EECS2011 Fundamentals of Data Structures

Lecture Notes

Winter 2023

Jackie Wang




Lecture 1 - Monday, January 9



Lecture
Solving Problems via Data Structures

Searching
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A Searching Problem

ResidentRecord find(int sin) {
for(int i = 0; i < database.length; i ++) {
if (database[i].sin == sin) {
return database[i];
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Lecture 2 - Wednesday, January 11



Lecture
Solving Problems via Data Structures

Routing & Compiler



A Searching Problem

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

6
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across € |..| n is W temp := 2 x b * ch
loop 1 s optlmlzed across i |..| n is 1
......... loop
read d =
a:=ax*|2*bxcx*d = i = g
end o x xe{

parsed pretty-printed
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Program Translation Problem

class Account {

attributes
Traveller .
int

owner: account

balance:

class Traveller {
attributes
name: string

reglist: set (Hotel .

registered) [*]

class Hotel {
attributes
name: string
registered:
methods
register {

& t? /:
==>

| t?.reglist

}

set (Traveller .

registered :=
:= t?.reglist \/ {this}

reglist) [*]

t? : extent (Traveller
registered

registered \/ {t?}

parsed

Abstract Syntax Tree of
Source Object-Oriented Program

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

7/'0'
(0
oHet (

transformed

Target Relational DB Queries




Lecture
Reviews on Recursion

Principle, Implementation, Tracing
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Solving a Problem Recursively eﬁiic{f r:,,,nﬂ%“
‘ 1

Given a big problem:
mie O VM&‘;

Divide it into oj\mngc r E;E;Lﬁ;:{

Assume solutions to smaller problems:

Combine solutions to smaller problems:

...) { /% base case: do something directly #*/ }

m (j);/+ recursive call with strictly smaller value #*/




Tracing Recursion via a Stack

e When a method is called, it is activated (and becomes active)
and pushed onto the stack.

e When the body of a method makes a (helper) method call, that
(helper) method is activated (and becomes active) and
pushed onto the stack.

= The stack contains activation records of all active methods. )
o Top of stack denotes the | current point of execution |.
o Remaining parts of stack are (temporarily) suspended.

e When entire body of a method is executed, stack is popped .

= The | current point of execution |is returned to the new top
of stack (which was suspended and just became active).

e Execution terminates when the stack becomes empty .

Runtime Stack



Recursive Solution: Fibonacci Numbers
) - el . 3

‘




Recursive Solution in Java: Fibonacci Numbers

ifn=1
ifn=2
an_1+Fn_2 ifn>2

int fib (int n) {
int result;
if(n == 1) { /* base case x*/ result = 1; }
else if(n == 2) { /* base case */ result = 1; }
else { /% recursive case */
result = fib (n - 1) + fib (n - 2);
}

return result;

Example: fib(4) . 4%’ p©) |\
' uyc’lfﬁ“"it n W\g«o ¢ - Runtime Stack



Recursion on an Array: Passing new Sub-Arrays

I void m
if (@edengthe==w0) { |+ base case */ }
else if (avdlength ==1|) { /* base case #*/|}
else {

int[] sub = new int[a.length - 1];

pfor(int 1 = |1|; i < a.length; i ++) { sub[i - 1]
[n(sup)]) )

Say al = {3}, consider m([ael)?':[;ri&'1c
L

—m

[4.8.L]) l—ﬁ

Sayl|a2 = {A, B, C},|consider m(a2) m((}qﬁ]) - ~L
@b
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Recursion on an Array: Passing Same Array Reference

I
Say al = {}, cors‘i

L Cm\l | e

{ /*‘baée case */ }

{ /% base case */ }

|from + lI, to) } }

8 vef.
sider m(al, 0, al.length - 1)

Say a2 = {A, B, C}, consider m(a2, 0, a2.length - 1)
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untevée t
Problem: Are [All Numbers [bositive? (Ya: Tobe * 160)
— I

boolean allPositive(int[] (a) ({ b
¢-b —
return allPositiveHelper @ 0, a.length - 1); ’M( =

} veousie Wige, ot '/

boolean allPositiveHelper (int[] a, int from, int to) { ({’Vfg'f&'ff&{ P’OV-\
if (from > to) { * base case 1: empty range #*/
return true; B t -.Zé mt 0 4{./"40 #. 7
b pre 1o
else if(from == tp) { /* base case 2: rarfge of one element x*/ L
return a[from] J 0; kool f L L L > .Ake
} aﬁ a — - —

else { /* recursive case */

return ol from) > 0 o (BRIBOSICNEREIERRI G, Eeon oL

L«mg —‘% cll dergars ove postiz (Twe)
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Lecture 3 - Monday, January 16



Announcements

e Assignment 1 to be released next Monday
+ Background Study:
+ Background Study: l"wd)'
+ Look ahead: WrittenTest1 [ IOt
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Tracing Recursion: allPositive Q

aIIPositive(g)
| “'R-"‘TM:\

allPH(a;0,-1) 0

return allPositiveHelper (a, 0, a.length - 1);

: YPW,}“ he',ér wethool - 7 )

boolean allPositiveHelp'er (int[] a, int from, int to) {

|if ‘from > t?)‘ { /% base case 1: empty range |+/
retdrn true,; 0 > -—\

}

else if (from == _to) { /* base case 2: range off one element #*/

return a[from] > 0;
1

else { /+ recursive cgse */
return al[from] > 0 @ allPositiveHelper (a, @ to);
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Tracing Recursion: allPositive

Sa a= {4} boolean allPositive(int[] a) {
y return allPositiveHelper (a, 0, a.length - 1);

}

9 0
a||POSitive(a) boolean'ﬂ%?itiveHelper (int[] a, int@ j_nt@ {

if (from > to) { /+» base case 1: empty range =/
-~ K return true;

}

0
else if (from == to) { /* base case 2: range of one element #*/

D. /returnmo;
aIIPH(a,(_)@) ) o

else { /% recursive case */

return a[from] > 0 && allPositiveHelper (a, from + 1, to);

}
}

a[0] >0

0

L(L&

=
0



[ g9 .
Tracing Recursion: allPositive \Z,p\a gx«—""Fh " u”‘c"g .rfﬂ‘l( 1

boolean allPositive(int[] a) {
Say a = {4,7,3,9}

return allPositiveHelper (a,@, a.length - 1);
aIIPositive(a)

aIIPH(a@@)
S/
a[0] > 0 gg(m 1,3)

R Y
@ a[1] > 0 gg/ aIIPH

1>0 /

a[2] > 0 allPH(a[3,3)

}

boolean (allPositiveHelper (int[] a, int from, int th

if (from > to) { /* ba case 1: empty range */
X return true; 0 >3 @
}

else if (from == to) { /* base cgge 2: range of one element #*/

ﬁreturn alfrom] > 0; 0"‘" '+l 3

else { /* recursive cgse */ 0 +| %
return a[from] > OallPositiveHelper (a, from + 1, to);
7,




Tracing_Recursion:

allPositive l EM l .

Say a = {5,3,-2,9}

allPositive(a)

allPH(a,0,3)

T~

a[0] >0 allPH(a,1,3)

boolean allPositive(int[] a) {

return allPositiveHelper (a, 0, a.length - 1);

}

boolean allPositiveHelper (int[] a, int from, int to) {

if (from > to) { /+ base case 1: empty range x/

return true;

}
else if(from == to) { /* base case 2: range of one element =/

return a[from] > 0;

}

else { /% recursive case */

allPositiveHelper (a, from + 1, to);

return a[from] > 0 &&

}
}

/mmEn SN

a[1] > o0

allPH(a,2,3)

o

a[2] > o0 allPH(a,3,3)



Lecture

Measuring Running Time via Experiments
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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) {ﬁﬂwéuar.‘[lhwuxy,+_éli

String answer = "";
for (int i = 0; 1 < n; 1 ++) { lanswer += c; }ﬂﬂwﬂlf’)“ “ ( ( |,,,“
return answer; }

Algorithm 2 using StringBuilder append’s: (AN

public static String repeat’Z(char c, int n) {
StringBuilder sb = new StringBuilder();

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

return sb.tostringl(); |



Lecture 4 - Wednesday, January 18



Announcements

e Assignment 1 to be released next Monday
+ Background Study:
+ Background Study:
+ Look ahead: WrittenTest1



Lecture

Counting Primitive Operations
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64wt 61 < 2,351 .63 2 Jrolthx (4, et
Example 1: €ounting Number of Primitive Operatiofis

int findMax (intl[] a, int n) {
currentMax!| = a[O'],'
i()nf ) o
@ currentMax)’ { (n-1)-2-

curentMax @@ b mMip-2-

.

