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Lccéum |: Dafee Structves and Aldotithm Complexity

What is o dodn Stiutive
o Jatn ShuClule s a way bo Séole, ofganze
ond mamge dag efsecrendy

o imflemonied o3 an AbStiact  Datatyre

0f9onizing  Doda : BeokShelr Ambogy

« Ravdom ordet, Easy 4o insert, hatd b Seafch

- Alpwapebical ovder, Harded b TInsest, fosler Lo Seafch
¢ Catcqorized + Alphabebial, Best for boih

Algotithn _Complexity & Efeeciency

* Time CO”FkaéJ - How fast an algoﬁéhm funs
» Sprte Complexits » How Muth Memoy an algorism oses
'EXFUI'MM ta] = Ron program , Meusore  Lime

* Theoretica| —3 Ve Big-0 Apiaton

Lingal Seorh s Binary Seafch

Lineay Seafch : Checking evely bok One by one Bad for large

1Best  cuse: Firsky  book Inpuys
cworst Case: Apg in tisk LOCA))

c Awelede  Coge: (Njz 5EePS

0 Bim{y Sealch

- SPiES the ISk in WalF, Comfere, Wale agein

- worst  aaser O (10gtn))

- Bineary Seawh is eXponendially fosler than linesf Search

Linear Search (Worst Binary Search (Worst
Case) Case)

16 steps 4 steps
1,024 steps 10 steps

131,072 steps 17 steps

CAlptithes  + Dadu Sprpcvies, work  Eogedher
Lo maKe effecient algori thms,



Lecbure 2 Data Siivefure ond Program Complexidy

Computaional Complex by > Helps us ¢ hoose

(4 & i
' IS the maaswe of how much bime and  space best Igofthen
on algofibhm  reauikes

* To Measore Comf’i”/ﬂ'-‘?, USe dheoredical —analyses [B,s 0 /Vo'bﬂ.i;mrl)
ond  USe  exPefimenial  onaleSyS.

Speed comparison of various programming languages
Method: calculating i through the Leibniz formula 100000000 times

Algg[rﬁhm enalysis

-vdersanding  feSpurces  that the  algorphm BAKES
- Tome Complexidy  (fun bime)

- Spae  complexity (memory)

Nobe: Tapicelly low lees , compiled lanyvages
tod o ron Faster, highe lew| langvades ofe
Ussva Hy Slower,

]
Minimum time (ms) in log scale

0o(1) constant
Big-O Complexity Chart
S oot CZECa o) O(log n) logarithmic
O(n) linear
"n log n" or
o Otn log ) linearithmic
& o(n?) gquadratic
o) o(n3) cubic
0(1), Oflog n)
Shments o(2n) exponential

Bl’ﬂ"O/ glcj “O'MC‘UYOL/ [3iY the Lo

0(a): verec bovnd on hov  Quickly the  Funckion  gows (worst  Scenarv)
o (q)iLowed  bovnd o how  Que IKy the  fumction giows (best  Sceralv)
@L%) : T‘%ht [DOU‘/‘& o how Q/Ufﬁ IKy ‘H’lé *FUYL 6;‘071 cﬂUVL/S ([903{' and Wav,gi)

Note: To pove  big dheda Plove by 0 and  Lig- omege  First.



Goowth Rate

. logk &y most domineny n o fem
* Ylowth Faltor 0 Calculaded b?! c’l'lln'dfng the fupciions vawe at n by its Uale
ob  nzz. This  ShowS  how Muth  Foncdion inCreases  when infut Size doubles.

Coon{ing Ofefat sons
A

botalz0 —7 L

fori= L to n:

@: total + .
)

-2 2n

nt

when
)

Asymptotic
Analysis

Rrorm  Case pnolysis

Case
Analysis.

f(n)=3

WORST CASE
FUNCTION

f(n) =2n+1

OTHER CASE
FUNCTION

TmlM= 1+ (2nr2)+2n
T (™ =4n+3

EMPefical
blve doés.
fFenyeen For nz3

Data,

Scalin
foctors

Compeaing — FonCtions

[

Let’s plot how f(n) grows when increasing
n

Number of Operations vs.

<- If you try to
calculate the

number of

operations for n
ranges from 1 to 60

Is 1 prime? False. Number of operatior
15 2 prime? True. Number of operation
Is 3 prime? True. Number of operation
Is 4 prime? False. Number of operatior
15 5 prime? True. Number of operation
Is 6 prime? False. Number of operatior
Is 7 prime? True. Number of operation:
Is 8 prime? False. Number of operatior

s 9 prime? False. Number of operatior

=
Is the runtime O{ln}? N -

Is 10 prime? False. Number of operati

Could n,= 4?
1007

How about ¢ = 2 and n,= 3, Could ¢ = 37
100? 27

fn)=2nforn=3

K A preadiv TrCKS Proofs

o)

o)

Q1)




Lectwe 2 - | s

Linear data Structores: List, Stack, Quere

Non - linear ds - brees, grafhs

AbStract duta type (ADT) - Conceft that defines what oferatons Cun be pefformd on

the dS, For exampre o List 1S an ADT, but

ADT = hos Date ProPerties ond OPefcrtions

linked List / Aoy are inpieren bation.

Dato Profefdies inClyde. idems ome afer Gnother, Specitz  Position, Can have do

BasiC OPefations

* PYthon st has  Comkinomes memory |ocationd
« Add element S o Python sk iS an alray gf Pointets, 40 Mertory
’ dum elemum 5 ' Python  dpnomicaly  fesrzes  losk
¢ Alcess elemenis 3y Pesit ion
¢ Tlavgge Ahrovgh  €leronts Rg o - Complexty of List_opS
USedull List ethadS N/m/;«v/m‘; 0 11) puigied
-append(x) mwaba) data(iJ=val | ol)
Cinseré (i, %) dafan (] OC/) duta.apent (var) | ocCr) =
remave (2 ) - Counb Oln) o )
-I'ULJ([VMM} OLLH) dato. Poplua)| o(1)
Val (n data 0 (n) i aicll
Jaéaz b dita Oln M’L) -301¢() | niogy

Non wytatig OPefotion - Does not rodify onginal 1%
MUAAENY Ogop gion — Modifies oTiging

1i%6
Linked Lists
 ColleCtion or nodes twat Shotes dodka and Pinta Foust  inserts | Detetes
Do rot ouse  continigaus »emorny Slow accesing ] Searching
*First and logt  nodes afe head / {a/| Common  ORfationS
2 || =2|0 — . Traverse oln)
K nuSt Keep ftfefene  to head ingert o(t)
ferove 01
Check empty o( |)
et size Dﬁh)




Letture 4. Stecks and Queved

Sacks

© LIFo, tasd in, Fist oub - (everse a word

OpPefabions T.C - Undy ﬁ:(/*’l(”/ﬁ 8
Push Le) 0 L)
Pop () o) IMPIW&)MJ a Stach  ysi'ng [M/ia:/ Lesz
tor() 0(1) s

¢ Stack  folpws LEFO

*The  head is Used at the lop o the Sheek.
1en(s) o) © POW happers ot e htad O(1)  }ime
«  pop appens from  head af Oll) v

IS emplu) O

Intfix ,Prefix and PoSLeix  Modadon

* Tofix: Operadors bebween oOperandS = A+ B

* Pre¢ix: Ofetators befole OferandS = +AB

© Postfix: Opelafols oftel  operandS —2 AR+
fmml_ao_ﬁﬁ_

*The ol of OpefandS does yot Change

- fecent high Precedence  operwtor will b osed €irst

Tnfix — Postfix USing & Slack, Yoy fead in W ofedS €ist en, pop
0D idendty frecedens ofesnors in Tiecedle lew) offer
1) Comveft by $wilthing ofermitn adel

T}/AH?, XC — A+8C K — ABCR 4
(h-B) X (D) = Ag-  (8-)Ed1) %

s ot AB-cCD + %
E:\C‘Uﬁc Pesatix T infiX
X nfix_ fo  poskeix NP 5) ABC KD -
A4g x (D Y AxerC/o-E (41e) -0) @+Bx0)-p
ABX gk byt -E
BC K 3| A .
A +Bex cb/ ApKCD /FE— %) ABC 4 X ) Abscp
ABC X + Ax (Bic) [A+8) K (c-D)
ABcx+ D- 9 AB *ep/f - +
2) (A +8) X ((-D) (@H)J( Cerm) /E)
AR +

Cch -
4g 4cD-x



Lectufe S- Queve implementasion
*QUee s o FLFO data  Stiuckae

C Blomis ae  added o the back, enaveve Node. Also an ADT, can be ymperented wis,
and (emowd  fom fhe  fonk Seasee. linked|isis
Comman  Operations
enatel) - o(1) Array - based  Queve
degue() — o) v [T 71 a7 5]
firgp Ly —odl) = 36{?» 47/% Sﬁ/uz - S,Hﬂ,zF./&
iS_empty() - °L1) The  dqmen opeig s feaniies  o(n) eive

Size () - 0(1) beause you  Shiet erdyhdy op o Spod.
Linked -1 5t Ba}ﬂ{ QUele

cUSes @ linked L5t for  effectand  inselémns and  deedmnS

e ehow() and Jdeavew Gre ok 0 (1)

"D b, ony e piter peaiw bo be [e- refesneed

Iml@rwh‘n,q Qlaves triih Two  Stacks

100 can vse  hwo Ukoes o mmic Skadc
- Pusking  oddS new cgmants 4o e )

Ofefations,

’POP(.'ug roves ckmbyis oM Queve | — Queve 2.

jrai T\_/M
GeET

‘Yov Cithey wmaKe fobh Cotly of Pop aSily
L\/ Makng i3 oln).



