CS 34 Algoc'\t\'\ms . QP(‘mS 2021 | Un‘\vers‘.h‘& of Watecloo

Lecture 4L : Course Introduction

We wil ficst go -&\xrou\gk Somg  logistice of the course. ond then have an overview of the Course.

Then, we Stact with daﬁm‘m& +imge ComP\mlt%, and then work out @ Sl and "\n%e(egﬁng ?{o\jmm,

Course  Tnformation

The Course page addeess s htt?sl// CS. wwoterloo . co [ ~lapehy [ €5 34( /

The course  Information / syllobus s posted  wundec the  notes  Section .

We  howve & P\Qg‘%fk P&%Q_ Lor discussions ond Q&A 3 Ser the toulse page

We el P(Ov‘\dz handweitten Coudse notes and they are ugmuﬂ Posmé\ o okag) before +the lecture
We Wi\l have  onling live lectures on Q\jg(\é Tw_saaﬂ And *ﬁ\ursda\ﬂ lam - 12:30pm BT

The fectures @\l be Teorded  and Fosterk —(—ev Uou to  View oftexwar ds

We wil  also \)os’t the shides  Cuith annetations ) on the Cowu(se page-

We  wse  theee  refereace  books  and vefer to  them Using the {EBHW‘M(@ shovthandg .
~ lony] Algodthms . by Dasqupta, Papadimitrion and Vaican.

- IxT) Ngaﬁt%m o\LQ‘\%n) \o% K\Q‘mke(i and VacdoS .

- lcourg) Trtvoduction  to Q\Sm‘\ﬂnms , \b\ﬂ Cormen , LeiSecsem , Rivest , and  Stain

Course Ouecview

The main Focws ol  the course is on  the cdesign  omd  onalySis of  efficient akoﬁ%hm, and,
these ace  fundamental building  blocks Tn the  development of  Computec  Selence.

Towacde the end of the coucse. howaver ~ we wil  2alize  that we do not have &ﬁmun&
Q\«Suﬂtlmmg gor W\W\é "mjm(;ul\‘mg omd TMYG(UWC onbkzmg, ond  we \will  intfreduce Lhe

“heor ° P— Complatengss ‘o xplain AN Znbmenon ormall
N Y NP P F\" +h \71« y

To develop awm i%c‘\a& algodthm  thot ¢ ug;@%u[ Y Prmﬁu‘ thece are a jcﬂ.w %JDLPS,

Taicsk,  we nead to gndarstand  the  Strwctures and medlematical Prs\?ﬁr{”‘\eg c{ the mem
QL&, a nice Yewurteae  (eation | optimal  Selution  Te u\v\T%m/NC>,

Then, we wse  these obsevvations  to dasign Q\EDYZ'H’\MS ond P\’O\/L thot the a\jm‘ﬁclams are.
Cortect and O\v\o\\\/s%t the +ime Qbm?bszJﬁa.

T"Im«\hg, W W\W\g wee  Some good\ dato,  Styuctuces o %Pmo{ u\) the ng(qﬁons, ondk
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aleo  Implement 3t Catefully  To  optimize  the Pgrformanaa

This courge S

T‘f\u(zt\m\\% o Tentad . Wo vl ‘go CUs

on +he ’E{(St “two QJYQP; anch

%?JLV\O\ moSt 0r§ the time in  matlemabcal PYOO‘%S,

-\tW dota Stvuctures . the Standacd  ones

that ﬂom have \2arnt

Qx\&. Quaue Stock L\sm\?/
)OO\laV\(’,Z&\ Slla(c\,\ "\\(g@g>

Wil be Q\r\ou&l\ —gof the \)\A(POSQ s,& +hic  Coursa | o\(%hbu\fl\

\(JLL\) In o omind That Seme  of tle ’%‘D\%\"zs’k O\\gor‘\{%m&

heauwil el on  the wse o
s T4y
So\}\/\\\ stlcated dato

v uchwre s .