Q. # of times i < n inLine 3 is executed?
7% al, i
Q. # of times loop body (Lines 4 to 6) is executed?

@ R 2 +@tD+ (-D)-b +|
PR &) =3 7






Example 2: Counting Number of Primitive Operations

boolean foundEmptyString = false;

int i = 0;

while (! foundEmptyString && 1 < names.length) {
if (names([i].length() = 0) {

/* set flag for early exit */
foundEmptyString = true;

}
s (Troerse)

©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)?
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Lecture 5 - Monday, January 23



Announcements

e Assignment 1 to be released tonight

G bpa o dpm



Lecture

Asymptotic Upper Bound
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Asymptotic Upper Bound: Big-O )
f(n) e O(g(n)) if there-are:

P

> \tfr\fmfﬁ ]
o A reallconstanic) 0 A k
o An integer constani ny)> 1 &/‘«'n 2)

such that: u.b-2 4C M',ﬁl

(Ic-g(n) “for n >y

Example:
f(n) =8n + 5

J Prove:
| : f(n) is O( g(n) )
5 Choose:
c=9

What about n0?




Jeny 3 0OC (l!’C/lD

Asymptotic Upper Bound: Example
Rk of | —
9 * g(n) = Onfl f(n) = 8n + 5

i (RT)

45 F—=-~

o suth Mo st
o ey ¢ 4>
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Lecture

Asymptotic Upper Bounds
of Math Functions



Asymptotic Upper Bounds: Example (1) \%34/0\ )
5n° +3n-logn+2n+5is O(J)

()
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Lecture 6 - Wednesday, January 25



Announcements

e Assignment 1 released:
+ Tracing Recursion:
- Paper: Call Stack vs. Tree
- Debugger in Eclipse
+ Help: Scheduled Office Hours & TAs
+ Look ahead: WrittenTest1



* 0
U= 7= =
Provmq f(n) is O( g(ﬂ) ) We prove by choosing

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

s ' . O . 1 “ e . d
and agp, ay, . . ., ay are integers (i.e., negative, zero, or positive),

then f(n) is O(’\" ko <) -)l‘cw) < (. ,40‘

(1>
[£(1) < (0] + |a] + - +[aa]) - 1°
X
b L\M\kn- bo |_ - U l,’ﬂ d

SARNERCTRERY DR b TCECERT R

“‘( 0% Upper-bound effect holds? [f(n) < (|ao| + |at| + - +|ag]|) - N9] M> “
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Asymptotic Upper Bounds: Example (2)

203 +10n- logn + 5 is O(J)

Toi@ add Tob 40wt gtcucte fypett y.b. of
e obovl e,

O)O(@?

2> Tz B st L ol + Lol + ls( = 3¢

LU CEFTR £ 1
/VMH: dew e 4 -ﬁo %[+ lo'l- %Hﬁ = zs




Asymptotic Upper Bounds: Example (3)

A,(z.\/f
3 logn+@is O | = # 11
(1) O(gﬂaﬁ)

L) Yo Lj clmxzm(j.. Pe Bl (2= €

4@% iC‘)jZ\AZ-ﬂO) @E\) (= sl ¢ el =6

Jey=3- 47l + 2:=2 i
C- 4> =S bl = 0




Asymptotic Upper Bounds: Example (4)




Asymptotic Upper Bounds: Example (5)

2n+ 100 - lognis O(R®) Exoene
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Running Time vs. Input Size: Common Rates of Growth
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Lecture

Asymptotic Upper Bounds
of Implemented Algorithms



Determining the Asymptotic Upper Bound (1)

int maxOf (int x, int y) {
int max@ X; 1
if (yO)x) {(1-

max vi 1q-

}
return@ 1.

}

NOOohr~rWN —

0(z+0¢ [+1>0(a)=[00)]
/



Determining_the Asymptotic Upper Bound (2)

int findMax (int

0CL+ 7+ A-(eleD) +1) ﬁ)m))
Ay T
LT W g metas o Sefur



Determining_the Asymptotic Upper Bound (3)

b

for (int [1 = i & ms ¥
—>for (int j = 0; j < n; ) {
LE (& 1= 7 && ali1] == aljl
return true; }
Jj ++i ) : '
[1 ++;] 47 |
return false; }
o/,
b
all
Yaetern of /oclv [ounters (
T I
w” g o1z (;—D)
Jo 1 2 - (4
W S =38
W ¢ ‘ ¥
= i~ o 1 2:- (np %

[a, bl ~b-a+l
Lo,n-] =(-D-0

+ 1=



ONOOOTRAhWN =

oNOOOThA~hWN =

for (int i = 0;
for (int j =
if (i '= j && ali]
return true; }
J o+ 0}
i ++4; }
return false; }

boolean containsDuplicatg
for (int i = 0; i < kMM ¢
for (int 7 = 0; j < wi®
if (i !'= 7 && al[i]l == alj])
return true; }
g 45 |
i ++; }
return false; }

{




Lecture 7 - Monday, January 30



Announcements

o \)Wrii"ren Test 1 guide released

J(éag account lc_)gin (fo computers)

t_f/Y account \l_)_u_o M@g o
e Assignment 1 due in a week:
+ Tracing Recursion:
- Paper: Call Stack vs. Tree
- Debugger in Eclipse
+ Help: Scheduled Office Hours & TAs




[a, bl ~b-a+l
Lo,n-0 =-1)-0

olearn ontainspuplicate (dnt(] a, int n) { '+]=ﬂ
for (int [ = W) i < n; ) A
=>for (int j = 0; j < n; ) {

' ret:ur.n= tr ; } o ] Lﬂd/ 4

i 44
Ii .++;I% |

return false; }

Determining_the Asymptotic Upper Bound (3)

oSS b0 =

ghlt
Taetern oF /oclv Lounte s\ 45 X A
T3 @ N +@ 1+ )7
od"“’w T g Len (W'\) o) P R R
W“‘:[:,c, z ! :1 2 CA—LL“‘”B’;EOF = W' na D
V% : ‘ s S 2
@D o 1 2 (@ L= = OB



Determining the Asymptotic Upper Bound (4)

=&

QOWoONOOCOPA,WN —

int sumMaxAndCrossProducts (int][]
int max = al0]l:

for(int 1 = 1; 1 < n; 1 ++) {
if (ali] > max) { max = al[il;
}

int sum = max;

for (int j = 0; J < n; J FF) {
for (int kK = 0; k < n; k ++) {
sum += a[j] » alk]l; } }

return sum| }

a, int n) {

n

le

0C 1 + Al + 2+ 1D = J000D
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Determining_the Asymptotic Upper Bound (5)

int trlangularSum
int sum = 0;

tor (ant 1-—QD 1_<:QD d =+t

(int[] a, int n)

|

{

for (int j A i), 7 <(}p jF ++)

[sum += al[j1;] } 11

return sum; }
Ttten of (c-.( [0, n|] -

cO

OO0~ WON—

-1)-0 «|=&).
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LQ @ T4y ‘g
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Lecture

Arrays vs. Linked Lists

Asymptotic Upper Bounds
of Array Operations
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etk Lo O() wya, pat(0] w8 _ o .