Lectute 6 —Tree

“ A dee 15 o Special tyfe oF non-linaf data Stwckors (linked data Stuctue)
+ USedul in datatages, A, esc

BasSiC Tree ConCepds & Key Deg.
(A) — Ross rnode (host +op nak) Avdes- building jlocr. oF ¢ree
el Roootr =407 mosy nod¢
@ G Chidrey - Jl'feCHJ under G node

lea ¥ hde - node wibh O KidS
D © © -2 teae nades (o Chidlen)

Types of  Trees
1) General tree - each node can have  any ywmby oF Childlen
2) Binary tee- fath mde hat ab most 2 chidkn
3) BST (Binaty Search  Liee) - Left chid < safent, Right chitd > purent
“)Ralanced Tlees ( AL, Red-Block v1ees) = SEIE  balaneing Lo KeeP Ofelabins eféetiont

Note . Tes puysy have & yhigue
Sular Path fom  Yout fo any nge

Morr. Key Tefminology
»Edge , Commechion bebween o rodes
© Path, Seavenie or edes
¢ Height of nede, tumby of edges  ON longes ¢ mih down 40 oo leaf
* Heqnt of dree,  height of e (0F Nk
- Depth - number of @ges from node b0 e Teod
¢ lew) - nomkel GOF Cornelbions  betwew  Nede  Oud (ot +)

B

ek |
leats: 8,9 “,6,7
6 s level 3

@/ depth of 58 2
Helhs of tre is 3 Mte ha9yi ;s
Levelof a is 4

Max  leve) - )

® @



lecture 7 - Binary Trees

Binary Trees
+ A binary bree i hiafthial date  Structure
‘fLath node has max 2 chrldren: leFt ond 1Yt

* Modes Cam e limKed USING  Prnkers in Pyihon

Types ot Binaly Trees

‘Rl Binary frees, evely vode has either O of 2 children

* Complebe Rinay Tree all lewels ale compleley Filed , except  raghe  last. Shoul) S6)
2 IF it o foll, 4 Should red lopd do Tighs have _ left 10 nght

Yule
\/ valid X mvx(,-/le{
CompPledt Ingorpleie
é tree / dree

Binaly, Atidhmede EXpssion Tree

An arithmetic expression can be represented by a binary
tree whose leaves are associated with variables or
constants, and whose internal nodes are associated with
one of the operators +, —, X, and /.

((((3 +1)x3)/((9 —5)+2))—((3x(7—4)) +6))

Opefations on Binosy Trees
c Toavegrsing  (Visihng a e nodes)
“ Seafthing  ( Find noe)

 kdding (st Noop)
Tl (dtlee el dmy (el Singsre)
* Pruniny [ remore Sub tree)

OTafémg (s feok  Yhtie)



H ways o towrse Binoly Tle

&) Ple-Order Trayrse)
- Vst 00 — e¥t —7 gLt

Ple —~order : ABDEC

b) In ofrder TfaverSal
FWiSib le# 4= Root = Right
*USepall for Soreimy  (BSY)

A
I\ ovhput: pghc
2

N\

v g

Note: EVery Efauersi  Operasions Torsin
O(nY £ime.

¢) st order  Traversal
TSt (efb 2 rqpt o (o0t
<usef for deletmy Lree

OULIK: DEBCA

Stalt botbom left, visis
fops 1052
D

D) Leve] —ofde/ Traversal (BES)
Cvs i nads  leyel v leves
fom  left 4o 79ut , gop dowy

- USseS Quen giead OF lecorsion
A
/N, ouw ARCOEF
b Top - down

/N K
D« 3



Lecture 83— BSE /o perations

Rinaiy Sealh Tree OVerview/

cBach mode hos od mpsy o Chitdlen

clefl Sublree  contams vodes Wikn Valws  Smaller than Node
't Svibve IS greater than A paren+

Ty BSTS excludes  OWlicates {0 Paingain  Cécieacy.

For every node X in the tree:

* All nodes in X's left sub-tree
must be less than X.

» All nodes in X's right sub-tree
must be greater than X.

Opetations on o Binoty Seafch e

Let’s validate that this » Seaich
is a valid BST... . iﬂsefﬂ'
« delete
« Traverse

BST TaverSal £ In ocder Travesa)

* Lo Print  elements in Sorfed Order, We yse in-order  Llaysrgal

LY waib  1eFE Sublfe
1) Process Curfent node
) WGk (igh Subiree
Nobe: Would print  conecly in aphadttrcar o1 der

* Bolanced BST | 4ree whore both Sides
ofe opproX. the Seme

Seafching in o BST

“ Slat et the  rsd

o iIp y== fuo{,.VaIVc/ foond

CF Vs less Hhan Curfent nodes Ve, Go fef¢
¥ VS Gleater than Curfett nodes Walve,gs (iq)4
v iF None object, hot #ound

Resé Case: ( palanced BST): O(109n)
Wotst  Case o (nbatanced BST): @ (N)

NOote: 1o frint  Clements in Sorted ordef e use in orkl Haversal

VefE  Suptree, Vi | [{9nt Subdree

7



InSuémg * New Valye to BST

*Stary at root

*IF V L nodevae —2 9o leps
¢ F V2 node-lmie — 9o ('Iht

¢ Find emfty spt and nsue V.

Best cuse: OLlogn) —2 Becoyse  Lrmouy
worse amgel 0(7) Sw.[,;gu (s

¥o Sofs

Delebing Node in BT

‘hay 5 Cases
cade | Mode Wes np  childlen

¢ JUSt (erove  node

(ke 7. Node wey | Child
s Repiate bLhe node with (&5 Child

rase 2. 7 children

« Find  inovder  SulceASor (Swaliest nede in fight free)
P (Place pades valm Wit Suctesor  and  deite

Remole 5o, inefdel Sucessor =60

4o
20 /U
/ \ 20 70
40 A
£d 20 4o

Finding Min ¢ Max BST
*min valve . [eftmost  hede
e max valie; Tt most  hade
Tme compexity: ol logn) o(h)

J
Most  Eimes Worst
Cuge

Pioming BST

» keep  Velvues  wibhin  [ange
' Prmg  femoke S Viodes , bog
dﬂ?&y\diﬂg on the Cond:'ll'dhﬂ




Lectyre 9 -BSTS Examples

Saving € Restoring BSTS

Recwwrsive vs. Fédatw * Sefvu lization s usesull ¥or:

RecorSive, Shorter canier Lo underdand  Storing RST i File
but uses  extra Mesolty in the Call § tack « TlTangmitbimg aeloss  neguor
* Tderabiveg, vsd white loop  inshead oF fecursin, ¢ RecorBETVCEM) BT

no oddiprona MCHDYlﬂ USage Lyt rore Code.

c U tree trawal  teChniames ko save
Savng Tlee , Pre ofdes the  Stiucture.

Qoot -1 [eFE = (iht
A AEDBE

/\

£ p Mso Stee  €atn
/\ Najes vale wibh
B F Extra. inpo

(A2), (E,0) , (D,2)
How M™Many chiidfen cach ade bas

EXPressvan. e

ki (e3> =3)/ (a-9) 2)) = ((x G-4))+)



Lecture 10: AVL Trees (Balanced 8ST15)

<AVL Tree’s afe $elf balancing RS TS

* When msefding oo Vallg nfo  BST, it may lbewme unbalanced

leading lo mcfficent Ofmtiond  0(10gn) > o(n)
betlea woyse
. AVL Tree’s exsure brees are batanced

What is an Ayl Tree

< AVL Tree 5 a BST  that au{,omtrcmlg balances
* Key Properties: every node

* Balance factel:

Vsu'ng (0iations
Keeps balante Fagior of  -1,0 or |

RF(T) = Meignt o Right Subpree - Hedht teft Subtiee
- BN Lo gy heavy (1odufon neesed )

BF(T) 21 = letk hewy [ fotudim needed)

BFLTYE £-1,013 , bRe (S balancd

boight (1) max( Leb bree, okt sy HI 000 hathe 6 enfty tc o)

A VL Tree rofecties

Moinbans height balance: ensore tieel  heighé  femans 0(logn)
- Balance FaCior s aluays -\, 0,1

- Self ’baianu‘n\g, afbel  inSerting/deledions , the bree pelforms
(ofatrons to  Testore  balance

*Heght 68 an AL Tree’s with n nodes ¢S 0llogn)

e RecourSive fomvio Fof minimum mmber of podes: nlhy = L+ nch-1) +n(h-2)

ML Tee  Robetbiond

*Wien  the {le becomes onbalanged, Mhaves reddords  boldnce
Tyees of Rolaiin
D singie Rotadion (LL or ER)

v UL = perfatm (ign¥ rokafkion

«RR - peitarm  lept rojatrion

2) Dovble Rokafim [ Lh or £1)
LR - fereoim L eft [otakim  Lthen [9ht
n) - pelfom (e [Vabim, bhen rpt



\/iswalizagions for Rolations

Left -Lefb of Right RYht

Happens when : G Pefrom lef ¢
foéation on
J/ 2\ Smalles

A

Le 4 ~Rigl / Right - leFt Totation

Yoiatign
A,
= L f\@
Ryht (otatnn a+ T

Lert Mointion at mn

AVL Tree InSertion  Algar, thm

* Pelform  BST  InSeréion
*UPdade height oF ancestor nodes
* Cheek  balance Factor For each

* elkorm  [otatins, i needed

Sensch: 0(log N)

* Insergio: O (log )

¢ Rejatiom: O())

In AVl Trees, you CheeK for balance
ofter  €vly  insertion/ deletion .

