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Lecture 1 - January 7

Syllabus
Introduction to the Course

Solving Problems via Data Structures



/M
Course Learning Outcomes (CLOs) 471 1 W

74Y-

CLo1 | Instantiate a range of standard abstract data types (ADT)|as data structures.

CLO2 | Implement these data structures and associated operations and check that they

atisfy the properties of the ADT. s JUnrt 7?«7 C 1/7/6'7“” )

CLO3| Apply best practice software engineering principles in the design of new data
structures. L Ake 07(’(,‘(5704 g fulo aremar/sf Vf

CLO4 | Demonstrate the ability to reason about data structures‘using contracts, asser-
tions, and invariants. gow//p[/;w( () 8//;”&9/

CLO5| Analyse the asymptotic run times of standard operations for a broad range of
common data structures.

CLOG6 | Select the most appropriate data structures for novel applications.




S)ov{/‘/lq

/. Tﬂfl»\:fb/l Jvt > wpngOI
2. Yot Lt /8

7 Wf e Jot ywv!”el

| HP&]? J\o{ﬁ
L) Lo bt d Lot el




N

Tek

~ Jotton- sfpméc

Loy
_ -person

~ 26144; ( 71- peer) ”"%H/
~ an\I{,-F/e Miic® fé. (o o /m@%ﬂ LonfF 015

Yoaﬂam wil, St

d

—
4_[.9.# 7]

g
&a

gi‘ks’(f’ﬂé”l

_ wedt|

q

/. Bﬁ'm@ \/1403(% ”F ""’(’fh"oé
T meeat 4o b Mlongb®
L dhube  experd:

(1) ﬂ/o/’_( to wmale 000

tomk %/lg R Stavter
TPs¥.



HARD WO
PERSISTENICE
LATE NIGHTS
REJECTIONS
SACRIFICES
DISCIPLINE
CRITICISM
DOUBTS
FAILURE
RISKS
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Lecture 2 - January 9

Introduction to the Course
Recursion: Part 1

Solving Problems via Data Structures
References to Recursion Basics
More Advanced Recursion: splitArray



Announcements/Reminders

e Assignment 1 released
e Office Hours: 3pm to 4pm, Mon/Tue/Wed/Thu
¢ Trial attendance check via iClicker today!



A Searching Problem

ResidentRecord find(intQ%?).{
for(int i = 0; i < database.length; i ++) {
if (database[i] .sin == sin) {

—~ return database[i];
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Program Optimization Problem

across 1 |. (18
‘,.ys -n“a;,,w

optimized

@/(AN/U”?

Bi 0= s 2 = ;oa =
temp :=]2 * b * a

across 1 |..

loop
read d

a := a *ltema * d

end

| nds a

pretty-printed

l;;s:q porj’ 1 a0

el it reat]
/ N “ ﬂf’ r/' / ="\ \

LOOP

ANRAR AT - A A A A A s

VAR EXP VAH EXP VAR EXP RANGE ~ COUNTER PROGRAM transformed VAR EXP VAR EXP VAR EXP VAR EXP RANGE ~ COUNTER PROGRAM
t /‘ \ I / \ LA S T S S B / ‘\ X /‘ ‘\
b c a b c a temp 2*b*c
VAR VAR VAR READ = VAR VAR VAR READ 5=
A N A tor b AN
VAR VAR EXP VAR VAR EXP
1 L ‘ nl ) 8

d a a*2*b*c*d d a a*temp*d



Program Translation Problem

class Traveller {
attributes
name: string
reglist: set (Hotel .

class Account {
attributes
owner: Traveller .
balance: int

account
registered) [*]

class Hotel {
attributes
name: string
registered: set (Traveller . reglist) [*]
methods
register {
t? : extent (Traveller
& t? /: registered
==>
registered := registered \/ {t?}
| t?.reglist := t?.reglist \/ {this}
}
}

parsed

Abstract Syntax Tree of

translated

I

ye/arﬁﬂl

oéjrfw f X

CREATE TABLE ‘Account®(
‘oid" INTEGER AUTO_INC
PRIMARY KEY (‘oid‘));

CREATE TABLE ‘Traveller‘(
‘oid" INTEGER AUTO_INCREMENT, ‘name‘' CHAR(30),
PRIMARY KEY (‘oid‘));

CREATE TABLE ‘Hotel'(

‘oid' INTEGER AUTO_INCREMENT, ‘name‘ CHAR(30),
PRIMARY KEY (‘oid‘));

CREATE TABLE ‘Account_owner_Traveller_account*(
‘oid' INTEGER AUTO_INC , ‘owner‘ I
PRIMARY KEY (‘oid‘));

CREATE TABLE ‘Traveller_reglist_Hotel_registered"(
‘oid" INTEGER AUTO_INCREMENT, ‘reglist‘' INTEGER,
PRIMARY KEY (‘oid‘));

, ‘balance® I ’

‘account ' INTEGER,

‘registered' INTEGER,

pretty-printed

Abstract Syntax Tree of

Source Object-Oriented Program

transformed

Target Relational DB Queries
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% Solve it directly:

%ﬂgk Combine solutions to smaller problems:
fal
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m (j);/+ recursive call with strictly smaller value #*/
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Recursion on an Afray: Passing Same Array Reference " 7

void m(int[] [a] [int FHo int &M { -

A Xif (from > to) { / basellcase @} Wﬁ 7‘40
Xelse if (from ==_to) ({ /*/base case */ } VAL a/ ﬁ/ﬁ,a%‘{
els%m a,f|from + 1|, to) } } - ’él/ % /éb,édf
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Problem on Recursion https://codingbat.com/prob/p185204

Given an array of ints, is it possible to divide the ints into two groups, so that the sums of
the two groups are the same. Every int must be in one group or the other. Write a
recursive helper method that takes whatever arguments you like, and make the initial call
to your recursive helper from splitArray(). (No loops needed.)

s‘y}rfévmd(tz ;$,31) > tmP.
splitArray — true

[splitArra — false
splitArray([5, 2, 3]) — true

w
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Lecture 3 - January 14

Recursion: Part 1

splitArray: Implementation and Tracing



Announcements/Reminders

e Assignment 1 released
e Office Hours: 3pm to 4pm, Mon/Tue/Wed/Thu
e Contact Information of TAs on common eClass site



Problem on|Recursion| https://codingbat.com/prob/p185204

recursive helper method that takes whatever arguments you like, and make the initial call
to your recursive helper fromy splitArray(). (No loops needed.)

qk&md(tzs-‘*'ﬁ]) -

splitArray — true
[splitArra — false
splitArray([5, 2, 3]) — true
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splitArray: Java Implementation” WM

boolean splitArray(int[] ns) {
return splitArrayHelper(ns, C’

if(i == ns.length) { v v
return sumOfGroupl == sumOFGroupZ,
}
else {
return
splitArrayHelper(ns, i + 1, sumOfGroupl + ns[i], sumOfGroup2)
[

. | Y
splitArrayHelper(ns, i + 1, sumOfGroupl, sumOfGroup2 + ns[1])i ﬁ’ﬂ“ﬁm

SOH (8,1 43I+ nsL.,J,sﬂz) N @3, Tl 43] R enP
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@Test

S_pli'l'Al"l”dY! Tf’dCing_(l) public void testSplitArray_01(0) {

public boolean splitArray(int[] ns) { int[] input = {2, 2};
return splitArrayHelper(ns, 0, 0, 0);
}

}
private boolean splitArrayHelper(int[] ns, int i, int sumOfGroupl, int sumOfGroup2) {
if(1) == ns.length) {
return sumOfGroupl == sumOfGroup2;
}
else {
return 4
itArrayHelper(ns, i + 1, sumOfGroupl + ns[i], sumOfGroup2)

splitArrayHelper(ns, i + 1, sumOfGroupl, sumOfGroup2 + ns[i]);

(«IS,O 0,0)(B) laz

S
@C‘D gl 4l éN
s@ﬁ(ﬂ‘m SAH (ns T, 0, 2D

RecursiveMethods rm = new RecursiveMethods();

assertEquals(true, rm.splitArray(input));
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" o 3 @Test
splltArrd'Y. TI"GClng_(g) public void testSplitArray_04(0) {
RecursiveMethods rm = new RecursiveMethods();
public boolean splitArray(int[] ns) { int[] input = {5, 2, 2};
) return splitArrayHelper(ns, 0, @, @); assertEquals(false, rm.splitArray(input));

private boolean splitArrayHelper(int[] ns, int i, int sumOfGroupl, int sumOfGroup2) {

if(i == ns.length) { g Q7P
return sumOfGroupl == sumOfGroup?2; 2'_(
}

else { ()) 7;4‘("_0 (mf&;'f ﬁ??)

return

splitArrayHelper(ns, i + 1, sumOfGroupl + ns[i], sumOfGroup2) /
x @ Tace ( !47;76’«)

splitArrayHelper(ns, i + 1, sumOfGroupl, sumOfGroup2 + ns[i]);



. . @Test
S_pllfAl"r‘ay: Tr‘aCIng_(Q)_ public void testSplitArray_13Q) {

RecursiveMethods rm = new RecursiveMethods();

int[] input = {1, 2, 3, 10, 10, 1, 1},
assertEquals(true, rm.splitArray(input));

public boolean splitArray(int[] ns) {
return splitArrayHelper(ns, 0, 0, @);

3

private boolean splitArrayHelper(int[] ns, int i, int sumOfGroupl, int sumOfGroup2) {
if(i == ns.length) {
return sumOfGroupl == sumOfGroup2;
}

else {

boolean possibilityl = splitArrayHelper(ns, i + 1, sumOfGroupl + ns[i], sumOfGroup2);
boolean possibility2 = splitArrayHelper(ns, i + 1, sumOfGroupl, sumOfGroup2 + ns[i]);
return possibilityl || possibility?2;
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Lecture 4 - January 16

Limitations of Experiments
Primitive Operations (POs)
Counting POs: findMax



Announcements/Reminders

e Assignment 1 released

e Office Hours: 3pm to 4pm, Mon/Tue/Wed/Thu

e Contact Information of TAs on common eClass site

e splitArrayHarder: an extended version coming soon
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Example Experiment

Computational Problem:
o Input: A character ¢ and an integer n

o Qutput: A string consisting of n repetitions of character ¢
e.g., Given input Y+’ and 15, OUIPUL * % % % % % % % % x % % * * .

Algorithm 1 using String Concatenations:

public static String repeatl(char ¢, int n) { = /M
wéy = answly
String answer = ""; /ms a "/ 1" C
for (int i = 0; 1 < n; 1 ++ answer += c; (Va
( i 1 1 i % }ﬂﬂﬁ"’&'k

return answer; }

Algorithm 2 using StringBuilder append’s: c

public static String repeat’Z(char c, int n) { /17////(.
StringBuilder sb = new StringBuilder(); Lnsw &/

for (int i = 0; 1 < n; 1 ++) { sb.append(c); }

return sb.tostringl(); |
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Example 1: Counting Numbef of Primitive Operations

int findMax (int a, 1
currentMax iG]z 2 74 L
for (int 1‘ L m)%{g

if (a[1i])(>) currentMax)
currentMax(=)al[i); }

currentMax; } l

= & \b/# of times i < n in'Line 3 is executed?

A tames (N[ daes ten @) 5 1 zap (m@)
Q. # of times loop body (Lines 4 to 6) is executed?

N-| Ames ({/l - L



Lecture 5 - January 21

From Absolute RT to Relative RT
Approximating RT Functions
Asymptotic Upper Bound (Big-0): Def.



Announcements/Reminders

e Assignment 1 released

e splitArrayHarder: an extended version released
e Office Hours: 3pm to 4pm, Mon/Tue/Wed/Thu

e Contact Information of TAs on common eClass site




Example 2: Counting Number of Primitive Operations

( Lrarre)

boolean foundEmptyString = false;
int i = 0;
while (! foundEmptyString && 1 < names.length) {
if (names([i].length() = 0) {
/* set flag for early exit */
foundEmptyString = true;

}
i=43d+ 1;

}

©CoNoOOCOA~AWODN =

Q. # of times Line 3 is executed?

Q. # of times loop body (Lines 4 to 8) is executed?
Q. # of POs in the loop body (Lines 4 to 8)?



Comparing_Algorithms: From Absolute RT to Relative RT
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RT Functions: Rates of Growth (w.r.t. Input Sizes)

10° 10 102 10® 10* 100 10° 107 10% 10° 10'° 10'! 10'2 10!3 10! 1015




Comparing Relative, Asymptotic RTs of Algorithms

Q1. Compare: L
> N

RT1(n) =X§@+ In+ 18 ~
RTz2(n) = 1802 + 3n~ 100 = /-

L egun”g edfrcrent, ﬂéjqfoﬁmly

Q2: Compare: 3
RTi(n) =@+ Zr+ 18 X 4 >
(RT2(n) = 19002+ 100+ 2000 ~ It
L Rle woe effuert (faimg fss tane)

é‘%f«rﬁrf?m)[g/,
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Asymptotic Upper Bound: Big-O

f(n)eO(g(n)) if there are:
o Areal constan JM )
o An integer constant ng> 1 J

such that:

Choose ¢ = ot #pe
What about n0?

