam‘h\a\[\,& _ooandk So UT TS ot Yeacenable
ﬁ“\amw& T ostume that  2ach  acithmet o o?&(aﬁm Can b2 done in Constant  Time .

Fov thete ?muumg, W u@wxu% cowsider  tha \p‘x£~osm?lu7% Jle hew mand bt opecations
invelvad  Th  the akgw‘\tum.

Co, plasse  pay  some Offention o Hece  assumption  Wlen we onalyze tHla Bre  Cowplaxity
ot an o\[{m‘lthm, <spaiially %7« nuwmrlcal Pru%(amg_

That <aid . tlo wwd\*bow\?\u\\ha and  bitg- b\sw\?\aﬁha \/\Su@Ukﬂ Aot make  a b?g 0(7ﬁigunu,

in This course Cat wett o Lagm rgaLm) and. e S\Agt wee the Loovde RAM model .

320M
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Lot'e do o Warmip

Pmb\em o ke tla Pmozgg of c)\mg\\gh?v\& ok omalx(%‘mg Q[Sbﬁﬂxm&.
~_ﬂﬂ‘\g Kind o’f o\d\’(f\ag

PWUQW\S Ara e’g%w\

o lked n ‘30\0 i h’bl(v?lzwi .
The 2-Sum ‘P(bloLQM Te Gimpla e stote ¢ we  are Jivan  nrl numbers A _0,,. . o, and ¢
ondh  wa wouldh ke +t5  determine \\—E tlere ora \\/3, k

quch that O\I +Oxj ~ A = ¢
A\&m’?%\/\w\ 1

Ehumerote all N\PL‘LS onde chackl  Whetlor TS Sum

c . Time - OLV\%>'
A\gmit\qm R Obgerve  tlat ATHATERL=C Can be (Lwdittan  ag CAO\‘*-DQ = Oy .
Wae  Can  Laumeratse  all Po\\rg O\T‘*O‘:\ ond  cloack wletle C-O\fw\j < ﬂ%«.«( o Soma Qg -
To do  thig QLU&:‘[»\S &ﬁmmh&‘ we com Tt et dle n numbive so b ao,s .l <oy,
Than ckub‘mg whetle — C-ai-o) s ogael T Sewa ag con be dens \o\g o \o\mavg weacch,
3 (oo w 3 )
n O& D& \ T %mﬁ\,\é \o‘,r\q,\a ¢searcl —fw{ Souch pave
V2 €4
QQ, tle wlal Lw?\udhg T 6C n\ogh + V\IKDSV\ N = O(\nj‘khgn),
A\gu‘lﬂ\m 2 Thic Bme we wiite  The  conditen Yo check g Q\LJ‘O\j = C-0Og.
gup?e&i o\gm‘w\ +lsto we  Sort “la N oaumbers  go  Hlat A g0 S E N
Tl dua s tlat %f\/a\/\ this sevted O\(MA ond  the  Number b::Q,oLK we CQan
chock whetler  tHave are \\f) Suth that o taj = b
T etlee worde, e 2-Sunm ?mbo\eM con  be golued in

olr) Bme g\vzw +ho
L £t s tvua, then

Seviad o\rm&,
Wi Coan OE&Dx\w\

an  OR ) - Bime &kgwrwm e B-Som
\OVA 4\_\(\3?»\5 bi=c-ay for eocdh 1Sk <
Tt omalns & Shew +het  2Sum can ba golued  in OR) Bwme gi\/m o Sevitad O\(m:]‘
To gaﬁ on dua , etl e an Qxam?\u. oL O og
b= 1Y
’\&g\g\g\q\ u[ \4[10‘
LA A

2 < Son
2 3 S 4
\We \cu\> o \L% \)n‘m’tar\

|
L onok a ‘(\vgl{t Po\mfﬂ,( R
IATHQL\\:\/ o Yhw L‘lk

on ol P\: n.

We  chack Waetace QLtag = b .

IHE S, Wwe are
O'%L_g(w\xgi .

done .
Wooatan < b

we nCreose L \9\3 1 5

else ‘\—% AL* Ap > b, we decriawe R

\0\3 1.
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Ul (Wit \Y V\L-k L,‘\g 4 D P AV R AN A K (- u\g L >

else ‘\'% A tap > b, we decraw R by 1.

Repeat  wntil L=R.

’\\g\(,lgk%\u{MLlo‘
The Tdea s Hat LE o +ag >18 L "

s

tlem e Knww that O +ap 1] %w ol R'ZR , omd 9o wa dlm[t Chetk Hhate ?A‘(u.

Thic Te wet o ?\’QQQR beb‘{*.

Pxoo\ﬁ of  Covrect necg I\Q I/I dont exist. e wen't Lnd Aom .
guwou a; +0\5: b —&« Some. ) < S
gmuz He a\&wiﬂxm Yuns until L?R/ +leoca ¢ ar Tteration quch  Tlat =7 & R;J‘_
Withodk Loss | gm??w# tlat =0 \\Q??LV\S \Q(s{‘ L ond P\>j 5 the otlec Case s SYmwmatyic.
As \m\& as R>j _ wa  have oW + O‘P\ > Q4 OLS =b , end Qe wa Wil decreaw R

until R:] L, and Qo tla o\l&o@twﬂ v UL %nA +hig \)q\r )

Time Qm\akzx\\t% 2 OnY, bacauwe  R-L deccsaases ba sne in Zoch Ttecatisn , 0 +ha q{gn{&%m

vl QAWV WThin -1 ecaBiong . a

Remack:  Swppose thic vo an 2xam problem - You will get ok Leact  half the wacks Tf
wou  give Qlgocithm 2 You. wil get ot loact half  +le marke he Yo ctake q[&ur?%%m
3 eocvactly but  did wot Py ovt e He oovrectness pmc{, NMouw wall &d Bl macks
You do  both - Nete that You dowl wmeed o wite precise cods o Q\J&mﬁm.

HE NS Okob\a ‘\,% L&O\A deseribe  +4he m\j)or?t\nm as In the above QXDW&)\L

L‘\*tz(rxﬁuv(w\,\-{wg\! Tt hag baen a \uv\(g S%ow\zx‘m& open onHzm whetle - O(r\l) IS bPﬁmd %{ 2QuM.

MO\V\B PQD’P\L hove wovked e ~thig P(ob\aw\ Without  Sweces¢ , anrd tu% ctorcted +
Q,WSQ_LW(G_ et <Quch m\{bﬁtkmg Ao rot axist o ond wee 3-SuM  as o Thard” Pm\olkm
to prove Hat oflec problems do not have fastec aljoribhms . The logle ie: i a
problam A Cn be Solusd  fuctec than O Bme , thean 3-Sum can be Solusd faster
Thom O BKme . ond 2o Tt ig }mposg\bu,

We Wil talk much  mwe obouwt y2ductions when \wa Sm&% M?-WFLL%;LA@SL
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Racev&ka L tlere T oan OLr\l/ (Kogv\ /[oglbgy\v}/g ) = b(r\1> —tBme qlﬁn(fﬁ«m diccowered , %o

e Q“hm\& '{mm c—\t Tlo C/S\r\]ed_\,\(@ ¢ not o tvue . but TE Cemains open %oug wletlee ¢

1-999

an  OCn )-Hime algorithn for  R-sum Ts posgible,
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