Chagter 20  Trctrooluctio to Alyorithms & Data Stractures
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2o TtAmac time I .
J — intractable
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© NP~ eomplele problem . the best known algorichm for any of these
Probl-ems rezw‘res exmﬁal tme. O(2M)

A O(N®) solution t any NP complete problem mbetmﬁmed Lito

A O(N®) Solution o any OTHER NP - (‘,rm?[de grobloms .
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S\ngk E.DO\_L@ , check QS\J&?,QG { paiteny |
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wulo + redo trock which items tn a
A3 wme‘ve workeel on .
ADT Quene {T> | Stack <T> | Set<T>( Map< K,V > |
engueus ( WE:‘& ; wimrm asldl;  pumItems ; aold ( K, V)5 numTtems
k\puﬁw:\» ( pep) | pPep ; remove ; eontains ; Fremove ¢ KY 5 !
peck ] peek ] ( top & pep) intersect ; unionsets ; w m&iﬁ:‘w (k) ; w
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C/mffu' > Linked List

ZLinked lst: a linear Sepuence f node , connected by pointers

(:mlj pos mtess o a 'txfh Ay be used in the declarat 7 4 "_/’;‘few )
singly Linked List olowbly Linked list
Lol i ] L it | [
iUustration | head Aent T il net o |1t
Size size A [Prev | pPrev
“tamPZaIe < typensme T > -te,m,P(.ai‘e < typerame T >
Class \ class Linkeol List | class Zinked Zist |
declardtion class Node { class Node {
public - public :
T dota; T dala ;
: Noclp.f hext ; Node % hext ;
S5 ' ' | - ) Node ?I‘&\I‘;
Node % head | j\;oafe % heaol 5
Size_t size; Node x tail ;
Size_t srze ;
public - 'Fubb‘c :
LinkedZList () : head (Nuse), Linked [ist () : head (NuLL), Tail (Muiz)
Size (0) { ] Size (0) | §

Add to | feal - "y [ aad 1
b -
vord adolToFrent (T data) { veid addToFomt |0 |
heaol = newr Noole ( data. head). head = new Node ( dota, head ) |
Size ++ if (il == Muze) il = head ;
] else  head » next—> prev = head ;
Srze ++ f



void addToBack (T dats )|
NMode * tail = head ;
while ( tail |= Muse ) §

tail = tail—> next |

f

tail = frow Nooe ( data, Nuss),

sze +4 3
?
S

LinkedZist ( const Linkedlist & +Hhg) :

C@?“j head ( MuLLy, Size( HhS. size) {
constructor R ( rhs. head = Nuu)f

Nooe % 1+ = rhs. head»mx-tj

head = new Mode ( rhs. heao =
data , NVULL )

Node % tail = head |
while ( i+ = wnuez) §

2ail-> next = new Mooe

(rt->data , NULL);
il = tail->next ;

= it>net

——
Nt

j
destructsr ~ LinkedZzt () {
while ( headl |= vucz ) |
/\/00(,2* ‘(DWF= Ama(,
/me(z W~>ﬁ-@x‘[;
ol.e&te‘tm.}p3

[ A S—Y

Vord addToBack ( T data )
Tail = hew Noole ( data , vuss, tail ) ;

it ( head== Nusz)
else
+ail-> prev—> next = tail ;
Size ++ ;
5
§
@

. LinkedList ( const T M) - head (NuLe), size (o) {

Noole % it = rhs. tail ;
while ( 1t 1= vuse)
ookolTo Front ( jt—> data) |
it= It— prev;

]

f

o1
/VooCe* /f = MS./L?AO(;
whole (it | = nvuze) |

oddToBack ()f—>0‘m>;

it = 1t=> next;

N



W _Insest tn soital order

. Recursion
. K | vl p

head next L= next |L—" hext L —
= recursive case . DT’/"

> Pmk’ceea( to next & nexT /

<« upd”aié next base case . inset a new rodle
only changes when the rext

WM<W,WT> /“smba.sease.
class Linked Zist |

Private
class Node | ] |
 Aelper mesthool
Node % add Ssrted ( const Tk data , Moole ¥ carrect )|
if ( current == Nuz |l dota < current—> dota ){

Faum rewr Noole ( data. current )
)

S
current —> next = adol Sorted ( oata Current— next)

retumn  current 5
)
S
Fu,bljc .
Void aololSorted ( comst T & oata y §

heaol =  adol Sovted (olata, head ) s

) .
f Size ++ ;

N
e

2. A peinter to a poider
Ls an 6[@:»11’ a[#md"”‘ Lns"be;u(af a mere St
where (2 heaol) and ( & next) both can be mf»esenieo( bj (eurrent )

ol jterative method,



| 3
head — 3,7 ext ]
@
current

hext /

Pointer to neoe before |

Void add Serted ( comst T& data ) §
i ( head = pucs || oata <

heaol —> data ) |

h&w(%/ww Node ( W,W);
h
else §

NOO(Q* current = /1&9(,

while ( cuwrrent -> pext I= MuLL

&84 oatox > WW—»M«T»M)? f

currenl = Custent > next ;
)

f
current -> next = fear Mode (

data , cument-> next ) ;

NSNS
R

ool doolSoded (T olata ) {

/Voo(.e@ ewrrent = Q/u.aol)-
while ( % cument | = MuLL L4
dota « > (* curtesit)—> data) {

current = & (% carrert) —>next ;
)

S

(next) w’ = new Abde (olata, * Cou'l*znl');

7

N

Size++ ;
/it dloubly linked
12 ( (% current)—> next== MuLL ) |

(¥ cwrrent) s prev = tail ;
, tail = £ * current
cf/(se{

(% Current) —> prev = (% cusert)

—> next—> prev;
(% Current ) > Nlext —> prev = ¥ Curted ;

N N



™ :Qemovfnﬁ from a List

Singly ZLinked List  Doubly Linked List
e Remove Trom Front = 01)
Vord RmFrent () { veid PmFront () {
1T ( head 1= MulL) ] M ( head = MusL)y |
Node * tmp = heaol ; Node * tmp = head |
neaol = heaol > hext heaol = heaol—> next .
delete tmp odlelete tmp
) ? Srze -- Size -- ;
J it ( heaol== Nusz ) {
, tail = /\/MZA)'
J
else {

S /Leﬂ.o(~> Pl‘-é‘/ll‘ = Musz 5
s

N

J
* Remove Trom Back : O(IN) or O(1)
void BmBack () { void PmBack () {
R ( head = MuzzH i ( tail V= Nuez) |

/\/oo&*xuerr:ghead; Nﬂ"(@*'b’bfr-‘ta)(;
while ( (% cwrr)=> next 1= Muw) tail = tail »> prev ;

curf= § (% ewr)->neat olelete w 5
olelete ( % curr) ; Size --
* et = Nuc if ( tail== Mugey |
Size - ; head = MuLL
) f
I
} else |
Tail - next = puee ;

—

N



cwrrend oans

v y |
| == / 3 is r————-,7 B
- 1 = ‘ |
4 “ Wtk’/m /wt / next

g
o Remove from Middle olelete

template< typename T>
class LinkedList f

"fn‘ vate .

y/4 ﬁ( Zﬁ{;’u‘ nettwcl

Nooe % remove ( const T & data , Mode » currerit ) |
/) duta pwt found ( ff!(L‘cwiht‘/ mpty List )
it ( current == NULL )

Netun NULL

/o base case . nwde to remove

it ( data = W:{»M){

Noole % ans = currest—> next ; // ans—>prev= current P’
olelete eurrent ;

V4 5’/:2'2 -

, retwm ans ;

S

A Pecuive case
Curtent —> next = remove (data, curredd —> next) ;
/R current > next == puLL)

tail = Cwrent
retumn eurerd

.
J

Public -
Void remove ( comst T & olata ) {

feaol = remove ( olata. Aead ) |

g‘%@¢=—}

N



o Kemove From Middle - LlS/"'\:g Poiviter~to- a- peintes-

\-—\\J

2,
heaol — | 2
e ]

wla:eni ~

vord Remove ( const T & oata) |

H—honel L P ¢
NMode xx current = £ head ;
while ( (x cun) = Nute 88 oata 1= (% curr) - olata ) {

st = «fz(*c’,u,rr)»m,d-).
)

J
it (% cwr 1= Muzg y S

Node * tmp = * curent |

¥ Curend = W“>MT;
Va M{g Linked
/ * ;’P(*W::/\/ua){

tail = tmp— prev ;

f
else |

(% Curr) —> prev = ‘l;mF-> prev;

N NS



» &’MVC Au OCCWIICQ

L On/%m c/uuge Compare 4o pecursive premove (data) = Cald remove Al
Wethod on current > next that continues to remove ﬁeﬁem &f
the Ust ), instea.o&vf S’tcrppirg ard retuming .

class LinkelZist |

Pr?vm‘:e :
femr!a:te < bool fremoveAll >
Noele % premove ( const T & olata , Moole x current) it
i ( current = Nusz)
retum MNusc
it ( olata = cumest—> olatn ) {
Noole * ans ;
i ( PemoveAll ) §

NS = femove < femoveAll > ( dita , current -> next ) ;
?

else |

ans = Current —> next ;
j
delete Clu*/‘eni';

returmn ans ;
§
current —> next = rwm<rmwAu>(W,W‘>M*t);
retumn cuprent ;

Vord remove (constT & olata) | fead = remove < false > (olata, head »}]

Vorol remove Al ( eonst T & data ) | heaol= remove < true > (olata, head) ;



&afw 22 Bmmj Search [nees (BST)

| Conwf‘bs
/. Termino Logj :
. Qmph a collectiom af Nnodes and edaes,

+ Tree . a olata Structure comprisesd of nooes and elges whick

5 a Connected gfm,{:h that has no undirected a;jeJeS
\ v
( at least one undirected (an undirected path which
path between amy two nodes) ‘Farmsa."(,&vl;" )
o Rovteod thee . a tiee tn which one particulos noole s the
rovt nedle ( there exists direcred Pa*hﬁawl?&to&»erdw%us)

o B;‘ruu:«; Tree . @ revkeo -thee where each noodle Azs at inest
<wo mag«mnﬂ u%ws
° 'Blrm{‘j Search Tree . o AinﬂJ:j tree which has one frnwamount .
@ Wﬁ to Wlaft< thﬂj%mmie<%to

+he n‘gl«‘!
Prol;wt«\es :
. 'De/f?-t/h (of & node ) . W/&vgxhefthpmﬁﬁm-c/wmb‘t‘orfw&f
( root has depth o)
He)g/l'ut (Of' a hode) . maximum /0\5% of path from It to a leaf nody

( leaf noole has hoight 1)
d

[ He?g’hi‘(rfa‘tr&e): WA"‘W“TH:SM

FulL . @exj nede either Ans 0 or 2 childpen )