Running Time




If f(n) is a polynomial of degree d, i.e.,

f(ny=ap-n"’+ay-n" +---+ag-n®

and ag, a1, ..., aq are integers (i.e., negative, zero, or positive), p
@ 7‘54) <l T

then f(n) is O.’7 4
r>()

Upper-bound effect: ny = 1? [F(1) < (|ao| + |as| + -+ +]|aq]) - 19]

Upper-bound effect holds? [f(n) < (|ao| + |a1| + - +|aq]) - N°]



Lecture 6 - January 23

Big-0O: Pred. Def., Properties, Examples
Correct vs. Accurate Asymptotic U.B.
Deriving U.B. from Code: Basic Examples



Announcements/Reminders

e Assignment 1 due next Monday

e splitArrayHarder: an extended version released
e Office Hours: 3pm to 4pm, Mon/Tue/Wed/Thu

e Contact Information of TAs on common eClass site




Asymptotic Upper Bound: Example > = ol + 0(/(@)




Asymptotic Upper Bound (Big-0): Alternative Formulation

Known:

f(n) € O(g(n)) if there are:

o A real constantfc >
o An integer constant|ny > 1

such that:

Q
£
=
o0
g
=1
5
&

f(n)<c-g(n) fornxngy

|
I
Jo Input Size

Q. Formulate the definition of “f(n) is order of O(g(n))”
using logical operator(s): -, A, v, =, V, 3

'f(n)é- 0(3(,,,)) <;> 3(‘, V0o o@/\ @l A(\%’l‘ﬂbdv"')—ﬁ/\s.ilfj@



oL e Fo) s of o))

and ag, ay, . .., gd are integers (i.e., negative, zero, or positive),

then f(n) is O("7 4 &) 71&4) </ V(q/

>
ml— (< )
) g(l)

'7,‘(') bo (1)+ ﬁl - 4l i

@ s

[f(n) g{((|{ao| +la) +---+ag]) - n? (M>1)
.-_(_40(.@5 4 7

e ol A E (el fa) ¢ <l )

** If f(n) is a polynomial of degree d,ie.,
f(%f) ao - YQ + ay \Q + +ad1d
4
Aoél&} Q) fé‘l) < (¥




Exercise: Prove f(n) = 5n* - 3n3 + 2n2 - 4n + 1 is(

(2 /Fwde J (709
thot Q= [ST+[C-2l+ 2]+ [(-2)]+l]) =177

’\)&rf / fl - @‘




Big-O Properties (1): Members in a Family

Each member f(n) in O( g(n) ) is such that:
Higest Power of f(n) <= Highest Power of g(n)

1044 } |
1040 — 1 1 | /
1036

1032 T
10% ' -
/ a4

a0 / P

1020

10]5 - / | T s | E :EE
10'2 —5

108 = i

104 -
%)

0_ éA!A*
10 1 11 — Tttt

n

10° 10" 102 10® 10* 10° 10° 107 10% 10° 10' 10'! 10'2 10'3 10'4 1015

—ae— Exponential

—o— Cubic

—#— Quadratic
N-Log-N

Logarithmic

mC;{nst'am

)

.

T



Big-O Pro i
perties (2): Relating Families
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Big-O Properties (3): Deciding Correct & Accurate Bound

e.g. —Iz(ﬂ) :"In-2
L0 = |- 3n +6

'MN-2 15 o 0,[‘ oin)
(e> |0
0(A>)
0C7)
Al porect

-pz ) 1

Ji o 0c) »@ﬂ
o e O
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Asymptotic Upper Bounds: Example (1)

Given f(n) =(5h2 + 3h - log n + @n +@
(1) What is f(n)s most accurate asymptotic upper bound.
(2) Prove your claim.

D@

(D (@@

2) dmge c:l§)+(%l+l2\fl§~|=@
fia :@ Jél)é /S - li,




Asymptotic Upper Bounds: Example (2) ( Lrece)

Given f(n) = 20n3 + 10n - log n + 5:
(1) What is f(n)s most accurate asymptotic upper bound.
(2) Prove your claim.




Asymptotic Upper Bounds: Example (3)

Given f(n) =@- log n +@
(1) What is f(n)s most accurate asymptotic upper bound.
(2) Prove your claim.

(1) O(Ed@
? thoo (=2l 4 |2[ ¢ =Q =
ﬂo —@/——7" ’Yéfgj f(l)@g' Zwy)

What J floz? \, i
L icz)@ ¢ lﬁaz L




Asymptotic Upper Bounds: Example (4)  ( Lracse)

Given f(n) = on+2 ;
(1) What is f(n)s most accurate asymptotic upper bound.
(2) Prove your claim.




Asymptotic Upper Bounds: Example (5)  ( Lxacwe)

Given f(n) = 2n + 100 - log n:
(1) What is f(n)s most accurate asymptotic upper bound.
(2) Prove your claim.




Lecture 7 - January 28

Arrays and Linked Lists

Deriving Upper Bounds from Code
Inserting into an Array
Sorting Orders



Announcements/Reminders

e Assignment 1 solution released

e splitArrayHarder: an extended version released
e Office Hours: 3pm to 4pm, Mon/Tue/Wed/Thu

e Contact Information of TAs on common eClass site




appk.
Determining the|Asymptotic Upper Bound)(1)

o . ﬁown?#@

int maxOf (int x, int y) {
int ma§<;)x; (/

1f Ly x) {/
max i/

)

return max; /

}

O(1+1+1+1)=0(4 1)

NOOohr~rWN —

Ly ¢y Lgq b
i yud O(Ylo)
0L



Determining_the Asymptotic Upper Bound (2)

int findMax (int[] a, int n) {
currentMax @@, / N Aedfins
[for (int i = 1; i < n; ) {

L (al[i] > currentMax) | {
currentMax = al[i]; } 1
L (H4) )

return currentMax; }J

NoOoOoarh~hWwWN —




(4, L]

L 4 ﬂ(
> b-4 +] %cwd/wl

lo, o] > (A-)-0+] =Q
(3, 44] 62 “

445 Maﬂ




Determining_the Asymptotic Upper Bound (3.1)

boolean containsDuplicate (int[]

for (int ()= 0; i < n; ) {
for (int(j)= 0; 7 <
if (1 '= 7 && alil

return true; }
ST
i ++; }) OCI)

return false; }

T3 "
o7 12 -] @t
1 o 1\ 2 -1 A s
29 Wz - nN-| @ it
-l o | 27 «- Y1 —| }’l(*-[:g

Wottens of Leap lowters

2
(1 +2
W, #  ubol *
{"m%?x (z,7) & whies
Lombir CEnS
= O( )’\Z-l' N+ (
=01



Determining the Asymptotic Upper Bound (3.2)

boolean contalnsDupllcate
for (int i = ;1<)(
for (int j = 0; j < n;
if (i !'= j && al[i] == alj])

return true; }
g w3
g Fh ]
return false; }

oONOOOTPA~WN =

boolean containsDuplicate (int|
for (int i = 0 ,1<’6‘4{

for (int j = 0 ;J<§(//'ﬂ

if 17 1= § &8 ali] = aljl) {

return true; }
Jj ++i )
1 S ]
return false; }

ONOOOTA~,WN —




ONOOOTPA~WN =

boolean containsDuplicate (int
for (inti=O;i<@){

for (int j = 0; j <

£E (Z

'= 7 && ali]

return true; }

J ot
4 Heu ]

}

return false; }

0o; M {
== a[j])




Determining_the Asymptotic Upper Bound (4)

int sumMaxAndCrossProducts (int[] a, int n) {
int max = a[0] 1
'for (int 1 =Cj 1 <\y L PR

if (ali] > max) { Mmax = al[il;

}

| int sum = max; | Na

[E0F (ANt 7 = U; J QY J TF) 1

for (int k = -k<@k++){
sum += al[j] * alkl; } }

i R

QOWoONOOCOPA,WN —

=&

=0( n*ene3) O



Determining_the Asymptotic Upper Bound (5)

int triangularSum (int[] a, int n) {
int sum = 0;
for (int 1 = 0;(@)< n; i ++) {

for (int j =@; @n; 9 FEY 1

[sum += al 71; }

|return sum; }|) k’juec%wdf CT’J)

A ((’J) n+ (n-r)+(n—z)+ - % |

{

L)
¥ 0 o172 7= (oin

[0} J - = s "J——)A
gf.u 1 .2 - a-[[1,n-] - O(H 3 é£>
A 2 - -] [Z,n1]>a@ a #((.,J

5 ~ S -
t

ol fasg - YY) < Oay



Asymptotic Upper Bound: Arithmetic Sequence/Progression
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oliptt peenten . 0C1) e
Tnserting linto an-Array | || ¢4

1 String[] result = new String[n + 1]1;
for (int 0; j<=4i - 1; j ++){ result]j]

' result[i] e; (TRl ¢
S for(int j =i + 1; j <= n; j ++){ result[j] = alj-11; }

1 [return result;| [t+l, n3 > N-(tH)+] ..) Byt

OCL4nl+ 7 +6-D(4
= OC"I)

insertAt({alan, mark, tom},(3)[jim}(©) insertAt({alan, mark, fom}, 3, jim, 1)

Example: 7 Example:

0 1 2
a\)l%%\faﬂ a&ﬂlﬂlb’l ik | Yom
result @%) }é) 3 L 2 3

It 2
\Jlg,v\ 2o | wolk | o i maic | fom

Exercise: insertAt({alan, mark, tom}, 3, jim, 3)L/7 oSt (hcﬂxV Tt 74/ éo/>




Lecture 8 - January 30
Arrays and Linked Lists

Exercise: Relating Sorting Orders
Selection vs. Insertion Sorts



Announcements/Reminders

e Assignment 1 solution released

e splitArrayHarder: an extended version released
® | ecture notes template available

e Office Hours: 3pm to 4pm, Mon/Tue/Wed/Thu

e Contact Information of TAs on common eClass site




Sorting Orders of Arrays decreasing/descending || increasing/ascending
J T ali] (value)/I\ \jﬁ_’] a[i] (value)
</ dE+1]
]

0 i a.length - 1
/j eel | lee] |
A
Ylon 0(€§[eno(m
6/ /lﬂf“

2 ( o(a;ra«d%) fl

2( Alc] > ali+1])

(n

[

A @a Ce+1]

RG]

\

> i (index) < i (in,dex)

3 4

z]||

ele]

4
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Exercise: Relating Sets of Sorted Arrays

Q. Consider the following two sets:

e (Si: all arrays sorted in a non-de‘sfending order
° (5.:2?: all arrays sorted in an(ascending ordef.
Formulate the relation between these two sets.

QZ C Sl Sldp;t‘ﬁbff




O(n-1 +@cn-pe--<@\)= 0l 1>
Selection Sort ] J;@ a=r o M) 068>

Keep selecting minimum from the unsorted portion
and appending it to the end of sorted portion.
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Insertion Sort
‘*‘7’5 " 4s~fm(
Keep |getting| 1st element from the unsorted portion | g1/,
and inserting it to the sorted portion. L 9(n§

(o2 Jor_gt

7 E

By

sty | et |see L ol gutin | " st
/| aq] 7! | z

2 |4t 2 Z
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Selection Sort: Deriving Asymptotic Upper Bound

for (int(i )= 0; i <= (n - 2); 1

int minIndex = i; | d

for (ind{ )= i: 7§ <= (nql);

++)

g i)

[if (a[JT] < a[minIndex]) { minIndex = 5; ]

‘lint temp = alil;

.lali]l] = alminIndex];

alminIndex] = temp;

S
0 1 ¢ -- n-{I"
1 Z‘ o Vl.—/ ﬂ’(
2 -~ A~ N7

0(@-0 1 +[0% @D+ @+t

"zy)

A9



Insertion Sort: Deriving Asymptotic Upper Bound

void insertionSort(int[] a, int n) (g’f@ﬁ?@)

for (int i = 1; i < n; 1 ++)
int current = alil;
int j = i;

while (7 > 0 && a[j — 1] > current)
alj] = alj - 11;
g ==

aljl] = current;

oNOOOTR~rWN —




Selection Sort in Java

oONO O WN =

void selectionSort(int[] a, int n)
for (int i = 0; i <= (n - 2); 1 ++)
int minIndex = 1i;
for (int j = i; j <= (n - 1); j ++)

if (al[j] < alminIndex])

int temp = alil;
alil] = alminIndex];
alminIndex] = temp;

{ minIndex = 7;

}

a O
N3 T a2

Outer Loop:
At the end of each iteration

Inner Loop: select the next min from ali] to a[n - 1]

and put it to the end of the sorted region.

of the for-loop,
a is sorted from a[0] to alil.

inner loop: j from ? to ?

midIndex at L6

after L6 - L8, a becomes?

a 0 1 2 3
N T Jal 2
a 0 1 2 3

\.ﬁl




Insertion Sort in Java

1 Pvoid insertionSort(int[] a, int n)

2 for (intQEEENNE i < n; i ++) a 0 1 2 3
3 int current = al[i];

4 int j = i; \-ﬁl % l i 2
B while (7 > 0 && al[j - 1] > current)

6 dlg] = a[3 — 117

Z T, Outer Loop:

8 aljl = current; At the end of each iteration

of the for-loop,

Inner Loop: find out where to insert current into
a is sorted from a[0] to a[il].

a[0] to a[i] s.t. that part of a becomes sorted.

i | current after L3 j at L8 after L8, a becomes?

a 0 1 2 3
NAT Tal 2
a\_ﬁl 0 1 2 3
a 0 1 2 3

\jl




Lecture 9 - February 4
Arrays and Linked Lists

Q: Mixing Insertion & Selection Sorts
SLL: Visual Introduction & Operations
SLL in Java: Node vs. SinglyLinkedList



Announcements/Reminders

e Assignment 2 (on SLL) to be released soon

e Assignment 1 solution released

o splitArrayHarder: an extended version released
® L ecture notes template available

e Office Hours: 3pm to 4pm, Mon/Tue/Wed/Thu

e Contact Information of TAs on common eClass site




* Tecomdetan: Ve, 7 0¢T< % A z~\1<’4‘> PRl € PPUR
Exercise: MIXInq the "Best” from both Sor ?