There will  be

Some ?ragramm‘mi Frohlﬂms in the &Ss}gﬂmznﬁ

to ?ro\dr\‘CQ \on\\“ "\MF\JLMMJ&J\‘O,\ ckalle.

S%llabu&

Wae Wil 2 arn osic techn %MQS to

okm‘\gn ond c«mha%k a\&o(?%‘f\ms . %%rom&ﬁx thee

%Jﬂm\x% ofy VaXisuws FYD\OLQW\ Tn omf-f;@(“\f -{w;;\yigg_
The +tentative  whadulze

3 Y\Q\LA.OKQ k

AMidhe and Qm%uu ond

Solu‘mg CLCUN Fon Gl C 2-4 \zgm(u)

g"wvxxa\@ %rq\)% Q\im\\%l«m& \/Li\\r\g BRFS and DTS ( 2-¢% \LU[LA(&&>

%‘(1@(}\\6 @\&D‘(\\’tlﬂ‘/\n& €3 la ctuve s >

- d\LAY\OWV\\\Q preo &ro\mw\?ng (4 \Qc@(z&)
_ b]FQ(t‘\ﬁL ‘(Y\o\J(LH‘\Y\j) ( 2 \ng<kg>
- NP - OmPutlvxz&g and  veductions (& (zdwz&}

Tha Concept DWL e duction [ ‘[m\)oriaﬂ— mn okzzs"lgh‘\v\i c\\gor:ﬂ\ms oS wall ag Show%r\i
Nardness Anh \\v\ﬂacfo\\ot\t%\g.

Two Classical Problems

To &\NQ_ Yow A more concrefe Ydea about The Cousse, let's Concider the ”Gok\mir\& two Froblem.g»
We are %mm 0n  wndivected gru\?% with o Verticeg onnd ™ Q&&L&‘
whare  each edge hat @

hbh»h@&kt?vm cost .

The ”ﬁ\(avﬂiv\{& salesman prob[Qm oske  we  to \Lind\ o inimum cost toue to  wisit ,szvu(\
verteyx o—% the &rqpk at \oast once Cvisit all cities ) -
The  Chinece PDSJUY\M\ Prab(zm asks  w to %?Y\d\ o MInimum CoSt

tour  to st QN(%

Qc}\ge 0% 4he '\ oph ot  least once Cuwistt all gleaete ) -
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A nedve (x\&m‘ﬁchm to  2wlue  the ‘Urxvdfﬂj Sale sman Pvoblem 35 to  2numerate a\l

pes rutatione And Ceturn  the ™A i Cost onz . This  tokaes OL‘(\L Yy Bma
which Is \mxg oo 2low UL&. Cant Solva wore +than 1€ Ve xices > .
USTn% dﬁr\amrc Fvog(mmmmi . Wwe  Con 2 olue v in S Clw > Time , and  this is

esunﬁmlta the  best nown algorithm * hat we  Know of -
We Wil prove that  thic F\’bb\ZW\ e NP COmFKe%Q }/, and 'Frobo\bhé efficient
O\\gm‘\t%m& {-0( ats P oblomy  do  net  oxict.

gur\?ﬁs‘\r\%\:& L, thao C\Winese ‘Fog”tman Pro\@\om _owhiekh  (ooks \lenﬁ Similac . Con o

Solued i OLY\Q ) Time w&?mg J({dm‘\%utzs {(om XTQP\/\ W\o\fCHMS .

learni ng Qutcome

Kinow well=known o\\gm\\ﬂnw\& wall .
- Hovee  the  ckills ‘o dﬁ%\g(\ new R\ggﬁtms —%a\f S\\M\alﬂ_ Pfob\zw\s

—  Conwn prove Corfectness  and a‘(\(x\g&%Z ‘the time Qom?u\d{—\g 0'{’ an O\\gmtﬂwm-

Use  veductions Yo 2olva \Dro\o\gms and.  to prove hatdnesg

Time Comglﬂx’-fbcp
How do we d\ﬂ,fmm the -+ime CDWEIWWA sﬁ an O\\&o(\\t\'\m 2

Romgk\\é\ SPM@V\S, wo  Count The number oi* b?a(o{ﬁ(){\g that -the o\\im?ﬂw\ mz%uu\ru.