Inserting_ into an Arra ‘ il
g Y > amtl- 2 0 e @
Stringl] insertAt (String[] i ; j : A
~~>ptring[] result = new String[n + 1 CD 7 &
> for(int j -, g; ] <= -'j G_S{ resulﬂ@a@ 1{) 1) =W
result[i] = e; 1:0- l
for(int j = i + 1; j < 0@_-_1)4)= &‘O
return result; [+l, v/lj ﬂ (lﬂ)i‘ , st P: z'..:o
. Jond* ' oS4 % 2l0] 5 dt A
Example: <D 4 ﬂ Example: popt (] = Jrms W\H(s]&

insertAt({alan, mark, tom}, 3, jim, 0) insertAt({alan, mark, tom}, 3, jim,

1
adalm:\vw%l %& Que <! "M)\JFA\W mpvk | fom! w,,)zgl

Qo e f . afj]
0_C result L2 @l J
% | pler | awle] fot BARA) \ | plan| Fr | madq 2om

- J

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

result




Lecture
Arrays vs. Linked Lists

Selection Sort vs. Insertion Sort



Sorting Orders_of Arrays

ol
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|
7 ( 6L > A[j]>
(T3(E) ary T

decreasing/descending

increasing/ascending

ali] (value)/A\

Nl
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Lecture 8 - Wednesday, February 1



Announcements

e Written Test 1 guide released

+ EECS account login (for WSC computers)

+ PPY account + Duo Mobile (for eClass)

+ Practice Questions & Review Session Survey
e Assignment 1 due soon!

+ Help: Scheduled Office Hours & TAs



O 1 weetons (verd to dwe wa Y ties)

Selection Sort

Keep selecting minimum from the unsorted portion
and appending it to the end of sorted portion.

X 0 1 2 % sorted (ﬂ){ﬂ
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b 0 1 3
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Insertion Sort Y ceatans (b ”"’C’Wa)‘ .ﬂ

Keep getting 1st element from the unsorted portion
and inserting it to the sorted portion.

' mﬂetfzé’ll?l
< N TS EER sorted
et %t i1+ 026) )
|- 2@@4 v UL e2e )
@Q — e P )
€ X Woant = =
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Selection Sort

Insertion Sort

ol ([ [2

o 1 2
°|

ol [ [

ol [ Wil 2

o 1 2

ol | [ | [2
°|

ol | hl |2

ol | Wl [ |2

ol [ Wl [ ]2




Selection Sort: Deriving Asymptotic Upper Bound

for (int i = O i1 <= (n - 2); 1 ++)
int minIindex =1;

void selectionSort (int[] a, 'int’\) A'&ﬂ'ﬂd

for (int 7 =\jiJ 7 <= (n = JApz g i)
if (al[j] < alminIndex]) { minIndex = 7j; } II/
Ent temp = alil;

[i] = alminIndex];

oowovm)-hoom—n

[minIndex] = temp;

O(M - l + () .. +)>j)

[0 I - A=
Hettins Z—‘)s H Lombnctors
w/\ﬁ i\ | 1 -+ Y- % ‘#ol?tqk{—e, LY of [,J Zg

A
7 ERN S A
- ’ L= 00D - e




Insertion Sort: Deriving Asymptotic Upper Bound

void insertionSort(int[] a, int n) I;xzyt(éxz
for (int i = 1; i < n; 1 ++)
int current = ali]l;
int j = i;

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

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

Arrays vs. Linked Lists

Singly-Linked Lists -
Intuitive Introduction



7

“

Singly-Linked Lists (SLL): Visual Introduction |

- A chain of connected nodes o
- Each node contains: ey : octh MJQ 104:5 WA‘D(MQ'KF'- Z“OL

AWW

—

+ reference to a data object

+ reference to the next node

- Accessing a node in a list:
+ Relative positioning: O(n)

+ Absolute indexing: O(1)
- The chain may grow or shrink dynamically.
- Head vs. Tail

ood ™" Ty
pede

Iz nv

SALLR S5V w - 2"0(‘“@

heod. olats : "4l

hpﬁd Vln{' da{&danut'lcl

_h?ad.YlEX[’.ﬂ(f)ct. {b;“‘ﬂ,\:\
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Friday, February 3

Written Test 1 Review
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String[] insertAt(String[] a, int n, String e, int "
String[] result = new String[n + 1];
for (int j 0; j <=4i-1; j t+t){ result]j] algls 1
result[i] e;
or (int i+ 1; j <=mn; j++){ result[jl alj-11; 1}

return result;




: 1(h
int count = ({; . f
for (int Qe=n/2; i<=n; i++ O(n)
for (int (jF1; |3 Z -
- for (int

count++¥7) k=]:[2%
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z 5 4] s T
7 3 4 yalne” 7 8
e % ek 2
2 5 - 4 0(% %%"Q"Og{gﬂ)



Lecture 9 - Wednesday, February 8



Announcements

® Released soon:
+ WrittenTest1 result (Friday or Monday the latest)
+ Assignment1 solution
o Assignment 2 |to be released by the end of today or
farly tomorrow (Thursday)

b&‘“ 3 ~ T ol wp o f% R on M/Mc[azf,

videos  will Lo velesses|
G pguma Iy ot Wels olass



Lecture

Arrays vs. Linked Lists

Singly-Linked Lists -
Java Implementation: String Lists
Initializing a List



X7 W] & = 1 At

Singly-Linked Lists (SLL): Visual Introduction . 7417,/7/;

)z ”
- A chain of connected nodes hesd " ‘,Yf,,.,l?q{l)
- Each node contains: [wecv: ecth wale hes WA‘D(MQ'KF'- Z“OL,fﬂode

— Igﬂ”
+ reference to a data object 4 Z@KS’W MMM + Jvol walp

+ reference to the next node }lead olafa : n4l o
- Accessing a node in a list: ' . ,
hoed. aoxt. dlete, - "Mk

+ Relative positioning: O(n)

Wy ¥
+ Absolute indexing: O(1) _h[)adex[' vioxt .J{\,\‘b; Tovh
- The chain may grow or shrink dynamically. !
- Head vs. Tail
\\UB ode X Vvt (
W et W b Al
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Implementing SLL in Java: SinglyLinkedList vs. Node

public class SinglyLinkedList Y o
private Node head = null; Run'hme
public void setHead(Node n) { head = n; }
public int getSize() { ... }
public Node getTail() { ... }
public void addFirst (String e) {
public Node getNodeAt (int i) { ... }
public void addAt(int i, String e)
public void removeLast() { ... }

public class {
private String element;
private 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 n) { next = n; }



SLL: Constructing a Chain of Nodes 44 — wet — clan.

public class Node { k
private String element; L

ok
private Node next; ‘b" m AMV

public N e(String e, NodeMl { element = e;vne;xt @)(x

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

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

Approach

1

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

Node mark
Node alan

new Nbde("Mafi?,“Edm);
new Node ("Alan", mark);




SLL: Constructing a Chain of Nodes (37

public class Node ({ Lbﬁ" OLKF(% VB-'—
private String element;
private Node next; k v §‘ﬁwed A WI*{%

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

public String getElement () { return element; }
public void setElement (String e) { element = e; } / Ei A

public Node getNext () { return next; }
Z. W&.\ﬂex‘k

—>public void setNext (Node % {pnext = oZ }
) - 4’:"‘ ' 3. plent. ekt w1,
0 malc ;
“AL"V 4. (4t nMi’fJ)

Approach 2 den — E.M—a Lo ot
Node alan = new Node("Alan", nudl); Ju M

Node fhark = new Node ("Mark", null); .1 3 T

Node. tom.=.new. Node("Tom",.null); )f Al '/l.btk'/
aldn.setNext (mark) ; .|

™

mark.setNext (tom) ; @ — ot
TS

s +-
NM‘ nott = maerk 5 Al
mak. net = fom 3 V.| -

1J




SLL: Setting a Lists Head to a Chain of Nodes

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

—
public Node getTail() { ... } _)<§\/M“
N

public void addFirst(String e) { ...
public Node getNodeAt(int 1) { ...

public void addAt (int i, String e) (ao Lo[‘(

public void removeLast() { ... }

Pe"ﬂi’/@v),

Approach 1

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

Node alan = new Node("Alan", mark);
SinglyLinkedList ligst = new SinglyLinkedList/();
ylist.setHe ) (

ata® head to dblodt saul!