Aot Dete ping  fom o AVL Tree ond

Sbandtrd  BST Tree iS Lhe Soame. Broken into

5 Codes, buk check
Afder enry deledim.

if Lree is Sbi balance

Proctise H, BF
- | . I-lz0

3 B0 Ciee
1 0 ! —~ [z
) 2N qo. | l\.—a =1
;e p-0=0
o 40 5.0 0 -0 =0
/7 \ N §0:0 0-0%0
16 25 So
2) InSurding 25
and ChecK balance (an See (S balpnted bod
JuSt  t9  Checx
0 "
Z/ ZLo 2z [V
0 40 qao |' o
7\ / \ b lo o £
lo 25 35 S 25 o o
35 o 0
50 o O
%) TnSeft %S, (avse mbolance
H BF
20 0 32 |
VRN z0 ] 4
20 20 o 2 2 ) (Ut gt cose
/ \ \ 4‘; : (i 1eq, vired
o 25 S0 S0 f|
4s p 0
45
30 7 ;0
\
RN VAR
20 4 N\_
/ \ p \a/}ts 0 5o
0 25 “9
! \



Full AVL Tree TInserdion

] o ey VL Lree
InSert 19,20,24,10,8, 7 %0, 36,25 into on em A
° /7 7z

1%
2 -2 / N
2 2o 20 Z,;: e ot 20\
) L5 o 20 ;- /)
) /2 ,5/ \z‘/ i W 5 o o 7 19 24
20 ls 24 = Y — \ sl el \
N\ I3 Wi ] gg
24 o Y | k/ |
N 10 7 5 /\ \ \
I 2 ) /Z"\z b
3 1% /1 L ] o L N
i L 1 20
P ! lo 24 | ]
10 55 0 2o p \ l/ N
/ S = |7 [/ \ 7|, 2y ] ]
7 s /&o , 2 Yaa 0 3
4 26




Lectute 12: Priority Queve and Heap
Toprc 5

* Priorily aqueve VS Queve 7
VPrioTrty Rueve vs  Heap 7
. Types of Heap

. Max HeaP Implementation

ADT Priority Queve

*Quete follows FTFO  PrinciPal USehll in far  Scenarios.
* Some  CuSes  (Quile  €XCeprions 4o FIFO

i ?n'on'ig Queve is o SPeciql %gfc OFf Quewe \whee Cath ifem has o Prionsy raiing,
v Them wibh highest Protity  Kels  EaKen ovi  €icsé.

Pliofity Queve Opelcatrons
0 JpSeft new dem 4o Queve

2) beg  valve o highest  Priovidy e
3) Remove he  highest -Priovty item  fFrom Qlece

Nole, T# 4o elements have Same Prioridy  they are ProCesed in theif Order ot affiml ( PlFo)

IM Plemenda fion

* Can 9rouP by Prionty  Hign - Medvm- Low
T4 we have hU‘]L mbed  of Ph‘oriHe_sl we use Heap Date Sltuctuve (Mole efficient way io manage)
* Heap alows fast access 4o whest Priovity  céem, USing pinary tree-

& A = Prioviyg c ()
g= Priolvey 2 / \
C = F’I’-‘ﬂfi‘bm g A (9) B[l)

’ Ramow‘n.g dem  from Heap  removes hignes b Prionty  dem  First.

Hca?s ond  Complete  Bimaty Trees

*Hea? s SPecial tvpe of Complete  binar, pree
vall  leves  exup: the @5t one are  comPlelely Filled
‘Last levy tied ek fo (9




Types of Heap$: Mincheap vs Maxhesp
D Maxhae - (afqest vawe s always at (oot of tree
2) Minihenp - Smalegt Vale S Alumgs o the (oot of trce

Maxhenp Minheap

/I?,\ /A
) o)

a 7 /L(\ 5/\ 12 2B B /I N

ZAYVA 7 F N Lo AT

5 H g LR N UEENR 7 130

3/\L/\q 2z s4 322 84
3
) /
EXL(G(hing Mo Ximum  (Heatift Dovm) z
*Temove  [lwrgeft  <lement ;
) Reflace rook  with last node M heap /Lo\
2) Remeve (st node /7 2
3) stk dOWn the  pow  reot (Swap  with largest chitd) 2 \Z Z/\‘l
» Howpiey Down - vsed to femove  vax Vaive
. Nﬂul In muﬁ-hm?;’ﬁy( a, hME,Sy.Ze,[) N l&& S)-C&T 2K L ri9ht 51'0’5-’— 2 xi £|
[adex index

Challerges in YSing an

Aoy gor Heaps

Code UVersyon
v Finding  boddom  mest rignr  ppde
« FIwANY fodlem  Wiesk [eFf moaSt OPen SPot
Extract Item from Heap
q o
)-(Jcﬂ- él H.’ n OJ" 5 ?ﬂ r””‘s 'Fof SM P'S 1. If the len(heap) == 0 (it's an empty
tree), return error. heap
] a (yu : - 2. Otherwise, heap[0] holds the bi 0] 12
fe [T, pot |linged| te e e Ko o5 s
3. Ifthe len(heap) == 1 (that was the only node) then 2 |—2°
delete the only value and return the saved value. 3 j
4. Copy the value from the right-most, : 8
SL :otto[m]-most no[de]to the root node: ¢ 4
. o eap[0] = heap[-1
OT‘ ng HE“‘F [ Afra y 5. Delete the right-most node in the ; 21
bottom-most row: del heap[-1] 9
¢ USing leve| ovdef {myyﬁal 6. Repeatedly swap the just-moved value with .
the larger of its two children: 1]
Starting with i=0, compare and swap: b
* 100k nNode can fe o/l heapli] with heap[2*i+1] and heap[2*i+2] b
7. Return the saved value to the user.
« left ndex = i J2i4)
P lGRE ndtx = 20ty 20t
s purent oe node S ingex iz
(00 AOTIg & Noue 10 & Taxneap
1. Insert a new node in the bottom-
. {sionN most, left-most open slot:
H (4Pt fbs U? Ve heap.append(value) S
‘ In_ el bn i 2. Compare the new value heap[-1] with R
S i g ido hMP its parent’s value: heapl[(len(heap)-1 - 2 g
= 5 : Add : ’ ) ) _ 3
{6? LA e  demends at awvalaple index 3. e new value is greater than its T
parent’s value, then swap them.
a SLtP 2! Compare wa'k [ ka ¢ W 20 (eute (we don’t need to care other nodes,
P Pa' VM#' then S Rf Ll g i () 4. W&%ét steps 2-3 until the
kP 3 R(,fﬂ"“* il }lMP S S -ka :Ieavzevzlrue rises to its proper

we reach the top of the array.



Time ComPlexilty ot Heap (perations

» Tnsectron ( Heapiey wp) - O(log n)
Lebractron ( Weapivy dom) — O (log n)

« Reason : Heap is  binary free, heidhi 0F balonced kree is log_ 2(n)

Smrching m H‘CO.P

¢ BST allowd ef/cient Sca_f(,h.‘nj LCCRV)L of {ola) 0'_0(6’_'_“3

« He h .
Heaps  domé AVe Yol oydedng , just  EnSures Patent 05 Yreater ) Smaller than  cheldren
»Seafthiny in heap Jakes  O(n) yime.

HeaP ol

*Insert all A nombes nio o maxheap (heapiPy UP P rocess)
¢ while celements {emain:

- remove  mox valve (ro03)
— Place M |3t open Slot hajyray

s Ve heafsity  Cane jak Zx nlogn = 0(niegn)
- 0Ptiruzed way:
L) Build heap in O(n) USg heapity down Process
2.) Exbragt eiements yofmally  (0(nlogn))

Redutes 40  nlogn but bektesr Consiant Factor

Mox - Heap

* l4ype oF Linar eap T convery an  umsofved atray i o

How to  ConveH randomly asrandad vy indo  mMox- hcap Mixheat, we use  Heapity.