Owe vmxg Count LXQL+\\3 how }’Y\O\Y\A DF@(o\t‘rm\g . %ag \va\l Qo‘m?o\ﬂsons o Sprt o numbers.

The precise constant [ \vm\oabk% mocehing - dependent (oLQ\uy\ok‘mg oh the primitive
s?gxoﬁ\‘(ows Haelt are %uv?mf&d? ond maxé be  ale QU—HLTUALJV to wok owl -

So, +the <tondacd \P{ach% e to uwle &QKAMPHTTC_ P COMP\m\f% ‘o a(\o\%%(, a\gbr‘\ﬂxms,

Asymptotic  Time Complex‘\tté,
d Al L)

CT{\/LH wo 'gunc%\\mg —? (n) . &(V\> R \J & N o\.\%

- Cuppar bound, bip-D) @ = OCE6))  if tim A o £ sime constont ©
PP & g n->c0 —?("\3
(independert of n ).
C
~ (lowar bown b'x&p\) gkm 1&1(%0\)) \% \\‘\;ﬂ %::3 2 < ’far ome  onzfont <.
n-—>00

N N )
= (camae ovder . \0:.%'8> %(M < 6({’@0\ 1& E\\;,;D \8’@ = c ’for come Cometomt C
(lovse “uppar ‘oound gw\p\\\,oj gu\\ - o (_gu\vv \\£ &‘;"‘w \g—% _
(i
— (loose lowar bound, wa\“»(ﬂ) g%\ W L%“‘)) \‘£ E\‘g&, —\1(:\ =
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v v ee—

ey g L e R
2> ES 2 2 E n
Sewma rxamplas * oo n = SECND I 20+ /[:5’—” = B . Mogm = 0n) | l:&:\ogh = o), 220ln )
[
o9 N logn
Q uestions: How <o (‘,oqu(L 15 \VAS ‘(\LS - dn (VAS 2“ , 7,“ V§ nl.

(We wont see  these Tf‘mk\é Yuwv\‘mg time bounds 1n this cowrse , but thag appeat  in resaa(ch)

N . 32
Side vemack: Ceome Pm?\sz +hink  that Tt s more ap?mpﬁafc_ {o  \ite Soy noe Oln Y

t%;hk%ng c% @(v}) o¢ o <eb o% —ﬂ:\”\cﬁmg
ES o
Come f\)@«fku wi i te S&La 20Ty and n 2 00D +to h‘\gh(‘ght thae  (elations.

Both (ve O\CCQ’F*CO»UL Tnothig CowncSe .

Woret Case Com?lex'\tq

We say an algerithm  hae time  conplexity OCEm) i it vegures ot mest  OCf ()

\Brim\\ﬁvz b?mc&?ons J%o( all “wx?uts DIV SYSL ~ (z.&. n bt Lon

numbers — n vertices | eto)

Ba cu{o?b‘n& “the QSLﬁmPtm‘(\\(I e Qom?bx\\ﬁjj we  ov T&mr‘mg the Ulouotmﬁ Constant

ond  lodec  ovdec  Taormg .