~



SLL: Setting a Lists Head to a Chain of Nodes

public class SinglylLinkedList {

private Node head = null;
public
public
public

public
public
public
public

Approach 2

b ol - -+ 5

void setHead(Node n) { head = n; 'SLL l‘(Sf I T S

int getSize() { ...
getTail() { ...

Node
void
Node
void
void

}

addFirst (String e) { ...
getNodeAt (int i) { ...
hied

addAt (int 1,
removeLast ()

alan

mark
tom = new Node("Tom", null);
setNext (mark) ;
setNext (tom) ;
SinglyLinkedList 1ist =
list.setHead(alan) ;

String e)
{ ...}

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

new Sing&yLinkedList();

: frst. cetlfead (£len)+
oy

q
L—”’«Akﬂ }l C‘L":

ik 1.
ﬁggwﬁ.’?ﬁ.



Lecture

Arrays vs. Linked Lists

Singly-Linked Lists -
Java Implementation: String Lists
Operations on a List



alan

int getSize()

Node current

Node
element

int size =(6)

|while chrren t !=

—p-3current =

current.getNext () ;

haP-Dsize ii]
} —

return size;

}

O©CoOoONOOOGTA~,WN—

” element

next

Trace: list.getSize()

tom

Node

= element

next

current

current != null

End of Iteration]size

Aea =l D)

malc /= vmll@ bwrpnt == tor | Z

Davdrt == wark | 7

tom L= ndll @) fvvent <=vell | 2

vl =yl

&/ o@!







i\
SLL Operation: Finding the Tail of the List 027"t

©CONOTRAWN =

list
G\glyunked List
head

Node getTail() {

- Node “Ccurrent = head;
NodevVtail = null;
while

(CZLL ]

04/6urrent

current;
v/
Cury

alan
(Node

element

next

(current != null)

{

rent.getNext () ;

}

return tail;

}

7,

mark
(Node

element

next

| (
element

Node

next

Trace: list.getTail()

current

current != null

End of Iteration

tail




SLL - dles lt. o7 | 0co
5 hed [t <l | Zﬁ o®
Ly el ¥ %’f""e‘

L? $teP

list n mar. to;
GglyLinkedList ‘ Node (Node (Node
hea element “Alan” *| element “Mark” *| element

I 7X3 next next next
(<374 =




Lecture 10 - Monday, February 13



Announcements

e Assignment 2 released
+ Required & Recommended Studies

+ Looking Ahead: Programming Test 1
e Assignment 1 solution released
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SLL Operation: Inserting to the Front of the List

@Test
public void testSLL_02(Q) {
A2SinglylinkedlList list = new SinglylLinkedlList();

"
assertTrue(list.getSize() == 0); 2 -7uea( jnew,Node
assertTrue(list.getFirst(Q == null); 3 PpSif_ (si _Q_)

v h 00) 4 0 X>|taiill= heaqd;

Alist.addFirst("Tom"); m) 5 MPAM
list.addFirst("Mark");

4.)8__7._2_6.,)-|-+ 'P ”
_Jlist. addFlrst@ } ¢ Pw‘“\y
st.getSize() == 3); .ﬂt"

assertTrue(li Bl
assertEquals("Alan", list.getFirst().getElement());
assertEquals("Mark", list.getFirst().getNext().getElement());
assertEquals("Tom", list.getFirst().getNext().getNext().getElement());

3 Do
JUL ] /5 vl « Ab
|Zji ==l
-f'_ X uﬁ’

T (\GHEY (T3 2>
s¥ : ZL 4 mall

i
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lis

| 1T
[ <128

<

g}’ '\ﬁfd vear® Figk ()
VEZAACY
I s ==

L AM VMow:,, I?Sf
L il =l

od

t an
GglyLinkedList | MNode
head element

next

I.'[\ &KW ==0
Ly

mark

Node

“plan” element

e 0T

next

N5

n-J = nq/ /
toi
(Node
“Mark” element
‘ next null

fottl Ado(&%@mg e)

%W

. edllest C “Tea”)




SLL Operation: Accessing_the Middle of the List

list alan ! c‘( / mark
Gglyunked List (Node (Node
head

element “Alan” element “MarH"”

next next |

SLL elss
N L e——— o Trace: list.getNodeAti2,
2 if (i < 0 || 1 >= size) { /* error
3 else { ! . X
2 | S mm— current | index | index < 2 S’rar:;F Iteration
5 Node cylremat]= head; Ll X 021
6 -2, while (ind‘ZX <wiyT /+ exit when QJAV\ 0 0< A I'A'“,u-t >
7 /7 index ++;
8 {current = current.getNext () ; o
9 ton.

} .
10 return |current;
11 : o | 2| 2¢7

12 B} @

ZT: wott 5wt T= heceo 1 fnd




"
Idea of Inserting a Node at index i «© ‘,4?[[’95*/

Case: addAt(i, e), where i > O lm

i :(.e(
L—l 1%
o 0 o /\_; , \/%-7 ; ~t—=>00 0
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] | Al |
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SLL Operation: Inserting to the Middle of the List
odefoor® /
>y

@Test
public void testSLL_addAt(Q) {

SinglylLinkedList 1list = new SinglylLinkedList(Q);
assertTrue(list.getSize() == 0);

list
assertTrue(list.getFirst() == null); \P
v SinglyLinkedList

list.addFirst("Tom"); head
list¥addFirst("Mark");
list$4ddFirst("Alan");
assertTrue(list.getSize() == 3);

v
list.addA "Suyeen!');
list.addA4{(2;
assertTrue(Tist.getSize() == 5);

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

assertEquals("Suyeon", list.getNodeAt(@).getElement()); if (i <0 || 1 > size) {

asser'tEquals("Alan" X list. getNodeAt(l) _getElement()); throw new IllegalArgumentException("Invalid Index.");
assertEquals("Yuna", list.getNodeAt(2).getElement()); ;lse "

assertEquals("Mark", list.getNodeAt(3).getElement()); if (o ::'02{

assertEquals("Tom", list.getNodeAt(4).getElement());
assertEquals("Heeyeon", list.getNodeAt(5).getElement());

0w

Ly gomuaccted 3 185 A yy o (-

X ;_i:djirst (e); . W&C!)

~=YpNode nodeBefore = ez‘”\lodeAt(i - 1) aA>
*-Node newNode = new Nodefe?)nodeBefore.getNext());
nodeBefore. setNext (newNode) ; D

size ++;

0O WVWONOOOA~WN =




Lecture 11 -
Wednesday, February 15



Announcements

e Assignment 2 released
+ Required & Recommended Studies
+ Looking Ahead: Programming Test 1
- Monday, Feb. 27; during class time; WSC; 1 hour
- Covers:
* Assignment 1 (recursio

n) 79/1*3(
* Assignment 2 (M@

e Assignment 1 solution released




SLL Operation: Removing the End of the List

@Test

public void testSLL_removelLast() {
SinglylLinkedList list = new SinglylLinkedlList();
assertTrue(list.getSize() == 0); list
assertTrue(list.getFirst() == null);

SinglyLinkedList
list.addFirst("Tom™); head element “alan” *| element “dark” *| element
list.addFirst("Mark"); ‘ ‘ ‘ null
list.addFirst("Alan"); ‘ ‘ ‘
assertTrue(list.getSize() == 3);

