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Lecture 1 - January 7

Syllabus
Introduction to the Course

Solving Problems via Data Structures



Course Learning Outcomes (CLOs) P i1

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

CLO2 | Implement these data structures and associated operations énd check that they
i 9 a0fl
satisfy the properties of the ADT. P VM'WJQQ{ 57'04 }fg

CLO3| Apply best practice software engineering prmClples in the de&gn of new data
structures.

CLO4 | Demonstrate the ability to reason about data structures using contracts, asser-
tions, and|invariants.

CLO5| Analyse the asymptotic run times of standard operations for a broad range of
Common(Aata structures.

CLO6 | [Select [the most appropriate data structures for novel applications.
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General Tips about Success




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



A Searching Problem

ResidentRecord find(int <sin;, {
for(int i = 0; i1 < database.length; i ++) {
if (database[i].sin == sin) {
A return database[i];
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Program Optimization Problem

b:=...,; c:= b :=...; ¢c:=...; a:=...
acrosss |..] nis m‘w‘t Lo Itempl := 2 x b x C
loop ,, u"‘w‘ optimized across¥ |..| n is i
et d .......... $>| loop
N e e e det
end end ‘?
parsed W pretty-printed
/ Z2 / 25N \
LOOP LOOP
AN AT = AN A A S
VAR EXP VAR EXP VAR EXP RANGE  COUNTER PROGRAM transformed VAR EXP VAR EXP VAR EXP VAR EXP RANGE  COUNTER PROGRAM
Prrrrr N0t N S A P2 N RN
VAR VAR VAR READ = VAR VAR VAR READ =
T T T v/IR VAR/ \EXP T T T V/IR VAR/ \EXP
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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

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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Given a small problem:/ Solve it directly:

Given a big problem:

Divide it info smaller problems:

Assume solutions to smaller problems:

Combine solutions to smaller problems:




Recursion on an Array: Passing Same Array Reference
v e It o ebmefs Lo bonila 77 '’

p— E— o | z 3
void m(int[] @) 21 L~
if (from > to) { /* base case */ }
else if(from == to) { /x base case #*/ } i"ﬂ fﬁ
7else { e ErcnmestcinraEe) 1 ) > >
1 -
bpy
anpl.
Say al = {}, consider m(al, 0, al.length - 1)
7 | C
Y ; T 1~
Say a2 = {A, B, é}, consider m(a2, 0, a2.length - 1) M 7 0
oo Jont! £0 M(A2,QQQ)
o | g T
m(a2, 1,2

y
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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.)

‘Ph*Q"‘*‘J( [7.52) > t

splitArray([2 — true
splitArray( — false
splitArray([5, 2, 3]) — true 0 BIW'MK
—
It == 00— = — = = P A

MXNeE - e
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Lecture 3 - January 14
Recursion: Part 1

splitArray: Implementation and Tracing



Announcements/Reminders

e Assignment 1 release
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
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splitArray: Java Implementation

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

}

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

return sumOfGroupl == sumOfGroup?2;

5

else {
return

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

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

S_Dli'l'Al"l"d)’! TrdCing_(l) public void testSplitArray_01() {

............. RecursiveMethods rm = new RecursiveMethods();

public boolean splitArray(int[] ns) { int[] input = {2 Z}
; return splitArrayHelper(ns, 0, 0, 0); assertEquals(true, rm.splitArray(input));

}

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

return sumOfGroupl ‘== sumOfGroup2;

}

else {
return
splitArrayHelper(ns, i + 1, sumOfGroupl + ns[i], sumOfGroup2)
Il
splitArrayHelper(ns, i + 1, sumOfGroupl, sumOfGroup2 + ns[i]);

v

I

sqn(ns 2, D ,




" 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) { |
return sumOfGroupl == sumOfGroup?2; T
} b ecres
else { e
return
splitArrayHelper(ns, i + 1, sumOfGroupl + ns[i], sumOfGroup2) (’) Watp o1 }%
Il

splitArrayHelper(ns, i + 1, sumOfGroupl, sumOfGroup2 + ns[i]); g£/
Zs hete o e .



. . @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)
String answer = ""; 7

for (ame 21 = BF L % @mp 1 ) 4 answer@C; }é\ﬂsula'"a

return answer; }

Algorithm 2 using StringBuilder append’s: C
public static String repeat’Z(char c, int n) {
StringBuilder sb = new StringBuilder(); &lﬂdﬁ/—) /////// ///('/
for (int i = 0; i < n; i ++) { RS | C

return sb.toString(); } M'b . V7 /7~
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JdMlpxC & 5 @.lesgth ) (e 38 172 > 2.
Example 1: Counting Number ofPrimitive Operations

int findMax

(ant

T bl Teqp)
@. £ W)
; 2 | Zup
if a[i \ \>) currentMax) >
currentMax( = 2l 7ls }_\_Z ¢
i+ ) n-)| tul
return currentMax;) } 'Yl 7/&/
¢

Q. # of times i < n in'Line 3 is executed?

A s (Aol e Ted =7 twk 5 ] Hiwb 7[/;:2 —
Q. # of times loop body (Lines 4 to 6) is executed? r
- 4ines ZWL’B«/\ Te A achetts & T)



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
(Grewrme)

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 Alqori'rhms- From Absolute RT to Relative RT
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Exercise: Approximating f(n) = 7n + 2n - log n + 3n2

A o




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
n

RT Jw= 0 Jiuy=fan
f=po  (|B) =l

Clod) = |ooo



Comparing Relative, Asymptotic RTs of Algorithms

Q1. Compare:
RTi(n) = 3n2 + 7n + 18 X~
RT2(n) = 100n2 + 311 - 100 4~ "

L e%/ldy eprrcTent ﬂ%m?’baﬂwﬂg,

Q2: Compare: 77

RTi(n) = n3 + Zii + 18 =

RT2(n) = 100n2 + 100n + 2000 X
Ls P\Tz wiov® E/\/;l‘fﬁ/\f ( fa/c‘y foss fze )

4 <7>« /71‘0 Mﬂg,

7,

'L
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Asymptotic Upper Bound: Big-O

f(n) e O(g(n)) if there are: ;ﬁ

N
o A real constant(c)> O 3( )

o An integer constant(ny > 1 l‘k"ﬂe sopt ]_—_D

such that: - &
f(n) < c-g(n)| for n>)ng rove:
f(n) is O( g(n) ) | )2 (Zk Z’f |

o.b. €
Choose ¢ = 9. il yl’f

What about n0?

Running Time

i




* la:'- 12: <= ld=',

¥
¥
%Q\a& and agp, a4, ..., 4y ar/e’inte.%ers (i.e., negative, zero, or positive), .
. then f(n) is O . 4‘ Cinb l)

pael Upper-bound effect: ny = 1? [£(1) < (Jaol +|a1] +--- +]ad]) - 1]

Iy AT/ NS A G
L (s L e )14 g (el + 6]+ -« [Ag])- 79

Upper-bound effect holds? [f(n) < (|ao| + |at| + - +|ag]|) - N9]



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 (Big-0): Alternative Formulation

Known:

f(n) € O(g(n)) if there are:
o Areal consta 0

o An integer cons an 1

such that:

Q
£
=
o0
g
=1
5
&

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

Input Size

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

feny € 0((7@) = 4, tﬂa;\(\)’l' N o> fy< @'j<ﬂ)>

c-70 A
No 7/\



¥ 1= 1= l“‘l

We prove by choosing

C = |a0|+|a1|+---+|ad|
npl|l = 1
A o

If f(n)is a polynj?mial of degree d, i.e.,

z 1
f(ri):ao-n°+a1-n1+---+ad-nd

ot oot 7] U0 < (ol ) 19

Jes Go-TwbeTre o« Ay [

*5 (ﬁo+é\(-l'~“=? A‘o() ld é(lé{a,-(' )A\I-\' - ‘Flﬂd\)-ld
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Exercise: Prove f(n) = 5n* - 3n3 + 2n2 - 4n + 1 is O

L?\lf;,fdw /2/,7)
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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)

O(n) 0(n2) Functions: Rates of Growth
el T -

1036
A
28 d /O/

10* T -é
10° - —1 11 —t—t—t—t—t— 1

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

4
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Big-O Properties (2): Relating Families
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Big-O Properties (3): Deciding Correct & Accurate Bound

e.j. —[n(V\)-‘- (-2
2 () = [F=3n+ b
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Asymptotic Upper Bounds: Example (1)
L
Given f(n) =5n2 + 3n - log n + 2n + 5:

(1) What is f(n)s most accurate asymptotic upper bound.
(2) Prove your claim.