I') Stat}  from last  yon  1eaf node [bOH:Om Mo sz lagt  wnon-leat- node - index [”/z-lJ
/

9ht wast)
1) Viwaize Qiray « S biee
2.) Conwst eacn Slphree fo MAXMAP

1) TMoOVe upwartdS Lo (00F

S.)  Keep Shi¥ding  Valpes dowh

v locabing Chitd kb inex  (M/2 -0, allgwS US40 SKP Sos op Subittes

for CviiNode = LMz -0 bo O

Puifding maxkeap: 0(n)
heapiey (Lormde)

Reap Extinciron(sof ting) . 0(logn)

Sufgmg o Ob legn)



Le cture 13 = Ha sh Tobles

*Hosh table s a date  Sireesore  that  implements o MAP (assaciative arrar) ADT.
« Allows maPPing  Keys 10 valwes  and gues  Rest  LookuPs / inSelbrong
* Search aveaqe = 0(1) B wovg k = O(n)

e Dit biovary > Yenenc Way to wap (CegS 40 wvaes
o Hash tagle - implementation of o diCLiomaty ysing hash  Funttion.

Hoth Tubles
' Stofes  Key Vale  faies
" USes hash  fonckion  fo ComPute  iwgex (Wah)  for  Giuen Key

CawTMe  Lime  of  ol1)  for iSerhuns, Jelebions, and 100K Ups.

Key vawe pagabase
0 e valve arfs
. Key vawe dalabase 5 o Fgpe OF MNOSQUL  dafabale  Groves data 45 Collechrom  of &Y P

¢« Gatie <ewtry has a K¢ and o« Vale pagr
-flexble, efypeent
Hash Taple Advaninge

MAE ADT » SafChing Sotked [ist of BST fakes

0(03n) hime , Hayn bables ofe  wear
» datae stuCtre S80S Kup - Valve Pagrs incligal ‘ub"m? “
* Jee(Key K)

s Puk (Key K, valve V) Pioblem  with  Difect AdresSing
. (tmove [ Key K) cwasie OfF  viemovy

LSize () *Hask fonthion  wmaps o large. Key Space to
< SEmptyl ) Smucliey sey of S0k

Lorle Space Llansfoims — Srmalel Spacs

Vales dndtrivked 60 Tener §los
def  hashfime(id Nom):
Giray _Size = oo sgoo ColliStan - occurs When  two  difperent  Valves
bucker = idhum % arry_$ze map 4o e  Same ucKee

(v pucket

l To handle collision:

# ModUus Ofetatel  EnSurs  remaindel

ast
D) Chovmmg (1nted 156+ ab eacn Slot) [ofen ko2,

tath huckg holdS a sk of Welws [ w1, oz,a3]

. (Closed  hash
D Linear  Proding , j¢ S AS baken chek a5 Mblb)

= aupdS wasdimg  Spie byt causeS  Closéering

3) Dovble hothing, USe anobaer  hosh funcliom for

haw  §794



Closed Hashing vs  Open Hashing

0 compuie  hash e

Closed :
« Slotes Vale in afray Ly it Slok 15 emphy, spore  Valve
]
. - g ¥
. iv Slop i full find neet 0?"’, [,,'nmf Fm(,b 3) i¥ Sl i3S A K , R
DPU!:

s fach Slob holds  linked (o
*Most ‘H(.A,‘m but  TeAMTe  Mertory  for  Pornbevs

ISSUwS wibh  Linear Pfa(;:‘no)

1) Primagy Cwsiring (16 YUuny Valves ar Some ofer)

« 2) wiap aomd ( reach end, Conginw Stalchng  fropm  ;dX o)

< %) wayled  Slots

Cortehagy-  Shide  zl/3y



Lectufe 14 - Hash Tebles

Pﬁmarg Cluslmmg . Linesr Proding

* When  many Vales hash  t0 Simiiay  loca tcons , foim  Clusgers
s New Key MusE prode  throvgh  LheSe CloS bors ( makiny Seaich ond  insertion Slower )
v Keys  ewste, Cavsing  long (ung ot  Ploking

_AVO\‘C)]'YL@ ?ﬁr/\a[@ ClyStering
v Sptead OUE Protes So kwak Yhey dont land in Slraignd 1me. ( 2 bedtar  altermmiives)

Quadf atic Probing

*Inslead of teving b fexy Sot (i) like ingg Pitkg Quadiatnl Probing  jumps  falther
Qwey by Sing « aumdfa{ic funciion

* Fotmufas h{-l(/i5=thltl)l—c(l: +C2[z) Mod m o Able when Ciz0, a0

L N, i) ' t0) #1%)

h (0 IS incdiap hash  fonclion

i S Pk Momi L6 S s fld, i gess F,2t3 R
d, (2 Cong laniy

‘Quagtat  Probing  SpeadS (1, 4, @, 16}

Double Hashmg
* USeS  Seeond Wesw funckion do decidt hov. far b jump
“Formola: WK, i) = Chi(K) ¥ ihalK) mod m
Wi Y- €irst Wash founction
hy (K) - Sewond  hoth Fimcpion (eoch ey , UNiowe  Probe Sm,wn(:)
*Best  aldemadive

Quadratic. Peobing Piohlem [ Seeondaty  Clustering)
*Quad(wbic Probing  feduces  Clyshering, but not  clminase fully
s T two JfHo{cné Kers  hawe Same  inihal  hayh \'Y\d”, they foilow erack  Sare

Pobe Seammnte, whith s why  doghe hoS 1S deber [to nek  diFe index)
< Sumg inihial WeSh o SR Cluster | lesS Sewere  Hran Linea( ?fob\'m:)



Fixmg Secondaty  Clystering
“Solution - Doy ble Hashing inStead 0% followimg Probe Seaunw, Sccond hash Fonction
W(K,0) = (WK + = ho(k) modm
cfach Key 9us unique P1objug ch,uma/ avods  Secondary ijs-ler,'ng
" Mot fondomizd Placemen: =2 FaSter  earch Jinselt
* Seeondary Clistering = ledler Awan  pfimagy c[wtn@ bt wod  idex)

B i) = (LK) 465 mad m

tl= 1, c221
Mm=12

h(K)=0 Pmbing Seavence i 0,2, 6,0,2,6,5,2,6......

Problem: - owly  Contains Clen o ddresses
' MSS many  Qvailible  GmpPly Slops
Probmg Padlan S resticicd ey i

Dovble  Hash - How it workS

) Compute  First  hash - hi(k) = K mod m 5 Slrting  posiion
2) Compuie  Setond etk hg[K) = V4 (K rmad (m-) > Siep  Size

3) fach  Probe siep s dedehmned by ey  ipself

© Bhsues  wo  Primafy (Scoondary  CloSkerng

why (k) and m  mosi be  felatively  Prire.
i Mele, hWolKY=2, we only prote cven indices
E om s w pow/ OF 2, enufe hy LY S always odd

Li€ oz is edd, fetun 2, cise  x#|

Hash Table £fpiciency
* LPfiCiency  depends on:
) Tyfe of ham ?TabE
) Load Fasor Lhow POl tabe ©3)
3) Ambd OF Colisions (move Collision, Slowa)

Sdarch/lnge[{ . 0(1) -Rest
0(1) — Average
o(ny — Worst [evertthing collides)



Lecture 15— Hash Table i

OPen Hash  Table Efeiciency

*WOrSE  Cage: Ml ElementS end Up  in Same  bueked
~Hash table tums o o linked  IS6,  o(n) - scah/ miglt

Simple _yniform_ Hashing
PEVely Ky K hay  an  easal Piglafiicly of beng
Pr(h(K)=)) = %
fao bocket  has  voushyy eawel Share of Keyg

assigned £ eng of My M buckess

bood Hash Funciion

¢ hush Foncgin i good , when Keys are Onifamly Gpread  across M bukeds

C Mimig oF elmas sy 4 2l N # cim
P bucke il | mwg (Lowo( oL 1S 1,”%3,)
X# of
Load bucKess
Facdor

UNSuccess ol Seaith  Hosh  Tables

o Seaich entife linked list ot hash index

o Dxpecid Nomlbef of checks = lengbh of L
R %N

v O+ o) - Exfecked bime  vor ungucesfal

SU Ceesstul sh_Taple
* Find Cottect  bucket, Scan linked it
o Chetk  Gbivd Wiy idenS befote  Fmd'w tamet

callyr 2y - ool Fx
oF ) ‘ ) Load Foctol (o) :