Balanced : o ewery node U the trer, the heipters of s children oliffer
by at mest |

Cemfleﬁe : Evay lewvel (exeept Possiblj-r}w last ) , Aas as many



hooles as it possibly can have . TAe last level s Prlled in from
[eft +o 1‘1\31'\1.

| 4 72 [ . T S
‘EX "/y“”?‘s € 1 . {=2r ;2_?;;: S hx{“{j THEES
|

d( o Ty 2

W b O
@)
hos a obmm@,d Lﬁd_ﬁ hug undirected f;fﬁda Lorest
«‘Eti{iﬁ&w{ € < Pf» E‘: V/t‘“"f"L ‘ n:r et ,‘}P:’W et r'«;

i

v
/é\ Lalmw,eel v bolanad ¥

/A(FPIA catitons

MD»FS& et wWith 0(({17\/) for addrtion , Leak,wl? remeval

O Implement
elements )

For trtally ordered tYpe ( where we can compare and two

Which findls the smallest /eaj gr-ea,te,rt/mm a—rezou,Ltoa. ?m‘mﬂ_@r velue

3. Ovher useful tree . abstract sywtox trers for parsing ipur Jesole



s Aodding to a BST
joleat : © The n,ewtﬂ aololes node should be leaf node
@ The coriect place s Toundd by §og frem Moot to Muse
Smalle; — le‘{’-t, (,OJ#C(‘—; V‘;W

1. Kecwrsion .

Noole % odolNoole ( Node x cunt, aenstkﬂluj){

retun new MNoole (Mj);

else |

it ( ke/j< C,urr—>/c<:v1) N
e cursively goes olowp
Curt—> left = adld Moole ( curr—> left . /@&j );
S
else |
i Chey > Curr—> key )
Curt— r\ig/m = aodd Node ( s Fiﬁh’;t,'/g,%) )

v

)

S
return  cugp )

p)
J
rovt = aold Noole ( revt, key ) ;




2 Pointerto a Pointer to a Node .

vord add Mode ( comst K& /uﬂ){

Node »x cwrr = & root

;f( :(L&:j< (*e,m)—>ke,j)
Curf = X(*C,ux{‘)—> /-Z‘Ft,
eteef
e[% l\f(k%> (*W)_>%)
) W=0€(*W)->Hgm,-
I
else |
I‘-e‘tbm’t;
; )

J
* Cuw = WNOOLZ(A%))

j

Search a BST

Tteroctive = bool search ( eonst K4 key) { const {
Const Noole % cwsrr = root
while ( ewrr L= Mucey

if(/eeg:: Curt > Rey )
rRtwn true ;

else if (k&j< wrr—>k@\.j)
cur = ewrt—> left ;

else

s
Netun faL% ;



Remowe Trom a BST

Tlea : © T toRm Aas | o~ 0 child . then olelete it divectly

e SN

@ otherwise . finl E’L};ﬁgg&w(n»nﬁq& that has O or | child
put Tts al_ajﬁflh‘to the hodle toPm , then rm that node
(i) Go left , then all mwmd to the right , er
(i) go righr, then all the way to the left

1. Recwrsion

Noole x remove Moole ( Mode x eurr, const K & kbj ) {

i Ceurt== Nu)

retuwrn curr;
it ( 4‘)% < W—>,€aﬁ)

Lurr = [eft = remove Node ( curr—left,
else it ( key > curr—> fey )

Q- mW: remove Node ( Waﬁﬂi,/@ﬁ);
else |

i (cwrr> left == pucey §

Noole % 'bsz Cur™—> Ng/hi;

olelete cupr;

} MWW;

else if ( curt—s Pght == Mucz ) |
Nooe "f/WuF = UM~ [Cfl‘t ;

} return ‘brmP 5

else §

/é@);

Noele x 'tm1> = Mmax Value Node ( conr— left ) ;

carr—> ket < tpos hoy.

Curt- > left = remove Noole ( curr—sleft = '
} > [t 0 > [ef W’k'ﬁ)’
3
retum ew ;|



/\ ?’D
D

Node % wox Value Node ( Node * ety §

while ( ewrr— right 1= nvucs)
e = ot —=> H‘a/hx;
Netun et
5
vord remowe ( const K& key)y |
Pt = Nemove Nooe ( rovt, ,é.aj);

—

A Peinter to a Porncter~ to a NMoole -
voio remove ( comst K & k@j)f
Nooe %% carr = & root

while ( % cum [= Nuce 44 (¥ turr) > key | = luj )f

i'F ( /@'@\‘]< (*em)->é,¢\¢j)
curr = (¥ curr) - [oft

else
et = (xcu»r)»ﬁgm;

s
it Cx W.’=Nua){
;'P' ( (% cusr)— left == Nuu_)f

Noole * tmp = ¥ cwrr;
¥ = -tm,F_> gt

olel .
X ete'bwr,

)

&
1,



else it ( (¥ ewrry> m\‘?m == Nuze ) |
Nooe % ‘blM»P: ¥ Gt ;

¥ eury = "'/*"*F-) left ;
olelete :

‘} € _t”"f;

else §

NMooe xx toRp = & (¥ cwt) - left ;

while ( (xtoRp)—> rght 1= Nuce )
‘boR—P= &(%toR,P)-> Watet ;

(-}(Wr)—>k,e,:!= (*uﬂf)—>%;

/Voa(,ex—wv[;= * toRp ;

*ToRp = tmp > left ;

N
N

SN TN\
& o ®
1. Inorder

I 4 11 21 2& 36 60 20 §u 35 p3
voiod  print Inoreles ( Node % curr)
it ewrr (= Muze) |
print Inoreler ( cort—s left ) ;

Stol i cout <« Cetrp —s /ij — "
print Inovoler~ ( cupr n‘{hz);

N v
N



D, Preeroler . 6o 11 & 1 > 21 3% §3 54 70 86

Adsl the HemS To an empty tiee us:‘nﬂ +hus order Wil Peconstruct
the tree with exad—tj the Same structure .

veiol FN‘ATPPMW ( Moecle % W!‘){ V4 0’(/’/4{7[4%@ Tree ( \)3

i e = puce) |
Stel:: cout << w.zﬁ‘-—>ko,j <" W add( C/LL-N\->/€LD\j);
print Preoroler ( curt o left) ; / M’at)c,a.»u C--)
it Preoroler ( cont— y s

. g

N

3. Fos‘two&r: | @ =21 38 28 u 70 8 %« J3 4o

Used to olesty o thee .
volol destroy ( Moode ¥ ewsr) {
It ewrr = Musg) |
dlestroy ( curnslefe )
0(25'5”11 ( ewrr—> ghr) ;

olelete curn;

N

4, Reverse

swsp <he srdn of acting m helef fise <o acting o ke it 1.



BST e,xwmfle 1 .

Determunes f‘F BT Aas a continuens &ezuance efitems wl,av@ a P_a;rh
whith sum to the S?eciff:‘eol toarget

bool has PathSum ( const Node x curr, int purtSiom, Tt taget ) |
T (target == currSum)
retwn btrue
it (awrr== pue)
retwm fa,Lge)'
return ( hasPoath Sum ( currssleft |, curr-s sum + w»r-;-ouxa,—tmﬁ,m) I

- - \ N -ér-i‘%a) . & oA — = l ”
has Path Sumn ( W‘r—>l-e;{-t, &un»otm,‘ma«(i‘) I

} vy \) e AR 'éHW\I, v N N ' >5
bool Aas Parh Sum ( it targer ) |

e tum /LaSPaA'I’LgMn ( rovt, 0, Uua,q))

BST —QXWIe e 20

Cheek BT ob?ﬂs BST rules. Given minInTree £ maxInTree

anst . bool 15 BSTOrdered ((Moole x curr, comst T& min, const T8 mwox 3 (C

i‘f‘(amr==/\/u44){
return true
I
/“f ( currs olata < pin || corr — olata > max ) |

Meturn f»ue ;

j



retum 18 BST Orolered (carr—sleft,  min,  courr—oata ) &8
1S BST O relenesd (W——)Fry/t’», curr—> dala , W}) _

)
J
bool isBST Ordered () |

it (oot == pusls)
retwmn true )
retum ($BSTOrelered ( reovt , minLilreel) , maxInfreel) )



C/mfw- 23  Hash Tables

Stere odata in an array / bst vectsr by arroy Lindex] = key

The tnelex s oletermined by . inolex = Aash (Rey) % num_ buckets

k@j Msml‘j ﬁmam; (,msidm,ep( nt (H) H%/i\/ s Solex
= hash ( /f“f‘?/j) raimber &f» buckeis

R Collision Pesolution
L more than one olata o Storesl tn the same bucket

1. G/La,f\n)"ﬂ table > L:lllililt|i_1(vectm~)

2, Offu Aoummﬁ . Seeging a nearby inelex which is not used
W [inear probing . Step size & constad
@ fua dratic ’Fro/m\nﬂ . Intremend the Step each time |

]Dfololm :
If it Supports r@mwfnﬁ , then we showld o(,:‘s-u\nﬁw‘vh betuween a

"-trulﬁmra‘t\uj " bucket ard the one what which had dth lm:ti Dl—e/lete.o( o
A'fw " truly empty " buckers olisappear, the table neesls to be clean eol - up
Cor periooicallyy clean- .,.1;) ‘

n Ha.s/u‘o\j Functions
(. Criteria ﬁ» a "@wd ’ Mshinﬂ ch—u‘m.

(1 valbd . ® [)lu‘eLj a ﬁwxcb\m of e L’n]mt
@ V a=b, Aash(a)== Assh(l)



(2) very Likely tp got different hash values' for objects that wwe
Consiocler~ a&'ﬁ(uen:t.

2. Basic o(eyﬁwnﬁ T«v\ndpl%
() Showld (\,noa'rl)ma,te all posts w‘f the oij_
(2)  Ccombine the oata tn wops thot permuctutioms and alternations
Create o&‘ﬁ'M results
(3) “test it to see I it's actuslly govel,

3. Cf*ﬁtoj«:\a,f)/u\c Hash ﬁmdl‘ms
Ls —ﬁ» sewé‘%\']— Sensive purposes
) AFP Leation . 2.9 Storage of login (:nfrbmﬂ"&\m‘

» Aﬂ»oewh . Stete the salt and hash (password + salt)

v
T\axw(.«.rmf,j 3enm‘ﬁeo{ stn\nj

Otherwise |, it's ea.s:j to be attoreked by Db\cﬁ‘mtuzj ottack.