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

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

list.removelLast(); void removeLast () {
assertTrue(list.getSize() == 1); if (size == 0) {

assertEquals("Alan", 1ist.getNodeAt(@).getElement()); )f throw new IllegalArgumentException("Empty List.");

) else if (size ==_1)
list.removelLast(); X SEREYEFIREE | “A)
assertTrue(list.getSize() == 0); }

assertNull(list.getFirst()); else {
Node secondLastNode =(getNodeAl(size — 2);
4{ secondLastNode. setNext (null) ;]
tail = secondLastNode;
size ——;
-—




Exercises: insertAfter vs. insertBefore /»’(

ol
Case: insertAfter(Node n, S’rrlng e)
) L,J{




Lecture

Arrays vs. Linked Lists

Singly-Linked Lists -
Comparing Arrays and Singly-Linked Lists



Running Time: Arrays vs. Singly-Linked Lists

DATA STRUCTURE
OPERATION

SINGLY-LINKED LIST

get size

get first/last element

get element at index i

Vo

remove last element 7~

add/remove first element, add last element

given reference to (i — 1) element

add/remove i element

not given

alan
(N
element

next

list
GglyLinkedList
head

SUL: Yool th nadg

0]
L 3{@ # e} o U’__ ')-fh ”ajﬂ a"q“Alan" "Mark"] “Tom

mark
(N
“Alan” element

next




Lecture

Arrays vs. Linked Lists

Doubly-Linked Lists -
Intuitive Introduction
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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

- Accessing a node in a list: "
+ Relative posi’rioning@/‘) - ]
+ Absolute indexing: O(1)
- The chain may grow or shrink dynamically.
- Dedicated Header vs. Trailer Nodes
(no head refeference and no tail reference)







Lecture

Arrays vs. Linked Lists

Doubly-Linked Lists -
Java Implementation: Generic Lists

Initializing a List



Generic DLL in Java: DoublyLinkedList vs. Node

public class DoublyLinkedList<E> { @Test
private int size = 0; public void test_String_DLL_Empty_List() {
public void addrirst(E e) { ...} DoublylLinkedList<String> list = new DoublyLinkedList<>();
public wold Zemguelast O 4 sus | assertTrue(list.getSize() == 0);

i:?i::ev ode%ng;;:ZZr%, &€ 1§ een assertTrue(list.getFirst() == null);
private [NodefE> traile;; assertTrue(list.getlLast() == null);

yLinkedList () {

ew Node<> (null, npll==null);
de<>(§éli, header)) null);
ailer);

public class Node<E> {E?
private E element;
private Node<E> next;

public E getElement() { return c¢lement; }
public void setElement (E e) { element = e; }
public Node<E> getNext () { retujrn next; }

public void setNext (Node<E> n) |{ next = n; }
private Node<E> prev;
public Node<E> getPrev() { refurn prev; }
public void setPrev(Node<E> ) { prev = p; }
public Node(E e, Node<E>(p,| Node<E> n) {
element = e;
prev = p;
next = n;

}







Lecture

Arrays vs. Linked Lists

Doubly-Linked Lists -
Java Implementation: Generic Lists

Operations on a List



void addBetween(E e, Node<E> pred, Node<E> succ)
Node<E> newNode = new Node<> (e (e, pred, succ);

. setNext (newNode) ;
.setPrev(newNode) ;| =2 ;‘r(‘n.lt the two Ifa?
acde  vemE#S

fle " manthdl o

o0k wWN =

ucc

pr‘ed/ 000 N0d€<E> 000
element = element
oon ‘next next e
prev

SR
)




Lecture 12 -
Makeup for WrittenTest1

(=~ 90 minutes)



Node<Sfrin9=

element

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

prev

@Test

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

\/ list.addFirst("Mark");

list.addFirst("Alan™);

void addFirst(E e) sy
addBetween (e, header, header.getNext ())

}

void addLast (E e) {
addBetween (e, traile

.getPrev(), trailer)

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

}

DLL<String>
list = new DoublyLinkedList<(); _ size % X2
list.addLast("Mark"); EW P — header]
list.addLast("Alan"); Wé trail —
gac dsy railer

assertTrue(list.getSize() == 2);
assertEquals("Alan", list.getlLast().getElement());
assertEquals("Mark", lipsa.getLast().getPr‘ev().getElement())

s

Node<$+rinL> ZM”

q . Al
Node<String>| } Node<String>| f Node<String>
element /9lelemen’r element| element] —

e Z next 7”7 next next e ' l

>
N
“J‘\\ &~ prev = pre\,ﬁ - prev & // L prev i




Node<String>

Generic DLL in Java: Inserting to the Middle e
0

prev

@Test

public void test_String_DLL_addAt() {
DoublylLinkedList<String> list = new DoublylLinkedList<>();
list.addAt{(@,)-"Alan™);

list.addAt(1, "Tom™); ’Gacge:

list.addAt(1, "Mark™"); & ,ﬁﬂ{ﬁ—
assertTrue(list.getSize() == 3);
assertEquals("Alan", list.getFirst().getElement());

assertEquals("Mark", list.getFirst().getNext().getElement());
assertEquals("Tom", list.getFirst().getNext().getNext().getElement());

if (i < 0 || 1 > size) {
throw new IllegalArgumentException
else { . ) |
Node<E> pred =)getNodeAt(i — 1);
S—
Node<E> succ # pred.getNext() ;

addBetween (¢, pred, succ);

}
}

Notes. DLL<String>

+ getNodeAt(-1) returns the header size 0_|

- header!
+ getNodeAt(size) rev’%rr;s the frailerj trailer | —1
8
Node<String>| }M“ "Abﬂ”
element] = w
element] =

next ]

“.A\\ e prevK_/ :exf Prek_/ prey

Node<Sh‘ing> N
element] = ﬂ

next — -)nul’




Generic DLL in Java: Removing_a Node

void remove (Node<E> néde) {

+9INode<E> pred‘'= node.getPrev();

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

) ;
@ uede. setNext (null) ;
)

(
(
(
Q;MOde.setPrev(null
Silimey ==

}
. o - 7 el
Assumption: node exists in some DLL. UL f‘m

7 at \/
ot
+ee——slTomen] = Sement]_— ement] —

wlle@ [next | Zeomall [next | A
A I . Jprev

node



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() { v

list.removeFirst(Q); if (size == 0) { throw pew IllegalArgumentException("Empty"); 1}

list.removeFirstQ); .
2 else remove (header.getNext
assertTrue(list.getSize() == 0); y { f ( Q)i

list = new DoublylLinkedlList<>();
list.addFirst("Mark");
list.addFirst("Alan");
list.removelast();
list.removelLast(Q);
assertTrue(list.getSize() == 0);

void removeLast () {
if (size == 0) { throw new IllegalArgumentException("Empty"); }
else { renfve (trailer.getPrev()); }

)
: ML Sl 24t

header
Node<E> [/ Node<E> \l| Mark Node<E> null
element element] ——
null next vid|[ Lnext A :‘null
L~ prey ¥ rev trailer
header
— 3 Node<t> null Node<E> Alan Node<E> Mar Jode<E> null
element] ~— A element] ~— element] ~— %elemenf —
null next A next Z next 4 next 7 null
~ previfee 1 previin._ previne._ -t prev e trailer




@Test

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

public void test_String_DLL_removeAt() {

DoublyLinkedList<String> list = new DoublylLinkedList<>();
list.addFirst("Mark™);
list.addFirst("Alan");
list.addFirst("Tom");
assertTrue(list.getSize() ==

3);

13

removeAt
if (i < 0

{

i >= size) {

throw new IllegalArgumé¢ntExce
else {

Node<E> node =
remove (node) ;

Node<E> «

element

next

header
—3" Node<t> | null Node<E>
element] ~— A element] ~
null next 7 next 74
S——-= previem 1 prev

=

Node<E> Mark Node<E> null
element] ~— element] ~—— A 3
next A next 7 null
F previjme _F prev trailer