We o Yo / <2,/ 7,3, 4,0>
Recall: [2] T T Z \(IW ()
e In insertion sort, costs of insertions are increasing.
1 H H \\ </7? 75 3_L/L.
e In selection sort, costs of selections are decreasing. ‘C
O ldea: @/afrs/s( 3
A/ 1dea:
g, |e Perform insertion sort until half of the input is sorted. <2, W
® Perform selection sort to finish sorting the remaining half. <?s'0 |5 ,7:3>

(0) Q: Will this “new” algorithm perform better than O(n2)? (B) Jvaf/

TR e
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Singly-Linked Lists (SLL): Visual Introduction

V: Tet v
ﬂ.obd’ == ‘%’é«ﬂ"

<ﬂ. next /= ndlf
. nxt. plofs == Mok ¥

‘ et viect next. oot

- A chain of connected nodes (via aliasing)
- Each node contains: w\\ﬁﬁg A
+ reference to a data object J

+ reference fo the next node /¢ "’f({
- Head vs. Tail (o4 22t
- Accessing a position in a linear collection:
+ Array uses absolute indexing: O(1)
+ SLL uses relative positioning: O(n)

- The chain may 2row or shrink dynamically.

M /) d ///!;v" ,
[ \ [ |
‘\L\A\f-‘"\' " H(:v\c" *r;f/\“
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A SLL Grows or Shrinks Dynamically
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Implementing SLL in Java: SinglyLinkedList vs. Node

public class|SinglyLinkedList| {
private.Nbde Qggg = null;
publig’void setHead (Node n) { head = n; }
publi¥c int getSize() { ... }
public Node getTail() { ... }
pub;.ic void addFirst (String e) {
public Node getNodeAt (int i) { ... }
pubilic void addAt (int i, String e) {
publ&c void removeLast () { ... }

public cle

privatg ring ,element;
private M z'/ext;
public Node(String e,
public String getElement ()
public void setElement (String e)
public Node getNext () { return next; }
public void setNext (Node n) { next = n; }

ot

Node@ { element =

{ return element;

}

{ element = e;

Runtime

vi - w

® oo

s

e; next =@} g
}



Lecture 10 - February 6
Arrays and Linked Lists
SLL: List Constructions

SLL: getSize and getTail
Trading Space for Time: tail and size



Announcements/Reminders

e Assignment 2 (on SLL) released
+ Required studies: Generics in Java (Slides 33 — 36)
+ Recommended studies: extra SLL problems

e Assignment 1 solution released

o splitArrayHarder: an extended version released

® | ecture notes template available

e Office Hours: 3pm to 4pm, Mon/Tue/Wed/Thu

e Contact Information of TAs on common eClass site




SLL: Constructing a Chain of Nodes

public class Node { _ k
private (String ‘element; (AL pna
privatelNode (next;¥ J tom ’( %&
public ‘Node (String e, NodeY{ element = e,‘/next X }
public String getElement () { return element; }

public void setElement (String e) { element = e; }
public Node getNext () { return next; }
public void setNext (Node n) { next = n; }

Approach 1

.
ém%ﬂ—tm

Z:. MG

alas ot ¥ i

kel 7. alenoxt-npxt

Jlan — Mok — T

s, W

"”Ak'/

Aede | "o
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Approach 1
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SLL: Constructing a Chain of Nodes

public class Node {
private String element;
private Node next;

public Node (String e, Node n) { element = e; next

public String getElement () { return element; }
public void setElement (String e) { element = e;
public Node getNext () { return next; }

public void setNext (Node ¥ {, next = & }

}

Node afen 5

Node alan = new Node("Alan", null);
Node mark = new Node ("Mark", null);

Node tom = new Node("Tom", null);

alan.setNext

mark.setNext (tom) ;
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SLL: Setting a Lists Head to a Chain of Nodes

public class GinglylinkedList | > {LL
private (Node head = null; )— |
public void (setHead(Node n) { head = n; } (Sf M > ”f///
__l_l

public int getSize() { ... }
public Node getTail() { ... }

public void addFirst (String e) {

public Node getNodeAt (int 1) { ... }

public void addAt (int i, String e) { ...

public void removeLast() { ... } “I\‘Ag\ "lb-k"

Approach 1

Node tom = new Node("Tom", null);

Node mark = new Node("Mark", tom);

Node alan = new Node("Alan", mark);
SinclyLinkedList 1ist = new SinglyLinkedList () ;
Vlist/dsetHead(alan))
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SLL: Setting a Lists Head to a Chain of Nodes

public class SinglyLinkedList {
private Node head = null;
public void setHead(Node n) { head = n; ”U//
public int getSize() { ... }
public Node getTail() { ... }

public void addFirst(String e) { ... }

public Node getNodeAt (int 1) { ... }

public void addAt (int i, String e) { ...

public void removeLast() { ... } %br

"Iﬁg

Approach 2 "6’(. ge{'HPAJ (nall) 2 pleaag
e bt | [t cobtlead (o)
LP @w«le@f A-o/ g

dut Pf@rlffdé/%
,4(77(4/ G

Node alan = new Node("Alan", null);
Node mark = new Node ("Mark", null);
Node tom = new Node("Tom", null);
alan.setNext (mark) ;
mark.setNext (tom) :

SinglyLinkedList l1ist = new SinglyLinkedList () ;
list.setHead(alan) ;




SLL Operation: Counting the Number of Nodes 447

> tent 7
list alanMf
G\glyunked List (Node
head

mark[V)

rerl (tom([

‘ element “Mark” ‘ element “Tom”
null
9 X next /,“
0l # A otions

Trace: list.getSize() -#, {

int getSize()
int size = 0;
Node |current = head; current |current != null | End of Iteratidn]si

whi;ézégurrent-!= null) { |
—» —» curfent & current.getNext(); d,ﬂﬂ AIM o= I'M” &AVV’M(' == Mar
> —> size ¢4

) - med | mak 1=l | Cavvanf <= %
return size;
fom | fom = nuil(

!
@

OCOoONO”OPA~hWND—




bae: Uk “sawert” only %o mplomant

[ lavtrt 75 als

SLL Operation: Finding the Tail of the List

list
G\glyunked List
head

Node current = head;
Node tail = null;
while (current != null) {
—> > tail = current;
<< current = current.getNext () ;
1

return tail;

Q0
©CcoNbbhawN =

<

}

H Aectos = s of [t Q/l)
0(/1- l) = 0w

—— {E-f Trace: list.getTail()

onb-noofp akead o -[zv,-/

current

current != null

End of Iteration

tail
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Tutorial

Recursion Problem: splitArrayHarder

Coding in Java
Tracing
Exercises



Problem on Recu rsS i on Problem-Recursion-splitArray-Spec.pdf

A useful extension to the original “splitArray” problem:
+ Return an ArrayList of size 2:
+ If a split of equal sums (assumed to be unique) is possible:
* index O of the returned list stores ArrayList of integers representing group 1.
* index 1 of the returned list stores ArrayList of integers representing group 2.

+ If a split is not possible, both indices store empty lists.
e.g., splitArrayHarder({2, 2}) — <<2>, <2>>
e.g., splitArrayHarder({2, 3}) = <<>, <>>
e.g., splitArrayHarder({5, 2, 3}) —» <<5>, <2, 3>>
e.g., splitArrayHarder({5, 2, 2}) = <<>, <>>




. . oellh ol Moo(néﬂ/
splitArrayHarder: Java Implementation .. o bag fw

public ArrayList<ArraylList<Integer>> splitArrayHarder(int[] ns) {
ArraylList<ArraylList<Integer>> output = new ArraylList<>();
splitArrayHarderHelper(ns, @, @, @, [new ArrayList<Integer>()), hew ArraylList<Integer>Q)}, [output];
ifCoutput.isEmpty()) { | >
output.add(new ArraylList<Integer>(Q));
output.add(new ArraylList<Integer>(Q));

} e;fdtb/apw VMJTF?A “

return output;

) aovl vebwste Al (von-bese 2]

private void splitArrayHarderHelper(int[] ns, int i, int sumOfGroupl, int sumOfGroup2,

ArraylList<Integer> groupl, ArraylList<Integer> groupZ, ArraylList<ArraylList<Integer>> output) {
if(i == ns.length) {

if(sumOfGroupl == sumOfGroup2) {

output} add(groupl);
output} add(group2);

}

}

else {
ArraylList<Integer> grouplExtended = new ArraylList<>(groupl);

grouplExtended.add(ns[i]);
splitArrayHarderHelper(ns, i + 1, sumOfGroupl + ns[i], sumOfGroupZ,|grouplExtended| group2, output);

ifCoutput.isEmpty()) {
ArraylList<Integer> group2Extended = new ArraylList<>(group2);
group2Extended.add(ns[i]);

splitArrayHarderHelper(ns, i + 1, sumOfGroupl, sumOfGroup2 + ns[i], groupl,IgroupZExtendedl output);




splitArrayHarder: Tracing Exaicse : Tee @ Bl

@Test

public void testSplitArrayHarder_03() {
RecursiveMethods rm = new RecursiveMethods();
int[] input = {5, 2, 3};
ArraylList<ArraylList<Integer>> output = rm.splitArrayHarder(input);
ArrayList<Integer> expectedGroupl = new ArraylList<>(Arrays.asList(5));
ArraylList<Integer> expectedGroup2 = new ArrayList<>(Arrays.asList(2, 3));
assertTrue(output.size() == 2);

assertEquals(expectedGroupl, output.get(0)); (%kt t. 5;/25:/
assertEquals(expectedGroup2, output.get(1));
LL5>, 42,3

L7747
sAH({5, 2, 3}, O, ...)

t-8
/4';>< >

AH({S 2,341 0

N AND

26,2747 24 \ 5«§<>2
SAH(5, 2, 3}, 2, ..)  sAH({5, 2, 3}, 2, ..)  sAH({5, 2, 3

gaint il
AH({5, 2, 3}, 3,

sAH({5,

5.2.3), :
{ [ sAH( 5'—2%%%7—.11 SAH({S, 2, 3}, 3, ..)~ » 2, 3% 3, .
aher 4his 5 Jostpit gacen Bmply  <E3<2533F e fhis , onplf £ <5



Lecture 11 - February 11
Arrays and Linked Lists

SLL: removeFirst, addLast
SLL: getNodeAt, insertAt



Announcements/Reminders

e ProgTest1 guide & example questions to be released
e splitArrayHarder: solution and tutorial video released
e Assignment 2 (on SLL) released
+ Required studies: Generics in Java (Slides 33 — 36)
+ Recommended studies: extra SLL problems
e Assignment 1 solution released
e Lecture notes template, Office Hours, TA Contact




SLL Operation: Inserting to the Front of the List @¢

@Test
public void testSLL_02(Q) {
~75inglylLinkedList list = new SinglylLinkedList(); { §void addpirst (Strin
assertTrue(list.getSize() == 0); —> —)headg
assertTrue(list. getFlrst() == null); _§> Sif
4
5

. «ze‘-'o
—2 list. qddFu‘st("To i 7

2 list. addF1rst("Mar‘k") what AJJP’ —>size ++;
list.addFirst(’ Alan );

N(Jbl‘f A
assertTrue(list.getSize() == 3);
assertEquals("Alan", list.getFirst().getElement());
assertEquals("Mark", list.getFirst().getNext().getElement());
assertEquals("Tom", list.getFirst().getNext().getNext().getElement());

(size == 0) {
X tail = head;
}

} (e VA
4LC sl 1K woloR\”
~>|_hlodl
h. 2 / A\
'75{ /ﬁ_ﬁ_iz LIS i Wi (o I b
t I o ] [,

Q. Does tail or size need 1o be updated? n | > »ulf

new Node (e, ead));



SLL Operation (sketch): Removing_the First Node

| General Cases? 0 C [ )

Boundary Cases? Ls scee » 2 N Yowp 9[ 4P

L>§rze—= b E‘)(ceftrM pea @S
L, stze==1 - reft: ¢ w{ 0.9.9.@ o

void removeFirst()

S He H rogbs
o
_‘,";__| a 1 T Mhomy
list alan mari tom
GglyLinkedList (Nod: . (Node . (Node *
head element “Alan” ‘| element “Mark” *| element “Tom”

size next next next ayll

tail




SLL Operation (sketch): Adding a Last Node

void(a:IdLastkString General Cases?