. /
and brute force octtacks i paraliel. Store [ worels , hasht words) ]

= Ier.s/u‘Aﬂ

L_> resize the table as the mmbwaf elements (n it jms .

m_ oata
I When . Load factor ( o) shoulol atnog I\out?e_

2. How . ©® Allocate a &ﬁu mm:«j/veeter-&wczas (arde o
Ceor next prme nuwmber in af)he—Pm{)mo(&NvﬂoT primes )
@ Remtively take all items from the ol table, rehash
ad place them into the w= new table



Chaptor- 24 Heaps & Prority Queses

'Frieﬁ-tj gmene s A Juene where each item has o assodated priority,
ol the next tem retuwnesd from the pueue (s the one
with the Aighest prioeity (o Luver number )

H-euf . a oata structure which Jives eﬁdm access to i+ts (;ua,%t

C or smallest ) elemaedt,

. Wwfwuj ~ am{alae b:‘rm,r\j Three that ob&g& t/uehuf's m@m

@ ﬁlC‘taAl/L\«j ~ W
may i’u‘i,m? wa ;\i he AF |
87 >
57 3 67 Do
N /
/,r/ \74 t@/ \é i i &7 \55
7/ \
2-/ \/5 74 8-0
parent > children parent < chiloren
1. Insertion . insert at the next ownilable place

N
NCM?’*“@@ " bubble wp" to fix the crolenn,j

o B &@\M%@\
5 DO @@@ od @@\@



; .-SWo\'F —t/w, very (ﬂlsy“:_it‘er_n w:?ph the root

v
recursively “bubble olown” o fix the erderiy

@/@@@\/@EDM ég@@’\g Mkoﬁg@g@

@/

2. :Dde-b?a‘n o

| Haf Aﬂ‘aﬂ Implementation i | |
mf ,
Root at 0 | Root ot | PFiad ﬁ . .
o AN AL
pabect (i-1) /> i/ 2 8 F fo 1 iz i3 W €
Z.ef'e ehilal 2%l + | 2%l
| < — O
gt childl DL+ 2 260+ | / 2
o , o N\ 2N
3\ 4 o 6
5 e 7\ / \ /
.I'P rovt & at Ma—j[l], then > & 7" (O Il 2 13 \/4
orroy Lo] is sentinel a SPec/ial i+tem

. , L ]
thot 18 not zu:tual,(j powt&]” tluhu.rs olata , /&L“ :;Zm.;z /&V{L/l .
but s orelered so so that It st«afs the
bubble up process without a Spedial case

2.3 'ftn\ Int, Wwe Con use INT - MIN o INT- MAX i» # ‘ncluole < lipit -h>



] P”\OHtﬂ &uw
1. STL's Prierity Queue .
Stol i proority_ guewe < Value, Container, Compare >

OCefMiI . Contaaner = veetor<T>
Co‘n\fawe. = [ess<T> 4/ max /umF
2. AFFLEce:t}m : Camfress%m —  Huffman Coal,mﬂ
(l) ‘FMolﬂ-t‘\m:
D The hejuenty a]" W[S in the ir\ful' will tjpy‘aw—j not be M"ﬁ"‘m_
& We cowld slo better I‘fweznwe&et/w.moreaanmm chapocters

with fw bita at the exlnmse, 0’f uwounﬂ the [ess comumen
charactus with mere bits.

() Algorithim. to find the sptimal encsding whete no Symbol’s encoding
(s a prefiX of anrthes
@ Jeaf nodes ~ input Smbols
Q@ encoding ~ the path from theroot to the leaf

folte =0 gorig =
® Store the enwo(i:j as map .

S 3 m r E/Z gg&m En ijjnﬁ
A I4. A 000
B i B ol
C 10 C ol0
]3 [2 D oV |
c 20
E )




build priority Jueue that contains ol the S’Um—l:l*ei P
!

S olzzu,we R items (a,b)

l

Creodte a new noole and build a tree -

troverse the tree | mcooév‘nj eaeh
[eaf noeles ( om) and store < sym-cooe>

‘:”M“f'



L]

e

%mm.
TInsertiem
Serteol
insertion
Dd—e'bf‘m
IQ}JLDLO m
access

MTA/W
aceess

Trouwersal

Application

!

Ay Linked list

ON) 0 (M)
O(1) or O(N) o)
ON) O(N)
o(N) o1
o) 0(N)

O if sorted O if srtesl

O(N) OlN)

Stack, Juene stack, Juewe t
Sets, Pm,\nﬂ

BST | Hash wale.z Heap
V) o(>M=oW)  °o(N)
O¢ lw) 01 O(Gn)
olyn) N/A N/A
o (gn) o(1) 0 ()
otlgn) 0(1) N/ A
olyn) N/A O(1)
o (N) N/A ONV)

priori Maps  maps, sefs prierity gusue






CAﬂT?lEPJ” 2% G”“'P/‘S
n Aﬁb‘mﬁms
/. Tas,é Scflao(uémﬂ

* Gool: Complete the tasks all in the smallest time possible
* Scheduling graph . DAG ( directed acyelic graph )
L, contains no directed agctes 5 wndirected is /wm,-&s
o Critical Pmth Constaints /umznuc/e@ we can complety the edire work
Tasks not on the crtical Fa:r/z hove some Slack

O
x_,\y ¢ 2o critied path

“\ o/ 5;

- “x‘. 'Y
~ 7 )
P { Y,

Resowrce Allocation
o Gook . determene an assignment of users to resources such that
there are o cowflicts
* Fraph . interference groph ( a graph on which tuwo nveles are
Conneeteol by an eolge if they Conflict With each sther)
. A(,}or)t/lm-. Fraph coéoﬁ*/uj
= assign colors to each node (user) Such +hat nro two aafacw
hooes Aowve the same color ( a porticular fesource )
= Upper bmit + Four Golor Theerem for planse graph
— Effceny ( NP-complete , -forbest answer
Polynomial appruximativns , for reasonably geod answor



A x X X

2 X X X

C xoox X ’

D X X
)

x xR

- X X

H * "

3 Path Pl M.mn.j

e Goal : Find a Pa;rh ( shortest , or aclwrrefw‘wemul‘s) from ene
location to anothel .
Algorithm . ’D:‘j/estm

4. Social Networks
* Gool i provide f'euwes to the usess, enhance advertising reverue.

wei ykr
4\

| Qrafﬁ lmf/emwtmt«‘ani -
<template < typename N . typename E .,  bool olirected >
class Gm?hf
void addNode ( const BN & rodeInfo) |

vord removeNods ( const & & rodelnfo) ;
void ao(diage ( const N & BomNode . const N& toNode , comst E& eolge Lo )

Void PamveEalﬂe, ( const N& fromNode . comst V& toNode ) ;

Set < comstN& > get Modes () comst ;
Set < pair< comst V& . E &> > g«d/m{facenc)es ( const N& which Noole ) ;

W consider anl:, o2 direction .



const E & getEdge ( const N& FromNode . const V& b Node ) const
bool is Adjacent ( const N& fromNoole . comst N& toNoole ) oomst

Y
o

/ /]a(j"a cency Matrix
to Mode ( Column)
o / 2 3 4 £

0) 3 D C (e [ 3 ¢ Y “\“'\
~ \@ \
1 \
- ) .E;MMM : m \ \
> | >0 | od 7 oo A B 2en mu\% {: '5
> (D Vi ¢ —— T\
~ | (=) I
R - 4 A=
R 0| b oo | oo | 7 \ v ar
2 f& )~ / ’
= p 4 |oo | > o0 | 00 | o ~ N 9 g
Mo ! 7N\ -
g R —'3) 7
ei_% ------ > ! : : I ! I -
| T b g _bL___b__.!

¢ Vectors of Vectors .
l 2D au-mﬂ

. R'efl‘e%dtatf\m af " no g_p?e !

ke&g e MatwK of bools
G ~
( enerc Waj _[ Aolol Pm‘n:rers to £s . use Mucs Tor ro eﬁ?x

l Sfedf/‘c tjpe: 'P:‘M_ a I)Mt)w&r velue
v /ear?resentdr\an 97" Nodles
( /Vis an unsf}naal mt . N = index,

( Otherwise . A"’»f"‘”‘“f’ﬁ?m M to w:s:}meol/}ds



| 2. Adjacwaj List

Node Adjaw‘ts

(/aeﬁ) ( value)

0] ,[2]
0 ""

! Iz
=L
8.
|5 1 _W> -;/

* m;,‘f< N . aPNE> . Both maps can be Implemestis as the “ollowing .
L_“—'—"'J—-) Linked lst < pair<M.E> >

- Balanced s < pair<N.E> >

~ Hash table < pur<n-E> >

£\ | PP
" . ol Q4@ s
srze = wm of @&fes

e

<«

R

E

Im
Comparison :
h\a,? | } \ |
| Aoljacencj Matrx Aoﬁaaawj Zrst
oold Mode e add a hewr row ( vector) e add a nsur <rode. empty > pair
o odd a column (ex/)ano( each -ta-tke)nn)nmf
ex,‘sv‘rg veetor by | ) |
; o lo cate ord
remme/\/ooée o [im the vecter o I'm the nooe fnrm mﬁf

“Yor ald exisu‘ﬁ vectors , o for al{ ew‘st:‘nj SN, E> pairomaps,
Thit elemesit Search Yor that N and tm it,

e move Eoge ( moolify Mji as well :f unoli - sT:ecrf,c map i.
rected ) oF o Search in the 979eu‘f;c map i
for Mode J ond resmove it



Mdjaconcy M | Mljpncy e

o | main
get Nooles o Trowerse ﬂfwyh that'veor | o Trowerse M/w%t the mam pap,
creale a set of all nodes. masdafaumdes

Gt Adjaconcits » Traverse thimgh the specifie  ~—Fromerse—thrph
Mf,masaofaﬂ/m: o (ocote thad Nvole 1,
heighbors <N, E>s. * Trowesse throwgh thor map K
creale a set of all neiphbors

gt Eﬁ%e . v Visit the paanX element o locate Prom Mode and search

isAdjacant tallisla wn chnt map
Eﬁpfd@nc\j 3
f Adjacubj Adj‘acen&j st with ...
N Mattin  Linked £5t | Balanced BST | Hash Table
§/>ace V2 V + E (torn] nowt
ﬂa.o(alNooLQ V / | lgV | | |
Temove Mode \/* V?: VS (5\/ V
ool Edge
“ [ V L4V /
remave Edge
ga/\/oo&es V VvV V V
?‘1'4"9"“"0\“3 V vV YV + | ans| | ans |
getfdge 3
isAa(j'acm‘C' I v (5\/ !
| / | ! S
The constosit Pachors seaich . O(w) seareh . o () Search . O(1)
remave : O (1) remove - D(%N) femove . O(1)

Qre Liéaltf much bettor
add . 0(1) odd . O((ﬁ/‘/) add - o)



@ Alﬂon‘-&hms
I. Graph Searches
/. Depth-Tirmt Search (DFS)
A. Recursively

Search ForDes ( node, visited ) |
/) base cose
£ ( node == destination)

return Node 3

/o Sheiak size
it ( node is in visited)
retuwn neone ;
visited . add ( hode) ,
for & next in gerAdjacencies (node) |
if ( SearchForDes ( next) != none)
Feturn  path ( noole + next) ;

N

retwn none

B. Explicit Stack.

L FMt 070 worklist a«%en‘thms ( ,éeaf a Lst of items to
work en, Take nd an item —> Pprocess Mt = Dene )

L}mm&& ol ot Hme



~template < typename Work List >
search ( orgin. dest) §
Werk list  todolist , # DFS - Stack . BFS-> Queue
Set visited ;
Toolo ZisT. push ( path[ originl) .
while (| todolist. empty() )

currPoth = -booLoZ:‘st.FoF() ;

cwrrNode = currParh. [nstMNode () ;

it (currModle == olest ) {
feturn currPasth ;

J
Y

s
T (cwrrNode & visited ) |

visited. adol ( ecwrrNoole ) .

for ¥ in 3«@*/};{7“%&‘&5( currNooe y |

toolo List | Pustx ( cewrrPoth . adld Mode (x))j
}
J

)

Y
retumn nene ;

J

PFS Featwres -

© TFully explore ome poth before exploring amy sther porhs

O Answer might be a much longer porh than shotest.