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) =3 - logn + 2:

(1) What is f(n)s most accurate asymptotic upper bound.

(2) Prove your claim.

(y Ocla)y P
Z) nge: L= (3] + 2] = &

o {1 > Vol -
what glout Yo=2 Ej *f(l)é g-

L JeX ¢ 4y 2

(Z—(&Mﬂ?} V(-LL- p.”7
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Asymptotic Upper Bounds: Example (4) ( Fxerme)

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) ( Lrerw)

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




Determining the Asymptotic Upper Bound (1)

int maxOf (int x, int y) {

1

2 int max(&x;| 1

3 1T Ly > ) {1

¢ | =11

6 return max;

7 - 1
O(/+1Ll))

- 0(4)

4 @) oM



Determining_the Asymptotic Upper Bound (2)

int findMax (int]

a, 3
eurrentMax OO

for (int i =

if |(a[i] > currentMax)
currentMax = al[i]

i++ K /

return|5§frentMax;

NoOoOoarh~hWwWN —

0({+/1 Ao NEXT £ ] )

0(@42) 007)



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 to be released soon

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
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Determining_the Asymptotic Upper Bound (3.1)

for (int i = 0; @< n; ) {
for (int j = 0; < n; ) |
S EsE R
return true; } >0Cl)
J ++i )

@ ) 00)

return false; }

011 | 0,
o = I % v-| @W ﬂ;"%w*}r"%‘” L1 S
¥1 01 2-- wn- dRER
(9‘/;“ 7 o 1L 2) .- ‘/\—{( «“0!?0&\1
b : (e n y 1)

ﬂ?ﬁ\ {l'le l' 2 -+ N-| = OC{]z)



Determining the Asymptotic Upper Bound (3.2)

boolean contalnsDupllcate céé.nt a, int n) { (7( )
for (int 1 =10; 4 = % ¥
for (int j = 0; 7 < n; ) {

if (i !'= j && ali]l == aljl]) {
return true; } 0(‘4)
Jj t+i o}
g Fh ]
return false; }

oONOOOTPA~WN =

boolean contalnsDupllcat (int[] a, int n) {
for (int i = 0; i < ;|
for (int j = 0; j < M,W{{
if (i '= j && ali]l == al {

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

ONOOOTA~,WN —




Determining_the Asymptotic Upper Bound (4)

int sumMaxAndCrossProducts (int[] a, int n) {
|lint max = a[0]; |

~\
|Tor(1nt 1 = 1; 1 <k13/ & THE 4
i

if (a[i] > max) { max = al[i]; }

int sum = max;| 1
" J <\ J =+
for (int{k : k<@k++) {
sum += al[jl ~ alkl; } }
return sum; |} |

QOWoONOOCOPA,WN —

=&

0<1+Vt{’,1"’42’&)>

_ 0C A amt3)
} 90(/\1)



Determining_the Asymptotic Upper Bound (5)

int triangularSum (int[] a, int n) {

lint sum = 0;1

for (int i = 0; (A< n; i ++) {
for (int j = i; (G)< n; j ++) {

A[sum += aljl} 1 )} _ -
[return sum; |{1 B'KPC-;GV P[IL‘;‘ C"’\S)

~ = M A - Do
13 STITPTT
00 1T Z -l ()14 |+ |)

1 L 2 adtenein T T 5 A

2' 2 - v—-|[2on-U> 72 Lz #Ep

1 : ; 1 2 ) 2
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Asymptotic Upper Bound: Arithmetic Sequence/Progression
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pot Lebatan : OC1) we"
/(&f
Inseriglnq into an Array a.b'lfh o L 0‘@;
String|[] insertAt(String[] a, int String e, int *0(’4' ’>
.1 |String[] result = new String[n + 1]; 1
% for (int 7 0; j <=41i —=1; j ++){ |result][j] aljl} }

result[i] = e; J- (o, z- It ﬂ&afﬁd{ = /l-t'fmpg
for (int 7 e R i R I ) N o R - N

1 [return result;] lttls N> N-T > A Hmp$

Example: OLl+ne (+n< (>>(p('eg<ampl_e:
poi" insertAt({alan, mark, tom}, 3, jim,@ insertAt({alan, mark, tom}, 3, jim,(1)

®
YZMIf[‘J-_ NIE 13 a

A A mekc fomt

k! ¥
} = et (e]== 4 (22 lJ
resm\xl}lg@ %I)/ @- wrulf (3])== errésul’r 1) y2) 43
Zun | AL | wie| fom kﬁ|a14vl met | fort

J
Exercise: insertAt({alan, mark, tom}, 3, jim, 3)



Sorting Orders of Arrays decreasing/descending || increasing/ascending

ali] (value)/A\

ali] (value)
A
Rl /g* J
Al
0 i a.length - 1 ) >
A TT T T--T1 i (index) i (index)
a 213 4 2_]3
z]1 ¢l¢|
AR 0{65' [BAAZ?« non-descending non-ascending
A

ali] (value) ali] (value)

T o’?esmd;g)

\

= (AT > Aft+(])  (index) \

7
i (index)

1l 2 3 4 3 4

= Q1% A+ |




Lecture 8 - January 30
Arrays and Linked Lists
Exercise: Relating Sorting Orders

Selection vs. Insertion Sorts
Singly-Linked List: Quick, Visual Intro.



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
T 1 ali] (value)/A\

ali] (value)
ol
il /g* J
Al
0 i a.length - 1 ) >
A T-T T T--T1 i (index) i (index)

Nov| - afefmno(ag

[0

1( o’?espg,‘d;g )

-

= (AT > Aft+(])
= QI& Alt+!1]




Exercise: Relating Sets of Sorted Arrays

Q. Consider the following two sets:

e S1: all arrays sorted in a non-descending order
e S2: all arrays sorted in an ascending order.
Formulate the relation between these two sets.

Sz C Sy S el




Selection Sort |

Keep selecting minimum from the unsorted portion
% ), 7
(10 -] DWI O("l"l*[@*("'

3 mad'-l ' I ) "'@%)}
ARNN AR AN

15 ik




0((,4 )-1 +Ll+ze3 ¢ -(-(n——()])

Insertion Sort 0G ) s %0 ol pos = O+ 40
. Crf)
o | (| [z | I3 | l\]ovét (i 7@( meok |
1 el T
| 777777 T
""""""" yér 12«
thoop | 416 & ot otil| et 2
a0 ] Al nd
oR] 2 2
el 5| 3
aln] n— | -1




Selection Sort: Deriving Asymptotic Upper Bound

void selectignSprt (int[] ?’,intc:} /S
for (int(i/= 0; i <= (n - 2); 1 ++)
lint minIndex = i;|1

for (int(ﬁ\='i; i <= (n = 1); 3 ++)
if

(a[?T’< a[minindex]) { minIndex = 7;

int temp = al[il; -
ali]l] = alminIndex]-;
a[minIndex] = temp;




Insertion Sort: Deriving Asymptotic Upper Bound

void insertionSort(int[] a, int n) Z;Xiiﬂ}SG
for (int i = 1; i < n; 1 ++)
int current = al[il;
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




Exercise: Selection Sort vs. Insertion Sort
0 1 2 3 4) Sovteyl ’7041%4 vl e R

I B B @) roN-asted?
2 3 J
2
HHH

C T T T

1
1 3
1

|

||
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Singly-Linked Lists (SLL): Visual Introduction

. A —— N: st rfoa/f
‘A chain of connected nodés (via aliasing) y )
- Each node contains: N.oeta == “Qlbg”

+ reference to a data object N viex€ /= wnal)
+ reference to the next node M. iext. dofy == "t y2

- Head vs. Tail : -
- The chain may grow or shrink dynamically. N neXC. next = nulf

- Accessing a position in a linear collection: . ﬂgx{"”?ﬁ' 0/4‘{’&
+ Array uses absolute indexing: O(1)

+ SLL uses relative positioning: O(n)




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




Exercise: Mixing the "Best” from both Sorts? M/Wg)

Recall:

e In insertion sort, costs of insertions are increasing.

e In selection sort, costs of selections are decreasing.