Boundary Cases?

h
=2
Z

AR

R
1

'1; STCe > |

gg(ze::mi @, @5@5@
.SLC yd R all ove ol
" 1

—>ndll QK chments

1i
( inkedList
head

size

tail

upd

oSty

U

alan
(Node

element

next

mark tom
(Node (Node

“Alan element “Mark” element

next next

Jco

@ ¢

“Tom”



¥ Owvant oways efomnes #o nodd stved ot mdex  mobx”

SLL Operation: Accessing the Middle of the List =%(CE*3—I )

is / mark tom
! tm X N‘NB‘( = O(p'y
SinglyLinkedList Z Node‘ Node
head element “Alan” *| element “Mark” element
size |__next
tail - ¥ tovatns
ai «
2

%ﬁ, &;5 Hﬁ M

1 P Node getNodeat ¢ . Y /
2 if (i < 0 || I >= size) { /* error

3 else { 0 .
Y L I current | index | index < 2 | Start of (I’rem’rlon

woleC O -—>
Iff ouvvant aévw

4

Node, current = hearJ

@ —éwhll\ﬁlndex < iV { /+ exit when A’M O O < Z'
< indek ++; ‘

< current = current.getNext();
9 } —

[
1(1) } return current; ‘{70“/\ 2 [-E_C—__.Z)J - o» e -‘ﬁO%

12 }
F
Q. Does tail or size need to be upda’red?}\ﬂo', ext




Idea of Inserting a Node at index i
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SLL Operation: Inserting to the Middle of the List
@Test Lde /7“1:7@»4" nwéﬁfép
A

public void testSLL_addAt() {

SinglylinkedList list = new SinglylLinkedList(Q); . \.._K) Y\ [/
assertTrue(list.getSize() == 0);

assertTrue(list.getFirst() == null); list alan mark tom
list.addFirst("Tom™) H leyLinkedList (Node (Node (Node
list.addFirst("Mark"); element

head . “Alan” ¥ element “Mark” *| element “Tom”
list.addFirst("Alan"); size |__next |__next [__next null
assertTrue(list.getSize() == 3); tail - l+
v L

=
list.addAt{(@,) "Suyeon™);

.getSize() == 5);
list.addAt(list.getSize(), "Heeyeon");
assertTrue(list.getSize() == 6); void addat (int i, String e) {
assertEquals("Suyeon", list.getNodeAt(@).getElement()); if (i <0 || i > size) {
asser'tEquals("Alan" X list. getNodeAt(l) .getElement()); throw new IllegalArgumentException("Invalid Index.");
assertEquals("Yuna", list.getNodeAt(2).getElement());
assertEquals("Mark", list.getNodeAt(3).getElement());
assertEquals("Tom", list.getNodeAt(4).getElement()); S adarirst (e) ;

assertEquals("Heeyeon", 1list.getNodeAt(5).getElement()); } v 2 IO(A)
9 else { -
} Node nodeBefore =|getNodeAt(i = ) ;I
Node newNode = new Node (e, nodeBefore.getNext());
nodeBefore. setNext (newNode) ;
size ++;

Q. Does tail or size need to be updated?




Lecture 12 - February 13
Arrays and Linked Lists
DLL: Introduction

DLL in Java: Node vs. Doubly-Linked Lists
DLL in Java: addBetween, remove



Announcements/Reminders

e ProgTest1 guide & example questions released
e In-person Office Hours during RW to be announced
e splitArrayHarder: solution and tutorial video released
e Assignment 2 (on SLL) released
+ Required studies: Generics in Java (Slides 33 — 36)
+ Recommended studies: extra SLL problems
e Assignment 1 solution released
e | ecture notes template, TA Contact




SLL Operation: Inserting to the Middle of the List
@Test Lde )«‘nny/ nwéﬁfép
A

public void testSLL_addAt() {

SinglylinkedList list = new SinglylLinkedList(Q); . \.._K) Y\ [/
assertTrue(list.getSize() == 0);

assertTrue(list.getFirst() == null); list alan mark tom
list.addFirst("Tom"); leyLinkedList (Node (Node (Node
‘ element ‘ element “Tom”

list.addFirst("Mark"); head | element “Alan” “Mark”
list.addFirst("Alan"); size |__next |__next [__next null
assertTrue(list.getSize() == 3); tail - 4 g
v 4
11 ddA ?
ist.a
| L [
L

11y

.ge¥size() == 5); Qﬂ) ﬂ&'\/ /(2' 5.’

list.addAt(list.getSize(), "Heeyeon");

assertTrue(list.getSize() == 6); 1 fvoid addat (int i, String e) {
assertEquals("Suyeon", list.getNodeAt(@).getElement()); 2 if (i <0 || i > size) {
assertEquals("Alan", list.getNodeAt(1l).getElement()); 3 throw new IllegalArgumentException("Invalid Index.");
assertEquals("Yuna", list.getNodeAt(2).getElement()); g ; N
assertEquals("Mark", list.getNodeAt(3).getElement()); 6 i (2 — 0)]«
assertEquals("Tom", list.getNodeAt(4).getElement()); 7 > addrirst (e);
assertEquals("Heeyeon", list.getNodeAt(5).getElement()); g }1 { v Z_IO('\)
else
¥ 10 Node nodeBefore —|getNo?§ét(i - 1) ;I
11 Node newNode = new Node\e,) nodeBefore.getNext());
12 nodeBefore. setNext (newNode) ;

13 size ++;

Q. Does tail or size need to be updated? 5




SLL Operation: Removing the End of the List

Z-w(/“( "wé

@Test
public void testSLL_removelLast() {
SinglylLinkedList list = new SinglylLinkedlList();

assertTrue(list.getSize() == 0);
assertTrue(list.getFirst() == null); list
Gglyunked List
head
Stzé | &

fa<l

list.addFirst("Tom");
list.addFirst("Mark");
list.addFirst("Alan");
assertTrue(list.getSize() == 3);

list.removeLast();
~assertirue([1st.getSize() == 2);

assertEquals("Alan", list.getNodeAt(0).getElement());
assertEquals("Mark", list.getNodeAt(1l).getElement());

list.removeLast();
assertTrue(list.getSize() == 1);
assertEquals("Alan", list.getNodeAt(0@).getElement());

void removeLast () {
if (size == 0) {
)( throw new IllegalArgumentException("Empty List.");
}
else if (size == 1) {
)( removeFirst();
) dw s
e {
ode secondLastNode =\getNodeAt(size - Z)L
secondLastNode.setNext (null) ;
tail = secondLastNode;
size ——;

list.removelLast();
assertTrue(list.getSize() == 0);
assertNull(list.getFirst());

©Co~NOOGOPr~rWN =

-l ek el
wmnNn = o

Q. Does tail or size need to be updated?

-
IS



Exercises: insertAfter vs. insertBefore

Case: insertAfter(Node n, String(e) 0(')

Nw ’( " A e
i M e { vl
('omoto A N> . T , > oé)o e
Vk‘ (0\'” V\j% 6 - ?/. d\) /_/
06/\) o0 o <D P RAr) \\'..II
S —.*éyull ol
Case: insertBefore(Node 0, String @) 4 /,',e , Lot
X n4$' et
@wr"‘d P MSIQ /D > a9 , ald %
Y T = , e e e

(\&r—\ K 3 et




Running Time: Arrays vs. Singly-Linked Lists

DATA STRUCTURE

SINGLY-LINKED LIST

OPERATION ;
get size . 1N, )
get first/last element 2 ! 'a@"”'ﬂ‘ pdtl (7(/
get element at index i V4 v
remove last element 0 ('A)
add/remove first element, add last element
- given reference to (i — 1) element oG
add/remove /"' element :
not given O )
list alan mark tom
GglyLinkedList (N (N (N T
head | element “aAlan” *| element “Mark” *| element “Tom”
next [ next [ next null

0 1 2
a"‘-\| “Alan” I"'Mark”| “ Tom”




Doubly-Linked Lists (DLL): Visual Introduction

- A chain of bi-directionally connected nodes
- Each node contains:

+ reference to a'data object

+ reference to the next node

+ reference to the previous node
- ADLL is also a SLL:

+ many methods implemented the same way
+ some method implemented more efficiently
- Each DLL stores dedicated Header & Trailer Nodes
(no head refeference and no tail reference)
- The chain may grow or shrink dynamically.
- Accessing a node in a DLL (via next or prev):
+ Relative positioning: O(n)




Empty Lists: SLLs vs. DLLs
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Node<Sfrin2

element

Generic DLL in Java: DoublyLinkedList vs. Node et

prev

public class DoublyLinkedList<E> { @Test

private int size = 0; public void test_String_DLL_Empty_List() {
public void addFirst(E e) { ... }

public void removeLast() { ... }

—>DoublylLinkedList<String> list = new DoublylLinkedlList<>();
public void addAt(int i, E e) { ... assertirue(lIst.getsizel) = 0);

private (N asser'tTrue(l}st.getFlrst() == null);

private Node<E> trailer; assertTrue(list.getLast() == null);

public (DoublyLinkedList () {
mheaderenew Node<> (null n% null E/
trailer new Node<> nul de nu

@header.setzvext(traller - ,Kt /I PLL<S>

public class Node<E> ({

private(E element; (‘(ZP O

privatel Node<E> next;

public E getElement() { return element; } ‘a ‘ﬁ o Node<$'|'r|nL ""I
public void setElement (E e) { element = e; )

public Node<E> getNext () { return next; } "I element -1
public void setNext (Node<E> n) { next = n; ﬁﬁ'( & next -
private Node<E> prev; = A prev ﬂ‘d,

public void setPrev(Node<E> p) { prev = p;
public Node(E e, Node<E> p, Node<E> n) { E/ =3 VIRAJ @ NOde<S+rm9_

;izrgeztpj e; ,dgd?( >CM" M” MI elemfem‘ ;_'9”\41/
next = n; i ”"4//

} da. stTrov Cheadn 53— T

aul]

public Node<E> getPrev() { return prev; } @/




prd vt == sure &K suet. pro/== ped
Generic DLL in Javﬁnser’rlnq between Nodes

element] |

void addBetween (E e, |Node<E> pred, Node<E> succ)
Node<E> newNode = new Node<> @, pred, sucgc);
pred. setNext (newNode) ;

=
o]

succ.setPrev(newNode) ; eﬁ Fr@v' next

Bz =t

Assumption: pred and succ are directly connected.

Succ
brid
= element] —

Sement]_—

next | —
. 1



Node<Sfrin9:

element

Generic DLL in Java: Inserting to the Front/End .

prev

@Test
public void test Strina DLL Insert Front End() {

DoublylLinkedList<String> list = new DoublylLinkedList<>();
—2 list.addFirst("Mark™)y/

assertTrue(list.getSize() == 2);
assertEquals("Alan", list.getFirst().getElement());
assertEquals("Mark", list.getFirst().getNext().getElement());

void addFirst (E(e) {
addBetween (e, head

}

void addLast (E e)
addBetween (e, trailer.get

rev(), trailer)

}

DLL<String>
list = new DoublvlinkedlList<>(); size 6
list.addLast("Mark"); — header
list.addLast("Alan"); trail —
railer
assertTrue(list.getSize() == 2);
assertEquals("Alan", list.getlLast().getElement()); Wm
assertEquals("Mark", list,getLast().getPrev().getElement()); .
. : = wal]
Node<$fr|n2 Node<E> “dc'k/ Node<String> 2
element] = |2 element] —1
next next —_
“\A\\ &~ prev I X > prev M”




Node<String>

Generic DLL in Java: Inserting to the Middle e

prev

@Test
. . . addAt (int i, E e)
public void test_String_DLL_addAt() { SF (1 <0 || 1> size) | C;%;t)

DoublylinkedList<String> list = new DoublylLinkedList<>(); throw new IllegalArgumentException
list.addAt(@, "Alan"); else {
list.addAt(1l, "Tom"); Node<E> pred =|getNodeAt (i — 1)}
list.addAt(1, "Mark"); Node<E> succ pred.getNext () ;

Z{g addBetween (e, pred, succ);
: }

assertTrue(list.getSize() == 3);
assertEquals("Alan", list.getFirst().getElement());
assertEquals("Mark", list.getFirst().getNext().getElement());
assertEquals("Tom", list.getFirst().getNext().getNext().getElement());

}

Notes. DLL<String>

+ getNodeAt(-1) returns the header _fize he%

+ getNodeAt(size) returns the frailerj traiter |
—e 1
Node<String> ™A Node<String> M
element L}/ elemenfiﬂ
next , next - ”

“’A\\ e_ Prev\ /’ prev "u




Generic DLL in Java: Removing_a Node

void remove (Node<E> ngde) {
Node<E> pred = node.getPrev();
Node<E> succ = node.getNext () ;
pred. setNext (succ) ;
succ.setPrev(pred) ;

node. setNext (null) ;
node.setPrev(null) ;

size H

O©ooNOOOTPRA~hOWN =

43
U

C & prev




Generic DLL in Java: Removing_from the Front/End

@Test

public void test_String_DLL_Remove_Front_End() {
DoublyLinkedList<String> list = new DoublylLinkedList<>Q);
list.addFirst("Mark");

list.addFirst("Alan™); void removeFirst () {
|list.removeFirst(); | . if (size == 0) { throw new IllegalArgumentException("Empty"); }

List.removeFirst(); else remove (header.getNext ’
assertTrue(list.getSize() == 0); y { —_— ( g Q)i b