\oo

g(h\g Tl‘\at Aan D\\gn(\\*\l\m with ‘(-U\V\V\\Vf\& tBme ')1 Y\2 s /g‘mstﬂ/f

Tor exomple . wa will

Han Onothe ~ O\\Jinr\\%\/\w\ with \fuwm\wr\g time hg ) o\\ﬂmugl\ "QD\” all ?radﬁc&\ P\M?DSM he hZ
(}\\S{Bﬁt\nm s ’Eo\sflﬂ

ek .t Yo\\'mk\a hoppens Cbut Tt does \(\&PP&H M recearch papers )) ond  even Tr{ it L\aﬁﬂm

mgqu\«g The Qg(qu\roﬁ\c) c\\go(]JcIAM Con be ?m\)r'ovu\ to  have vauch Smaller Cog{{;cu,\t_
o0 2 R
Move .\m?s‘rfo\hﬁh&) tle Y~ time a\gm{fhm Ao2s  Cun fasfzr tlon tle y\% +ima_
zx\gmr?c\/\m whin n 1S \ar&L Qhwgt\, oand 1t is “«M\Lmnﬂ\g Wore zf‘fﬁ‘denf.

Ao wlan  ouc QmFuur& e come ”‘Eo\gbz() tThe PTOLDLQW\ iTvbe, tlat  we Con odaal with  wil)

b2 come [mgerJ ond thig O\SSM\ahﬁc O\Y\a\ﬂg\& wowd  be  nmavre  Ceasonable

Qo , 2van 't\r\mkgl\ this Qg\amPtoﬁc ka\ﬂgTs W\a«a net bae o \/ma oCCuyate meaSura ﬁ o &[fgr\zﬂml

practical \Mr%ormancll i+t mmm\a 1S 6 Qood wsasuce  and Tt makes  Sense

‘H\Jzom{"\cm\(j

® Qroock i AlQbﬂ'U\mS

Tov  mett bvﬁm\véq\*(m ?mkumg, Such as the trcwd'mg Salesman Pwuum Thece s« gtrm&ﬁ&o(wmd

xponential Hme q\&oﬁ‘thm,

Tor  those Prob\emg Wi oo  mest intecested OV n o&%igh‘mg

oo \)DLﬁnom\m\ ﬁmq C\]ior\t%hm .

with Y wnning Time O(r\a) fw Lome  Constant < \v\MPend\ant e}c n -
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8’ o n
Ago\‘w\) on 10’ " - B wma a\ﬁm\\{l«w\ would net  Tun "Saﬁgr than o 2 - thwme a\gor"\thm

Tn our (Retwne . bux sSEIL Wt te a9 {j}m fw‘c)m& ochizvament  bvecause Tt talls
us  tHot  thig P( oblem  hat Qome fymo\z)\mzn*m\ propecties that allow ®s 1o olvae ot
’go\{ru Than brute - force  2numecration | and thic chistinquishes  the qu 2m -f(m

otlhe ¢ Pyo\okams that  beute-force  onumecation ¢ Qggszv\tm[la the  bast Qlfwzﬂw\_

We il come back to Pokﬁnm\qlxﬁmt Qow\{;u&a‘ﬁws Toparks Hae endk wf this Couree .

Computation  models
When  we Soug that wo  have an OLHL)~“{%MQ Q\SO(TH\W\, we nRed  to be  more PrLdS{
abvut  what are  the \yr‘\m‘\%w@ b?z(aﬁows Thoat we  assume .

in which we O $Sume that

2

Th this  Course ,  we mgw\uu(& os¢ume  the wovd—RAM  modal
WL Coan  access o ar‘oﬂ\mna \)bgtiv‘mn D& o mvm% in Constant timae | and  also
thot Rackh  word opecation (sudh 08 addition . nLo\ck/w(T’VL§ Can be done In Cowstont +ime |

ey .Q,XQMP\Q/ in o gw@\« Wwith N vectices. woe  Need  to wae \ugl‘(\ bite  +to Idflh‘tiﬁé a
vertes L but we usually  Just asume  that  these login bite can be £t into  one word
oand  Consider  on o?gmﬁon swch  ag Comporing the labels of +twe wvertices Ccan be  dene
N Constant +ime

This  medel is w&uqkk% Ro odk Qmmgl\ in - practice L becouse Ll Pngkgm q%ga Can umu%
ba. ’Q?t in 4he  woain mzwuwxa , ond o the  Wword %T%m S [mgq Qnou\\g}\ ondk  eoch

W\Qmwé 0eCess  Can ba  done  In mofe of less the Qama time

For »zmm\)u, we Can  deo b‘mwg seacth 1n & Word-~ RAM mode | n O(logh} waocdh ovuﬂ\\om‘

while 1n o Tu(\ng wmoching  (with a one-dimensional *\O\Pq\ we  cannot  ole b\w\aﬁé gearch .