Idea:

e Perform insertion sort until half of the input is sorted.

e Perform selection sort to finish sorting the remaining half.

Q: Will this “new” algorithm perform better than O(n2)? U(Vﬁé vtl}

= MUY

2%/l




ingly-Linked Li

: Visual Introduction

- A chain of con

e

n
cte

- Each node contains:

+ reference to a data object
+ reference to the next node

- Head vs. Tail

- Accessing a position in a linear collection:
+ Array uses absolute indexing: O(1)

+ SLL uses relative positioning: O(n)
- The chain may grow or shrink|dynamically.|

ne It ool
(ﬂ.daf s Yy

N e /= wal)

<>4. next. olofg == "Ues

N next. next = nuly
N. et - vt clata
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A SLL Grows or Shrinks Dynamically

e.g.} Inserting TOR/VAN/MON to, the beginning/middle/end.

/ n (4ssaned 4o bo 2 )
j‘,mY jeg LAX| @——=MSP| ATL| e——BOS| &—x> (
g o wex =
<:) ig}hv& X ¥ et head{:fi; ) “‘Nﬂ&yaﬂ fﬁ4.4 (2:%2
8 /|’foV\ 26 WSV | s mp~ N | 3201
e.g., Removing LAX/ATL/BOS from the %ginning/middle]end)
—- e j
|LAX| @ MSP| &~ ATL| &> BOS| &——> %)
ot \ _ Tyoeesp

head tail

< ‘?(Mo( st oo



Implementing SLL in Java: SinglyLinkedList vs. Node

public cla
private EE!E head = null;
publig’void setHead (Node n) { head = n; }
public int getSize() { ... }

public Node getTail() { ... }

public void addFirst(String e) { ... )
public Node getNodeAt (int i) { ... }
pubilic void addAt(int i, String e) { ... }
pub%&c void removelLast () { ... }

{

Runtime

SLL
Z/ ny//

headl 2

private
public Node(String e, Node n) { element = e; next = n; 1}
public String getElement () { return element; }

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

public void setNext (Node n) { next = n; }




SLL: Constructing a Chain of Nodes

public class Node {

Q)M — /Vé‘ré —2 Zu«

/Q!m A

: : wme
private String element; \ﬁ? d
private Node next; ‘&“A 1 '6‘-"‘4 VA ﬁ?wl
public(NodetString e, Node )() { element = e;vnext =¥X; } Z " .k Vl?ﬁ
public SEring getElement () { return element; } E "
public void setElement (String e) { element = e; } ?. A ‘/I Wth ”PXf

public Node getNext () { return next; }
public void setNext (Node n) { next = n; }

Approach 1

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

Node@aiﬁ/= new Node ("Mark", ptom)|;
Node alan = new Node("Al'ﬁm", mark) ;

néLv\V




Lecture 10 - February 6
Arrays and Linked Lists

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

SLL: addFirst



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




X'Fr%ﬂo{r(/aﬂ \){,3 <1<t A s1<N> mpatlc ] ‘-szzﬂf{]]“
Exercise: Mixing the' Be,sf from both Sorts?

v

Vo N~ N2 K25/, 7:3, 4, o>
Recall:#¥[ (J Q apile] £ Fpa607] ém .
® In insertion sor1!' costs of msérhons are mcreasmg 212,77 2, Uo>
e In selection sort, costs of selections are decreasing. gﬁll’l%/ps g
Idea: 415 2 s 75 0, 3,({.}
® Perform insertion sort until half of the input is sorted. _ﬂﬁ%_
e Perform selection sort to finish sorting the remaining half. €2,0,s 4,
Q: Will this “new"” algorithm perform better than O(n2)? O(VF-G V[Zf 3>

= Y
T8 0(’+2+ ”/z) 0(/1)

] n M;D:f? % M(Bfw

Voo 00 4 el) ¢ -+ 1) <O




] -
SLL: Constructing a Chain of Nodes |41 = Mak = 7%

public class Node { IQ’?'A 9710

private String element;

wma
private Node next; ‘&“A ’né? T /- ﬁ)grl

. . _ ..V = .

pule_.c(Nod_etStr:Lng e, Node)() { element = e; "next X, } 2- M .k. Vl?ﬁ

public String getElement () { return element; } E

public void setElement (String e) { element = e; } ?. A

public Node getNext () { return next; }

public void setNext (Node n) { next = n; }

Nopp

Approach 1 Aot "

Node ( = new Node("Tm",, null) ;
Node(mark/= new Node ("Mark", ptom);

Node alan = new Node("Al‘?m", mark) ;

vl
V10 ) o
10 ,\)0"1 &L { q"g{ e.

A/OJQ klM = view

Node o = wan AMPC"Z»«", nall) 5 i

e “Qln’ | merk); Wk =7 L
Nodo wek = 189 Koph( Uek™, gom); .

A eXE, next

néLv\V




SLL: Constructing a Chain of Nodes

public class Node {
private String element;
private Node next;
public Node (String e, Node n) { element = e; next = n; 1}

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

public void setNext (Node f) ({, next = %;

warle MM mJC}

Approach 2 A

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

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

(alan)setNext ‘ :

mark.setNext (tom) ;




SLL: Setting a Lists Head to a Chain of Nodes

public class Slng}yLlr
private Node héad null;
public vo:l.dlsetHead Node { —@ }

public int getSize()

SLL
héoo(‘)“)(?"'/{/

public Node getTail () { 6 s

public void addFirst(Str:Lng ey { ...
public Node getNodeAt (int 1) { ... }
public void addAt (int i, String e)
public void removeLast() { ... }

Approach 1

Node tom = new Node("Tom", null);
Node mark = new Node ("Mark", tom); ASL é{
Node alan = new ("Alan", mark); W V’k
SinglyLinkedLis = newlSinglyLinkedList(];

175{'. han( == Aéﬂ
@



SLL: Setting a Lists Head to a Chain of Nodes

public class SinglyLinkedList {
private Node head = null;
public void setHead(Node n) { head = nj;
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() { ... }

um

Approach 2

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 1ist = new SinglyLinkedList () ;
list.setHead(alan);
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SLL Operation: Counting the Number of Nodes

list alan 0’ / mar. 9 ”34 tom w' 9 t
GglyLinkedList (Node (Node (N
head “ " “pom”

element Alan element “Mark” element Tom
| | | null

next next next

") 4 7 bl

Trace: Iis’r.gefSize() s wodlts 7

int size =(0)
Node lcurrent| = head; current | current != null | End of I’rerah n

{
—>current ©) current.getNext () ; Ala/l ﬂlﬁﬂ l.:'ﬂcﬁ[( NYrBdf == mMyC

?Slze o vak Mavk Lz vl Davvontt ==t
Towt | Cont 1= nd(

AT 2= mal

E

return size;




SLL Operation: Findingthe Tail of the List

w“ \ g
list alan mark tom
GglyLinkedList Node Node & Node Y / /
head elernent “Alan” ‘| element “Mark” *| elzment “Tom”
next next next apll

Trace:Adist.getTail()

}

return tail;

1 BN getTail() |

2 Node current = head;

3 r‘::ode tail = null; current | current != null | End of Iterationjtail
4 while (current != null) {

5 tail = SOurrent;

6 < current = current.getNext () ;

7

8

9

—

H featins = s of [xt O




SLL:|Trading Space for Time ,,.e.ua‘d;y

toi

it et e 07015 T
;Mfig@ f,ﬂ’ ;4 3‘245

SLL tlpss AR I R 8T the M;&j
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Q. Does tail or size need to be updated?
SLL Operation: Inserting to the Front of the List

@Test
public void testSLL_02() {
SinglylLinkedlList(list’= new SinglylLinkedList();
assertTrue(list.getSize() == 0);
assertTrue(list.getFirst() == null);

—

ac@l@'rst (String s
"\l/ new Node(e’,
(s?c —— @B
D
)

3
v - 4 BX X tail = head;
list.addFirst("Tom"); 5 g§§:7
6 1 ;
7

list.addFirst("Mark");

list.addFirst("Alan");

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




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, removelLast
Exercises: insertAfter, insertBefore



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: Setting a Lists Head to a Chain of Nodes

list

GglyLinkedList
head

element

” element

2 element

Q. Given: SinglyLinkedList list = new SinglyLinkedList();
Write a single line of Java code to construct the above chain.

7t cot ool (i Aot (A", o Aotk ( ‘”avk'; ) MaJQQ T, nall) D}

3



SLL Operation (sketch): Removing_the First Node

void removeFirst() General Cases?