® Applications . find Stromply Connected Componsits , Topological Sort



2. Breadth — first Search ( BFS)
See last page for implemedtatims

Featwres .
O Answer Aas the Tewes:t number of /w?s )
Me., trowerses the smallest number o—f other nooles

3. Dijkstm's Shortest Poth Algorithn
Features - Sxdhenidle i ook atpstnics
© Answer is the Shortest” poth.  O-(E- {ﬁv ’)
@ Usage . no edges of negative weight
( otherwise, use Bellman- Ford olgorithm)
Algotithm .
Create a Lyt thax stores shortest path from Src o a portiedar
noole & the posh lenprh S0 far

‘ >
Pick up src hoole, gg., A Q/‘“‘\/’E\,&w,...
mitalize the list with A-A ~o ‘ {‘ T X \\
P . \ /
ond others as co @) @ \
while ( not ald letesl ) | 4| = /’// /3
o ey
Curr = shortest peth by o O T e
&b uncompleted el

Curt as Com«rl-e/'reol ’

Tor each erw‘;/.,bw next .

it Wk"gﬂl() + meew’ ger Lolge ( cur, noxt) < hux‘tlew
then updadte the next. lengsh() and next. path()



A-F-D =6
A-0=.8

~, no btpis“ﬁ &

/»""\ o ‘\ FI/VA/.

| | (A -A) !
| N
! P 1 | (A B) |

| (A-Bc)  (A-BC)  (A-Be)  (A-8-c)
o | = | ol L., e

L A Ay (A-D) . (A-D)

I | ~ (AFE)  [(A0-E)  (ABCE) (AB-CGE)
(A-Fy

Implementation .
o worklist : Frfmtg Jueue
* Search : weblist aiga-n‘fj.ms.

" &mf;lexfbj ,{ Search & update each aog\aamcj n work lest ;0((5V)
in each step . olo so fﬂf‘wyaog‘acencﬂ : -—5'
Z A total of V steps

= 0 ( E-(3V)



/Mini muum .S'pa.nninﬂ Trees (MST)

L, a subset of the 3«#@1:14 n which the e.aﬁes connect all of
the hoole W with the mindmwnm Sum aj‘ ep(?ﬂ waj/ld&

(. Prwm /5 Alg/a'rfthm
Ls yaintains a connecteod tree at all times , MWS it one
hoole ot & time by picking +he node which can be added
with the (owest eol(.je. Weight . " Greedsy olgorrthe

—Tmfl ementation Q@

P"‘Mr;ﬁi‘; ?M@ué’. : @&gé?é‘fw ' from Modl e :"tal"zf'wfﬁ
T - M .

( Al
for exxch x in getEo(ﬂes (A) -
P&. push (%) ;
while ( MST. size() < Gm,f:h. size() ) {
Currfdge. = PQ. pop() ;5
it (currZdge. toNoole() ¢ MST )
MST. aclol ( cumEdge )
for next in gerAdjacencies ( currfilge toNode())
it ( next & MsT)|

PQ. push ( edge [ currtoNole—> next])

—

vl



Ordwin@ 0‘(” m(.ala‘rﬁ rneole .

Prims. A% p Al o, /\m—ﬁrmf-", F-L.g. wafmﬁzﬁ*-g-—-hﬁ.%m

Kraskal's: G -2 H H-'iE ‘ A-?#&.,A-é—"b; F“"Z‘QA*@”F g,l..ﬁ;

Ihmfl%en‘taji\m ©)

24 S SN R ‘ e
]

i ~ ) .
: @@e-t-wabsmncg ;;‘mmé*t:%u 1

P}*Farvftj fueue . mde

(A” VQ‘J tices mr/u!, gra?h

¢
i

-{’er each X (n g—a/\/oales()
Pa. push ( < %, 00> ) ;
while (1 PQ empty () ) {
curr=PR. pop( ) ;
MST. add ( eurr)
for next in ga/\ogmaes( curr"Maée() )
It Crext € PR &4 PR, find (naxt). bestd ()
> JerZdge ( curtNode() - next) ) {

wpda'te in PR the next ‘s best olistance &
*" SR A - Cannee:tfan;



2. Kruskal's Alg»vr?tﬂlm.

e.olge 15 odded that jm‘ns -tojex%u +wo small trees

L start with en many one - node trees . Fach time a lowest- weight

into a larger

tree. (e, that e,o(de, won't form a cdale (n the MST — the two

hooes Asve 2o bolong to olifferent trees )

_Irnflmma.ﬁm s Unuon- fmp(

M. Other a«%«nM
Problem  Description

leiue + Ina(efup(ut A set of nodes whichk are all connect

ed to each other / with no odirect

Set
@C(yes betuseen any podir
lSom'r-PAism Gl =2 G2

3 G2=f(en . ¥ x—=Y, fo0— fiy)
V X% Y, fix) % f1y)

Max Flows / Min G Sre "2 sink , critical weiph

Strongly Cowaeal . aset of hodes in & olirected groph

Ca‘»«f-nwg (SCCY in which every noolz 15 reachoble

fmmwe/vrciume&.

779"70[034’@1 Sor{' DAG — mtulkﬂ of rooles such that

- (ates ones "o&fe,wlm’ Cormed~ ones

Traweling Salesperson  findl minimum cost trip between aset
Problew (Tsp) | 9F nodes

| Comgplexity
NP - CJMPIP)C@

rknswn |

elficiend with
DF3

Np- C«mf/@te
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B O(ND) 'ﬁerbo—charmﬂmd Linked Ust

Bubble Sert Shaker Sort

| Tnsertion Sort Sedection Sort

0 n o | n o 1 - - - n o1 - - - n
\»wol&\:\_ A LA F\M . A RLx | 37 Rrg! [lll\v.!.. r
[N Rl (7 | Rl nla wlo . 7 L in -
2 | N N T o | >
A lﬂl\w l*ﬂ-' i Ii\ f.:
(ean) = > 1 -+
— . R ~ ﬂ(
it chonfed = | ; it boundary = | ; “for ( it pos=o; w&A;%&ix
Code while ( chonged ) | - whild (bound )i it mi .
ges) | ay<n)i jnt minddX = find Min
0?%&& = 0; il curt = ogbhww..kd“_\ | ( dota, Pos. n);
For (it i=0; i<n-1; i+ M:M ?mmn @; it ( minToly |= W&VM
if (datalr+1] while ( pos< boundary .
swap (& datali] Pos++ ; Pes)
ali], . 1
%ogHQHT_..“:s. m??«k‘aﬂﬁ?ﬁ&\woéf ; §
Or?‘Gﬁnu: ghw&ungﬁ §
w Fw:s&bsu +t
j }
w
\fv_«,? ) :b\m& &aeg qshm 4\5: on Sé.Qm _\.?u E,g?kmm ” o leg &%w@%%

Lied it (SWap ot rods) @&?E 25 |

Featuie bubble elements much more wtem@ m the
- olitection. that we oot

build a new sertesd ££8( on adroys .
Freuse 34%:& nodes ) , and
&3&«8\& Snm\vd:i each time,

keep a sorted ond nserted re R\m\:w: :

| the sertes yon 1S alw
, .KNSRQ.QNMQ: K



m O(NxlN)
1. H?ﬂ»f Sort

o idea i similay~ to msertim Sort, but iastead uv‘nj /Lw’f to
hold the Serted dota .

. Alg.:m’t/tm :
@ A@P’f;ﬂ : @ /\gaP — S&H:Uf Ww'(" .
l( ‘t’:;:e = unsorted I/ - 7 ™ =
p;&:;& - L\ubLe olown ,
bubble ug i | B |
ubl p it T T
R Tobe hesp < T
it ~T
N> ~ | wbe
. . insefd __ Klr"
~ S~
[ ] . nge |4
2 Aeapitfy

. o iniP\’S:'i pos<n ; PoSH-){

PuS/l-L'Sf ( O(GCM, POS—H i P06 ),‘ // (/\/\)‘-XW/ Size, fo-/ae-/\rw@rf?ﬁ_’/f{}
, .

i/ Change to Sorted artoy

‘for ( int Pos = h-l; pes>o ; pos--)f
Swap (& data[ pos] Lol [ n-1-pes1) ;
“FOP”‘ bst ( data. pos) s /7 pop ( hesdl, size)



2 /Vle/rje Sert
o toloa - divide and conguer ( recusse on smaller pieces af

the problem | then comes the results of the recursion )

. azéjorffhm :

I )L_/-——J
/ S
li ] 1 [ 1
/4N /N
 E— -  S—— —
(2 46) (¢ ) Cro7) (f 1)
N/ NS
l -1 ‘ e ]
(249 &4) (1 7§ /o)
~ e
— 1

</24§‘b77/a)

¢ Coole -
void mesgeSort ( int ¥ olata. int size){

/ base case . Lise selectiomSort when n< sk

f ( size <= hn)
SelectionSort ( dats, size) ;

else |
int left = size/2 5 Nght = size - size /2
M.ug,egorf ( olata, left);
merge Sort ( olata + [eft, rght);
it tmp L size] ; J/ o~ int % tmp = New (nd[size] ;

int poS=0, Pos_/aﬁ:-0, ?as_n%z,e /€7LT)



o

while ( [Jos_/.e,f't< left 8& Pos_n‘;w' < size) (
if ( olata [ pos_left] < olata [ pos-right]) |

'6»1,{; [ Fos] = o(n;ta[rvs_/e#t] 5

P\’.S_le'f‘t ++ 3
j
else (
tnp [pos] = datal pos-right] ;
Pos - h‘ijI++ 5

J

POS-H’;
)

5
whife ( pos-left < left) |

W[val = M[pos_lef‘t];

pos++ ;

pos-left ++ ;

vah,rle ( pos - right < "?”"){
tp Lpos] = olutn I pos-riph ]
Pos +4
Pos - right ++ ;

3

For (nt = 0; (< size; i++) |

olata[f_'[:'t'ﬂftr];

b |

f
o(dde[]—ﬁm?;



3 Quick Sert
e 1oloa - odiviole and Compuer

put “pivet " at its comect place ( its leftsare all smaller
ool Tts MRS are all Laa?f,er) tn each lecursion

o Algorithm .