AN more P{maticq\ Scoenadtio  Us  when we GV’\O\U\/&EQ Numadi cal a\gw}thmi Such  as Q'bm?nd‘mj the

detacminant . A< Eﬁou may know ‘0\,5 dolr\% Crowssian elimination ih o Rr\)vﬁfvo‘ré manner,

the Tntermediote  vnumbecS  Couwld  blow wp /Qx?wamﬁalm& _ondk So U TS nol (eatenable

anymore to oateume  thoat  Lfacdh  anthmet o oberotlon  can ba  deme  in  Constont  time
Tor  thee \Drbbum; L We usua(hé\ Conside¢  ‘tha \o“&*comvmﬁga e how wmmg_ bt onvmﬁmg

invelvade  in the QLgoth(’\m .
Qm, please pay Some attention To these assmrnft‘(ms Wlen  wa analyzz  tla  time QDW\FIQK\\J\’@
o% an O\[Jiw‘xtl'\w\, {SPQQIQU\& —%or Nnumeei cal P(s%lﬂmg_

That <aid . the v\,gm\\mm:{(z\c\t% and ‘OK/CDM\?\UW% \/\Smlha dont moake a by‘j Ohﬁﬁzm.hu,
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in this course (Q.g ot most o Lng(w) %adsbr) and Se  We Tjust ase the word- RAM  model

330M

Lot'e do a Warmup P‘(obtzm to See  the Pwoco.% O’% daslgn’mg and o\mﬂn&yn& O\ljb‘(YTLwW\K.

Thic kind of ad-hoc P«o‘o(zms afe  often  acked im Job  dnteruviews at  tech Companies.

The 2-Sum Prcbum NS S\w\r\\i\k to  Skate ' we are  given  n+ Numbers A,.05,..., 0y ondh c

ondh  we  would ke o deteqwine T{ theve ave I/S k' Quth  that O\I%OLJJYQK = <.

)

F\\ggﬁt‘nm 1 Enumerate  al teiples  and chocke  Wwhethee s Sum v e Tme - O(n).

Aigbm—ll Obgeyve  tlt &\7+o\3% Gy=C  Can be (fLwiittan ol C-ai-aj <oy

Wae can  @aumeratss all PO\\(S O\T-kO\S ond  check wohethec - oy -0 is Q%u@\ o Seme Oy

To do this d\zck?w& Lﬁ&idznt\\s, we  Con {\(%JC Soft the n  numbers v that a<o,<.. So

A
Then C)\QLKM\S whethe ¢ C‘QI'O\j 1< Z%w\( to <owme O Can be done b“é o b'\r\m\A search |

R ol 3 .
n j T\) tTime gm-{iv\g \o}y\m\a ¢raccl ’gb‘( 2ach PAT(‘
v €L

g‘,,%‘% T otal Caw\F\z\z\tA is 6C ‘ﬂ\bg\ﬂ “+ WLKDSV\ Y = D(\nlkngv\)

Ngm(\t»\m 2 Thig 4iwme  we weite  the  Condition to  check ag as -+ 0\3‘ = C-Qg.
Suppote agein  Thet  we  Sect the o numbers  Se that Qg 2on o € oo

The i1deoa 1< Hhot %{\/aw this  CQorted O\”OA ond  the Numbecr b::gfo\K _ we Can
check whether there are \\f) Such  that G +aj = b.