Boundary Cases? 'L> Stze 7 2 ’é
L : %
)GTZE:’-O i Xr?f%/l @,@,@,@ \0. ()p_qwo@ 0%/\
L) St ==| 2 YPN“= e'M}”(/ fis -t l}% & [\\G‘
e i 0Q) o
+ 1 1 i

1

list alan mark tom
G lyLinkedList Node (Node (Node
head element “Alan” ‘| element “Mark” | element “Tom”

size %2 next G @ next | next

tail

v\po\ﬁfeo\ mfgm&g.

null




SLL Operation (sketch): Adding a Last Node

void addLast(String@ General Cases?

Boundary Cases?

L, ¢te==0
.Al,
e o A=
s 1R1
list alan
SinglyLinkedList Node
head ‘ element
size ¢ | next
tail @

“Alan

Ly S > |

vl @,9.00)

mark
(Node
” element

next

“Mark

79

tom
(Node
N element

next

V4

ss\L'

Abole |~

4l
IR
A



¥ wher T=n-| 2 [sttaz| 00) 5 wher 1= n-2 5 0(n-2) =0
SLL Operation: Accessing_the Middle of the List L | 11

o(@=1>- 1)

OF)‘\IO’U‘IA(DI\)—*

list . O alan D mark
is ﬁn'27(‘ o 71 / au( !
X
SinglyLinkedList Node Node
head element “Alan”

element

3 next

size

tail O

next

tom 45‘”7491t5 .
(Node 0 C '/‘)
element “Tom”

“Mark”

gepammisl ||| |

Node getNodeAt {

if (i1 < 0 || 1 >= size) { /* error
else {

int index = 0;

Node current = head;

whi indéx < i) { /* exit when

_?index ++;

_»rcurrent = current.getNext();

}

return current;

next

MOZ

LT

null

A4t

Z

Trace: Iis’r.gei'NodeA’r(Z)/v

tomn

P2

Q. Does fail or size need to be updated? Jo|

current | index | index < Z,I_S_’rg,L,a,f Lteraj;ion_l
oo | O 042:&&{;}%%?
| .

- aos a» ¢

227 tomt

oit.



# wof ¢ vote ot 7dex T-| 1S -

Idea of Insertin Node at index i L’
e TL L efa«a"’f Rt
Case: addAft(i,) e), where |0 < i|< size

(k¥ #0% Me{fff”'o
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SLL Operation: Inserting to the Middle of the List

@Test

public void testSLL_addAt() {
SinglylinkedList list = new SinglylLinkedList(Q);
assertTrue(list.getSize() == 0);
assertTrue(list.getFirst() == null);

C

list alan
list.addFirst("Tom"); <:j/;;QWLMKedust <::///ode
list.addFirst("Mark"); head element
list.addFirst("Alan"); size next
assertTrue(list.getSize() == 3); tail Ps)

ﬂgtll n‘? A?

assertTrue(list.getSize() == 5),
list.addAt(list.getSize(), "Heeyeon");
assertTrue(list.getSize() == 6);

assertEquals("Suyeon", list.getNodeAt(@).getElement());
assertEquals("Alan", list.getNodeAt(1l).getElement());
assertEquals("Yuna", list.getNodeAt(2).getElement());
assertEquals("Mark", list.getNodeAt(3).getElement());
assertEquals("Tom", list.getNodeAt(4).getElement());
assertEquals("Heeyeon", list.getNodeAt(5).getElement());

Q. Does tail or size need to be updated?

void
if

}

oONOOAWN =

next @

R
addAt (int i, String e) {
(i <0 || 1 > size) {

“Mark”

mark tom
<::////Node <::////Node
“Alan” element element

v tProfgud”
aé%!dk:—,/;7 J;?7€L“1 (j) 1“2049 éiﬁ}?(ﬁz.’ (:>j>
1. |-

“Tom”

next null

8.

AL o an”
|

q. | =

throw new IllegalArgumentException("Invalid Index.");

ep
‘if (i == O)I{
addrFirst(e);

)
else {

2~
ode nodeBefore = getNodegAt (i — !);

ode newNode = new Nod@nodeBefore.getNext() )i
odeBefore. setNext (newN

ize ++;

’



SLL Operation: Removing the End of the List

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

assertTrue(list.getFirst() == null);

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

assertTrue(list.getSize() == 0);
list
Gglyunked List

list.removeLast();
assertTrue(list.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());

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

Q. Does tail or size need to be updated?

if (size == 0) [{
throw new IllegalArgumentException("Empty List.");
}
else if (size == 1) {
removeFirst () ;
}
else {
®Node secondLastNode = getNodeAt (size - 2);
secondLastNode.setNext (null) ;
tail = secondLastNode;
size ——;

©Co~NOOGOPr~rWN =

—_
- O

P O QT
A WON



Exercises: insertAfter vs. insertBefore

Case: insertAfter(Node n, String e)

eo e N3 | =T =y 2

K=
Case: insertBefore(Node n, String e)

reede [vt

o0 oo N3 , T > =00




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




Exercises: insertAfter vs. insertBefore

(i
Case: insertAfter(Node n, String e) o

+ A A~ | A >eee @
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Running Time: Arrays vs. Singly-Linked Lists

OPERATION

DATA STRUCTURE
wp
‘gs’t

SINGLY-LINKED LIST

=
get size 1{‘

get first/last element

00

L
get element at index i N’F\ e \1 ;\J\"

oW

\J

| remove last element |

add/remove first element, add last element

aw

given reference to (i — 1) element

add/remove i element

not given

>

list
GglyLinkedList
head

element Alan

next next

alan mark
(N (N (N
. ” element “Mark” element

tom

“Tom”

next null

1

0
a"‘-\| “Alan” ['Mark”




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 MEX
- A DLL is also a SLL: g

+ 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

s
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Generic DLL in Java: DoublyLinkedList vs. Node et

Node<$frin9:

element

prev

public class DoublyLinkedList<E> { @Test
private
public
public
public
private
privat

publi

int size = 0; public void test_String_DLL_Empty_List() {

vold addFIFSE(E @) { uss | > DoublylinkedList<String> list = new DoublylinkedlList<>();
"°’_'i rZZZZT{:ait(') ; o 1 assertTrue(list.getSize() == 0);

Zo%] ) int 1, e c : — .
Nedabzs Bendus: assertTrue(list.getFirst() == null);

NodetE> trailer; assertTrue(list.getLast() == null);

? DoubI /Linkﬁgist ( }| /!t

hegder = new Node<> (null, null, null);

ra\iler = new Node<> (null, null) ;
eader.setNext (trailer);

privatel E element;

private Im;(t;

public E getElement() { return element;
public void setElement (E e) { element = e; w"'[g/
public Node<E> getNext () { return next;
public void setNext (Node<E> n) { next =
private( Node<E> prev; NOde<Sfrm9-

U
public Node<E> getPrev() { return prev; @ element 4

public void setPrev(Node<E> p) { prev =
public Node(E e, Node<E> P, Node<E> n) {

}

= next \\-é u) (
element = e; = - 4 prev
prev = p; b/a le’ @ Me ! Node<$frinL> dd]

next = n; C.Vldlljr'?'l,/) ﬂ\dllé element] 47

tracler. %Fe\/(heae[&/) S e e




LoAmpLanS * |7/2d Yt == sute XL UL fvevz-- /Mo(
Generic DLL in Java: Inserting between Nodes

element] |

*

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

=
o]

succ.setPrev(newNode) ;
Bz =t

o0k wWN =

Assumption: pred and succ are directly connected.
succ

Node<E>

element] —
next_| o7
C— o]

preg



Node<Sfﬂng:
Generic DLL in Java: Inserting to the Front/End T
prev
Shest void addFirst(E e) { A

public void test_String_DLL_Insert_Front_End() {

DoublyLinkedLis g> list = new DoublylLinkedList<>();
: P }
list.addFirst ' .