[}1\(/& “p a P?u&—t with randem @"‘93 inalex

V

anel swap it With the [ast element of meﬁ

e cudsion .

Plvof‘
— ) : ) | L f f ‘ l ,

— . |y

i ‘ ; ] i T ‘
—_—_— < 2 1 ? | — ! :
I S I 12\———/’;— R : b
- R * !
% & \ ! { i
I ! N “6‘ L | | ; {
| -
. v | |

D e e U \
(S B 7 A s A I 77/

v "

SN

So if the army i nearly sorted, the emmplexity — O(N*), because
Pivet Won't emvealy split the Pwéum,

o Code

Void Zuic/k&ert ( tnt x data, int size ) |
it pivetIdx = randem ( size) ;
Swap (& data [ pivorTolx1, & datal size-1]);
Zujakgorf:_/wlx{)e,r(da,ta,size);

N N



void guA‘c/eS’m_/\erw—( int % data , int 3ize) {
// base cas€ - e, neib .
P ( size<=n)
Selection Sort ( olata . size) ;
else |
int pivet = data [ size=1];
int left= o0, right = Size-2 ;
while ([eft < right) (

while ( dﬁa[/@ft] <= pirot )
|eft ++ ;
while (oot Lrgka] >= pirot && right > left)
v
Swap (& dotallefr], & datalright]) ;

p]

J
Swap (& datalleft] , & datal size-11) ;

JuickSort - holper ( dota , left ) ;
Fuick Sort - halper ( datu+lefe+1 . size-lefe—1) ;

' 2&‘”\”@ sert Sueh /vg/brio(izﬁt‘m g’lu\ram%
No /L\ O(/v%w) runtime , but Strll ives
- cursive cold > \
Mimum olepth? st in the geaeral case
//'/
Yes



Soﬁ;«‘og e’ﬁ‘;afuaj & Treole- ]ﬁ
t lo] « bubble sert

—— Shaker Sort
—= Selection sort
— insertion Sert
= 0( N-(ﬂN)

Mntime (S)

Ffuntime (S)

 ixaeb —3%pt
L o

-

(2
rumber of elements Millioms of clements

o

| Heap Sert | Merge Sort | Quick Sert

Guarasteed O(N-UN) 2| Tes Tes No
(oz/v= Lf weél—am[ar)

Etea Spuce Nesded ¥ | O0) | ov) | ol

| COnp Aty when | (for Stack frames)
L N )

Gava( Lt:('ﬂ/(/'(‘ﬁ 7 l No T&s - “‘im_w‘;’;:shmm
Yactors. olue o

. o bubbling up /a[’w)_ ‘

LoCﬁvC‘f?j . whether accesy}ﬂ elements that are ?Azgfﬂew%j olose to each sthe

= Sortirﬁ Librartes

*om C oo void gsot (void x base, $izo_t mmemb . size t size

mt (% Compar) ( const void % , cons+ veid %)) ;
V4 Zw‘u’?‘, Sort

e inCH+ . @ stol i sort

® std :: Stable_ sort ( efual nprts will remain the & Same popor

Ref . AﬁTS: 7 xhkeo . com/ 1180/






Cffﬂfﬁu‘ >/ Balanced BSTs

l

= mauntoan O(GN) behosor
v}
B AVZ Insertion

* AVL tree . @ Store the Aughe in a field in each node

®@ (J?J'ﬁ*m Potetron o reStore the balonce
Guron tee balanee ; Lette~ —ﬁar re Cursion

growing ., or from Jeft hild’s left child groving

= S‘/mg le rotations

o righa's mght = [eft rotation .




CASE 2 : Imbalance erhes Orises 70""" Hy/ur chilol’s lefr chilol,
or from s [eft chrld's right child .

= double rotations

/3//41’5 /eft : N%J rotates + left retates

o N
N+2 = N>
"
N->N+

| > V42
right
- S

v /#—t’g Hg/kt . left rotates + N9AT rotates
N+2_

N+




Tentoaive Code | ( not ?r_ﬁ"maa()
Node % addNodle ( Node % curr , comst K & key, comst V/ & value, Stack ¥ path ) |

i ( ewnr == NULL)
retum pow Node (key, volue) ; // heigh initislized 25 O
else {
it ( key < cmr— fey y |
cutt—s left = addNode ( cwrrs lefy | key, value, path ) ;
/7 update /Le/‘j/hz
Curr> height ++ ;
/o check f’T rmbelance
if ( curs left— height > cumr—s Pght— heighr+ 1)
1t ( path~>Tep() == LEFT)

ri 34)1542 Rotote ( & ) s 7 m‘j/la* rotatien

else
LolowbleRotate (& cusr): y left+ right rtation

g |

§
V4 u{ooéaza patt (4 stack)

path— push ( LEFT) ;

else if ( key > Curr > boy) {

Curt > Mokt = add Moole ( cwr—>l;?4\:r,£zj,va,l,ue, path)
Curr— /ngm ++

it ( curr—s Ngxhz—) /uug/hz > cusrr—> /"ff‘>wj//‘*+l )“
'\'P ( PM/’) —>‘CeP() == RIGHT)
Rsingle Rrtata ( § curr) ; X [eft Motation

else
Rolouwble Rotute ( & CUIT) /) PyAt+ lefr wtation

2

f
Path — push ( RzgHT) |

—

curr—> value = volue ;

j Meturn cwer ;g



Tentotive Code 2 ( prefur«e,d )
Nodde » addNoole ( Node x cum, comst K & key, comst V & value )|
i ( curr == hucs)
Petum new Node ( Rey. value) ;
else |
it Ckey < curr-> oy {
Cwrr— left = add Node ( curt—> lefr . fey, value );
Gt > ARight dee = maax ( cwrt— left - height , Cort—> right - hight) + |

J

/
{If Cowrrs left— height > curr— rght=> height + 1) {

\ rebalance (& cunrr) ;
3
§

{

else :‘f ( ij > C,ou-r—->é?ﬂ){
Curr~ right = ol Mo ele ( Curr—> oAt . foy, value ) ;
cu4r->ﬁeig}trﬁ'=§=m( Y4l

I Ccuwrr— right > hoighs > cunr— left-> height+1) |

febolonce (& cwrt);
\
§

o —> volue = value ;

retwmn  Cum
p

§
void rebalance ( Mode %% V) §

i ( (V) > [eft> haight > (xV) > Pght > helght ) |
/] left's left
it (xV)>left> left—>MjJ«T > (xV)->1&ft—>“\j/lv~>hﬂW)
NghtRotottoq (V) 5 /7 take caie of moolifying weight
7 left's nght

else
leftRotate ( & ( (V)= left)) ;

I‘Ié/thQvtﬂlQ ( V),

Nt
e



Code :
Node % addMNule ( Nodex ewr, const <4 key) |
i ( curr== NULL)
retwn new Node (ley);
it ( key< awn-—>~kej) l
Curr> left = add Noole ( ewrt—>left, koyy; vl
If ( gerHeight ( curmres lefr) > getHe s (curres hgxh.z)—l-l ) l .
7 left’s [eft
if ( getHeight ( corr— [efe_s Lett) >=get Height (curr— lept - righa ) §
rght Rotate ( £ curr),

2

s
7 left's right
else |
left Potate ( & curr—» lefe);
) Nyt Rotute (& curr)
S

j

2
S
else f’f ( é-6j> o,m...>kej)f
W"»""jﬁt = oddNode ( Curt—s Mght /@j);
it ( getheght ( curr> rght ) > gerHeighd (cwrr— lefey + 1) §
V/4 I‘f%\:t 's h‘g%;r
it ( (‘}{’J‘HO‘W ( cwwrr—> N ght—> nera) >=(7-uHo‘07\z( 0u.rr-->n‘j4a ~ lefty)(
Left Rotate (& curr) |

]

4 Mgkt 's Loft

else |
Hj/iutﬁo‘taile ( 4 curr~ "7\54\1) ;
/-e'ftﬁota:te ( & curr);

N
~—



fretwn cu

—\

B AVZ Deletiom
yolea - wfr,cr actually d.L[,u‘l‘rﬂ a node , check the imbalance of tt's pasent

(riz) /

g B & ® O @
@/ @/ @ /“)/ /9
CooLe .

Noode % remove Node ( Node % G, WTK&%){

7 ( cwrr == MuULe)
Petun ews;
it ( k&gj< m~>éx<j)f
Curr left = remove Node ( eurros left, key)
If ( getHeight ( carr—> pight) > GerHeight (carr— [eft)+ )|
// right 'S g It
£ C getHeight ( curr— rght—>rght ) >= GetHeight ( ewrr> rpht>lefe > ) {
[eft Rotate ( & crr) ;

o s

else |
"'j/vi‘leo‘tolé (& Wf->ny4q);
Left Botate ( & cwrr)

Nt



u/Fo(.ate He?(ﬂ\x( curr)
}
else if ( ey curr->key ) {
Curr—> m\(ﬂa = pemove Node ( eurr - Pght, m\(j);
't ( get Height ( cure lef) > JetHeight (o> righty+1 )

7 eft's lebt
if (3uHe;5rta( curt—s left < left) >= JetHeight ( m»[z{it,,,\,\?/h) )
ngulemu (& courr) ;

)

i
/Y /eff S rykt
else {
/-ef'tea"tau (& Curr— left) ;
: NghrRetate ( & cowr) |
S
)

J
upMHdgM(w);

)
)

else |
f Comer = left == puccy {
Noole TP = cwrnsright ; slelete curr; Petun Tmp

)

J
else if ( eurrss right == puse) |

NOO‘Q = 3 ) )
) % tmp auﬁ-»,le,f-t,o(uﬂew,rewntmf,

S
else §
Node * '(DMF-_- T —> [eft 5
while ( ewrse ‘bm1>-> m\ﬁkr |=Nuce)