Lecture 2
Part K

Doubly-Linked Lists -
Comparing Arrays, SLL, and DLL



DATA STRUCTURE

OPERATION

size

first/last element

element at index i

remove last element

add/remove first element, add last element

given reference to (i — 1) element
not given

mark
(Node

“Alan” element

add/remove i element

list alan
Gglyunked List (Node
head

element

next next

header
— N Node<E> )null Node<E> Alan Node<E> )Mark Node<E> )Tom Node<E> null
element] ~— element] —— A element] —_— element] element] ~—— %
null next 7] next 7 next 1 next A next A gnull
~ ) previi A+ previee L previ;e L 0] S g prev trailer




Lecture
Implementing ADT in Java

Interfaces



Representations of 2-D Points: Cartesian vs. Polar
Leel: Towanl, suzh Leturmr
Cartesian System Polar System #o agm {m/tlelsy
W&M
—

r * sin(phi)



Recall: sin30° = § and cos30° = - /3

. =
Example: Cartesian vs. Polar 2,
s 2

\'/ 2 - sin30° <{(a| =

7 sl

I 2a - c0s30° = @
We consider the same point represented differently as:
e r=2a,y=30° [ polar system ]

e x=2a-c0s30° =a-\/3, y=2a-sin30° = a [ cartesian system ]



Taolee wed 64 & Smtchp
Interface vs. Implementations
* Math. sgrt(3

double A = 5;

double.X = A

double’ Y A; ;‘mm Md W‘%t

pnew CartisianPoint (X Y), /PT olymorphlsm */
getx () + ", " +(0) gegY() +."");

o) new PolarPoint (2 * A, Math.toRadians @

print("d(" +

implements Point {

st

double y) {

private double x;
private double y;
public CartesianPoint gdouble’x,
this.x X; ' 4

this.y Vi
getX () { return x; }
getY()j{ return y; }

}
public double
public double

}

ot = -Zn/lt(

x 12 3ef'l()x

CartesianPoint

public class Pol!rPoint 'Eelements Point {
pr:.va € double vh1
publlc PolarP01nt(doub1e 5y

his.r = r;
thls phi = phi;
pub11c doub eﬁgetX()
public doublel getY()

_x

Valrd

'[zqetYO

PolarPoint

I (¥ Point p r /D |
y S phi | 397
(a' \/gv a)
L
2(/1 - 2a - sin30° = [a]

2a - c0s30° =

\ implements
v

d]uble

{ return Math.cos(phi)
{ return Math.sin(phi)




Lecture 13 - Monday, February 27



Announcements

e Updated semester calendar
e ProgTestl: Guide & PracticeTest
e Makeup Lecture for WrittenTest1
+ Expected to complete by: March 20



Lecture
Stack ADT vs. Queue ADT

Abstract Data Types (ADTs)



Thta. Sactuts

Wl . b
o 15 boleaed BT, BST.

A’ é‘adcs % g‘«f&ﬁl’f
m&s w. Slls v Vs




Interface

Data add()
Structure remove()
find() .

class Microwave {

private boolean on;
private boolean Iocked;
void power() {on = true;} Microwave m = new Microwave();
void leek () {locked = true;} Object obj = ;
void @t_(Object SEuELR) 4 m,power‘(); m.lock();]

/* Assume: on && locked #*/ m.heat ob7j);

/* stuff not explosive. %/ '3 e
b}l

class MicrowaveUser GO
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<5>) Throws:

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

u .
W' 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.




Lecture

Stack ADT vs. Queue ADT

Stack ADT -
Last In First Out (LIFO)
Implementations in Java



Stack ADT: Illustration




Implementing the Stack ADT in Java: Architecture
2 Qv

public interface Stack<
public int size();
public boolean isEmpty
public\¥ Y tép () ;
public void push( E e);

wa

public & pop();

implements

ArrayStack(E) LinkedStack(E)



Implementing the Stack ADT using an Array

public class ArrayStack<E> implem:egs..Stack<E> {

}

private final int Max_capacIiTy ={1000; 2N to M
private E[] = exm

private int(t;) /+ index of top */
public ArrayStack() {
data = (E[]) new Object [MAX CAPACITY];
(&

) :Q’ 2,‘“15«:&.2 ﬂO‘ﬂ'oy.

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

public E top() {
if (isEmpty()) { /# Precondition Violated x/ }
else { return datalt]; }

}
publi~ void push(E ) |

Af |size() == MAX CAPACITYY { /~* PrecondJ.tJ.on Violated +/ }
else { t ++; datalt] = e;

} ﬂf
public E pop() | 4 J
E result; pw
-}

if (isEmpty()) { /+ Precondition VJ.olated */ '}

else { result = datal[t]; datalt] null;,t -
return result; m‘ﬂa{
} ]11.‘







Implementing the Stack ADT using a SLL  [yacip

- PUL (Jozt & 2
- L C/asefsbp)

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

Singly-Linked List Method

=laci Melnod Strategy 1 Strategy 2

- size list.size UJ) -

- iSEmpty bood list.isEmpty 0(0 > ‘M(/
top 0C1) list.first list.last ¢7() )
push {0 ist.addFirst list.addLasto(})
pop list.removeFirst | list.removelLast

00) 20l o 0C%),
F (0c))

X
Strategy 2

Node v |

lark” element
null
N A /

next



Lecture 14 - Wednesday, March 1



Announcements

e Makeup Lecture for WrittenTest1
+ Expected to complete by: March 20
e A2 solution: only source code (no solution videos)









Stack ADT: Testing Alternative Implementations

implements,

LinkedStack(E)

public class ArrayStack<E> implements Stack<E> {
private final int MAX CAPACITY =

private E[]
private ¢;
public ArrayStack() {
data =
t = -1;
}

data;

public int size()
public boolean isEmpty ()

public E top() {
if (isEmpty())
else { return datal[t]; }

}

public void | push(E e)| {
if (size() . .==_MAX CAZPACITY)
else { t ++; datal[t]

}

public E pop() {
E result;
if (isEmpty())
else { result =
return result;

}

}

datalt]:

/% index of top */

(E[]) new Object [MAX CAPACITY];

{ return (t + 1); }

{ return (t

{ /* Precondition Violated x/ }

= et k

@Test

publiqg/ void testP

I String>

&

-1}

S e’new

s.push (

MPM}

{ /+ Precondition Violated */ }

wﬁ‘”‘f

{ /% Precondition Violated =x/ }
datalt

] = null; t —; }

s.push("Mark");
s.push("Tom") ;
assertTrue (s.size()
assertEquals

ST oTI

ymorphicStacks () {
new ArrayStack<p () ;

* dynamic binding =/
/* dynamic binding */
/+* dynamic binding #*/
== 3 && !s.isEmpty());
s.top());

Alan");

"zTom " ;

LinkedStack<>{() ;

s.push ("Mark") ;
s.push("Tom") ;
assertTrue(s.size()
assertEquals ("Tom",

ATan™); * dynamic binding */
/% dynamic binding */

/% dynamic binding x/

== 3 §&& !s.isEmpty());
s.top());
S |

APl




Tolworghtelollecton (s
public interface Stack< ¥ > { §[’[.‘CL<Q > S néJ P!

public int size();

public bog¢lean isEmpty(); * _
public % ltop(); gwd" (.. _>7

public void push( Il e);
public ¥ pop();

e~ :
*N) <\.(\

r’@Q | 8. ( e AC) )5

Fmr: 4wh(ww LOY 5
H® | .