Tn other words |, the 2-Som ?robkam can  be  Soled in OLR)  tiwme g\vm the Serted ooy -

I& this s true,  then Wi Coan  obtain  an O(r ) - Bime Q\&oﬁkhm ngr 2-20M

by trgng brmecap foc saay A<k <

That 1. we (cduce +he 3-SuM P(O\DUZM to N oinstonces  of  the 2-Sum \)(c\:\zm,

2-SUM © Tt temains fo ghow that 2-SUM Con ba  golied 1w OUR) dime gi\/u\ o Socted o\(faj_
o &zt an 1deo , lots e  an anmPla o Ou og
b= 19
s e e[
L~ A < S
2 3 & T

j&gm
W KRZF a  left index L and Q& (Igh& index R

Tl ky m\\A, we  Sef L=\ and R=n.
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White L &R
Check  whether O_+0g = C - T4 Co. we are dene.
Othetwise. T o +ap 2 ¢, then decrease R ELS i,

2lge if O+ g < , thew incyease L ‘a% 1.

N BNOGRNEE
The idea 15 that if a,tag >3 L R

then we know that o4 ag > 1% J%Dr all R/ZR, ond o Wwe dont  need Yo check thogw PO (S

TThis s of Cowtse, net o proof.

Proof of Correcnes TH there ove o L] swh That ogtoeg = b then we wodt find them-

gmppam oy +ay =b  for ome ie&.

Oince tha D““i“““‘”\ Yuns wntil L =R tThece 3¢ an Stecofion  Such  that L=7 oy R:j .
Withwit oS¢ . Qappose  that L=1 ‘thappens Rirst , ond R>y 5 the other case 1§ Symmatyic .
As \Dy\& as R>j . wa  have Ay T ag > Qig aj = b L, and %o we Wil decrran R

until R:S L, and okl o\llgor\lf\(\m Wil %‘V\A this \Da\r. o)

“Time ngux\t%ﬁ © D) | becawe  R-L dlecreases \Oﬁ ong.  In eath itecotion , W0 +he A lger i thm

Wil gtop  Within n—-1  tecotions 0

Remark:: gwp\mi& “hic ¢ oan L¥xam \)YDL)\QW\~ Yo will &at ok lemst half the macks i

wou Qive O\\&oﬁfhm 2 Yo will %e“t ot loact L\AL{ the macks wou ctoke QL&“H‘H«M

2 Qowut\ug but  did wot ?ys\,‘\d&. the  Covrectngss Fran{_ Yow will ga% %mll marks T4
Vdnb\ Ao both - Note Lhat LA@\L Qort  nood to  Wiite P\mc:&m Code %o( the o\lgb(‘\fhm.

TE s mka\\% i{— You desceibe the Q\gmif%m aS in the obeve xample .

Litecatuce Coptional) Tt hag been a \m«g %th]n& open P{ogum wletler Ol s DP*\%MQI Lo 29uM.
MO\‘ﬂé PQDP\:L howe  worked on  —thig Pvn%\am Without  Sweces¢ ,  and they stoacted  To
coemecture  theat cuch  algecithms o nol axist . ond  uce 3-SuM  as & hara” problem
to prove  that otle ¢ -\w@\aums do not howve foste cdgoﬁ%\ams o The ko&\lL N H[ a
’on‘o\:zm A Cn  be  solved  Toster  Thon Oln) timz , +tlen 2-SuM  con bo  Solved \Cmﬁer
Lhon OWLNDY Wme . ond So Tt i< meossibkﬂ

We Wil talk nmuch  mwe olbout veductions when  wae Smk% M?“WFLL‘%D,/\&S(<

R“““n , thare TS oan OQHI/ “Dg“ /LDgKDKY\Y/g ) = o(A) ~ Bme q\goﬁﬂxm oliscoured . So
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the Sfrovxg rVorwm a+ tla Conjecture ¢ not true . bwl it Cemalns DPev\ Saé wiletlee

1-999

An olwn ) < Xime m\gn(‘\thm %D( 2-S0uM 1S Foss?h&_
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