*ist = new DoublylLinkedlList<>();

gx 115t.add£?rst(::Mar‘:g§ void removeLast () {
( (B e e ’ if (size == 0) { throw new IllegalArgumentException("Empty"); }
list.removelLast(); else { remove (trailer.getPrev()); }
Size() == 0);
} —
> o€ SucC
header® &
Node<E> n Node<E> Alan Node<E> Mark Node<E> null
element element ~—-) element] ~— 3 element ~—-) !
null next next e next 4 next /7 null
=~ ) prevN</ g prev & >< > previnn. 1t prevk\ trailer

header
— Y Node<t> ] null Node<E> | _Alan Node<t> ] Mark Node<t> ] _null
element] < element] ~— A element] ~— %elemen’r —+ s
null next / next /1 next /1 next Z null
L & L~ previie A previfiee A previn .+ prev k\ trailer




Generic DLL in Java: Removing_from the Middle

@Test

header

etSize() ==

public void test_String_DLL_removeAt() {
DoublyLinkedList<String> list = new DoublylLinkedList<>();
list.addFirst("Mark™);
list.addFirst("Alan™);
list.addFirst("Tom");
assertTrue(list.
list.removeAt(1);
assertlrue(list.getSize() ==
{1ist.removeAt(0);
assertlrue(list.getSize() ==
{1ist.removeAt(0);|
assertTrue(list.getSize() ==

3);
2);
13

removeAt
if

(1 < O

(int 1)

{

i >= size) {

throw new IllegalArgumentExce

else {

Node<E> node

remove (node) ;

getNodeAt (1) ;

— 3 Node<t> | null Node<E> Tom Node<E> Alan Node<E> Mark Node<E> null
element] ~— element] ~—— element] ~— element] ~— element] —
next 7 t ] t ] t " ~ 3
null nex nex nex /] next /1 null
S— = previe previmm previve 1L previe. t prev trailer




Lecture 13 - February 25
General Trees
Linear vs. Non-Linear Structures

General Trees: Terminology
Generic TreeNode in Java



Announcements/Reminders

e Survey on Makeup Lecture for ProgTestl

e Assignment 3 (on linked Trees) to be released
e WrittenTest guide to be released

e This week’s office hour: 3pm, Wed



Running Time: Arrays vs. SLL vs.

LL

$e0 A4 '/7 &y/w{ya’l

DATA STRUCTURE

ARRAY | SINGLY-LINKED LIST § DOUBLY-LINKED LIST
OPERATION
size
first/last element 0(’) g
element at index i g o) —>€7
remove last element // =~

add/remove first element, add last element

add/remove i element

given reference to (i — 1) element

not given

a(1)
)

null

list alan mark tom
GglyLinkedList (Node (Node ( O l 2
element “Alan” element Tom W 78 \Y n w y)
| next | next | null a I Alan Mark Tom '
header
’_m null Node<E> Alan Node<E> Mark Node<E> Tom Node<E> null
element] ~— element] ~— element] ~— —_— element] ~— element] ~—
next 7] next 7 next 1 next /] next 7 E null
- previie. L prev . X previl A Previne 1 prev trailer
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list alan mar. tom
(
SinglyLinkedList Node Node ( Node
“Mark” element “Tom”

head element “Alan element
: next next “ next il
\
header
— " Node<t> | null Node<E> Alan Node<E> ark Node<E> Tom Node<E> null
element] — A element] ~— A element] — element] A element] ~
null next 1 next 4 next l/ next A next /-ﬂnuu
~ 4 previia prev] <. rev £ o Prev IR > prev k\ trailer
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General Trees: Terminology (1)

S
%

- root

- parent

- children
-l ancestors

-|descendants
- siblings
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General Trees: Terminology (2)

- subtree
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- external nodes
- internal nodes

Ernesto

IW Vanessa
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General Trees: Terminology (4)

A ) Yoo - edge
- path

- depth

Ernesto - height

: Shirley Vanessa

B
N\
=
R
\A
~
w

N
2
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Lecture 14 - March 4

General Trees, Binary Trees

Initializing a Generic Array
Recursive Definitions of (Binary) Trees
Trees in Java: Construction, Depth



Announcements/Reminders

e ProgTest1 results to be released by Friday, Mar 14

e Makeup Lecture (on ADTs, Stacks) posted

e Assignment 3 (on linked Trees) released

e WrittenTest guide and example questions to be release
e Lecture notes template, Office Hours, TA Contact



General Trees: Recursive Definition

- root [ace i '4} 5"7",4)9"‘"4 wep
&
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General Trees: Ordered vs. Unordered Trees
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i T /%l the clolven )Wafh ==/(O
Generic, General Tree Nodes Ayl ==

public class TreeNode<E> {
private(E element; /% data object =/

private ! TreeNode<E> parent; /# unique parent node */ TN<S>
private 'TreeNode<E>[] children; /+ list of child nodes x/
parent
private final _dint MAX NUM CHILDREN = 10; /* fixed max =/
private int (nocy/ /* number of child nodes */ elemenf
children|,
public TreeNode (E element) {
this.element = element;
this.parent = null; o1 2 4
this.children = (TreeNode<E>[]) ol b ~
Array.newInstance (this.getClass (), MAX NUM _CHILDREN) ; L
this.noc = 0; L-’j
} [
public E getElement() { ... }
public TreeNode<E> getParent() { ... } |
public TreeNode<E>[] getChildren() { ... T T
public void setElement (E element) { ... } Compare:
public void setParent (TreeNode<E> parent) {
public void addChild(TreeNode<E> child) { ... + prev ref.
public void removeChildAt (int i) { ... }
+ next ref.

in a DLN.



Instantiating Generic Structures in Java

class Arra Stack<®>g{ Kl Fle
private [E[] data; 0/&{&‘\ mwa ELo] ;

-|.3-ublic ArrayStack<E>() { dﬁf’ﬂ (E[]) (22, UIU'PCf (o]s
0S <Caamg> s = mas ASes();

s
g (Z%)";J( 72
; F;fh "ﬂ[arl),sﬂ';/;f{-«f,lsu’”b
cIasslTreeNode<E>|{ﬂ($ volﬂﬁ'd 8 ,Jad? = Sttt Sl -
private [TreeNode<E>|[ ] chlldren C‘ﬂs a/m'n
-|.3.ublic TreeNode<E>() { DMAg'Af[])
<
RT: bt 3 vew ogect(e] 5

b CHD‘!PA (T&Eﬂl)ﬂwad Lo ¢S] 3& C[z{ss()



Tracing: Constructing a Tree

@Test

public void test general trees construction() {
45 — "

= new TreeNode<> ("Elsa");
= new TreeNode<> ("Anna");

TreeNode<String> elsa
TreeNode<String> anna

(Daqnarr.addChild(elsa);
ga.qnarr.addChild(anna);
E’-lsa.setParent(agnarr);

hnna.setParent (agnarr) ;

assertNull

assertTrue
assertTrue

agnarr
agnarr

assertTrue
assertTrue

agnarr.

agnarr.

(

(

(
assertTrue (agnarr.

(

(agnarr.

getParent ()) ;

== elsa.getParent());

== anna.getParent());
getChildren() .length == 2);
getChildren() [0] == elsa);
getChildren() [1] == anna);

A ?an’
TN<S>

parent

children|,

element| 4+>

S
‘Efz: 2

TN<S>

parent —42@

element| [ 7
children], “Eha

o1 2 q
g|III---II




44

public int depth (

TreeNode<E> n[) {

if (n.getParent() == null] { |

return 0; Agrl‘l’l qt S i
) ot 0. .
else {

return| 1) +| depth(n.getParent())|;

-

eTest depth(vanessa)

public void test_general trees_depths() {

. /* constructing a tree as shown above #*/ L; 5 59{-? /: ”‘4//

TreeUtilities<String> u = new TreeUtilities<>();
assertEquals (0, u.depth(david)); /
assertEquals (1, .depth (ernesto)) ; - "r

assertEquals (1, u.depth(chris)); L> jKP /- ﬂd//
assertEquals (2, .depth(elsa));
t ﬁéﬂfl (Z%rfS)
.depth (vanessa)) ;
“u.depth (peter) ) ; = +4 + / + ﬂéﬁ/h (]M
/ O i

(f
4+

assertEquals
assertEquals
assertEquals (3,

.depth(shirley)) ;

u
u
u
assertEquals (2, u.depth(anna));
u
u
u




Binary Trees: Recursive Definition
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Deriving_the Sum of a Geometric Sequence

Initial Term:'I /_[, Z_.(, ZL'ILOA"'/L‘!" ~[-- -[-—/024[,
Common Fac’ror:@ A7
Number of Terms:@ ot k=1
e (T Ty e = T 1]
— ko
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Lecture 15 - March 6
Binary Trees

Binary Trees: Math Properties
Tree Traversals



Announcements/Reminders

e Assignment 3 (on linked Trees) released
e WrittenTest
+ guide released
+ example questions to be release
e Makeup Lecture (on ADTs, Stacks) posted
e Lecture notes template, Office Hours, TA Contact



Tracing: Computing a Trees Height

public int height (TreeNode<E> n) {

TreeNode<E>[] children = n.getChildren();
if(children.length == 0) { return 0; }
else { 5 yoe

int max = 0;

for(int i = 0; i < children.length; 1 ++) {

int h 1 + height(children[i]);
> max ? h : max;

Ernesto

h

Vanessa

return max;

}

height(chris)

public void test_general_ trees_heights() {

. /# constructing a tree as shown above #*/
TreeUtilities<String> u = new TreeUtilities<>();
/+ internal nodes #*/
assertEquals (3, u.height(david));
assertEquals (2, u.height(chris));
assertEquals (1, u.height(elsa));

/* external nodes #*/

assertEquals (0, u.height (ernesto));

assertEquals (0, .height (anna)) ;
assertEquals (0, .height (shirley))
assertEquals (0, .height (vanessa))
assertEquals (0, u.height (peter));

14
14



BT Terminology: LST vs. RST

A

Strategy of Recursion on BT:
+ Do something on root
+ Recur on LST
+ Recur on RST

e.g.,
G + counting size
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BT Terminology: LST vs. RST a1 (A" > (@)

Strategy of Recursion on BT:
+ Do something on root
+ Recur on LST
+ Recur on RST

e.g.,
+ searchmg item m{
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BT Terminology: Depths, Levels, Mq:/# oF Nodes
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BT Terminology: Complete vs. Full BTs 4" P
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BT Properties: Bounding # of Nodes

Given a binary tree with height h, the number of nodes n is

bounded as:

h+1<n<

2h+1 _ 1

/
””’"‘M 2de... P

Minimum # of nodes

= /H—}
Maxlmum # of nodes

3*'17/\




X
BT Properties: Bounding Height of Tree /4(7 =4

Given a binary tree with n nodes, the height h is bounded as:

mo: Lo ('7-&/)_);@ log(n+1)-1<h<n-1

Minimum_height /"ﬁ ’% mWMaximum height
n= 2| r A
Ln+l = 5" e g é v
i el T & nodbs
(/m)z-la 2 =hd &




General Tree Traversals: Pre-Order vs. Post-Order

Pre-Order Traversal Post-Order Traversal
from the Root from the Root

To phrs Fho S L r Vf?ef Y Pdn b phes Toid

PO C Lhrs) ' | f&[‘ﬁﬁs 5




TRAVEL THE WORLD

Binary Tree Traversals

Pre-Order Traversal

V¥ +3 3+—-9¢ Z||+9(-5——74é

In-Order Traversal

S T4 - %6 H—=




Review Q & A - Mar. 10

Written Test

Asymptotic Analysis
Instantiating Generics



/

v '4", LG%
() booleary foundEmptyString = false; no b
3 y . ._ . './ . _I/ -7; ‘J
oundEm £zString@ i@name(’l}ngth) { of"e

(names11)(.1ength () 4==J0) 1 _.d;
/* set flag for early exit */ —7

foundEmptyString(=)true;

.~

=)i(+)1;

) o -
0o ' 2 3 4 §& ©
fef cc [ (4 < /4 /I @ 1
evwes ~ 8B 1“C" | €°
i

# Hoptens -
q ties whe ool 7 ealbatd - Ml T+ T+@hen) tly

Z = b1+ b



General Tree Traversals: Pre-Order vs. Post-Order

e e == )|
| (RN (DS DS I [ [N [ ) -

Pre-Order Traversal Post-Order Traversal
from the Root from the Root
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I8 8 BS I
public class MyClass<@, 4, &> { . public class MyClass<€, M, > {
privat la;B G plu\ privat?ﬁ[] a; T S oé\]"z
publiclg m1 (¥ p1, ¥ p2) { publig & ml (1 pl, Wp2) {

/* details of implementation omitted */ details of implementation omitted */

return nu11 return null
} [II } B
public void m pl, p2) { public void m2 (U p1, € p2) {
/* details of implementation omitted */ /* details of implementation omitted */
} ¥
J 3
a0t

=8

Now consider the following declarations from another class (which intends to use the above generic class):

obj1.m2 ("alan", 5);

-
Boolean b; b= bbJZ m2 ("alan", false)l[ Choos#/.. s
String s; . WO‘
Integer i; v v obj1.m2 ("alan", 5); [Mose... a
MyClass<Integer, String, Boolean . \g/ N
MyClass<Boolean, String, Integer 0bj 'mx‘(ga an", false); Bose... s

X obj1.m2 (_5, "alan");

(@)
=
o
(@]
(7]
@
L12

obj2.m2 (false, "alan");

L1

b = obj2.m1 (3, "mark");

L1

Choose...

b = obj1.m1 (true, "mark");

“»

Choose...