Lmpty Hogh table v measye 0F how ful  tadle

v mag  Skeps do -inSefe  Vale = | o = %0 000 g elem s

¢ Fruditg idem 1S oct) loo 000 buc KeAs
L2l Mears  ems S bockes

Full Hagh Table Ofen  hosh  dag,

* Probe  Mag Slots  pefore Findimg  empéy one . (hoaw =} = Slower Searc,

v horst Cax: O(n) Lime  Complex ity o fow 2) = Fosttr  Search

S

nu15 24



Closed H.T Efeiciency

« Prob or OCluried  bucked
« pioy of tmfly

N ra

buckes S (- x

- TXPeised  Sgeps Foimviai

i
(— o

* dUCCessfon Smtch  bime: L;g m( 71_13

e ineftion (Complexity: i+l ab o =L

m
TCTOUSTU 1TasSIT caoTe vS., UpPCrr rasrr 5
table L f"” When emP#y, Jeqiude awickly
Average number of searches during a - (Usffﬁﬁﬂﬂ INCreases Seafch 6!7‘18
successful/unsuccessful search as a function of the load
factor o
Number of Probes

) Unsuccessful
Linear Probing——

DH- — letber than LP
~ lesS Closking

Successful
Double Hashing

SC - (nSiStndly  Good peftforanie  at  highu
10 - Sl bthy becavse 6w |mKed ISt
05cisczss 10 - bnsocles Full— Layes long ¢

Rehashing - incresing  bule S'Ze felalvlating  hodh  Lalves
e fosivios OF ey Wil Chenge -~ 0(1) &ime



Lectore  16- Hosh Funciion Analysis
¢ Difperent  Hashing  MedhodS

K wod M (divison Mefrod)

lake Key , comps mod m

o Ussually used in lineur Probing, workS detel whan K and m ate
tlatiwly prime to avoid Clspering

« Hion Chance  of collisiom when  Kegs  ofe Simivaf/

um of _ Digige Hayhnd

- Convert ey e digirs

* Sym ogdS, Ccompute  Sum mad m

“Hih  Chue of  oilisim (523 and voz) hoth Som 4o 10
WorRS well Al SMall  pomuic  Keys

KZmod m (Mid Sauare Mebd)
“more bajanced hashing wethod , avoidS  Patbong Fof thf-'(lndm—-l //Z,)
* SQumie K

" Exbag miodle  0ists  of  Swumed  hombel
Comprbe  mod fo 4¢t hash  jdx
h(K) = middle  digys oy (F) wod m
Ex. c6%- 3136 - middle Jits ~ (3
12 mod Ipo = 1%

+Avoids  CloSkuing , mote  Compypation

Hlljh g Sir.‘ 143

' Gtrings Can’t be modded, so we e mirnomial hashing

1) Comverd  each  chatcter indo ASCT L Vaie

2y MUlipy cach ASCI)  valve by  Powed  Of Prme  nymiel
3) Sum all alwes bade  pmogd 4a

Tabe" pest, m= 107 47

,‘

‘17, q¢ x 3\
9y 1= a5i57
Q7 F 3033 »qs139 <8274 %! 45]9 j ?Ezy
Final Hasw = 43214
ﬁ%‘f\’_/\




Lecture 17- Graph - e sicS

* Propefyies
© 91aphs in Python
«gtaph ADT

(xneral LonCepts

© qphs hue  Veléics and ed9es
*Veltices ake  adjacent if s an edge botmn Lhem
» Neighbors:. Veftices {hat afe adjaCent

= Degree s mmbel oF €07eS  (onneCted 4o velgex
. In J'“ﬁ‘d graph - In d(gfu Pdgq toming ingo 2 Veftex

00k Jehfee: Edges Goin Ouvd  from  Uerbex

Move  Tefminology

cWalK: Seamtne OF Veldices whee ¢oth  adjacent  Pair S Conmcesed
cTails wallc with Mo refeased edges

Path © wak Wit ho  fefeabed  Verrcey

«LifCuit: Closed  4rail

v LYcle. Closed Path

« loop: Edg,  bhat Sturts  and endS at  Sere loop

Reperesentation

* Adjateney waktix (1o i bwo Cens 15 afe edy)

" Adialenty It fach Verkx has o U6 of  neinion

© Reotdeliing wusiCed  gffectdS the  mabrix/lisy Lot nok

Wweghted Gfaph

* Weihbed Gioph koS edges  bibh vl

+Adjaleny matnk  Condains  NumuiC weighs, nob jud os and 15,

oltva

AMdintenty St Lotk Commegeon 15 lakold  with  weigny ke (1, 2)

Ve 2o
* Adjacency Matrix 4 1
* Adjacency List 1‘ e 4
0 1 2 3 4 o s camecsd 0 2, (

wibh “eifhs

0
(s
s
o
o
0
N =
- -
o N
— =
w
N —
<

.
~E ° | °
°opajojops w
NN

Sttuctute



Ditected (gaph
cditectd Jpm has  edeS  Hab  porag in
. Adjacenty matnix

only  one Jifeé{n)n
only  Yecotds one dilectron

* Adyatency Ust: only ougeing edje Irsied

A—d{ﬂf@ﬂ@’ Moatrik S Adjmcency  List
« AdyaCency Maticx:

* few Vubies, many edges + Desse 9raph: vany eryes lequeen  nodes
' Dense 9rapis ¢ Stuse Geagh: Few e

Compaed 46 20¢al oSS ble

Gagh o5 ADT

*SUPPO(ES @ Set of  OPea bigns fegordless of how ité  imflemenied
* Comrion  OPefa ions:

- Test (iF qraph empty)

- Geh  (# oF ey weriree))

— thock L i# edpe  exises)

- nSeld (veftex , edge between 2 I/e/é/'w))
- (ergve (_Vc/;—ex, edge )

Graph  Tralerso.l

* J0aPhs Can b traversed in  vany  wayS  becasse  of  Cyoles  and
v Key  Methods:

Lv Breadth  First Search (BFS) Level by level

L> Deplh  First  Seath [(DPS) as deep as  possibte, befote

rultiple  poths

boeK froc king



L 60 buf(, ' 8 - é‘ a,? k EFS / D F S A Breadth-first Search e>-(plores

the graph in growing concentric
circles, exploring all vertices 1 away
from the start, then 2 away, then 3

0 Bfeudéln Fitst  Seatch (_BFS) away, etc.

L Exploes nodes in  lavers (growing  Contentie Gireles)

start sti

< Vinding all nodes | sgep Aumy £1om  Stag, then 2 Steps  away
* Bleadbh means  broad fude

‘ K‘“P'"‘ﬂ 6fB\_CL of ['YLO(I'CCS n Q/VCU?/ ..and so on..
1 stpp@ipa

ay
3 steps away!
¢ Time Complexyly o+ o vl *'Il?l)

* Shotvesd Path of onwiigid gigpns
A Depth-first Search keeps moving

o 0 forward until it hits a dead end or a
Dt P“‘ E firp Seafch CDPS) previously-visited vertex... then it
backtrack sand tries another path

- J0e5 as  far ay PosS’BC  along onePagn before Aa.oK%rmcK.'nq.

(Dead end)

T epore deeply , then  tries  Othet  Paths.

(Previously visited

o Ues Sfack ¥ to  hold  wSided  Vefidrces art

© PP nodes Whent niSyéed

(Previously visited!

r Time comflesity of o (IviFIED

...and so on...

cFor DFS, You add ft t0 Quve, then mark ka3  Seen. Then
100 ChecKove the neighlors.

"For DFS, You make Swe coch (Subsekrofnodes are Visibed
before Poviag) on 4o the (Sidlmgn

DFS (ode Tden

"Tates N nade @S inpr, malKS a3 Visited
* for evelry ﬂd:'?hborl fdwal'de Cull FUVLCI,-,‘on
* J0es Unkill all node8 am  marke]

BYS Code T deo

« Sturt node o5 inpri
ol Vode @3> ViSided
' Crelnbe QUeve enquee node

t Mg e Queve sat Pky,  Chauee and deques
| node’y fhat ae Sceh.