'bmF = W,P—> w‘(?')\;t;
Cuﬁ»k,ed = ‘me—->k,-e,«:J,-
G = =
} > left = remove Moole ( carmms left, “Rpe k"{j b}
3
J

retun  ewrr;






else |

7 NS raght

it (%)~ Mght > Nght-> Aght > (xV)-> Nght - Left —> M%I)
left Rotate (V) ;

V/4 n‘g//u’s [ef+

else {
right Rotate (& ( (V) pght)) ;
[eft Rotate (V) ;

N—
N
N

K AV. Deletion
idea « after deleting a node ( -the really oleletes me . not necessarily
the one that holols the taret value) , check the imbalance of
its parent and grandparents — Updole hright .
Tentative Code -

void remove ( const K& key)l
Noole ¥% curt = & root ;
Motk prev-epiiii=  Stack x poth = new stack() ;
while (% cum 1= MuLL BY (X cum) > hoy |- foy ) |
Ptbeg<—twturmrr kot
Prev=—X—ewrts  Dath-> push (xewr) ;
,‘-{l(/qed< (*um)—»kz:[) curt = £( % Ccurr) -> le,f’f,-

else m=£(xm)—>ﬁ9m5

~———



AR

I.F( xw!:NUZL)f
12 ( (*cw)—>Le{’1==NWL)E
Node % tmp = % curr
* s = ‘lef—> “\W’
olefete tmp ;
|
else ,f( (% Curt) > t\r‘gxhﬂr==/vua}lc
/\/oo(a_*‘tva'—‘ X et ;
¥ ot = —bmp—> left
Adelete “tm»F 5
|
else |
while ( ( %toRp) -> Rght = Muse )
parh=> push ( % toRp) ;
toRp = (% toRp) —> right ;

2

§
(% cart) > foy = (*BP/P)~>/@35
(% cwr) = vadue = (x"l:ok,f))~>vw;

Nooe tmp = X toRp
*‘bO/QF = ‘tMF->/-e/ﬁ-,'

while ( ! rod’h»%f‘by())i
Hipheck Balnnce (Bpath—>tapl) )} ;
path—> Feta())«

]

Noole %x —toRt)z- & (¥ cr) > left Patk»/;'us)';‘(»%; )

-3



verd check Balance ( Node ¥x\/) {

if ( (xV)=> left == pucs) 1
if ((%V) > right == puce)
(¥V) > height = 0 ;
edse |
it ( (*V)—>H}A1——>/Ly\i/1«d‘>[>((
/e‘ftleotale(V);

S

else |
it ( (*V)->N‘j/f\,t:= nuzz) |
It ((*V) - left - /w:i/ix >1)

Light Rotate (V) ;
)
f
else {
M (%) < left—> height - (V) -> right—> Aught > |
I (*¥V) > “‘W%M(w — (%V) > left > height > 1)
rebalan ce (V);

(xV) - Aoij/hf = max ( (xV)—> H%z—sﬁ,e:}/w, (*v)->/ef+->ke;54a) -+ | 5

—t
——t



B Ped / Black Insertion

@ \
o Red/ black tree . do nat Juarastee balance , but ensure the maximum
/mgxﬁsfapuﬁfmmwwtoa/mfis O(UN)

® omenable to rterhve /‘wylwwn‘ms

o Inwariants . O &»@gm&ko‘m;\@lwlﬂ%
© reot is black (usully consider MLz as Liack o5 well )
O If a nodeis red, Hs children must be block .
@ every rovt > Nuss Pwrh must hare the Same numben of Llack nooles
= Worst case : shertestase = n black | émﬂm porh = n black + n reel

@ = recoler rovt to black af*ww nsestion |
(3 = rotale + recolor if two red nooes Comnect:
@ = ( The only wey to anwse%ﬂblaok—waf?msgtopew/w

root as black ;
Lach recolor 1s &5 = &

¢ Alﬁ«m-dtm .

curt = heot

Curr is Yes | pecoloras A

\

Cur = Curft—> IL@D(t -— \'I
No is the T&s aolol ruwr noole
place to odd as red rotate - Ncoler:

P> S U e
recofor rovt to black «  no—g—" v




B Led / Black Deletion
o PRed node . %mflﬁ olelere it
¢ Black node . Mot /Vuézfur’s approach

ew ecoletr sheme . — — 1 o [ 2
(m@wnhe black) (red> (black) (olouble black )

@ set Mo oleleted Nuzz ags 2

@ push the " slouble Ialﬁ»k"meéeufmtme Towarels to revt. anol
— ierease the blackness of fis parent by |
— olecrease - - . - - itself andl rts sibling by |

© rotate / elimiaste—ie fecoler to eliminate vivlosten

et revt to black |



-,

'

s

LY
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%(th 2§ Canwrrenej

m Kun multiple Process cmwe/,q*{fj
process . a I‘wnru‘nj wnstance ojo a program .
Featwe : o caw?lite,bﬂ Lnolefendo,n’t to each other ( Coole ¢ the Same)
o coch has s swn exewition arow and memary space
o Jdertified by its PID ( process I0) . when You vart to make
system Codls that Imanipulate -W—!mw%

1. use a combination of fork, execve and weitpid
Ls to run other program n paralled, € g usesl tn sAell .
pid-t fork () ;
— create & rew process ( chilol process) which i3 exactly like the
orginal process ( parest pruss) , except T

© the retwn value = | child = ©

owd -1 T encountus an errer
Q@ thear PIDs
® their parent s PID
@ Pes-e'tt:‘rg Some O5- level NreSvurce awown‘h"n\.j_
= /VLWj ardl f:‘(,e oCeSeﬁ‘?«tof‘s oue aoyx‘eel_ ( two ;ﬂ.ﬁ&fsf;mm gets)
execve
exette ( chars pregramm - char ¥ a’UV’ charxx envp ) ;
— /\.@FLaae the W tn the W% I'vwm/?rg ?Ncm w?than—awkj
Loaoled Progrom (15t arqument)
— oo not Mturn em success
— 1{%»3 a child preeess, WQWC%#W?M’SW
13 OQSW o Nf(,oweel with memory /‘maj,e Lsasfeol Tromthe EI\ILMU_



ST wartpid ( pidt cpid . it x sechus . int eptions)
— allew a parent process to wait Tor one et mere ,470 its chiloly,
Process +o terminale.

Eww!e :
Void TorkProcess ( charx program. ohatxx aigy, chanr wx envp ) |
Pfa{_‘t c,P:‘G(, w
(\/I’Ft' SW 3
cpid = Yord ()
M (epd == 1) | perror (M) retwm ; )
f‘F ( C/Pl\ == 0){ s/ code that will pe exe cwtedl éj parent
execulie ( pregram , argy, enip) ;
P ( program ) ; /7 exewe only femwms an el
exit ( ExiT- FAIZIUR) ;
b}
5 [y
else |

olo {
W= wwio{ ( cpiol , &status . WUNTRACED | WCONTINUED ) ;

T‘F(W“") { Pe,rmr("woatprol”) 5 Mt |
Y may chuck the exes chiGL’S retum value

E while (| WIFEX/TED (Status) &8 | WE FSIGNALED (STaTw) )

7 Do Smo-c/tﬂt/u)g'&

2. Use Tork() alene o complete tasks MFMM €9, web serves

Zhample - 50 cpid== 0) {
/\NwLLQoQZﬁMAt (rY;
exrt ( EXIT. SUCCESS) ;

b]
S
&L%f //obwAﬂwdquMWwoéo, i



B [ Areads
theeaol . a 3ingle sejuence Strean within a Process
Feature . o share an asllress space ( /wur coole seqment, global
oatn S.eﬁm,enit)
o cach hus its own Stacks and execuwtion armrow-
*  one thread can access olata in the Wis Stack A pointilc

1. Crextion
# ncludde < prhreasl. h> 5 - Lpthreas |

Int pthreaol . Cheate (’Pt/u*md_‘t % thread

Const Pt/weawl_ attr+t * attr
3 N '
void # ( % start-roitine) (voidwy, # funetim point

4\/01\0( * ajﬁ);

(n Al\dwne,njs ;
© Filled n by pthrensl- creae so that it can be useol éaiuﬁyrméemﬁeam

© attribites of the thread. Nuse for oefauls.
©) En‘brj_])m‘n:[’ ( entry function) fur the new threasl to start execsctiy,

The newr threaol exits wheneves it retuins
@ W.W%&pas&d%tﬁewﬁmw:‘m.

(2 7@% Aappened oluring erention .
@ A newr Stack i createol , which & independunt from the callens
with a frame for the emtry functim , and passing in T asgs.
@ A second exeurtion arow & ereated ax the start of the

e,mtr\tj ~functim | éﬂm,lu‘@ a system call o spowwn. newr ehreas|



Bt
e

Q. Exeewtion tn Paralled
X mudtr - thread ed Progrems are Nnon- detepmnistic :
there 5 a set oT behowviors pathar than aneq)amw behavisr
whith we will obserne f»a sfeu?fn inqm:r
3. Thread Exrt ( stop running)
D A threol exits when . entry function retwms .
or: me:r calls void Ptlumd..eix:‘-t- ( vord % retval)
() How to deal with a Cleated threaol .
@ Wait for it to exit and vbtain Tts petum volee

¥
. \‘L,, either whot the entry funetion renuimns
Jmn WWW?WtoPWA-exR.

by calling - it prhreas] foin ( pthread t thread , veiol xx retval )
¥
Can be ML if not care petum

When 15 called, the thread blocks ( its executron wadiz,
arrow Steps advancing ) wrtil the thread to be jm‘:u‘rﬂ terminates
Arol the pthreas Libmary will release fts resowrces .

@ tell the P-Mreut L:‘Lmuy that Tt wll nwa\jn‘n ancther threso|
by calling int pthread. oetach ( pthreast t thread )
When Mt s called , the Librau:uj will nelease the PreSvurces as svon 4s
the threasl exits .