)
)
J
|
Choose = J
)
)
)
)
J

L

E

( |
i = obj1.m1 (true, "mark"); [ Choose...

(

E

E

i =obj2.m1 (3, "mark");

“»

Choose...




Consider the following method which intends to reverse the input chain of nodes:
public Node<Strinag> reverseOf(Node<String> input) { -
Node<String> n2 = null; fﬂP‘f - [ 5 >
Node<String> “current = input; -'—:I |
T a2

whileCcurrent != null) {
Strin = current.getElement(); ./ O
Node<String> nl = new Node<>(e, null); /

e A 65 =
current = current.getNext(); WZ = ﬂl; yll - ,_—:-WH
}

return nZ;

}

In the above method, some line or lines of code are missing (from where the comment is) in order for the implementation to be correct. Choose the line or all lines that are needed.

nl.setNext(n2);

n2 =nt;
n2.setNext(n1);
nl.setNext(current);
il = 72

n2 = current;

Your answer is incorrect.

The correct answers are:

nl.setNext(n2);,

n2:=nl:




Lecture 16 - March 11
Binary Trees, Binary Search
Bounding Internal vs. External Nodes

Proper Binary Trees
Binary Search: Ideas, Java



Announcements/Reminders

e Assignment 3 (on linked Trees) released

e WrittenTest guide & example questions released
e WrittenTest review session materials posted

e Makeup Lecture (on ADTs, Stacks) posted

e Lecture notes template, Office Hours, TA Contact



BT Properties: Bounding # of External Nodes

Given a binary tree with height h, the number of external

nodes ng is bounded

For example, say h =(3

Minimum # of
External Nodes

P
fn“"b

h
Je

as:

1< ng <[2"

H @t nadic

4}

R it "

o
|7 ek # éo{fb"’
dp 5o ™

Maximum # of -

External Nodes 7,
L A
0‘:/ /
é O A:?
AN
/// / // (23:&



BT Properties: Bounding # of Internal Nodes Sk = 7k-2

Given a binary tree with height h) the number of internal

nodes n; is bounded as:

h<n <"1

For example, say h =(3

Minimum # of Maximum # of

Internal Nodes

C

[
“ pa

' f
A |
L SRR

4-
3
7-]=17
h=3




e
BT Properties: Relating #s of Ext. and Int. Nodes vf |#~

Given a binary tree that is: Induction on Size of Proper BT

o nonempty and proper O Base [se : f ofo %m El REVIEW/
o with n; internal nodes;nd ne external nodes @ ﬂE ,
> 1015 ”

We can then expect that: |ng = n + 1

N0 (-) e +) @ Inhutwe )-Iy;z:fhPS'S (I H.):
1 (ﬂI*[)*I[""ﬂ Pope Bl & St > | : N - W3-+
2 A @ bwet & po B, ented

1

AE@,l@: e +| /wj}? e /ﬁf—vbsf _OX ne

bwetng € & m
G1€E%) Nl b wrh okl

& wi @ dP)




Applications of Binary Trees: Infix Notation

V4
—§/%

-1

Q. Is the binary tree necessarily proper?



TRAVEL THE WORLD

Binary Tree Traversals

Pre-Order Traversal

VX +313+-9¢ z|}tée$—74'é

In-Order Traversal
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Binary Search: Ideas AF—/ PAANNING

Precondition: Array sorted in non-descending order

o Szt0 Search: Does key K exist in array a? 0>k @ T
3\ D s fh@ widdle of e st
=3
B

%J\ @ A\oM e agcmst ’l/ \
;) et Y d
/ Cﬁk) -9 /@zw o He yHf. T




Binary Search in Java

boolean binarySearch(int[] sorted, int key) {
return binarySearchH(sorted, 0, sorted.length - 1, key);

}

boolean binarySearchH(int[] sorted, int from, int to, int key) {

if (from > to) { /* base case 1: empty range #*/
return false; }

else if (from == to) { /* base case 2:
return sorted[from] == key; }
else {
int middle = (from + to) / 2;
int middleValue = sorted[middle];
if (key < middleValue) {
return binarySearchH(sorted,| from, middle - 1

range of one element x*

}
else if (key > middleValue) {
return binarySearchH(sorted, |middle + 1, to

}
else { return true; }K:T-'— M'\I

gro® W ko Vo | (s whA > my o




Lecture 17 - March 18
Binary Search, Merge Sort

Binary Search: Tracing, Running Time
MergeSort: Ideas, Java, Tracing



Announcements/Reminders

e Assignment 3 (on linked Trees) solution released

e WrittenTest and ProgTest1 results & feedback released
e ProgTest2 guide & example questions to be released

e Makeup Lecture (on Queues) posted

e Lecture notes template, Office Hours, TA Contact



Binary Search: Tracing 012345678

5
012 38587 8{(‘"{‘;\'&‘7& 0/13 6|9 |12]|15)18]21]24]27
1

/13 6|9 |12{15)18)21 2427I
g ' search(a,7)

search(a,r* 9‘0}& :4 |

="z .

7 B [ binarySearchH(a,0,8,7
| e AEEasnat

21

binarySearchH(alS)ﬁ R
binarySearchH(a,0,3,7)

‘ (J-l'ls&)

binarySearchH(a)5,8/18)

" g.h?;b binarySearchH(a,2,3,7)

R il 72 =i

‘ Y ?3& o 4

. l
binarySearichH(a|5,5}18) ,84 \ binarySearchH(a,2,1,7)

fA = b



Binary Search: Running Time

Running Time as a

boolean binarySearch(int[] sorted, int key) { FZ l f.
return binarySearchH(sorted, O, so;lted.length = i, . ecurrence Re arion
T)=7

}
boolean binarySearchH(int [] sorted, int from, int to, int key) {

if (from > to) { /* base empty range */
return false, -T?F

else if (from == to) /%" base cas
return sorted[from] == key;

else {
int middle = (from + to) / 2; V}/
' : r4 A%‘

4int middleValue = sorted[middle];

if (key < middleValue) { /r
return binarySearchH(sorted, fromi middle — l} key) ;

-f 2: range of one element #*/

}
else if (key > middleValue) ({ .
return binarySearchH(sorted, |middle + 1, to) key) ,a‘ ﬂ

) 1<)

else { return true; }

ﬁﬁy: (v -t
sorted Ton) < 7(?4)_/7/{)7‘/




Running Time: Unfolding Recurrence Relation

T(0) = 1 Lesme WM /oss o (7349/0{7

T(1) =1 ¥ > o
vT(n) =T(n/2) + 1 Wéwn- \Ay l(—-) T(l/é_>+| T( >+l
Teny= 4(@31 + |

A oA
= (T +1 )+ L= ”—_5@%&
2 f
(el oEh et T 2 7@

: va ! " AP\
R il ol P @

:I@*l*l“b“" | :l+/c;/”l-l=[7” WORK OUT




Merge Sort: Ideas

PAD

/ PLANNING
VR (

499\ -49\\\

_A
T F/ « 0 '\\‘}’\ ‘\\‘;@ et s & @
B Ll C"’|
1 A
>%- 2,

— list "/é 47/’1( W/Z

v v ': {ov% ’

40‘{ < Ls > sort 74 ’) 064)‘2..9[_/]3,)
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Merge Sort in Java K7 Av(wev P

public List<Integer> sort(List<Integer> list)
List<Integer> sortedList;

Cbasp 005

= e/
EXM\AS’t Bﬁ‘h&( A of R /. 5'(?()

FP*/?m’P)
g L o® exhaustod &

sortedList.add(list.get (0));
}

if(list.size() == 0) { sortedList = new ArrayList<>();
else if(list.size() == 1) {
sortedList = new ArrayList<>();

}

A
N

/. 728

Jr
nars so 74/.

—
I8
-~

else {
int middle
List<Integer> left
List<Integer> right
List<Integer> sortedLeft sort (left) ;
List<Integer> sortedRight sort (right) ;
sortedList merge [(sortedLeft, sortedRi

} ,ZS(
0Q scze* it

list.size() / 2; 0(’)
list.subList (0, middle);

list.subList (middle,

ht) ;

return sorteggist;

T L

}

left L2414 |.p3] 85
o ¥ ¥ % /s 04 4
right L7 | 31 | 50 |(96) e vl ( A

list.size());

ers A 2
Aot x,

¥ APFQ”A vemamg

L K.swee - J

j w /* Assumption: L and R are both already sorted. x*/
private List<Integer> merge(List<Integer> L, List<Integer> R) ({

P A B T Y A R S VY S

x for(int k = i; k < L.size(); k ++) {lmerge.add (L. Lo
/* If j >= R.size(), then this fOr 1Opmm RNV %y
for (int k = j; k < R.size(); k ++) { |merge.add(R 3

}

List<Integer> merge = new ArrayList<>();
if(L.isEmpty() | |R.isEmpty()) { merge.addAll(L); merge.addAll(R); }

else { m 17 l.see 1l 37/ R.ccee

:|.nt i =

in
whlle,l ! 15 SlZe() && j < R.size()) {

if(L.get (i) <= R.get(j)) {|Imerge.add(L.get(i)); i ++;]}
else {lmerge add(R.get (j)); 7 ++I } 0("

}

I
return merge;
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Lecture 18 - March 20

MergeSort: Recurrence Relation
QuickSort: Ideas, Java, RT



Announcements/Reminders

e ProgTest2 info & example questions released

e Assignment 3 (on linked Trees) solution released

e WrittenTest and ProgTest1l results & feedback released
e Makeup Lecture (on Queues) posted

e Lecture notes template, Office Hours, TA Contact
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Merge Sort: Running Time

Running Time as a
T7(@)=| Recurrence Relation

public List<Integer> sort(List<Integer> list) {

List<Integer> sortedList;
| if(list.size() == 0) { sortedList = new ArrayList<>(); ﬂ

sortedList = new ArrayList<>() I
sortedList.add(list.get (0)); '% C‘) -

P 00)

e
int middle = list.size() / 2;
List<Integer> left = list.subList (0, middle);
List<Integer> right = list.subList(middle, list.size())
List<Integer> sortedLeft = sort (left) ;
List<Integer> sortedRight = sort (right) ;

sortedList = I merge (sortedLeft, sortedRight),I 0(\4 g
; )

return sortedList;

Height Time per level

O(n)
4 \ ? . 72"’2’ ) 1 o y(
Jrst : o(n)
) {r ‘JS O(logn)
J2 R | O(n)
\ /
v, % .




Running Time: Unfolding Recurrence Rela’rion!'q

Ton= Kba-vp: T2y 2. T(ED + &
T(1) = 1
T(n) = 2 - T(n/2) + n

Ten) = @T_C@”l
.7 (214D + 1 L@QTC@H?A]
.9 (2 QT+ %Y 4 L@Té@+ 34

= e d R

L 2@. 720 +@/{ = j]7 + /,Z)yl /l‘ WORK OUT
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Quick Sort in Java W’“" o medkos clp: OV

public List<Integer> sort|[List<Integer> “Iist En)
List<Integer> sortedList; 4
if(list.size() == 0) { sortedList = hew ArrayList<>();
else if(list.size() == 1) { /
sortedList = new ArrayList<>(); sprtedList.add(list.get (0));

else { .
int pivotIndex = list.size() - 1; a(')

lint pivotValue = Jist get (pivotlndex):

List<Integer> left = allLessThanOrEqualTo (pivotIndex, list); L) #P

List<Integer> right = allLargerThan (pivotlndex,. list);
List<Integer> Sortedieft = sort (left) ; ——p| (CC)

2 ¢ st
f -
List<Integer> sortedRight = sort (right) —PT(_%

S
sortedList = new ArrayList<>();

o
sortedList.addAll (sortedLeft) ; ,Vavf{{/

sortedList.add(pivotValue) ;

sortedLlst.azﬁﬂ(sortedeght); List<Integer> alllLessThanOrEqualTo(int pivotIndex, List<Integer> list)
} List<Integer> sublist = new ArrayList<>();

return sortedList; int pivotValue = list.get (pivotIndex);
List<Integer> allLargerThan(int pivotIndex, List<Integer> list) {
}

int v = list.get(1);
if (i != pivotIndex && v@oivotValue) { sublist.add(v); }
}
SEE’ 24
[
list Z
int pivotValue = list.get(pivotIndex);

return sublist;
4 for(int i = 0; i < list.size(); 1 ++) {
lek <§D leff | ZLF LLS lq g ‘ int v = list.get(i);
v@yivotValue) { sublist.add(v); }

}
M if(i != pivotIndex &&

} for(int i = 0; i < list.size(); i ++) {
List<Integer> sublist = new ArrayList<>();
,%k é return sublist;
7 :sl 61§ 3 lal }
/ (? ‘SD right



—> sphit— part7™

— 5 concatenate
Quick Sort: Tracing




Quick Sort: Worst-Case Running Time

Running Time as a
Recurrence Relation

public List<Integer> sort(List<Integer> list) {
List<Integer> sortedList;

if(list.size() == 0) { sortedList = new ArrayList<>(); }
else if(list.size() == 1) {

sortedList = new ArrayList<>(); sortedList. add list.get(P));