BFS TraVersa)l Demo Exonte-

¢ Slatk fiom Vfvex, Mare Qqueve /,@\ /\@

© add Skafriv  Verrex mark 1%, While nodes lefe ©) Y @

. fake Oob mdc, loop  thiovsh  neghbes, i# ik NUSAE bey Seen N ® Proessing order:
add 4 0 Ave and prarr 2 D21l—»3>2-99

¥ Always Piocess firsy nede  in awve

BFS Runbime  Analysis

*N. numper of  Velbices
"M nymber oF  e/ges

“foch node 3 enasled end deaved once— 0L(n)
- fach edfe s Sten once 0L ™)

- lime  complexity - @oimEm)
L Z¢ yv vse adiacewy matex its 0(n?)
Adjacensy st 5 Adiecensy Matrix

v |is}  Stores  alival  Meyhbors
sk 0s puch more  effecimy

DFS  Tlaversal Demo
“Yoes deep fist | then  hots  deadend  Ehen
90es Lo next path

v Can. be done Using Tecorsion  of Sbmek

D Push  node on Sback, while  Stack not emply
Poip Lof hodl, ie not WiSidd rmark  ad Wided, nedhbos  on Sk

cAS log &g You MoV pigperty of DS, G hove
dife  otd  outprs
v Auns o 0lnsm) fime

Di‘o connected Graphs

"It q4mfg areni folly Ccomnecsed , BFSIOFS
Sl“@«'ﬂ? at a nak  wont Visiz clydhing

7 would heed do loop throvgh al noder



Leciure 19 - Min SPanning Tree$ by .
© & Speming

What s Minivum Spamning Tree W)
“dree:  Commected graph Wwith  no cpoles

*SPanning Thee: Subqraph tuat inciudes ol Vereies
* MST (Mnimom Stanriwg ,J,ra.e)'- SP«nnmg 4re€ with lowest  PogSvie

‘ beconn&(/b:d Giaph  can  mot  have spanning tree
Conneltrd — Pagh o) cattexst | ope | Spanning tree

ond 1> a tree
togal edye crigpe

« CVaiy

" Undirected . edqes have o Jitechon

.dfltl‘&d . dﬂ% l'l.ﬁ\/c_ a one way Jirecéron
DFS/BFS spanning tree ‘M Spaaning Tree is  rop  umawe
“Min Spaming Tree > unditelred  comecsed
1 Ais root of tree. .
0 \ Tree edges are red. weithged graph
A B Al 89
2
9,4\
g V‘v e
Y
D E 4 D

Depth-first search

Breadth-first
spanning tree

search spanning
tree

o
*USed  fo byild the MST  edge by
D Soft all elfes by weidht
2) Shaft  With an empty iree
3) Loop thiowh  edges (bwesi= highest)
4) Ir edge desny  form Cycle, add (2
LF it Wwond Clese  Crok, SKiP ¥
) Skip wkm added n-l  edig

s - 2

edge, Stulimg fpm Smaless

comn
A\

Wt gy

D P

Time complexity . o(E 10y8)

v >
R



Mofe  Mokes on  Kyuska| S Maor thm

*In  code the idecc S whiie the.  number 0F VU HTA 7S less hon  n-)
*PCK Smallsst  edie, that doesny reke @ Crcle

-ﬂdd E2

*KRruskatS byidS o forent, ¢ bhwo nod® are alr  connelizd  dont add rere
CKIVSEALS  Alqofithm 0SS Super  efficient  becase  of  Unim ond  #md  0l1) 0f bimzaea

O‘Pkm{z,-ng K uskals Algorizhm

*Basic i e fore  used ko Page qrovp  labets o (n*)

 OPLiMited: USes Seds and  TreeS Ly draci  9rove .

- foobs @S Set  label, cwery node  had panter o it5 FPannt , Yoot foins  to iESelf

Y st oRdas pornsers | olmlodn)

Find-Sedlv) : folows Puierts foinias do €ind rov?
Unionlv, v) : Connetis  #wo groweS , maXe O fook Point to Olhes



Lecture 20— braghs - Prims Aot tm

* Qnothed WA Lo bulid e MST

“bnlike Kfuska)§ Prim§buildsfrorraSingler Veréex) ond EXPandS kree  one " edpe
o bime, always adding: e Cheapest €d9e" Lhal  Connetis o tree.

1) Stald at any  eltex

2) chopse Cheapest  edje

2) look &t AN edgeS cCombining  jhem, Lane cheapesr

Baxtally, go arovnd ChooSim  cheufesy  Conneetiom, Freking Pl the Vefiices.

ViSval  Ditfefonce - Ktuskal vS — Prism

K yuSkou| )
*Slafis W edfes o Sta/S W verex
© odd lowesi weight o lowtst  weghi Y dowkes  tree
* UOn Eind . Set of  wiSized Nooe
. Edge based « Vortex. based

Problz,m with Basc Prim

* Scon  all edges  every 4ime, bo ¥ind  hext wmim vaud one
¢ 0(m-h) bime Olmlogn) to Sors them

L}SOI(}J{(;Y):US«’ o min HeaP
* Sloft  Candidate <dger in vmon heaP | ordered VY weinp

» POP Sralgsi efe, checic  comett " Lo yuix inside  bree B oubside

Ba.b"c"t”‘/i MaKe a Few dJdifcelent Se&d;

T = altendy covered nodes
= ML vet Vesieed
M= Min heaP nodes

Code T des

"For all necgpbors in V
&Jd %3 ko min hMP

While~ Sed has n-l Ve dices
PoP €£rori wmin  heap and if
X ntree and ¥ notd m bre

then  Wgd edye b0 MST, Y, b0 Eree

ot



A
w Using Prsms Alg bo ger MST
1) Stlect A

2 q
p—=0 5@
1) Choose AB z i 4
5) Keed Chsssing ®) Tobal cxcight: 24
3

Cheopest  Connector

Visted: $4BECDE 62 MST bs Uniave when edge
Weldhting s Lnigue.
d
3" Solybion o Prims
T USing o Plioniky amay
* Auways Pk Velker  from @ widh

Smaliggd K -valve
s Manvally PckAg  Smaliest edge (V]
coPdade K]y hem cheapel €99e 3 found

Time ComPlexcty of Prims vSing  yun heap ( Priorety  aueve)
Totai me ;. o(Cmloegn
bime e L. °J L)7 # of Veréries

TH 0F erhge

* Cheatar  edge gebs  globally oPtimer  MST

‘Kroykal S bester ¢or Spamse qraphs
Pims  Ledber Fof  densemopmpns



Lecture 2| - Shofbest Paths  Dijkstla’s Algocithm

A Tyfes of Shorkest Path
. S,‘n,ﬁ le  Pailf  Shoriest path [smallest Wei9ht)

L7 foint A ko B

' Svgle  Sourte . SwMe Stk fo  ditfcknt finiShes
© Siugle  destination; Diffelent Skark  Swme Jestination

< Al Pairs « Shofiest Path  bedween Clkly  Yair oF nodes
Diykstre’s  Algor/thm

" 50lves  single  Source Shorbest Path
and  Shortest Path {0 ewry o leltex

koK i 2 inpus, graph & Wwith edge Weights ond a Vefbex Stalding point S,
* 0UbPvd: an array Drst [ 1, Showing shoftest disbunce From S o every obhe/ node
©5PlieS  Vefirces inko 2: Setbed ond  unsethled

s Sim/| ar to ?f: mS L7 S%?:Zidz« Lﬁ Siny C€XP lo 119

) from A, update neighbort
2) Pk nede W Smaliesy INtante, Hes For — check (65 redhboxs, vpdase
3) Pick  nexk Smamst  Unseziled | repeas

3 Datec Stivehures  used by Diy KStra

“DiSE[ ] - Sives Coment best  Knowm  drStances From S
* Done[ ] - Keess track of Serifed  nodes

s Pageyp ) - For PAER retonStry ction

. To find Path we Pdent> in feverse  Order

R&I‘XX‘.”%: Vesting whethel  the SQhoftest Path  can. be mproved by
oy Lhrovgn U

frns 0 EIDJ ]
¢ DsE[v] > Dist[v] F weght(UAv) n ( >

VPdake  Dest{v])- Dist[y] + with (viv) Using heaps (109 %)
Panfl{[v] =0
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Practise GQuiz |

D True -
2) Tree P20 2,10 13 7 30,3025
3) Fasse it myStery(int 2, int y) § ingos (2, 5) 5 25 32
L’) False if’lﬂ: SO) Rase Cose 2 & mystely (2,4) 27 z 16
5) 4) fetvrn |, z X Myskfy t2,3) 23 %
. gy o 2f=4
£) A) 7 (y==0) Rase Case ZZ: :‘:Ue"’m’) '
fetum ¥ ; Stetvy (2,0) — 2
7) b) x N 2 !
(tivrn % myStery( X, 1-1); Be Cafefll unuinding Zhe
3) A recusive  Fmetim.
RaASE (ases  implies, =20, febm |, x0z |
Y=o, fefUin X, X'z X
anobher MySt(%,4) Rase cose: |
fare oSci (3,1) 773 Facltotiar(1) : | W facwia(2)
(g,L) - 3+r3 faclovat (2) 0 2 % foclnal (3)
)
(3/3) =% 33341 l‘i /1 5! = |20
[3,u) ) 3+37373 =12 5
4a) Codiny  Question # Strv
Forction lakes m  an armv, tevel order. det Level - order (1004, dotn): Base Cuse, if dree is
Retumy €he BsT. . . ermpty  Cltate (o
F == A
Civen: s Lever orfer: 5.2 71,4 ¢ g i¢ ({ood Aong) hode
/‘{ \7\ outpr: 8 ooz = ﬂﬂéﬂl”d&(daf"“)
MR 2’ {thon roog
VAN
¢y 6 ¥

Tdea Sturt at root, move down  (teyels

Clenting o BST  Node
Clasy MNod:
dee —init —(Sewe, daga):
Self. daja = date
Self.left = wone
Self .(9ht = MONe

tuntlion b0 9e4 new Mde
getde (dnta)
newhide = Node(dota )
newpde . data = data
ﬂbk//\fﬂdt-lc-ﬂ = Moine

newmde- [k = one
reporm  newrode

dee

¥ InSerting Flow rocosive
it (data &= obidata): ,—

(004 .lef ¢ = Level order((004. kx4, Jnta)
else
fo0 . F4hi = Leve) ordes ( (006.1qnt, daba)

feturn

reot
/MK.M
def  conStruc bBst(err, n) Bst
e (n=:0):
(etun  None "Makes an dne
foot = wone

100%8
for ¢ in cange (0, n)

fook = Leviloides (1008, arr £7)
(tbyrn roo



4 D) (Dd,'n_«
des inofdeTraversal (o) :
1t (o0} ==Nme)’
fekytn Mine

morderTranersal ( (5os. leFé)
s Eravusal (Roh. 19ng)

Praciise coding g2

Tdea. Laken in Pre-o(der troversal
and  prints  dree

7,54, €,4,9 0

100t = lers =2 (gl

def  construck BsTpreordesCarr, mdex, win_val, max_val)

if index (0] 9= len(afr) Z Sop iF indexs 2 ofray s USES index bo  track gositim

Teturn Aone, index M afray.