list.addFirst("AlaR™);

addBetween (e, header, header.getNext ())

void addLast (E e) { Slie .
addBetween (e, trailer.getPrev(), trailer)

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

DLL<String>
list = new DoublylinkedList<>(); size 0 |
List.addLast("Mark™); — hem
list.addLast("Alan"); -

trailer -

assertTrue(list.getSize() == 2);

assertEquals("Alan", list.getlLast().getElement()); U
assertEquals("Mark", list.getLast().getPrev().getElement()); _..££—

3
Node<String> Mu C.', > Node<String> M”
L Node<String> \‘Ma A}
element] | = element] —1

element] -

next

nex —_1>
“\A\\ @ — prev - ' l




[ L'l /- S Node<String>

Generic DLL in Java: Inserting to the Middle e

prev

@Test - :
addAt (int i, E e) {

public void test_String_DLL afdA:() { boublyL inkedListo(y: if (L <0 || 1> size) |
Doublylinkedlist<Strings 1lis new DoublylLinkedList<>(); throw new IllegalArgumentException
list.addAt(@, "Alan"); el aies & i af ok 1-]
- n n ‘ ’ .
list.addAt(1l, "Tom"); -[',rﬁtpa e Node<E> pred =|getNodeat (i - 1);
list.addAt(1, "Mark™); Node<E> succ = SgecnNext Ul

addBetween (e, pfea,lsucc);

<upt. at ﬂoé’/r Z

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> wast s *
siz r - l /A\'/ 42;
+ getNodeAt(-1) returns the header |2= — L- v
+ getNodeAt(size) returns the frailerj traiter | — 0(-/‘)
— 1
Node<String> M Node<String> M
element L}/ elemenfiﬂ
\ next , next - ”
“’A\ P_ Prev\ /’ prev ”u




Generic DLL in Java: Removing_a Node

void remove (Node<E> node) {
Node<E> pred = node.getPrev();

Node<E> succ = node.getNext();
. setNext (succ) ;

.setPrev(pred) ;
. setNext (null) ;
.setPrev(null) ;




o8
g}(&

null

Generic DLL in Java: Removing_from the Front/End

@Test

public void test_String_DLL_Remove_Front_End() {
Douhlyl inkedlist<String> list = new DoublylinkedList<>();
list.addFirst("Mark");
list.addFirst("Alan");
List.removeFirst();
list.removeFirst();

assertTrue(list.getSize() == 0);

list
list
list

list.
list.

D
|
.

new DoublylinkedList<>();
.addFirst("Mark™);
addEiest("Alan");
removelast();
removelLast();

assertirue(l1st.getsize() == 0);

void [removerirsg() {

i 2

else {

}

(size == 0)

void removeLast () {
(size == 0)

if

else {

{_thror new T]]legalArgumentException("Empty"); }
remove (header.getNext()); 1}

{ throw new IllegalArgumentException("Empty"); }
remove (trailer.getPrev()); }

400

U
header
Node<E> Node<E> Alan ~| Node<E> Mark Node<E> null
element element] A Helemenf — A 3 element] - s
null next next e next 4 next /7 null
L prev i )6 ¥ 3 prev [ K X, previnn. -t prev k\ trailer
header
— 3 Node<t> | null Node<E> | _Alan Node<E> ] Mark Node<t> | null

element] ~ element] - element] - 3 element] ~ s
next 1 next /1 next /1 next /] null
- previfie. A1 previie. L previne. _t prev e trailer




Generic DLL in Java: Removing_from the Middle

@Test

list.addFirst("Mark™);
list.addFirst("Alan™);
list.addFirst("Tom");
assertTrue(list.getSize() ==
list.removeAt(1);|

assertTrue(list.getSize() ==

list.removeAt(0);
assertlrue(list.getSize() ==
list.removeAt(0);

assertTrue(list.getSize() ==

3);
2);
13

0;

public void test_String_DLL_removeAt() {
DoublyLinkedList<String> list = new DoublylLinkedList<>();

removeAt

if

else {

Node<E> node

(int 1) {
i >= size)
throw new IllegalArgumentExce

(1 < O

remove (node) ;

{

getNodeAt (1) ;

header
— 3 Node<E> null Node<E> Tom Node<E> Alan Node<E> Mark Node<E> null
element] ~— element] ~—— element] ~— element] ~— element] —
next ] t 7 t ] t " ~ 3
null nex nex nex a next 7 null
S——x previee 1 previmee L. previfnee L Prev e ¥ 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

¢ ProgTest2 (onlinked Trees) to-be released

e This week's office hour: 3pm, Wed [
—




null

Running Time: Arrays vs. SLL vs. DLL

oo PR s

OPERATION

DATA STRUCTURE

ARRAYPN SINGLY-LINKED LISTH DOUBLY-LINKED LIST

size

first/last element

0G)

add/remove i element

given reference to (i — 1) element

element at index i O 0 64 )
remove last element ‘/, //ﬂ// [ . |
add/remove first element, add last element [7

o(n) (1) 0>

not given o)
list alan mark tom
GglyLinkedList (Node (Node ( O l 2
element “Alan” element Tom W /A \Y n" \ ¥/
| 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 ~ next A next A gnull
~ xr previie. L prev . X previl A Previne 1 prev trailer




Trees

" ( [ Geaeal Trees
T. EMAvg Treps  ( ETs)

b (> Bmvd Sepith Trees ( BSE)
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Linear vs. Non-Lineag LS’rrucfures
LLs

SinglyLinkedList

header
— 3 Node<t> )null Node<E> Alan Node<E> )Mark Node<E> )Tom Node<E> null
element] -~ element] ~— element] ~— — element] ~—— element] ~ A
null next i next 1 next 7 next A next A énu||
S—+=rC prev d previee L previlmn L prev e ¥ prev = trailer




General Trees: Terminology (1)

- ¢ - e | (MPQP) ok #e® o9 -|root
I W‘M m /“A\ﬁ;ﬁtﬁ o V 5'1:‘,".;“’ - parent
f i “Y"wﬂ - children

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

- subtree

Shirley Vanessa
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- external nodes
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General Trees: Termlnology (3)

Ernesto

Shirley Vanessa
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General Trees: Terminology (4)

. I o) 'peem - edge
(ol 5 - path

- depth

Ernesto - height
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Vanessa
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Generic, General Tree Nodes Trearlsh<SS| v gp
|/

public class TreeNode<E> {
private Evelementy /+ data object x/ F% ]
private TreeNode<E> parent; /+ unique parent node x/ ﬂf_ \
private TreeNode<E>[] children; /# list of child nodes x/ é{///

private final int MAX NUM _CHILDREN = 10; /# fixed max */
private int noc; /* number of child nodes */ l l } J \

public TreeNode(E element) |
this.element = element;
this.parent = null;
this.children = (TreeNode<E>[])

Array.newInstance (this.getClass (), MAX NUM _CHILDREN) ;
this.noc = 0;
}
public E getElement() { ... }
public TreeNode<E> getParent() { ... }
public TreeNode<E>[] getChildren() {

e

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.