3
int pivotIndex = list.size() - 1; Lkd W

int pivotValue = list.get(pivotIndex);

List<Integer> left = ai._lﬁﬁjhanﬂ.nﬂmﬁlﬂp p:LvotIndex list)
Llst<Integer> right = aJ.LLa.:ga:’Eha.n (plvz]?ﬁix llS I

t (right) ﬁ T(ﬂ) C')

1. Split using pivot x

sortedList = new ArrayList<> ()

sortedList.addAll (sortedLeft) ;

sortedList.add(pivotValue) ;
sortedList.addAll (sortedRight)

} ([ E=»

return sortedList;




Quick Sort: Best-Case Running Time

Running Time as a
Recurrence Relation

public List<Integer> sort(List<Integer> list) {
List<Integer> sortedList;

if(list.size() == 0) { sortedList = new ArrayList<>();
else if(list.size() == 1) {

sortedList = new ArrayList<>(); sortedList.add(list.get( J
N

else | /\,
int pivotIndex = list.size() - 1; Y{.,O‘t "e

int pivotValue = list.get(pivotIndex);
(List<1nteger> left = allLessThanOrEqualTo (pivotIndex, list);

List<Integer> right = allLargerThan (pivotIndex, list);

List<Integer> sortedLeﬂ-—?= sort (left) ;

List<Integer> sortedRigg? = sort (right),

sortedList = new ArrayLiSt<>={

sortedList.addAll (sortedLeft); 1. Spht using pivot X

sortedList.add(pivotValue) ;

sortedList.addAll (sortedRight) ;
}

return sortedList;

2 1D+

n n
/2-' / = 3. Concatenate



Review Q & A - Mar. 21

Programming Test 2

Assignment 3 Solution



Generic Classes vl AR
Tead [ 7501 -

This assignment requires the more intermediate use of generics. Study carefully the TestGeneralTrees
class given to you (in the tests package), which contains how the following two classes work together:

e SLLNode<E>: this class is essentially the Node class you used in Assignment 1.

e TreeNode<E>: this class is similar to but should be distinguished from the TreeNode class covere
in Lecture W8. The version of TreeNode class you are given for this assignment stores M
as a chain of singly-linked nodes. Remember that primitive arrays are forbidden in this
assignment.

e In the TestGeneralTrees class, pay attention to the following type declarations:

— | TreeNode<String> n; | declares a tree node storing some string value: we write n.getElement ()

to retrieve the string value. In this case, the generic parameter E declared in the TreeNode class
(i.e., TreeNode<E>) is instantiated by String.

— | TreeNode<Integer> n; I declares a tree node storing some integer value: we write n.getElement ()

to retrieve the integer value. In this case, the generic parameter E declared in the TreeNode class }
(i-e., TreeNode<E>) is instantiated by Integer.

- |SLLNode<TreeNode<String>> tn; | declares a singly-linked node storing the reference of some

tree node (which in turn stores some string value): we write tn.getElement() to retrieve the tree
node (of type TreeNode<String>) and write tn.getElement () .getElement () to retrieve the stored
string value. In this case, the generic parameter E declared in the SLLNode class (i.e., SLLNode<E>)
is instantiated by TreeNode<String> (which in tern instantiates the generic parameter E in the
TreeNode class by String).

- |SLLNode<TreeNode<Integer>> tn; | declares a singly-linked node storing the reference of some

tree node (which in turn stores some integer value): we write tn.getElement() to retrieve the
tree node (of type TreeNode<Integer>) and write tn.getElement () .getElement() to retrieve the
stored integer value. In this case, the generic parameter E declared in the SLLNode class (i.e.,
SLLNode<E>) is instantiated by TreeNode<Integer> (which in tern instantiates the generic param-
eter E in the TreeNode class by Integer).

TM< I-L/. public class TreeNode<E> {

private E_element; /* data object */

private TreeNode<E>m /* unigue parent
pr'ivate-SLLNode«:Tr'eeWe<E:3 headOfChildList
private” SLLNode<TreeNode<E>>| tailOfChildList

public TreeNode(E element) { ]

public E getElement() {]

n

public void setElement(E element) { ]

public TreeNode<E> getParent() { |

public void setParent(TreeNode<E> parent) { |
public SLLNode<TreeNode<E>> getChildren() { |

public void addChild(TreeNode<E> child) { ]
<E>
public class SLLNode<f> {

private E element;

private SLLNode<E> next;

public SLLNode(E e, SLLNode<E> n) {

public E getElement() { [/

public SLLNode<E> getNext() { [

public void setNext(SLLNode<E> n) {

public void setElement(E e) { [
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Lecture 19 - March 27
Binary Search Trees
BST: Search Property

BST: Sorting Property
BST: Constructing BST Nodes



Announcements/Reminders

e Assignment 4 (on linked Trees) released
e Makeup Lecture to be posted
e Lecture notes template, Office Hours, TA Contact
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Binary Search Trees: Recursive Definition o7 #
of Glay sultwd

- external node
- internal node
+ LST

+ RST
PR | & @ &
oY L P NI\
T L My 4 ]
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ﬂemcr) ddy | I I I I I I I ] I I I
Z
A 7 "”\?eacw kST A R(p?
(i)sd :urz:r?ftrl;ast-r is such that ,/7 keg(ﬂ) 7

key(n) < key(p) key(n) > key(p)




Is a Singleton BT a BST?
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- BST: Non-Linear Structure
- In-Order Traversal

Giren o ET tets o BST :

(1> search Pl at. ( re&amefy)
@/ m-oviler w\/e/sal (7t -

Node p stores

(key(p). value(p)) g

—ot-Cp
L? (Ot (ZC) Each
ode n of RST

(C) nIS such that
L 0{ ( key(n) > key(p)

3

Each
node n of LST
is such that

key(n) < key(p)




Building Sorted Seq. from In-Order Traversal on BST




Exercise: Checking the Search Property (1)

Remember: For a BT to be a BST, the Search Property
should hold recursively on the root of each subtree.

In-Order: <8, 17, 21, 28, 29, 32, 44, 54, @7}6 . 80, 82, 88, 93, 97>
b
AW ﬁ




Exercise: Checking_the Search Property (2)

Remember: For a BT to be a BST, the Search Property
should hold recursively on the root of each subtree.

In-Order: <8, 17, 21, 28, 29, 32, 44, 65,@ 80, 82, 88, 93, 97>

SRP SERV 2
£4 < §3
8 2l fobe




Visual Summary: In-Order Traversal on BST
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Generic, Binary Tree Nodes

public class BSTNod @ {
private int key; /% key x/
privatel E value; /% value */
private BSTNode<E> parent; /+ unique parent node */
private BSTNode<E> I;?E?_7* left child node x/
private BSTNode<E> right;&['righ child node */
. waP

public|BSTNode () { ... }|
public| BSTNode (int key, E value)| { Jb
nolc”

public boolean isExternal() { (JH-
return this.getLeft () == null && this.getRight() == null;
}
public boolean isInternal() {
return !this.isExternal();
}
public int getKey() { ... }
public void setKey(int key) {
public E getValue() { ... }
public void setValue(E value) { ... }
public BSTNode<E> getParent() { ... } .
public void setParent (BSTNode<E> parent) { ... Compare°
public BSTNode<E> getLeft() { ... }
public void setLeft (BSTNode<E> left) { ... + prev ref.
public BSTNode<E> getRight() { ... }
public void setRight (BSTNode<E> right) { ... + ne)(‘i' ref,

in a DLN.




Generic, Binary Tree Nodes - Traversal

import java.util.ArrayList;
public class BSTUtilities<E> {
public ArrayList<BSTNode<E>> inOrderTraversal (BSTNode<E> | root) ({
ArrayList<BSTNode<E>> result = null;

if (root.isInternal()) { Wylff

result = new ArrayList<>();

if (root.getLeft () .isInternal) ({
result.addAll (inOrderTraversal (root.getLeft()));

}

result.add(root) ; m

if (root.getRight () .isInternal) {

result.addAll (inOrderTraversal (root.getRight()));
}
}

return result;

}

}




Tracing: Constructing and Traversing a BST -

@Test

ublic void test_binary search trees_construction()
BSTNode<String> new BSTNode<> (28, "alan");
BSTNode<String> new BSTNode<>(g;J "mark") ;
BSTNode<String> new BSTNode<> (35, "tom");
BSTNode<String> = new BSTNode<>();
BSTNode<String> N2 = new BSTNode<> () ;
BSTNode<String> (extN3 = new BSTNode<>();
BSTNode<String> extN£_= new BSTNode<> () ;
n28.setLeft (n21); n’l.setParent (nl2d);
n28.setRight (n35); n35.setParent (n28);
n2l.setLeft (extNl); extNl.setParent (n2l);
n2l.setRight (extN2); extN2.setParent (n2l);
n35.setLeft (extN3); extN3.setParent (n35);
n35.setRight (extN4); extN4.setParent (n35);
BSTUtilities<String> u = new BSTUtilities<>(); —_—
ArrayList<BSTNode<String>> inOrderList = u.inOrderTraversalkn28“'
assertTrue (FrilOrderList.size() == 3);

assertEqual$(21,| inOrderList.get (0) .getKey());
assertEqual k", inOrderList.get(0).getValue());
assertEqual$(28,| inOrderList.get (1) .getKey());
assertEquals ("alphn", inOrderList.get(l).getValue());
assertEqual$(35,| inOrderList.get (2) .getKey());
assertEquals ("tom", inOrderList.get(2).getValue());




Lecture 20 - April 1

Binary Search Trees, Balanced BSTs

BST: Searching, Insertion
Hight Balance Property
Priority Queue: Introduction



Announcements/Reminders

e Assignment 4 (on linked Trees) released

e Makeup Lecture (for ProgTest2) to be posted

e Bonus opportunity: Final Course Evaluation

e Office hours 3pm Tue/Wed/Thu this week

e Lecture notes template, Office Hours, TA Contact
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Tracing: Searching_through a BST

@Test

public void test _binary_ search trees_search() {
BSTNode<String> n28 = new BSTNode<> (28, "alan");
BSTNode<String> n2l1 new BSTNode<> (21, "mark");
BSTNode<String> n35 new BSTNode<> (35, "tom");
BSTNode<String> = new BSTNode<> () ;
BSTNode<String> = new BSTNode<> () ;
BSTNode<String> new BSTNode<> () ;
BSTNode<String> new BSTNode<> ()
n28.setLeft(n2l); .setParent (n28);
n28.setRight (n35); n35.setParent (n28);
n2l.setLeft (extNl); extNl.setParent (n2l);
n2l.setRight (extN2); extN2.setParent(n2l);
n35.setLeft (extN3); extN3.setParent (n35);
n35.setRight (extN4); extN4.setParent (n35);

[

BSTUtilities<String> u = new BSTUtilities<>();

/* search existing keys */

assertTrue (n28 == u.search(n 28));

assertTrue (n2l1 == u.search(n2§, 2;));

assertTrue (n35 == u.search(n28, 35));

/* search non-existing keys =*/ I.O 't. .
assertTrue (extNl == u.search(n28, 17)) *17+ < 21 :
assertTrue (extN.

u.search( ) 21 < #23% < 28 x*/
assertTrue (extN3 == u.search(n2§ [33); 28 < #33% < 35 x/ %h Zl E‘Xfﬂlz 2 WB f(
assertTrue (extN4 == u.search(n28, )); 35 < *38% */ ‘L

7



* Keiset: it M oredes . <h<

Running Time: Search on a BST
ext. or 7at.