(0d_wwl = GO [index(0V] —7 set ot

€ fqpb_val £ Min_V& oy ford_iml 2rax_wl — ¥ the il
royt rede ‘S valy
[etofn  Mone, index v

_ Cltate ¢
fooh > BST. Mdelfiotwul) e
Index (o7] +=t
. —2 [ELUlSifly Ca
loof.1ef 4 ,indeX = Con$ brus Bsrﬂmrd;/(arr,;ndcx’mm,\m N2 val) I it ,ZA‘ scoe

(owk(OhE , Weex = Constiut BST prearded (agr, mwdex, max_val, foo%_,vaL) v vecy
i rSively

flyin  r00Y, index QA Vigne s

Progtise 2)
Tden: Function  bakes  pre-ofder and in ofdes

inotder { 1= 3 040,52) —> Letb—2 foox =2 (%he

@
(K/ Preorsec([ ] = ,1, 5.4 &S] 2 Roog =7 left =2 [ight
({ @ O

i€ lefFt 2 (b
{¢tvin nong

loot.(eke = Funchion(inolle, preordel  PILinder, lexz)



Arothel Sample_auiz D fase L, from Getlnoex () T Lans engry
1) Trve 2) faise R0+ preSent

72-)False

3.0 Tive 5) Trve a_)

u.) Tfve 4) 1rve o

) D

¢y ay % Heod —> 1 L

7) b)

4.) b)  Rook = lFb = [que
Staexs — ere ofdey
bvises — (el S

E'/Z,?ﬁ*&; 512,185 12,5, 7 %1015

((avy % (c-d) /(e-») = (33n))

abt cd - et - Ih+
((&ki—cd)—)k)((af - 94 343/
inoords =[ 30,29, 2.4 7, 45] 3
Pre_order = (2, 30, 25 7, ¢, 90] 6§O
\ /7 \
QD ® @
der Cord L’ruct(:'rl._order, Fra.,afdcf):
Pre_ index = £0]
lefe=0

Figpg - len{in_otdy) -
(006 = — Consbyct(in_order , Pre_ordef, pre _index  1et, nyhé}
lelum rood

%0, 30, 20, 20, yo0,60, %0

60\ .
/ 0
30 70 .5/ ™ 70 6o 6o
s\ & / 7 I~ 5o /}\ I\
2 7\ 60 3 70 N sa 79
o Yo 28 u0 0\ NI o
/ 60 N



Review for quiz \: Lecéure 5lides

Date S{ructurtes

«way to Slefe, oiganize,

manifviate date effeciently
¢ Seafch = Find /F  clerent
o Ipsert = add new  elerent

exsés
C'Y"I‘CI'M'I“/y
* Linear Sewien = ©(n)

-Bi“aﬂj Seafcln — O C'oﬂ A/) - (eau'reys & Sar.ted 1St
v Algeaiihms, steps o Process data eFPiciently
*Dada  Tefersentation Methods © Airays, Linged Iises, t rees, G rapis

Alq ofithm  Analyscs

» Time com{’k,;c:'ty-. Measyres the  Lime taren based on  impuv Size
* Space  Comflexity . Meaguies tue

Eh o Mmefge sore (nlogn) /s Fasy  bup nelS  extm ymemory
* Quer Solt (n109n) butb vorks in Place  memary
¢« Key  pont . Algociinms

aroont of Pemory vsed

May be Fostel  For  Cltarn Small ] |asge

npuvts
ke  A=31n , B= zpt
EXPu,‘mméa/ VS Theolebital  Ana lyss
*Experiaenial ¢ Tum proGrary affected by hardware, compries, dons  vse for  big npus
'Thgare{,-m-, vses  big-0 notatwn to  prdict efficienty We Il kg g puts

'AESMM;E.‘M; ignoring  unnecessany  defars . Hntpg, #lo on*)

Big 0, Rig L By o

* Big 0 = the upped bourd L(worsy Cese)
*Big SL 7 the  lower Iimik [best Case)

. 5 1€ best/worsE cede ar Jdi#
*Big @ > th cxact lme in both  CeSes [bint bouud) ? Bl & ddes rop | eciss.



ASymPiotic Behavior of Polynomials

Polviomial:  Pln) = 324 2024 st
Dominant term vs 3%

a) L¢ K24, then pin)= 0 (n*)

Saying, i ConStont K s bk highst d€9fee, twab s your fig boond on O(R")
P(")vn?’, D[_n;) /S #ight doond, O(n) is loose bounds

L) Omeya NO{aiion
c i€ IC£d | hen pln) = 2n*
PO =0 | g s adleast at n3 , Ligniest bowd 5 2(n°)
c) Theja notapin o (nX)
ked  len plmr= © (N°)

LXect boumas  qrows hwe  n°

Finding numper of OPelaitions

der Oferatron(X): o Bigoocs n*
h<len(x) -7 oli) Big L o5 nZ
k= () — ol Bg e /s al

for i in fange(n), — 0 (n)
0w =0 —2 0Ln)
for g in remge (it — 0Cn7)
at =x(i] —» on”)
k -agtend( 4 Li+)) =2 aln)
lttorn 4 naer)

Aty -Basad  List ve  Linked List

Artay based 15t ( Dynamic Artay) LinkebLisi -
"Each nMode had dake cnd e (Pointer ¢o
Next hode

'0ses Fid Size aifay, fe5izes OYNamially
« Stored  nert to ealh otter in wewory . Fasy inSers/delese (at hedf{ar))
‘Fest adss o (1) * Plegible S'ze
Slow (ngefd/dtlete  Oln) T Slow  agess  to modes OCh)
* res2img  requires Copying fo mew  afray  Oln)

Array-based List vs. LinkedList

Operation Array-based
List
O(n

Insert at head

Insert at end o) O(1) if has tail reference,

O(n) if not
. O(n) O(n)
Insert particular
O(n) o)
Delete at head o om

Delete at end (n o(n)
Delete at middle (access + shift) (search + delete)

Search 0O(n)/O(logn) o(n)
What is the
elemelnt ata o) o(n)

given position?

the



Sbacks and Queves

Stacks el
*Last in, firsh ouvt - Fist in,
* Ofefotwns: Push, PoP, Peek

* Used Ffor Lagg tacking

* fonlton IS [ (ecrsim), undo oPe/ations
> iMFI&M(mta/ with urMS/ lined lests

© Fist in, £irsk ovs
*Ofefations: enqueve (add), Seduen(femare)
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Quz 2 Review - Lecture Siides

* Procity  Queses
* Heaps
“Hosn Tahles

*Hash  Functions



Quiz 2 Pratkise Quz #|
True / Faise
Child imdex -1 )

© min/may hep, Paignt  node index: Parent index= (
faster  ‘than Searching Jinserhing aitny  mbo empby heap — Troe

*Comvelling apray to heap 1
T inSecsing  one by One {0 empiy heap ke Dﬁﬂlayh)

d HCﬂP{‘-Yipy amy al of once [I/S»'wﬂ Heapity wpproach) DCrl)

- Load fack! can  be largy than | €of Chain besed  colljsion handling

- OPen adoresting  must  be £

hash e | (educes  Collions bt memowy 15 encffitint.