] 7




Lecture

Stack ADT vs. Queue ADT

Stack ADT -
Algorithms using the Stack ADT



Algorithm using Stack: Reversing an Array

|
public static|<E>| void reverse\(\E)] a) |
tack{]z’.}> buffer = new ArrayStack<@();
or (int 1 = g=, i < a.length; i_;+) {
buffer.push(ali]);

) = = JmlshR

for [(int i = 0; i < a.length; i ++) {

a[‘i'l = buffer.pop();

=

o S

<ﬂm'ne$ ,-\;;l:guﬁgq ‘V”“Iﬂr ‘sz;’t
i Wl Aal

@Test

public void testReverseViaStack() { -
String|!] nhames = {TALan", "Mark", "Tom"};
String[] expectedReverse®GifNames = {"Tom", "Mark", "Alan"};
StackUtilities.reverse (names) ;
assertArrayEquals(expecf@HREVerseOfNames, names) ;

Integer|[] numbers =~{46, 23, 68};

Integer|[] expectedRevelseOfNumbers= {68, 23, 46};
StackUtilities.reverse (numbers) ;

assertArrayEquals (expectedReverseOfNumbers, numbers);




o ClsPst (HEEY

0};917? P//'MPW



Z
s

Algorithm using Stack: Matching Delimiters .y

while (! foundError && 1 < expression.length()) { ﬁ¥
char ¢ = expression.charAt(i);
if (opening.indexOf(c) != -1) { openings.push(c); } #‘F’"V_
else if (closing.indexOf(c) != -1) {
if (openings.isEmpty()) { foundError = true; }

else {
if (opening.indexOf (openings.top()) == closing.indexOf(c)) {

__?openings.POP (); w“%‘ CWJ mafis

else { foundError = true;
} t.rdfo(
}. fds d M @Test
T T = public void testMatchingDelimiters() {

: , , assertTrue (StackUtilities.isMatched("]));
return !foundirror & Q) assertTrue (StackUtilities.isMatched ("{[]

openings
public static boolean 1sMaWd(Str1ng expression) {
final String opening = ({";
final String closing = )]}"; %) /”d
Stack<Character> openings = new LinkedStack<Character>(); % / &
int i = 0; i
boolean foundError = false; % KT OCV‘) openings

Y oo{

({H"));

assertFalse (StackUtilities.isMatched("{

) "))

assertFalse (StackUtilities.isMatched{"{
assertFalse (StackUtilities. isMatcheﬁ&" (




W” 24 € -
ot .
W 3

/}Z)ét PI?C wdtat/o/\ * (4~ s)

[;waf I%QL )

(34)*3
S d9x%

Tnfrv  otation ¢ *B-a)

l%<fj{(4@m 3-wy* §
W




Algorithm using Stack: Calculating Postfix Expressions

Sketch of Algorithm

o When input is an operand (i.e., a number), push it to the stack.
o When input is an operator, obtain its two operands by popping

off the stack twice, evaluate, then push the result back to stack.
o When finishing reading the input, there should be only one

number left in the stack.

Input 1: 3 4 53D G- (4 * 5P

Input 2: 3 4-5"*

Input 3: 5 2 3G%
Input 4: 54 + 6

=(3-4)*5
+5%* (2 +3)
5+46




Lecture

Stack ADT vs. Queue ADT

Queue ADT -
First In First Out (FIFO)
Implementations in Java



Taer. Ot
Queue ADT: Illustration TT“*'I" Fast

| isempty | size Jfirsh

new gueue

enqueue(5)

enqueue(3)

enqueue(l)

——

dequeue

dequeue
e —

dequeue




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

public class ArrayQueue<E> implements Queue<E> {

private final int MAX CAPACITY = 1000;
private E[] data;
private int r; /x rear index x/
public ArrayQueue() {
data = (E[]) new Object [MAX CAPACITY];

> 06
) D
public int 51ze‘m’r;/’ =
public boolean isEmpty() ret (r == =1); }
public E first()

if (isEmpty()) { /* Pregbndition Violated x*/ }

else { return data[0] }
}

public void engueuedE e) {
if (size() == MAX CAPACITY) { /+ Precondition Violated x*/ }

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

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

E result = datal[0];
for (int i = 0; i < r; i ++) { datal[i] = datal[i + 1]1; }

datalr] = null; r ——;
return result;

O

oot
/




Lecture 15 -
Makeup for ProgTestl1

(=~ 90 minutes)



Lecture
Recursion: Part I1

Examples on Recursion
Binary Search



Binary Search: Ideas 1PAD

eLANNING

Precondition: Array sorted in non-descending order

£V n : fJJ
1) -
L 1003 7N 0.\@“9" etm‘}'
0 t .

T
b X
a ]
R :
A2 OFYlQ 5% Does ke}@ems’r in array a? E v
1‘— @ \fee[? o) o widolp oF the
2 W

y 1‘3’4 soevth_spot? ( hobed aaok )

]
[ |4 w0 ¢ o erel @Zowcn ﬂe : K&, 2
1 Koaw on  the &kt K>m




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 { /+ base case 1: empty range */
return false; }
else Wem { /* base case 2: range of one element =*/

return sorted|Zfrom] == key; }
else { . . A
int middle = (from + to) / 2; M
int middleValue = sorted[middle]; e
E if (key < middleValue) { 7 w‘
return binarySearchH(sorted,| from, middle - 1Y key);

}
else if (ke middleValue) {

return binarySearchH(sorted, middle + 1, to} key);
}

else { return true;

}




Binary Search: Tracing

4@
01230GBO 78 ;eaf["@
a 31619 112015818121 24|27 4V
T vl s
W\\ksearchgaﬁ@;a, vfﬁﬁ (0/32=‘l'
i | @F i E
90 "3

* 1&“'\ binarySearchH(g

' |

L e

012 3 456 738

GA3 619 |12]15]18])21)24)27

search(a,7)

brese |

, m binarySearchH(a,0,8,7)

binarySearchH(a,0,3,7)

binarySearchH(a,2,3,7)

binarySearchH(a,2,1,7)



Running Time: Ideas Kopusone Kelptin

1 @boolean allPositive(int[] a) { return allPosH (a, , a.length - 1);
2 boolea,n_a_L_L&;j)H (int[] a, @nt from, int to) {
3 if (from >_t { return true; }0([)
4 else if(|fzom == to} { return a[from] > 0; }0&) pd
5 { return al[from] > 0 && allPosH (a, {from + l,( to ;
3 0 T =
Base Case: xo & =(g)
Empty Array ol ol [4 9%1 hes () wadas
3 >xo 1
>4 T =y
Base Case: %@‘ =-(.-:-_)

Array of Size 1 il e 3,’3] ims pr -

Recursive Case: %O &
Array of size > 1 . '




Running Time: |Unfolding|Recurrence Relation
T(0) = 1

— YQO“Y{W
T(1) =1 velptin L

i o vedusce Laith.
T(n) =T(n - 1) + 1 pbicr| o Dia T

e = 1D & ‘); < TM)"‘ (ﬂ") +
= [T(&=D-1) gl |l = A
= P O

o—

T(@-2)-Dgl| #t €1
Vi

_ = ﬁ%ﬁ%g
T | ] --- + (] (n-D WORK OUT

U

Rl!