BSTNode<E> result = null;

if(p.isExternal()) { )'°°'t \'.?(lj ;Z\;‘*\
result = /# unsuccessful search */ ¢
@E’tf Yiag e

@ (791%,4 v FAEH
4 *0(}%/\, Lot aoe2

else if (p.getKey() == k) { CAZ) 0( ) —>/""’3’A~J
result =(p;) /* successful search k/ 0 /\/ wors VX~

} = ot ~ @ 0( ) 2 vpR L,

else if (k(<)p.getKey()) { ) - i ‘/
result = [Bedréh)p.getleft (), k); Height Time per level

} [ o(1)
else if (k{ >)p.getKey()) |

result ='§earch(p.getRight() , K);
}

return result;

Total time: O(h)



Bina
o ry Search: Non-Linear vs. Linear Struct
uctures
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Visualizing BST Operation:| Insertion Roeg 5 T, @ ..
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Worst-Case RT: BST with Linear Height o T

SHOCKED

Example 1: Inserted Entries with

<100, 75, 68, 60, 50, 1>

Example 2: Inserted Entries with

<1, 50, 60, 68, 75, 100>

Example 3: Inserted Entries with

<1, 100, 50, 75, 60, 68>

_Keys

iy
_Keys

_Keys

& h=¢
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Balanced BST: Definition

0 - internal node  Given a node p, the height of the subtree rooted at p is:
|- height
< fh==1 - height balance

if pis external

0
height(p) =
eight(p) {1 +MAX ({ height(c) | parent (¢) =p}) if pis internal

,.\A" Y M‘P‘{
. Is the above tree a balanced BST? L{f“ il RT d ’:,(}lmavﬁ./
Still a balanced BST after inserting 557?
Still a balanced BST after inserting 632

AN
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What is a Priority Queue (PQ) /&bd @FWX/
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Lecture 21 - April 3

PQ: List Implementations

Heap: Structure, Relational Properties
Heap: Insertion, Deletion

Heap Sort



Announcements/Reminders

e Assignment 4 (on linked Trees) released

e Makeup Lecture (for ProgTest2) posted

e Bonus opportunity: Final Course Evaluation

e Office hours 3pm Thu this week

e Office hours, review session, ex. questions to be releasd
e Lecture notes template, Office Hours, TA Contact



List-Based Implementations of Priority Queue (PQ)

PQ Method

List Method

SORTED LIST

UNSORTED LIST

list.size . OC1)
isEmptly/ A it _ listisEmpty, 0(1) _ @,
min list.first (/L) search min JAJ Z
insert ' insert to “right” spot O&J) insert to front OC 1) MA%/&{’
removeMin list.removeFirst OCI1) search min and remove 0@ ”/74"’% %
— o Mmof <d??z.‘é/0 d I
Approach 1: Sorted List| = (i) #pggm( vet,ral/vowo ual 7Z\ @//%f- e s
) 4 ] el E | Aoee ™o | :
(k1) vl) |§kvi>vi) (k;%VJ') (kn, vn)
Approach 2: Unsorted List T < kJ
—~ g coe Y ] | Asee e | a
¢ v
(k1, v1) (ki, vi) (kj, vj) (kn, vn)



— /"074[‘: 7,\/

Heaps: [Structural Proper’ries! of Nodes

Property: The tree is a complete Binary Tree




Heaps: Relational Properties of Keys

Property: Each non-root node n is s.t. key(n) > key(parent(n))

Yl Awg ot o - oot
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Example Heaps

Example 1  Example 2 Example 3 Example 4
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Heap Sort: Idecé7 4
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Makeup Lecture (ProgTestl)

ADTs, Stacks



2 I O s 3. Vs
y Interface
Data add()

Structure remove()
find()

class Microwave {

private boolean on;
private boolean Iocked;
void power() {on = true;} Microwave m = new Microwave();
void lock () {locked = true;} Object obj = ;
void heat (Object stuff) { m.power(); m.lock();]

/+ Assume: on && locked x/ m. heat (ob7j);

/* stuff not explosive. %/ -
o}

class MicrowaveUser
public static void main(...) {

benefits obligations
CLIENT obtain a service follow instructions
SUPPLIER || assume instructions followed | provide a service




Java API ® Abstract Data Types

set(int index, E element)
Replaces the element at the specified position in this list with the specified element (optional
operation).

E set(int index,
E element)

(Replaces the element at the specified position in this list with the specified element (optional operation).)

Parameters:

index - index of the element to replace
element - element to be stored at the specified position

Returns:

the element previously at the specified position

(Interface LISt<E>) Throws:

UnsupportedOperationException - if the set operation is not supported by this list

ClassCastException - if the class of the specified element prevents it from being added to this list

‘E - the type of elements in this list] NullPointerException - if the specified element is null and this list does not permit null elements

IllegalArgumentException - if some property of the specified element prevents it from being added to this list
All Superinterfaces: ga’ro P property p p g

Collection<E>, Iterable<E>

(IndexOutOfBuundsException - if the index is out of range (index < @ || index >= size()))

All Known Implementing Classes:

AbstractList, AbstractSequentiallList, ArrayList, AttributeList, CopyOnWriteArrayList, LinkedList, RolelList,
RoleUnresolvedList, Stack, Vector

public interface List<E>
extends Collection<E>

‘An ordered collection (also known as a sequence).’l he user of this interface has precise control over where in the list each element is
inserted. The user can access elements by their integer index (position in the list), and search for elements in the list.




Stack ADT: Illustration

push(5)

Eush$3!

push(1)
,‘M.

pop L
L

pop 2
»A"A'

pop.




Implementing the Stack ADT in Java: Architecture

public interface Stack< E > {
public int size();

public boolean isEmpty();
public E top();

public void push( E e);
public E pop();

ArrayStack(E)



Implementing the Stack ADT using an Array

public class ArrayStackqd> implements Stack Af( f0&<\gﬂ" >
private fiqal int MAX CAPACITY = 1000;
private ] data; E _b S k
private int t; /x index of top %/ (AQM(MJ w r

public ArrayStack() {

data = (E[]) new Object [MAX CAPACITY]; gmk<s
t = =i W >

}

public int size() { return (t + 1); } (E[ OL_PC{[ ]
public boolean isEmpty() { return (t == -1); } 3 —
public (E top() { “h
if (isEmpty()) {®/* Precondition Violated x/ kt M’P b
else { return datalt]; } M e
o L wol st Wit @ Jao.
public void push(E e) {
Iif (size() == MAX=CAPACITY) {‘ /+ Precondition Violated */l}
else { t ++; datalt] = e; } {’
} e#{m
public E pop() {

E result;

if (isEmpty()) { /* Precondition Violated =/ }

else { result = datal[t]; datal[t] = null; t ——; }

return result; d\ O /

}

%2%




public class LinkedStack<E> implements Stack<E> ({
private SinglyLinkedList<E> 1ist;

Singly-Linked List Method
Slac’ Mathod Strategy 1 Strategy 2.
size list.size
{PY iSEmpty list.isEmpty
top list.first ' list.last
- push list.addFirst list.addL ast
pop list.removeFirst || list.removelast

Strategy 1

GglyLinkedList
head

&

OC‘) “ -;4" j/




. . Grack<S> 8 = vieo Stark<>()s
Stack ADT: Testing Alternative Implementations "L medee sede

@Test
public void testh&ymorphicS?acks() {
s )= new ArrayStack<>();
"Alan%; /* dynamic binding =
"Markl); /* dynamic binding =x
"Toi"); /* dynamic binding */
(s.size() == 3 && !s.isEmpty\));
quals ("Tom", s.top());

J W""‘ﬂg-/ﬁsﬁ[ehoﬂes

=Rew LinkedStack<>();

o "Alan"); /* dynamic binding */
< "Mark"); /% dynamic binding x*/
\D ("Tom"); /* dynamic binding =/

asseftTrue(s.size() == 3 && !s.isEmpty());
asserxtEquals ("Tom", s.top());

implements,

ArrayStack(E) LinkedStack{E)

public class ArrayStack<E> implements Stack<E> {
private final int MAX CAPACITY = lQpO; 1k
private E[] data; P
private t; /+ index of top */ -
public ArrayStack() {
data = (E[]) new Object [MAX_ CAPACITY]; V‘(o &

public int size() { return (t + 1); }
public boolean isEmpty() { return (t == -1); } 49?

public E top() {
if (isEmpty()) { /* Precondition Violated x*/ }
else { return datal[t]; }
}
public void push(E e) {
if (size() == MAX CAPACITY) { /+ Precondithon, Violated =/ .}
else { t ++; datalt] = e; } 0 (

l}mblic E p.op() { S%’ ’_JIT ' ..

E result;
if (isEmpty()) { /+ Precondition Violated x/ }
else { result = datalt]; /Adat
return result;

}

o) med S
s, wsteated  foySeesk
N f:.smaecP Zml’%d&ﬂbfc

THH

}



Makeup Lecture (WrittenTest)



new queue

enqueue(5)

enqueue(_?:)

enqueu 2
i

dequetie=




Implementing the Queue ADT in Java: Architecture

public interface Queue< E > {
public int size();
public boolean isEmpty();
public E first();
public void enqueue( E e);
public E dequeue();

implements implements

ArrayQueue(E) | CircularArrayQueue(E) | LinkedQueue(E)



Implementing the Queue ADT using an Array dﬁt&) Y

C—

public class ArrayQueue<E> implements Queue<E> { Y 4q
private final int MAX CAPACITY = 1000;
private E[] data;
private dint r; /* rear index x*/
public ArrayQueue() {
= data = (E[]) new Object [MAX CAPACITY];
o B = =15
}
- public int size() { return (r + 1); (l)

. public boolean isEmEtz() { return (r == =1.) } OC[)
e public E first() {

if (isEmpty()) { / recond:LtJ.on Violated =/ } M)

else { return dat f
) -ko/‘ ng

public void engueue(E e)
|if (size() == MAX_ CAPACITY) /+ Precondition Violated x/

}else T % atalzl — e} 0(() P #75’ f/ﬂ)

public E dequeue() { k
« if (isEmpty()) { /+ Precondition Violated x*/ } O(A
else { [ ) #"t

E result = data[0];
for (int i = 0; i < r; 1 ++) { datali
datalr] = null; r —--; L, ‘a )

return result;




Implementing_the Queue ADT using a SLL

Sy
public class LinkedQueue<E> implements Queue<E> ({ D use Sl msiad
private SinglyLinkedList<E> 1list; @!Ke W #

Singly-Linked List Method
‘ueueiiethod Strategy 1 Strategy 2
size list.size
isSEmpty list.isEmpty
first list.first list.last
enqueue list.addLast list.addFirst
dequeue list.removeFirst | list.removelast

Strategy 1

GglyLinkedList
head

2

Strategy 2




Stack ADT: Testing Alternative Implementations

@Test

public void testPolymorphicQéeues () {
Queue<String> g new ArrayQueue<> () ;
g.enqueue|"Alan")|; /# dyna;nic binding */
asrenqueue | "Mark" /* dynamic binding */

implements,

ArrayQueue(E) | CircularArrayQueue(E) | LinkedQueue(E)

Ne e

public class ArrayQueue<E> implements Queue<E> { g.enqueue|"Ton")); /# dynamic binding =/
private final int MAX_CAPACITY = 1000; assertTrue (q.sifze() == 3 && !q.isEmpty());
private E[] data; , assertEquals lan", qg.first());
private int r = -1; /x rear index x/ W
public ArrayQueue() { 8 “
data = (E[]) new Object [MAX CAPACITY]; g(=)new LinkedQueue> () ;
}r =1 glenqueue["Alan"); /* dynamic binding =/
public int size() { return (r + 1); } qg. enqueue :"Mark"); /* dynamlc blndlng */
public boolean isEmpty() { return (r == -1); } gJenqueue|"Ton"); /# dynamic binding */
public & #izsell i assertTrue (q.size() == 3 && !q.isEmpt ;
if (isEmpty()) { /* Precondition Violated */ } (Q"’ (l x i PEV (1§
else { return data[0]; } assertEquals ("Alan", g.first());
} }
public void enqueue(E e) {
if (size() == MAX _CAPACITY) { /* Precondition Violated x/ }

else { r ++; datalr] = e; }
}
public E dequeue() {

if (isEmpty()) { /* Precondition Violated */ }

else {
E result = datal0];
for (int i = 0; i < r; 1 ++) { datal[i]l = datal[i + 11; }
datalr] = null; r ——;

return result;
}
}
}
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Makeup Lecture (ProgTest2)

BST Deletions, Constructing Heap,
Array-Based Implementations of BTs



Visualizing BST Operation: Deletion




Visualizing BST Operation: Deletion In -Ovo@ffmwl®
Case 4.1: Delete Entry with Key 1:7- )M;'
If o 1. uﬂ

Case 4.2: Delete Entry wn’rh Key 88




Top-Down Heap Construction KT : Zaﬁ\

Problem: Build a heap out of N entires, supplied one at a time.
e Initialize an empty heap h. ,}f;ﬁf ﬁ“é’ o Z

154126723 20, 25,9, 11, 17, 5, 8, 14>
T Asgdmption: Key values supplied one at a time.

L HEE ¥ QT A (D)
ol TRk ke 1D
b AL
iy b\ (ot 2e97)
v Eore &Mrlgf? At He ),

‘ﬁ tafﬁe/wa/?




Problem: Build a heap out of N entires, supplied all at once.
® Assume: The resulting heap will be completely filled at all levels.

?Vm%— 1 for some height h > 1 =
® Perform the following steps called Bottom-Up Heap Construction :

Step@ Treat the fﬁt %1 list entries as heap roots.

- M5! heaps wliih hei:hlt/ 0 and sizel D 1|‘constructed.

Ste;@ Treat the next list entries as heap roots.
o Each root sets aps from Step 1 as its LST and RST.
o Perform down-heap bubbllng to restore HOP if necessary.
e o %l heaps, each wibh helgid)and S|ze constructed.

>

=\
;\Step h +1: Treat nextl ] (2 ;,,:P” =1listentry as heaproot. 34 |
o Each root sets aps from Step h as its LST and RST. 2 -

erform down-heap bubbling to restore HOP if necessary. 2

heap each with heighf 1 Jind sizq 2" — 1 constructed. = Y/ ﬁ

?ﬁﬂ‘ ExerCIse Build a heap out of the following 15 keys
@ M 16, 1541267232025911 1758@
@ Assumption: Key values supplied all at once.

&% Sop 1
Bottom-Up Heap Construction %&IL& heps , <22 |



Array-Based Representation of a Complete BT

Joel R

T e o to BT
-ﬁ |

0 if X is the root
index(x) =42-index( parent(x) )+1 if x is a left child

2-index( parent(x) )+2 if Xx is a right child Zag[ )
A .z i; ‘%‘:51 Al-1

5 6 8 11 12
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