NMote . F‘lo main () returns. the entire (Process QXT‘éS,—tumfnm"rﬂ wue:f
the threodl lnsiole of Tt



Example : Smovth an image  from % dsc to olst

o &eW-&«‘w{:
Vool smerth ( image_t x st Imaget x olst) | o
For (lnt y=0; Y< sre> height 5 yaad{ | I):f”;“;k;‘l
forCint a= 05 X< sres width 5 ) / HH &
i dst— data [ylra] = wav g pixel (Sre, X,y ;
j
j
o Paradled :
// cembine all bifo nto a single variable , 28 me?cd by pthread _ creots
typedet seruet |

Fm_aae_‘(: x Src fmnde:t % dst

nt S‘WY Ny ()(,efmes the tasks VQJY‘M/LM*M ‘
it endY H

J thr- arg ;

V4 fof\j ‘\fv&,m:tf\m

voiol * Smevth Thiead ( voivlx vory ) [

A Qg % oy = Vg
Yor (it Y = ang-> Stat] 5 Y< ag-> el T, Y+ ) §
Tor Cint x= &0 05 X< Srco> width ; xt+)

7 ong—> olst—> olata TyILX] = Wavj«)afxel(w»sm,x.g);
S

>

)
~Fr~ee (”"’j) 5 7 Den't olo thact Mfme it 'fm)z/ws Lnj worde~
return NUlL ;

J
4. Choice I WTlhreads
@ No more that what the Aapdware Suppvrls .
®  [Fewer threasls fo—rSmﬂ,tLu-Mam size , to awedl srerfpanl



NThiead =4 .

vord SmethParallel ( image t x sre,

extrol= |

{W—t*m' jlthmao!O(,,
it nlhreads) f . —
hread 15 B
int P-&!‘TA,{*@A: SPC—>/L(J5'}\:(/ N Thiveods +hread 2{ ' <
+1; thread 3(
int extras = Src - /w‘j%z 72 nThreads ; —> X

ot et = o
pthread _t % threads = malloc ( nThreads x msizeof (x threaols)) ;
/ spawn tasks to each threasl
for (Ot =05 i< nlThreads 5 jaed(

P (== extras) PHTMMOL- 5

thr_ aM % arg = mabloc ( sizeef (% arg));

Mg -> SPC = SIC aﬁ»a&t: olst ;

/ ()Leﬁu boundary for each threasl

arg—> start] = cwrt s

auj—»w‘(: s + P@Fﬂtmul;

Curt += peiThread ;

pthread . Credte (& threaols i1 , puse, SmoothThread . orq ) ;

)

§
j%f(hTf:O; U< NThreads ; 7++)E
Pthreael _ Join ( threadsLil. Ause)

)

§
Tree ( threads ) ;

o

né:
S

~0



] %GANKJZA‘HM

( embarrassingly parallel (Ep) . there are appareal ways
b frm completrly § tnalafm'djws.
use some Cjﬂchrum‘za‘tim . & Technipue w which
threads are frrced to vait bdf)r-e performing
ﬁf‘@dﬁc Wm :

. Sjn(‘/I\NMza‘t?m 1S /‘-EZOM\M when there 1S CiNtical sectiom exist
fe., & reJ%m 97? the Program tAt we must ensune ot msl e threasl’s
exeatthn arrow & nsiole vf oT any Given time .

. paralled pro blem can be

Ovhsrwise the program will fave olata races — situations in which
muliiple threads ane aecessing the Same olata , and the ﬂfu«‘f}‘c oroler Tn which
we aodlvance the eXecukion arews af each threool affects the results .

Two us&fwl Yﬁnc,hmrdzwte‘m Croucts . murtexes £ barrer

1. Mutex ( Lock)

(#) mutsal exclusion lock / muitex / lLock - Guard a critical sectiom.

¢ locked \
e Sples l wlocked ( initialized state ) 7%1\ * ?amm}}ma& ’70 oot
" lock a Piece af oata " = lock the mutex that d’wwl& thed ?few«ﬂfo(,aiﬁ\ .

" hold a locp m 4 F?zawf data” = é:ru:tamm‘ex wmm(im»dswao&ta_

&.—!ﬂmft to Lock/ acz’wwe

16 locked ?

CM/K’, it

ﬁv
unloc / release 1t



prhread . mutex_t  Lock ; bt main )
void nerThread ( voiol xVarg) l wit X=05
Int % arq = Vo ; pthreasl-t f the;
~for ( it I=0; [< co00,; T++) | ‘ PWM-WXJWH' (& lock, Nuze)
pohtend _ muctex _ lock (& lock) ; }TWM'”“”(&W’N‘W&WYM.M);
int tep = % : S inerThreed (%) ;
tmp ++ ; v PW—jm\n (thr Nuze)
¥Nj=~bmf" ‘ PW‘WtM‘d“D‘j(géook)j
 prhred - puttex_ wnlock (4 Lock) . printf (“Zd\n", XY;  // ons= /o000
I‘i‘bum NuLe 5 ) Netuin EXTT SUCCESS
; -

o owarmmce 1SSUL -
® waﬁm:g a mutex has a hen-triunl  sverheasd (a,sarewnj’

So Tt's net 5400( 'fw‘ a O\{jeb\\j x—eiu.en-t«\al code

cache cohurence )

® Hewvily contended mutex will ﬂtf]nifvcmf"j codle”
L (many threads are tiying to acfure Tt at once )
o lerevem,qu : okmje o Locking jranulm‘-ti‘j ( Aow lage of o plece of dila protectes
with a single loek ), by chovsing o mare suitable olata strwucture
&4, Q& hashtable with sne mutex per pucket . Threasls will enly m,«fﬁ
Sersalized if the access the souma bueket , which is ﬁw[ufmbj rosre .
or inchole a f,u.c-u‘.m in -muf's Zw&{fau which tehes a Tunction porriter
of " what 2o do to the value i it's Locked .
Trade - off . finer- prained locking leads o better scalability . bt nepuines



(2) Reader / Writer LoeRs . onky writing the guardod data needs exelusve

: s g
‘___, ( PW“”-j : aldow multiple threads to simutanensly Lock it .
( wn‘-trnﬁ : O ondy ome thread can lock it & may not olo s0 when any
othor threwl holds o reasl Lock .

Greal f’f Copnmon operadivmS  needs Lo owlﬂ recol the olata
/E"Xé?’m”\f le -
pthrensd - wlsek -t bucketZock .
pthread - mutex_+ Llocks [ yum_ oF. BUCKET] |
vord add (K & key, V & value) {

it bl = pash ( key) ;

prhrend. rwlock _ rddock ( & bucketZock ) :

v = Il % numBuckets;

pthread. muctex_ lock ( & Locks Lind]l);

buckets [inol T —> aslof (Ag»,vm) ;
prhiesd - puitex_ untock ( ¢ locksTind] ) ;

7 prhread - rwlock _ unlock ( & buckersock ) .
)
(2) Conditimal Variable . sugports sperstion of wait/3ismaly broudcast
L Aowe a thread 2 wait far a particudar eondlition to become true
Ae,fme Tt 'Pmce,ul .
waik ) tnt prhread_ corol_ wait ( Pthread_ cond -t ¥ restaet conol,
pthreasl mutex_t % Pestmet mutex );
blocks the threaol wirtil some other thredd oloes a VW/EW
@ Unt prhread- cond- Signal ( pthressl_cond t % cond ) ;
unblocks ONE threaol that is woiting

@ it pthread - conol - bromsdeast ( pthread- cond -+ * condl ) ;
unblocks ALl thread that & walting.



While the thread gtarls to wait snother threadl nw:;afu,f,xc *he
mutex  before the threas peajuines Mt

Syrrtox :

WoirkItem * d—eth’/e( Queue mﬂauu)f
P-bkrea.o( - mutox_ lock ( & Y Quene > Loed ) ;
while ( myQuene = i Bnpty(3 ) {
PWM- cond - wait (&mj&weue >ev, & Y Quene ~> lock ) .
b}
S
Werk Item * answer = %&w.o&[u&ﬂ—c();

Ptlw—ou(_ murtey - unloek (Qm‘j@w - lock ),
b

S
voiol aslolWork ( Quene ¥ myQuenc Worde Ttem % w) |

P—chrmpl—m'tex_wr//e( 3»\3/&»(.&41-9 lock ) ;
Mﬁ@w» enpuens (w) ;

pthread _ condl - w‘jmd ( & myQuene - o) ;
Pth/tea_o(~ mutex _ unlock (£ my Quese > loek ) ;

j
(@) Things that shoulsl be aworded

@ Dead lock . one or mere threads cannct evlvance atr au Law%.“_&dm

wodting for a lockel mudex whilth will never be unlocked

Example . Thread 0. e S
Lock (& lockA) | Lock (& Locke)
> Lok (& kB, "V lock (& LiekA)
untock ( 8 lockA) | wunloek (& locki) ;

unlock (& locks) | untbock (& LockA)



To owoid dlead Lock -
() adways oguive Locks In the same orler

(1) use pthread— mulex- Tylock | which does not block If puctex s
lock ., but insteasl retums o non- zero vabus .

(i) cannot lous\'j wait while we Aold o mutex it some AL ¢ hrenol

st auire that muitex to satisfy the condition we are husy
Wou‘—t?nj on .

@ Busy wait . exesuting a Lovr thot dses nothing wntil some condition

15 met .
g:x;'ﬁng;gylﬁ N
WorkItem jzé}Wm“/ﬂ( Quewe my Queue ) |

pthread - yuwitex _ loch ( & MY Rusue—> Lock Y,

while ( W'Quex,,m > [ngf?ﬁ 0O) :
!bijw@&d = ruteX _unlock ( § Y Buese = Lok ) |

7 do some-thi - "
SOML L. vﬁfi? tAat ‘éﬂ«é% Sone timge

ow;iz.rema(’ ~ Maltov _ |

/
“"*"pd‘f/ L & h‘#?ﬁ?&u}ixxj RN A
- A ) ’

9
.

e~

3

)

2. Barriers

bartreis~: @ construct which rezu)nes a cutain Wof threadd to reach it

szore Gy Ty P?"oce,aol.
Theeads that first arrive at the basbter will block Lt the repuired
MMMGT threadS peachss the boarrel .

Sigrfi oty wschd in Scientifre empuriay.



B Atomic Prmitives
Ls W—t«‘mw cannct Iaro,é,enuf tnto smaller ?MI‘S thoct condol be
Forfvwwol Io\lj o(iﬁmt Pprocess o wejma/n‘te,eo{ isolated |
[. [est-oandl- Set (TAS)

L. aumt,‘wuﬁ +ost ( read) the value in O-hwm-o—g beation and set i+ to | _

N ¢
~ it test- anol. sed (it ¥ pEry |

~

bnt X= ¥ptr; g test
*ptr=1 3 /7 et
retwmnm X

one concern ;. the Asrelware 13 generally ollowed to reorler memory operations
( read 4 wHte ) o /‘m?mve, F.a.?q?rnuu‘cz within " b«@m.ny wnm‘stenc:j mede] ",
JWM ;. test— owul - test — anol- st
T
test the lock With o nen— atomc «?M‘w. then only use TAS
When there's WHW/\‘) bthar we might achuelly asf uire the lock
Motivation : TAS I\Q,Zwr—es the Processor +o obtain ewclusive access Pc,mu‘ss)en
o thax olata » which 3 a bt ex[wns?we.