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 WrittenTest guide and example questions to be release
e Assignment 3 (on linked Trees) to be released

e Lecture notes template, Office Hours, TA Contact



General Trees: Recursive Definition
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General Trees: Ordered vs. Unordered Trees
vV

Book
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Generic, General Tree Nodes

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

private (TreeNode<E> parent; /# unique parent node */ TN<S>
private (TreeNode<EX[] children; /+ list of child nodes x/
parent
private final int MAX NUM _CHILDREN =\10; /* fixed max */ elemenf
private int(noc;) /+ number of child nodes */
childrenl|,

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) ;

this.noc = 0;

}
public E getElement() { ... }
public TreeNode<E> getParent() { ... }
public TreeNode<E>[] getChildren() {
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.
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Instantiating Generlc/S’rruc’rures in Java el
class Arra Stack<.E,> 7“ 22’ / vu( nl( sl

private (E[ ] data; d 0( Atli’ﬁ ») ELI0] 3 ;
publlc ArrayStack<E>() { 0(&1‘6& =<E[]>VIM OL—sﬂ‘f [10]5
) ;

} S

class\TreeNode <E>{~f W‘m rf"( t\a%

private TreeNode<E>[] ch| d'FGIll

publlc TreeNode<E>() { CMAVM (T)\J4E> 220
j ’CLthffo];

}} c\m\o\(a/\ ( TN<E>)
@ N Toelodo <t qefz/a%




Tracing: Constructing a Tree

@Test
public void test_gen%;al_trees_construction() {

TreeNode<String> agnarr = new TreeNode<> ("Agnarr");

TreeNode<String> elSa = new TreeNode<> ("Elsa");
TreeNode<String> anna = new TreeNode<> ("Anna'");
v v
agnarr.addChild(elsa);
®)agnarr.addChild(anna) ;
Eyelsa.setParent(agnarr);
anna.setParent (agnarr) ;

assertNull (agnarr.getParent ());

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

A ) el;a

@ agaat. 3ef£h:lﬁ/we/l( WA

— TN<S>

parent
ﬂOtﬁu element

children

barent %, |g U
%0

element |1~

children

=

o1 2 q
g|III---II




return 0;

}

else {
return (1) +

@Test

public int depth (
if (n.getParent() == null>

TreeNode<E> n

public void test_general trees_depths() {
. /* constructing a tree as shown above #*/

TreeUtilities<String> u = new TreeUtilities<>();
assertEquals (0,
assertEquals (1,
assertEquals (1,
assertEquals (2,
assertEquals (2,
assertEquals (3,
assertEquals (3,
assertEquals (3,

u.

u
u
u
u.
u
u
u

depth (david)) ;

.depth(ernesto)) ;
.depth(chris));
.depth(elsa));

depth(anna)) ;

.depth(shirley)) ;
.depth (vanessa)) ;
.depth (peter));

Ernesto

depfh(vanessa)

ﬂeﬂ; (= oull

P L nal
= [+ o[epfh C%is)

— ) gy
=/ .!+ ,/prh(gme /)"
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Binary Trees: Recursive Definition
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Deriving the Sum of a Geometric Sequence Z7
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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) {
Treerde<E>w children = n.getChildren();
ol

if (childrenMength == 0) { return 0; } Ernesto
else { nol B b
int max = 0; B ||

for(int i = 0; i < children.length; 1 ++) {
int h 1 + height(children[i]);
> max ? h : max;

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 4e4et “L"’%
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BT Terminology: Depfhs, Levels, Max #/ Nodes
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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 <2t

~ 1

For example, say h = 3

Minimum # of nodes

LOd

(e
W

Maximum # of nodes

e




’Zh+| = h+|
BT Properties: Bounding Height of Tree 18 > . 3

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

log(n+1)-1|<h<n-1

For example, say n =(7

Minimum height Ul "P’7N 77,\ Maxnmum height

mrt | (1! Jlé
ég h=T fda(L h’%(‘m}é
A+l
- ; LVI:Z :23]1—1( f
h Al ke g AHl=27
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General Tree Traversals: Pre-Order vs. Post-Order

ta ;
Pre-Order Traversal Post-Order Traversal
from the Root from the Root
HLLE o _L i
/\75:&4 d"“ po (Eka > Po(@ﬁ) bmeste ﬂa( E’sa) ool O3 174\;—0(

po ( M»fs) 2



TRAVEL THE WORLD

Binary Tree Traversals

Pre-Order Traversal

— (¥ +31 3+ttt ¥3-Ta b

In-Order Traversal

Post-Order Traversal

31+ 2x98-2+/p74-%6 {|=




Review Q & A - Mar. 10

Written Test

Asymptotic Analysis
Instantiating Generics
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General Tree Traversals: Pre-Order vs. Post-Order
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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 as:
@S Ng < ol

YR
Minimum # of Maximum # of
External Nodes & External Nodes /
A o |
. @




_ ok
BT Properties: Bounding # of Internal Nodes Se=27-)

o
Given a binary tree with height h, the number of interna;l-

nodes n; is bounded as:
Jull
b b
h<n <2"-1 = el ;(é‘ h/l }‘-]
For example, say h =(3) v oMuille |
= e‘? \
Minimum # of Maximum # oF\’ dovs, this ﬁ;é o
Internal Nodes Internal Nodes | pephr reef
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BT Properties: Relating #s of Ext. and Int. Nodes . g/

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

o nonempty and proper E%(’ @ (ﬁal’fm KOFW Kl REV]EW/
o with n; internal nodei ?nd ne external nodes /’E- = L
We can then expect that: |ng = n; + 1 )’1]_ 0 .
efsty AaIOIS
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Applications of Binary Trees: Infix Notation
N ak i

&t, M?S. ﬂynola w,,aica(
Tnt. oo 05 ”yg

K
N\

/
3 1 9 5 - 4 ..] )
s

Q. Is the binary tree necessarily proper? - x 4



TRAVEL THE WORLD

Binary Tree Traversals

Pre-Order Traversal

— (¥ +31 3+ttt ¥3-Ta b

In-Order Traversal

JtIX£23/9-¢ +2|—

Post-Order Traversal

31+ 2x98-2+/p74-%6 {|=




Binary Search: Ideas ﬁ NG

Search: Does keyik exist in array a? =
O leep Arcu de wolelle of T

A | i ae ( haled each te *
: %V\ @Felwon ’ﬁ f kew | /

3) vighd o K >v




Binary Search in Java

boolean binarySearch (int[] sorted, int key) {
return binarySearchH(sorted, (0, sortedulengthi=11,

key);
}
boolean binarySearchH(int|[] sorted, int from,

int to, int key) {
if (from > to)

{ /# base case 1: empty range =*/

return false; }

else if (froms==uto) { /* base case 2:
return sorted|[from] == key; }
else {

int |middle.= (from + to) / 2;

int m1 eValue = sorted[middle];
if (key < middleValue) {
return binarySearchH (sorted, | from, middle(i}} key);

range of one element x/

}
else if (key > middleValue) {

return binarySearchH (sorted, lmiddleg + Zq Ikey) ;
}

else {|return true; }




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: Tracinq /fffo‘l 44 5123 45678

0123@5@78
/13 12| 2427

sea rch(a@@a
|

/H

o 8719

binarySearchH(a}0[8}18) Ura"f[

\s¥)

blnarySearchH(a,@S 18) *}@

/)
‘*f"f«

binarySearch 5 5/18) L,
7

A3 619|12]15]18]21

t@f

L~‘>

24

27

- search(a,7)

binarySearchH(a,0,8,7)

binarySearchH(a,0,3,7)

binarySearchH(a,2,3,7)

binarySearchH(a,2,1,7)




Binary Search: Running Time

Running Time as a
boolean binarySearch(int[] sorted, int key) {

return binarySearchH(sorted, 0, sorted.length - 1, key); Recurrence Relaflon

} N T(n)="
boolean binarySearchH(int[] sorted, int from, int to, int key) {

if (from > to)‘/{ /* base case 1: empty range */T(O),,
return false; } -

else if(from == to) { /* base case 2: range of one element #*/
return sorted| from] @key; } T(' ;‘
else {

int middle & /(from(+/to) |/ /2: ﬂ/
[2

int middleValue = sortedimiddlel;
if (key < middleValue) {

return binarySearchH(sorted, |from, middle - 1) key); T 4&)

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

}

else { return true; }

5 &\ wmjz ¢ ;;.a’ﬂ?ﬁﬂ)

Ter)= T4 1%+

sorted




Running Time: Unfolding Recurrence Relation

T(0) = 1 Q{Nvme wethodt  lo%s OF 9/&’(
T(1) = 1 1= 2 ﬂwaw 7/?7

T(n) = T(n/2) + 1 Kainalp TR =T« 1= TCEE)+ |
Ty = TCE )+’

(Tne ) + ) L= = gk = e

' how ""“"()\7'&"‘7 %A

T MW=+ --- +] =/+474,]=,4(7,4 WORK OUT




Merge Sort: Ideas 1PAD
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Merge Sort in Java

¥ Uit eitie o o K-
public List<Integer> sort (List<Integer> list) { m £ - . ST<R
List<Integer> sortedList; m‘ e lL' ﬁ S#J .{—
if((list.size() ==0) { sortedList = new ArrayList<>(); 1) 1 75 EY w Gt K s_?
else if (list.size() == 1) { — [scEP

sortedList = new ArrayList<>(); p— -
sortedList.add(list.get (0)); ) e@-(' J T‘[’&MS < 74‘/

.