T Lofﬂc
x 72¥ . Resize d'{’lnﬂr‘mll\j

- Jdeal  Hosh TadleS ©  Stucd with Small Srze dyrameally vesize , whin

Shoft  AnSwers

Conskructing  wax heap Mo inibnly  emplg heat: (one by Oh&)

(1,23, 12,8 17,3]
2% 22 z3
A s 22
W - 'l—')/lq—-)/‘q\"’/\ 4N I Y N A A N RN
/ wozy b S iz A oA 13\
lq i / / / \ I\
12 1] W n o1z
232 23
\ g .
13/ 9 = '?’/ \N‘{\ »MO()YII'IUY\ heap,';q f’mfg(l,y
/ / v .
Wz W LN, e afber evy nsect
ot Mebhod: Heapivy telhod ( BotloncuP)
(ode  Tmplementation:
* Given an Unsoibed afrag: (1, 14, 23,12, 13,17,13]
hMFfF'J'. (a(r, n, 1)
©Slarp at @St non leag node, wgiK  botiom up
largesy =i
N Treat as  complete RST: lCFt =2 i +
I [ v 2
/“\ Check index= (62 -\)=2 iRl e
g 23 index 2z s 23, whh is g6ad TE fess child €xSES  augd Grearer  tua, ooy
i 17
iz 43 17 13 largest =
| d . is Yleater L
B -1z , vale (9 al ﬂOOJ , deciement again it Myy hitd  cxn e an
{ -1=0 , Vae || »ust Swap Currend  largest:
-l = P 3 v " B
/ Hl‘”’l&( #— (chsk» quk‘
/23\ /’7 Elrof h,(,(e, Frr Zhis
/Iq " € lorgest  iS nod rook, Swap and  hepifing
N AN
e p 001(]), arf(m9est]) = arr(1etgest] atr)
/23\ \"U/[?.'f«g(mr, n, larqest)
9 197
/ o\ 7\
L % 4 a3




Z) Destribing Steps ko

) cleate  ComPlete Bst
Slagy at

heapity- [ 4,6,%e2,

lo, 17, 2¢,39] into mn heap

index T D Deal wibth 62 Sudtiee
/’-I\ index = (27//2 -1) 1) Then 6 SUbkrete, Lhen 4 Sujiree, iis Lany
6 $ =
VAR /Z\ 9 1o oy D mn heyp Bne
1017 45 39 ey s g
L; A 6 s fine
2 A I S I
lo 1 ¢ 39
3 Tusert  Keys to Closed Hasn  baples D Tnser 7 Keys
* linear  Proging HK) o | 2 3 4 s 6 7 : o
I
Atray [7,5,34,“/1&;/0(/14] K \7 Y 3 Il % 13
“hay fonggim WK)= K X3 mMod7

X z0.7, tlems, G- (0

1) ChetK how mMany

COoll'yrons eath LOOK Of

“fumber  Of  proges to  ¢ind Cmh Key
71 | 3o |3 el _ e
S R R A R
Avq  Plokes = 12
=
‘I) SiZ¢ 1o heshinble 0N Ude Primafg hash Yonchion o gk jnibal
« 80Uble hashing Posiyioms i dhe  lable:
Wi(u)= K rod lo hi(k)= K mod 1o | |
\AL[K):[-PK”qu ol 1}3 " G 7510[.
Vﬂ.[UGb“ a, S, (q/”(/ zq/ 30 I {11 9 3 9
2) . Colision at 28 » «pply Second hesh
he [23) = 1+ (% rModq)
6P 559, F 2 # of coliss
v New  addfess = hi(28) F i % hy(28) mod lo
=(9+ | x2) mod o CD?‘
»ed
2l Mod o = O ::o,::‘?(
L-') In,sﬂfé ly into /'yldf)( 0 ble
73) IM”‘""‘& 20, h(30)= 0 , Collision
l [ hy(30) = 1+ (30 moday = 4, (ellisiom
[ L 3|4 {S € |7 g O\ h{%0) +§ h.(30) mod lo = ‘1 coursion
1319 (o +2#%4) mod 10 =% c(ollision
]
Fe H\B (o v YY) wod 1o = 12 mod o = 2
( |




*Linear Pfobfng: new add®ds=(k(Key) +1i mod Lable Size
» byoad 1agic Pfoél'ng'. Wew address <hi(Hey) § (2 me) Pl Size

" Dovble ha]h'"3: hew address = Kilrey) it xha(Ken)) mod fatle Size

Cod;‘ruﬁ Ques tions
! F\/a [uate effecteness

of given hash  Funckin

ood  Hesh  Function  Satisgies  4H  Chatatierssiics

1) Inc,ofPuaZ;mg o)l informdion  in dhe Key
2) Uniform Mqﬂ’mg Lo Addlesses

3) Fast  ComPutation

4) Discontinvity

SPecitic {0 Quesiion
) funchion uvses both  Noame  and Priotty byt
Cluster'ng

Wbt und ‘ecapt have Same hash Valve

2) mulliplicaton by  priariey Causes

3) This  fypgpion s yas¢  only in OCn) bime

4) Small  Chagey n hame  bgk A vs sk B , (esulds in Small  oSCil Changes
Nok o 9feat  {onChion.

Bekrer way 5 weth bayed on Chocracters

1) g ven  Rf14Y
(e toins KR Smallest humber
leverrge  heaps

to  Store K Spallgt clements %en So ¥ar

max heap of Size K
root . L Cler 1S Smajgr Lhen

D use
2) Kth omanest clemant 75 always et

TtPlace ot and heqp,‘fy Lobpiebis (o3
o Yiyy: o(nlogn

%) Process ali tiementS



Quiz 2 - Prackise Questions

) mMax hewp ome by one , vsing: [16, 22,30, 15, 10, 25, 36]
30 30 30 35
3 22 30 30 30 30 Bo | 7/ \ 7N VT IAN
S o e T2 \zz 2 S, 7 e la/ et /l‘ o "\ TN /",‘ ?,’s\ > ’f;;s
22 15 %0 1s 22 /15 ’IS 22 AN i | |g}u Z: 15 1o zz 3% 1% 10 2225 16 w0
1 -] \5 V0 15 10 25
Mainfaned Heap POfeldy:
2)  hewpify amey {o wmin hep: [4,4, 167 20,3 1]
N L, S et G > q/g\q
R n= @ 7z -1) I,
7 20 3 0 =2 1 2o e
/q\
4
, 2
1 3o 1’5\”
%) TInsere [lo,lg,zg'g,zo,zsj to  closed hoash dase
lo[l[2[3][4s]|6
, l1512$| o) 9125 2o
hik)y= K mad 7
Table:
4) < 6Pen hash table ze =10 , do ;
z table , size ¢ doulle  hoshing ol 1{z/[3 Q|g| ¢l 7|3 [a(
M(K) =z Kmadio 1
A sl e ] |s0] [Hs | e[

Attag: [a, 6,18, 1 29, 30]

) First collision at  28: 2% mod o= £ @ s already
faken by 8. Apply Secomd Wash: by (28)z 141 =2
New  oddiess:  hddr Lha(K) megp 5 g3 1(2) medlo = 0

) Second C""n\fan at 20: % aad (0 < O, D S Laken

APoly  ha[30) = 1% 20 modq = y

New oddfess: 0 +j(4) mod o = 4, aifeady éaken
0+ 2 ("f) vod (0 =8, alread akey
0¥slay mod lo = 12, 2 it faken

N min hewp, one by ome  way: 2) Dexrige SleeS heapity o Max heap
Ortey = [15, 27, 22, 30, 29,12, 18] Glray: (4,4, 20,1, 17,13 10]
16 , /:2 ) Mmake Compleie BST
21/ >L’L 21 \15 7% Sty a¥ idx forz- () CoMPlege  MAK pop
/ \ / B 4 2 =2
30 29 22 18 l,\‘-, 1{5\‘0 e 29 , 20 5 90ad 7/
Mo ve fo 4 ,swap 4
&ICay  min hegped: 1,21, 15,30, 29,22, 18] q and (7
/
N \110\ J0 o 9 £ix g
AN SUpgree
1’0\ Swap 4 wikh Ig
,”( q\ bX.)
'y .!5 10 = I7/ \|3
70 N



219 [io]

3) Keys=[12,19 14, 24,30, 42, 14] ——F ‘
|'\LIO=[K mod 1| o] ! I ZI? ,_Ll'lgl g[ =
(ki) =0+ e®) med U J 12 , zq)yq J laTls

N foc 19 - T t
g mod l(=3

"1) For 42 mod |1

¢ (* modl] =10

2y Foe 4 omod 1= 3 % 4 daren
2
= 3+ med o4 2 2 2
= H wmodll = H q*,‘z

30 (412

Sewrchh  Complex, +9-.

Avg froges nieond

— ZZ 0.636

5y mod 11> 8,
- ¢ 40%

%) for
qdrmod Il = q

= $4+2% mod 11 = |
=33 mof (| -

4)  wers: (20, 32, 54, 76, 4% 35, 4]

W (K)= & mad (o IOII\Z'\ IQ,S’ |7|y|q|
he(K)= | + & mod 7 {ZO’ \0132! lﬁ[ﬁ(%( | ‘ /
hew addiess:  h'lR) ¥ b he(K)
Analy zing  Hash  Fopctions
©InGofpeiaing  all  cChasckds , reaning folly
¢ Uniggim quP,.H (minm 2ing C/U.H'tff"ﬂ)
TS0meSim % ¢ b oy (makey org Malges )
«Mmd Sawafe S bed f SMal  Jelefiome numbps nsurance num berss
« fequar Kk wed m
CMUigveation mediod multiey by v, bake deimel V= VB <l sy yag,
. ’
+ Hashing SLim4S,  maring st @ Mom bf  w= aX( + owfx)

* L? To Make hetbel  mulsipy by  Conmsland
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Pleose Message /Emacl me  fol Mofe info!