P
X mz;; £ :

T } . e I .
Typeoof yrt mutex-t ; |
vorol muttex— Lock ( muitex-t % lLoek ) | ‘

M
L
while ( % lock 1=0 )i //f%t

asm volatile (" powu se \n") i/ ask P to wart o bit ;V/\a a Sf% tral wmetructivn
1 i

S
Y o while ( test- and_ set (k) 1= 0); TJAS

i
|

|



R COM,PME—W—- sww\? ( CAS)
Ls more Jmml : original - valuo = % location
if ( Gﬂyﬂ‘m\l_m == £xreaebl_ vAJ,u,e,){ /Vdev])»wti

¥ location = rew- valus : S’Wﬁtf ,

f
retum orvginal - value |
CamTare_ and _ SW(LF ( lock, 0, 1), <= Test. and_ set ( lock ),

LooN
QX/MCXM«VM now—val

3. ZLowad-linked & Stere. conditivnel : Used to bujlol opeactions which

’ N behanes atemicalty
Ireasls avm‘ﬁvmam&mryﬁ writes to tAar watched memery
asks the Aardlwore o watch ondy if Tt has not be changed |
t/wzw aoldress O'M.erw/‘ui-efba.

;’7’5%«;»§<3 : build TAS speracti om

it 'tzm1> ; .
oo {
"-‘»M‘f = (loowl- lnked (ptr) ;

J while ( Store — conditiomed (ptr, 1) = Success ) ;

4. Atemic. Incremant

Ls octormi cably reaols a value T’nmmwwry L adds |, stores 7t back

@W m%m%‘um than a«clmfm‘nﬂ a lock | F&rf’"’“"ﬂ the
Intrement | and MJ&L&?A:’ the loek



B Lock Free Dota Structures
L> which are capable of operating correctly when mulnple threads occess
them S7mul‘t¢n-&’usb, but whiech oo not need (ocks o privide the eomestnus

. ﬁ@lﬂ en the use of atomic Pﬁm;-b?\»es ¢ g, =0AéF)

o Work best when thee are not many racing writes

o« possible problem .
© Some @Wm may ,~,,tzmﬁuﬁ ,\mf/mawl us,‘nﬂ Lock . ¢4 hew.
© delete ptr; may lead to othas’ use #f dangling poites,

aqunwj exnist other r\ac«‘nﬂ problems .

B Parallel ?rpc?mm,qnj Tlsoms .
¢+ Dota parallelism .
~ olifferent olata elements can be processes in an wufmyu,\;r?%h,m
- oneway . use vectsr nstructions ( which performs the same @Femfﬁm
on muttiple (pieces of olata 4t one time )
. PFFMJM. pouratlelism .
— dliviole owr program Mam‘%afWWMum‘uLm  an
assembly- Line - Like “fhshion
o Task poralle Lism .
~  task . on lnwolation f & function with a pasti cular brgumart
~  tasks spawn more tasks |, ans watt Fortheir chrld tasks’ reswlis
when thiy need them .
—  for olividle - and- anzpmﬂxj,\mw _



- ‘t/u‘rjsb conside~

(Loacl ba,Lanc?nﬁ . Make sure one threadly dloes net st Jdle wislo O'L‘/wm’sw'-é?
v
Warkstht‘ﬂ:j : AMM»WWAW nwsemftj Will Steal
MW*A@M@TWW’S 'Ca»s/e,ﬁu.wz‘

u Amdard's law
S+p
S’P-ewéotlp('f\/):’ s, P

vV

where S-—t/w‘él\m,aof the sennl portion P the tine (for the parableted Pertion
N- nmLcrwf threads .

> ke the Common caose;(whar/wﬂ»ms Wufﬂ.ﬂt«\m)w.






Chaptor 27 Advanced Topies in Inhoritance

| Ohjed' Zﬁﬂaui'
. (vaﬁ
8 Su,b_objed:m,l,e C for frelds & vrtuad merhod ) -

+he woy we (ﬂ‘-j out a chilol elass must contan a wlue sk subclass
of T8 _"Dmerﬂ class .
{—fielo(s i P]a(,UL n the Memory o a,fura«na-bh,a«_
. In the Same Position relarive to the Start of the obfect

nen - virtual "\FW/LO( . inrelowant to the object logprat .

virtual field . Store a single pointec to ytable ( virtual ﬁwctf‘m table )

o Vitable : a table wf fw,c—t.‘m pointers ( one Pm‘nier per Vitual ﬁmt;‘m)
AU objec)t "f the Same djruwu‘c Type will howe their Viable F"fms purnt
at the Sme Same Vrtnble.

Vitual olestructer & also M!Mtl:lj W Vtable ano(-&ﬁzsmeyraj
will be Mfwtﬁzdzsmmfmmwm.

E/)(Wﬂ?'{ 1. mAentance .

A X X
Y Y 1
d A
b
class A | class B: public A
it X dowble d ; class C: public B
it Yi tnt 3 ; Ln;tZ;

N
\~v

j



£91awl;)z 2 .

X

Y

<@ —+H

class X |
mt X
nt J;
virtwad veiol 1) ;
Virtual wr‘olj/t) ;

3

55

R . A . !
W'*’h‘"'wm E X al); L X b();

>
<vtwble>\ L < vtable
A BRI R ENTR B N
.4 y
d i LA L |
d I ol
class T public X [
dowble d ;
mnmt %

vitual void T(); [ owertsad
virtuad vord M) ; // hewr ene

o Stetic v.S. W\C MJW )

I

Static disperch
an instuetion that calls
A taiger whith s frswn
at cm?;te tme

Mg—rm—m) c obﬁzu-oh

Peading memory to get the veable pointec

. a_éoa,a(‘f‘ram\rtﬂ.«é&‘tog,dtﬁ,e amlw\mr«x)bteh

an mstetion which actowl/«j calls the fmuh‘wn
wa thed pointer

Ovenald . The perfrrmance &JS't('fDr'C/l&m Aowe I\eéash‘wid gmall W?f('wa.
Bur . © o(@mw;c oC«‘Sfa't&/l prevents the @O’"T);Lu"fl\’m

Zna&‘n‘@ call ( an Sptimizection thatehe compiles direcrly
Puit short funcrion Insteucrions n the caller’s Funcrion)

@ the processor may Aave olifficulry presliching the targer
aft/uﬁmm‘m call in oolvance



B Multiple Tnhertance
L. a class that rherits ﬁmmmﬁmm?mdaws
ol may “treated Fol/jm,orpﬁdc_auj a8 oy u»f 3 parerts
Sﬂﬂ‘&x :
class Jma\:}eBwbtm Pubbc Button | Pubbc I.mdd)rsylaj
v

} ‘ ; primary ?m‘t
Note - l:nll,eﬁ‘t?n.ﬂ Trom the some elass twice & iw.da,al. ‘
Fossible conf&‘c-t : twd parents Ao The 5ame name ~for o field [ methool
Inbus case | use fully 7muf‘zpl,wnme to elminate

g’“““’w Otherwise., use vitual inkentance cnstead jf
opplicuble .

X Constructvon [/ Destruction
X E\A&:j paren:b's cdass ‘s constructsr (s called in the orlen Aot

the lnheritance & oleclared . Not the one in the itializer Ust.
Then other il for construction / destmction are sind (- T sople Inbesstanc,

3. L ¥
aou prHmary vinble

[Z'C&“:ue 2 [<VEHleS ] —
J

X et L.mﬁ .H_,‘E [ o 1

class A § ”"§ Y‘fuf|§> | h
ek . \
= |

virtual vetol £(); ko e ]

Y,

S
Ty 9 class C : public A, public B |
class B § bt g
Dq-t-d ; Virtual veial /l,( ) ;
virtual verd 30); }



g Cowesion Trom primary visble o non- F””“"{‘j quqwr ‘s vto.,ble
@ when we call & method njwntul -r-rm & Aol — }:rmwj Fa,ren't
@ olurry ens eonstruction / olestruction when that of A non-primany

?murt 5 wnvoked .

T. Overridien fw-ct«‘m Vid & pon- Tr-rm-axy parent.

void someFunc (B x aB)

void anctherfunc ( Cx aC )
SWFMC(O(C);

SVl ——T T AT |

LS ‘ T l _
;lci Ao ,; j,“ww,;whw‘”‘r ——————— 1:
> <vwm> 1 h 1/ oda gy |
| 8 4 ‘ ] P |
class ¢+ public A, public B¢
nt 3
MU\C :

virtual voiol ALy { ...}

virtual void §() { # Dvem"o(aﬁwﬁ\,me
AQ);

\ &t

5

I

The Compilor- arranges for the non-primary vtable to point at & fowr instructimg
which precede the coole of 90). and aog‘ust “this appropiutelyy , such that
the actual calledl g0 s the same as uwfﬁmyma,



m Virtual Mulriple Inheritance
virtual nheritonce . Inkemt fram a FAI‘&\I elass in such a way +hat
UV\J:] one Su}p-obje&t sf that Pahcrd' clags &17/)@@,/‘5 Y
any ﬁd:ufe oleScenolants

Gul Cam?on,w\i @UIC"W | Gul Component
0 i T -~ N
Button " eDrkplaj Button ImageDispl
R ”“ﬁ N "‘"j 3
lm.aﬁe Buﬁm IWV"' eran
class GuUT Cam—f;orum:l' { Sid ?
protected .
nt X bt Y int wiolth ; ?MA&WQ;
wah‘c :
virtual voiol draw () ;
Y5 |
class Button public @“I&mfom:t {  class Buttvn : walrc virtua) GUZCavnfow\x {
S'F(*-l\nﬂ toxt ; S‘Cﬁnj text ;
i | ¥ |
class _Iwg,a'D:‘&Flaﬁ: public GulcamToM{  class InageDisploy : public virtual GuIcm?anwi
protected - | protected -
lmage * 1‘maﬂe; Amage x L‘ma#c;
}; 3 f ]

;isaat;wwiﬁ
[Butten ]
Y
Wldd’h
hogt

;,,imf%j?, )

[ :[»md.e’l)ﬁsrlo\g]




o Construction / Deswe;h‘m
s P > cAasses’ constructofs ake invok.ed fm,
. virtuadly indwerithed

L@]Qm\e non- vTr-t«.a/Uﬂ inhorrted mes

2. Dyowr the /u@rem:/@ DAG .
3 De/f-vh—iﬁﬂl’— searth Sta»tfrﬂ —fr\mtlw /wwl/j erenteol cass | pecord

the Fvst— or o2~ rumber &7? eoch class

W Mixins
s wrte a sub-class which can extendes From a vameny of Super dasses
So that the Common functimality defned o thar slb-class is at the bottom
of Mheritance Aierarchy.

Z,—‘ ,&u{{w
templale < typename Paredt >
cdass FM%BMWCDW . public Parent §

FMJDL{\C H
V'\Pml vord DM( )l(

P"L’\Qn‘t:: Q{J\M()J
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