}

ais_x::{middle = list.size() / 2; ,XX A‘%Zj vemmg eb 7{«»1 72

List<Integer> left = list.subList (0, middle);
List<Integer> right = list.subList(middle, list.size());
List<Integer> sortedLeft = sort(left); - ?b
1 & or i sort (right) ; :\'\_, Z’ «Ze =1\ r %%45
sortedRight) ; V
} /* Assumption: L and R are both already sorted. x*/
private List<Integer> merge(List<Integer> L, List<Integer> R) {
List<Integer> merge = new ArrayList<>();
if(L.isEmpty() | |R.isEmpty()) { merge.addAll(L); merge.addAll(R); }

/+ If i >= L.size(), then this for loop is skipped. x*/

for(int k = i; k < L.size(); k ++) { merge.gdd(L.get(k)); }
* /* If j >= R.size(), then this for loop is skipped. */
for(int k = j; k < R.size(); k ++) { merge.add(R.get(k)); } P

d ud 44 ‘ﬁ PS/ Estugn mege; \l/ 2 W fﬁpﬁ )/[MAZ’:’IT" elpmpis

7 #E.

/\,% R A4 b1¢,A AUk i 2 att: 17 L.gree Il 7 Rsize
= —t
whil Ii 8158 () j .size()h {
left 2 Ji45 1 63 85t VM ;{{M k if(eL-gs:tLis<=eR' &e&t ]'<.R s’”‘?fe.badd(L.get(i)); i+4; )
0 1 2 4 3 Z M K PA }else { merge.add(R.get(j));I F ++,.|} 0(()
.
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? Merge Sort: Tracing —> merge 1.

0
/((85 24 63 45 17 31 96 50)) 3




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



Merge Sort: 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<>(); }I
:e Se 1L (list.slze =01

sortedList = new ArrayList<>(); . l
sortedList.add(list.get (0)); T(.l)"

}

else { ¢
int middle = list.size() / 2;
List<Integer> left = list. subLlst(O, mlddle)

List<Integer> right = list.subList (middle, list. .g.lze( ;
List<Integer> sortedLeft |sort(1eft)! .Q _‘(
List<Integer> _sortedRight =Ilsorf (right)k Nse 2 .t _((ﬁ_
sortedList = | merge (sortedL ?JWP

return sortedList;

Height

SRV R




Running Time: Unfolding Recurrence Relation

T(0) = 1 Mesnp. T - 2 T8 + &
T(1) = 1
T(ﬂ) =2 - T(n/2) + n

’}Zw) @ T—@r{— Yl ‘Z.

=121 TC )+z) + A [@TC@H 7/11
= 2 (2 (1R + Z>+/z [@T(@g+ ey@

, 7
' ”’J
?

2 - L + 2N ﬂ’ Kgﬂﬂ ()Ka'@wmow
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Quick Sort in Java

Ukt o modiams a%. - 0(n)
T

public List<Integer> sortl(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(0)); }
else { w m; 76 {l.(’
int pivotIndex :Ilist.size() - 1;|’\) 7A b £° *
int pivotValue = list.get(pivotIndex); fla‘e ﬁ*ﬁ
List<Integer> left = |allLessThanOrEqualTo (pivotIndex, list);
List<Integer> right 5 allLargerThan (pivotIndex. list);
List<Integer> sortedLeft = sort(left); ~9 (
List<Integer> sortedRight = sort (right) ;
sortedList = new ArrayList<>(); N

- i
sortedList.addAll (sortedLeft) ; Wk' é.i ’
/

sortedList.add ZpJ.votValue) 7

{

leM

Oiny

List<Integer> alllLessThanOrEqualTo(int pivotIndex, List<Integer> list)
List<Integer> sublist = new ArrayList<>();
int pivotValue = list.get(pivotIndex);
for(int i = 0; i < list.size(); 1 ++) {
int v = list.get(1);
if(i != pivotIndex && v <= pivotValue) { sublist.add(v); }
} ————
return sublist;
}
List<Integer> allLargerThan(int pivotIndex, List<Integer> list) {
O List<Integer> sublist = new ArrayList<>();
AS = list.get (pivotIndex);

int pivotValue
w (al .; I for(int i = 0; i < list.size(); i ++) {
< leff int v = list.get(i);

sortedList.addAll (sortedRight) ; 00)

return sortedList;

if(i != pivotIndex && v > pivotValue) { sublist.add(v); }
- & :

return sublist;
rigtﬁ&/ 17§ 4\ }




‘P s —— split
Quick Sort: Tracing bt Y =. cgncm‘ena’re
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Quick Sort: /Wor

-Case Running Time

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

list) |

else if(list.size() == 1) {

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

sortedList = new ArrayList<>(); sortedList.add(list.get(0)); |}

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

List<Integer> right = alll
List<Integer> sortedLeft =
List<Integer> sortedRight =
sortedList = new ArrayList<>TJ;
sortedList.addAll (sortedLeft) ;
sortedList.add(pivotValue) ;
sortedList.addAll (sortedRight) ;
}

return sortedList;

sort(left)

int pivotValue = list.get (pivotIndex);
List<Integer> left = allLessThanOrEqua

S5oTC \‘-. SLii)

-0

(pivotIndex, list)

Y. atl;ctmed o\
L, .MBG

1. Split using prOt X x

(e )

2. Recur

2. Recur |
QU

o)
(i |

"0'. .

3. Concatenate .

Running Time as a
Recurrence Relation

= |
!
= [(M-1) i

-
~
=2
~—
"




Quick Sort: Best-Case Running Time

Running Time as a

{

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

List<Intocar rtedlict.
)

Recurrence Relation

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

sortedList = new ArrayList<>(); sortedList.add(list.get(0)); |}
else {

int pivotIndex = list.size() - 1; ()(}q;
int pivotValuye list.get (pivotIndex):
List<Integer> left = allLessThanOrEqualTo (pivotIndex, list)|;

}

List<Integer> right = allLargerThan (pivotIndex, list);
List<Integer> sortedLeft = sort(left); L%,
List<Integer> sortedRight =|sort (right);
sortedList = new ArrayList<>7();
sortedList.addAll (sortedLeft) ; 1. Split using pivot x
sortedList.add(pivotValue) ;
sortedList.addAll (sortedRight) ; ]

2. Recur

}

return sortedList;

}

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 25
Binary Search Trees
BST: Search Property

BST: Sorting Property
BST: Constructing BST Nodes



Announcements/Reminders

e Assignment 4 (on linked Trees) to be released

® ProgTest2 info & example questions released

e Assignment 3 (on linked Trees) solution released

e WrittenTest and ProgTest1 results & feedback released
¢ Makeup Lecture (on Queues) posted

e Lecture notes template, Office Hours, TA Contact
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Is a Singleton BT a BST? Uz - fele = }%7‘)
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Binary Search Trees: Sorting Property

- BST: Non-Linear Structure
- In-Order Traversal
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(1) seich prpasty 5ot _(ﬁwsz/el ) Z

@) M-odi taioea| : |28 5 vost §|RST
..... /—
Nod it
(cey(o) vatus®) | |

Each Lé Tot. (L)
i h that E i h that
keI;(il;i ke;(p )\\L-) Idt,(’c)/ kelj(il;(; ke;(p)




Building Sorted Seq. from In-Order Traversal on BST
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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, 65,76, 80/ 82, 88, 93, 97>

[~
, (,a %‘I
o A e
(8) O © (97) o, < dP
dlciNofoRo) ‘50;%
@ & TN
- qNQ 4/(,\01 (it (;Wsﬁ

d b



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, 54, 65, 76, 80, 82, 88, 93, 97>




Visual Summary: In-Order Traversal on BST

V
BT & Ial.

maz



Generic, Binary Tree Nodes

public class BSTNodefE

private int key; Y KBV 5/

private 'E value; /4 ydlué 4/

private BSTNode<E>|parent;V/* unique parent node x/
private BSTNode<E> (left;)/+ left child node */

private BSTNode<E> (£ighth /+ right child node x/

public |BSTNode() { ... }

public mm {

Bonrhﬂ\ble
public boolean 1sExtern l

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) {
public BSTNode<E> getLeft() { ... }
public void setLeft (BSTNode<E> left) {
public BSTNode<E> getRight() { ... }
public void setRight (BSTNode<E> right) {

nofl- \M‘igde s CCP%O/%

Compare:
+ prev ref.
+ next 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()) {
result = new ArrayList<>();
e v
if (root.getLeft () .isInternal) {
result.addAll (inOrderTraversal (root.getLeft()));
}

result.add(root) ;
v’
if (root.getRight () .isInternal)
result.addAll (inOrderTraversal (root.getRight()));
}
}
return result;

}

}




Tracing: Constructing and Traversing a BST

oid teoct bhinag ry.sea reh treeg constructiond
STNbde<String>.___ = new BSTNode<> (28, "alan");
STNode<String> new BSTNode<> (21, "mark");
STNode<String> new BSTNode<> (35, "tom™) ;
STNode<String> = new BSTNode<>(), _—
extN_2_ = new BSTNode<> () ;
extN3 = new BSTNode<>();
extN4-— new BSTNode<> () -

.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.inOrderTraversal(n28);
assertTrue (inOrderList.size() == 3);

assertEquals (21, inOrderList.get(0).getKey());

assertEquals ("mark", inOrderList.get(0).getValue());
assertEquals (28, inOrderList.get(l).getKey());

assertEquals ("alan", inOrderList.get(l).getValue());
assertEquals (35, inOrderList.get(2).getKey());

assertEquals ("tpom", inOfxderList.

parent
key 38 [value 2 ‘o
nzl left | |right
L ﬂ P
parent = Ju arent 7 9
key &) |value -a'dtklzeyag value --'?%
lefty |right, left y |right ,

i e oS

Vg
P;[‘cd&

parent
key value
left right




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



BST Operation: Searching a Key
®4~ANP§SN
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Tracing: Searching_through a BST

@Test

public void test binarv _search trees search() {

BSTNode<String>
BSTNode<String>
BSTNode<String>
BSTNode<String>
BSTNode<String>
BSTNode<String>
BSTNode<String>
n28.setLeft(n2l)

n28 = new BSTNode<> (28, "alan");
n2l new BSTNode<> (21, "mark");
n35 = new BSTNode<> (35, "tom");

extNl = new BSTNode<> (
extN2 = new BSTNode<> (
extN3 = new BSTNode<> (
extN4 = new BSTNode<> (
; n2l.setParent (n28);

14

)
)i
)
)

[

n28.setRight (n35); n35.setParent (n28);
n2l.setLeft (extNl); extNl.setParent (n2l);

n2l.setRight (ext

N2); extN2.setParent (n2l);

n35.setLeft (extN3); extN3.setParent (n35);

n35.setRight (ext

BSTUtilities<Str
/+ search existi
assertTrue 8 ==
assertTrue =
assertTrue (n35 =

N4); extN4.setParent (n35);

ing> u = new BSTUtilities<>();
ng keys */

= u.search(n28,
= u.search(n28, ),

= u.search(n28, 35))

/* search non-existing keys =*/
== u.search(n28, ; *17+ < 21

assertTrue (extN1
assertTrue (extN.

assertTrue (extN3 ==

assertTrue (extN

u.search(n28 . 21 <
u.search 5 28 <
u.search(n28, : 35 <

*23*
*33 %
*38 *

BXN—F



¥ Rovtstt @i&é‘f\ Al nedos : e h
Running Time: Search on a BST

public (BSTNode<E> (search (BSTNode<E>
BSTNode<E> result = null;

if (p.isExternal()) {
result =(p) /“ioleisuccessful sdarch */

} ¢ /\

else if (p getKey() == k)) {

result —‘ Juccessful search #
"4{ 7

}
€lse 1 <)P-getRey ()] 1

result = search(p.getLeft (), k);
} [
else if (ki >)p.getKey()) |

result = search(p.getRight (), k);

',
}
return result;
}

(82> OCLgAl> 53‘2
mgg(fﬁ J “‘4

Time p evel /

h

Total time: O(h)



Rmary Search: Non-Linear vs. Linear Structures pletouryf
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Visualizing BST Operation: Insertion
* m

MR N4




Worst-Case RT: BST with Linear Height 0
Example 1: Inserted Entries with Keys Joo T 8 >

<100, 75, 68, 60, 50, 1> 7s{
/
F | h=s
&
Example 2: Inserted Entries with &ﬁé 00\))
<1, 50, 60, 68, 75, 100> /
/

@
ol s 1
R AR
’ BST witn D) l;e?)rr
Example 3: Inserted Entries with Keys 3
<1, 100, 50, 75, 60, 68> =) @M“/ fmeff/ o/l? e
aa ke 0(R).




ion EHS3e] 4 e
Balanced BST: Definition G FWlérN( )_]B'P (Gee lof&‘-fv&S}

- internal node  Given a node p, the height of the subtree rooted at p is:
W‘% -+ l’" d", M if pis external

| - height 0o
* - h eigh + balance height(p) - { + MAX (K height(c) | parent (c) = p}l) if p is internal

Q. Is the above tree a balanced BST? :
Q. Still a balanced BST after inserting 552 1’"
Q. Still a balanced BST after inserting 632



o
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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) to be 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)

List Method
Eid Hathod . SORTED LIST UNSORTED LIST
size |¥ ) list.size 0C)
isEmpty F{/“Q ~__ listisEmpty (k1) IR
min list.first (JC1/ o _ga searchmin AN\
insert insert to “right” spot 0(N)ﬂx‘»9":’\<. insert to front 91 év NVM%Q
removeMin list.removeFirst O( 1) search min and remove O(A) ) AL

YT < méffmf
Approach 1: Sorted List| ™7 mo ) g\/qu rP*Evm/ﬁ{/P%s/é‘[ OF wp- . ot

/\Z;i" - ‘;ooo/\ql‘ “ ] "'N: 7

(k1, v1) (ki, vi) (Kj. vj) (kn, vn)
Approach 2: Unsorted List 1< \L:S

—~ g cee [ ] 5 A e g | a
74

(k1, v1) (ki, vi) (kj, vj) (kn, vn)



> /lé?ﬁ}'t: A .
Heaps: [Structural Properties|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))

h. 43 Joot-to =yt
peth hos 4 Sontopf 4

5 S
ot ey (ﬂo"’ S‘@/

]72 B mrn ke
e7C7f-F5 71 ‘F)‘e
yool .




Example Heaps

Example 1 Example 2 Example 3 Example 4
W
é \,\f ;af)
H-0
7/
\\eé< b
s«“ ' \)&0\
W"Q ‘ Example 5 Example 6 |




Heap Operations: Insertion




v
Heap Operations: |Deletion

Delete the root/minimum
Q5% K e kedCroot)
Reﬂme yit )
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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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Implementing the

L ey —¢cal (vio vestead)>

T using_ a

Assume: A circular array of length 4.

Circular Array

2. fexdle for

Phase 0: Empty Queue q
0 1 2 3

d“’“‘&t i{ BA(NA AT Y==-P !

Phase 1: lenqueue|3 elements 3

¥4
,qugswﬁw 0.

rE ‘: s W
doto L =vl(3 -}{\ﬂ-\-;
dequeue| 2 times

tom

Phase 2:

(%4
enqueue| 2 elements 9
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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

(4 ,C)i ED|6D ':s,k)l 4B a9 o Blas | 657 || | s
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