Binary Search: Running Time

Running Time as a
boolean binarySearch(int[] sorted, int key) { o
return binarySearchH(sorted, 0, sorted.length - 1, key); Recurrence Relaflon

}
boolean binarySearchH(int|[] sorted, int from, int to, int key) {
if (from > to) { /* base case 1: empty range */

return” false; } |
else if (from == to) T /* base case 2: range of one element x/

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

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

else { return true; }

} 7

}
cro™ % o \e %

sorted




Running Time: Unfolding Recurrence Relation

T(0) = 1
T(1) =1

—t—|+(-~ + |




Lecture 16 - Wednesday, March 8



Announcements

e ProgTest1 results to be released by Friday, March 17
e Makeup Lecture for WrittenTest1, ProgTest1
+ Expected to complete by: March 20




Implementing the Queue ADT using a SLL [xpvor®

VL, fost 7 hop
Z,PL, bst Tsﬁmfj
Singly-Linked List Method g

public class LinkedQueue<E> implements Queue<E> ({

private SinglyLinkedList<E> 1list;

Sueuesthod Strategy 1 Strategy 2
size list.size
isSEmpty list.isEmpty
first istfirst Q)| listlast o)
it enqueue ist.addLast 0| list.addFirst ()
o ﬂ . dequeue list.removeFirst | listiremovelast)

Strategy 1

GglyLinkedList
head

o) J 0(-4()
€

Strategy 2




Queue ADT: Testing Alternative Implementations

hﬁM r i tes lymorphicQueues () {
Queue<String> g(= new ArrayQueue<> () ;
q.enqueue("M"‘}; /% dynamic binding =*/
g.enqueue ("Mark"); /# dynamic binding */
public class ArrayQueue<E> implements QueuX q.enqueue ("Tom") ; /* dyngmic binding */
private final int MAX_CAPACITY = 1000; assertTrue (qg.size() =+ 3 _4& !q.isEmpty());
private E[] data; assertEquals ("Alan", q.First());

implements,

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

private int r = -1; /x rear index x/
public ArrayQueue() {

data = (E[]) new Object [MAX CAPACITY]; g, = new LinkedQueue<> () ;
}r = =L g. enquede("ATaN™); /+ dynamic binding x/
public int size() { return (r + 1); } qg. enqueue("Mark"); /* d_ynamlc blndlng */
public boolean isEmpty() { return (r == -1); } g.enqueue ("Tom"); /# dynamic binding */

public E first() { assertTrue (g.size 3 && !g.isEmpt ;
if (isEmpty()) { /* Precondition Violated x/ (q 0 s p y() ) !

else { return data[0]; } L 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 +/ } k T
else { Q]GA MN M
E result = datal0]; I \
for (int i = 0; i < r; 1 ++) { datal[i]l = datal[i + 11; }
datalr] = null; r ——;

return result;



Exercise: Implementing a Queue using Two Stacks

Queue Operahon v
.enqueue(talan”);
enqueue(“m@/:k”),

g.enqueue('tom”);

front =

Strlng t = q.d ueue'
front = eue(

dequeue(),

..............

A

-

y[Xr/C
mS’raci outStack




Queue Operation:
g.enqueue(talan”);

5> d.enqueue(“mark”);

, g.enqueue('tom”); 0

String front = g.dequeue();
front y(%jequeue();

front =¥g.dequeue();

[/
€ ol Y

2) Yot bk’ 7 977,

inStack outStack



Lecture
General Trees ADT

Terminology, Applications



Trees

-

[. Genevel Tress

s Bmag Trees (8L

L [ 'Ew,\(z/ Jeeeth Tees (BSTs )
P Boleawl BST
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Li Non-Li Struct 740 oo W‘w'
inear vs. Non-Linear rucrtures "
P ? l‘ﬁ “M [ M(J?;‘::;"

alan mark tom
J [  \1/
ode oce oce w W u
| elemen “alan” *| elemen “Mrk~ *| elemen “Tom” O Alan Mark
nex nex ne nul N/
(]
header P,
ﬂ — N Node<t> | )u Node<E> Node<E> Node<E> Node<E> null
A

element] — element element A element —+ element —
~ 3 = 3 L

next 7 next next A next A null

Peve— -+t prev e trailer




General Trees: Terminology (1)

- root

- parent

- children

- ancestors

- descendants

| T wan(‘pls Sheving HP
ey S -~ R -~ | RO

pj. Emesio , G

Tx
—a
R



/Em(zj vodp  has

A F?JP rm&n‘(’ .

Ernesto

Vanessa

| Shirley

QM‘PSM 0;' Sheley] - Jh;;lgd ; Ha , Chee s FVM?OI

Thsteadeats aF Testo - Lrapsto /V“"e’"’!;j‘gf :f.g tp,,t,—,)ewgfee.

/]}9{‘&10‘54& qt NM€ : [9 E"“s A’""“s\g 'Us ?



General Trees: Terminology (2)
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Lecture 17 - Monday, March 13



Announcements

e ProgTest1 results to be released by Friday, March 17
e Makeup Lecture for WrittenTest1, ProgTest1
+ Expected to complete by: March 20




General Trees: Terminology (4)
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General Trees: Recursive Definition




General Trees: Ordered vs. Unordered Trees
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Lecture
General Trees ADT

Implementing a Generic Tree in Java



Generic, General Tree Nodes

public class (TreeNodd<E>) {

private element; /+ data object */
private TreeNode%’rent; /* unique parent node */
[]

private TreeNode children; /% list of child nodes #*/

private final int MAX NUM _CHILDREN = 10; /+ fixed max */
private int |noc;| /* number CJf child nodes */
91

public TreeNode element) |
this.element = element;
this.parent = null;
this.children = (TreeNode<E>[])
Array.newInstance (this.getClass (), MAX NUM _CHILDREN) ;

this.noc = 0; ~—~ N "
}
public E getElemgnt() { ... }
public TreeNode getParent () { ...}
public TreeNode [1 getChildren() {

: Compare:

public void setElement@element) {
public void setParent (TreeNode P - F
public void addChild(TreeNode{Ey child) { ... + prev rer.

arent) {

public void removeChildAt (int i) { ... }
+ next ref.

in a DLN.
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Tracing: Constructing a Tree

@Test

public void test_general_trees_construction() {
TreeNode<String> agnarr = new TreeNode<> ("Agnarr");
TreeNode<String> elsa = new TreeNode<>("Elsa");
TreeNode<String> anna = new TreeNode<> ("Anna") ;

mdgnarr. addChild(elsa);
G?aanarr addChild(anna) ;

elsaidsetParent (agnarr) ;

anna.setParent (agnarr) ;

(agnarr.getParent ());
assertTrue (agnarr elsa.getParent) ) ;
assertTrue (agnarr == anna.getParent());
assertTrue (agnarr.getChildren() . length ==

(

(

assertNull

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

ﬁt% -

Pka.,——?.

Ei’ﬂﬂb{vﬁ« [.0]
@ olse. Wﬁvmt[ ). JM‘A’(b/"Ml”]




Tracing: Computing_a Nodes Depth

public int h (TreeNode<E> (n) {
if (n.@QetParent () == null]l) {

return 0; ~ y % #@ vt

Ernesto
}

else { m

return 1 + depth(n.getParent()); |
} I@\

@Test depth(vanessa)

public void test_general trees_depths() {

. /* constructing a tree as shown above #*/
TreeUtilities<String> u = new TreeUtilities<>(); = l +
assertEquals (0, u.depth(david));
assertEquals (1, .depth (ernesto)) ;
assertEquals (1, .depth(chris));
assertEquals (2, .depth(elsa));
assertEquals (2, u.depth(anna)); I +l (%@
assertEquals (3, .depth(shirley)); / ‘t’ L N
assertEquals (3, .depth (vanessa)) ; . ’

assertEquals (3, u.depth(peter)); O M wo

]

=
.~ T
3
&

[




{

TreeNode<E>[] children = n.getChildren();

public int height (TreeNode<E> n)

if (children.length == 0) { return 0; } dnz’lfvﬁl ]
else { B

int max = 0; =

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

int h

1 + height(children[i]);
> max;

Vanessa

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




Lecture 18 - Wednesday, March 15



Lecture
Binary Trees ADT

Definition, Terminology, Properties



Binary Trees: Recursive Definition




| Joonh (et wt. n)z#m@um
BT Terminology: LST vs. RST i
VI ﬂ GoehCt, wiehe)

m\ r Strategy of Recursion on BT:

+ Do something on root
4 + Recur on LSTW
_I + Recur on RST
e.g.,
1

E-l rli *[counting size
% searching item

; T
| y¥ e (fodek . ext n) =
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Deriving_the Sum of a Geome'rrlc Sequence

Initial Term: I ’+ 24 4 + & € /é + --- +4 a?i
\ﬂu 21 G b
Common Factor: r ¥Z ¥ >

Number of Terms: k
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BT Terminology: Depths, Levels, Max # of Nodes

Yot % of nodes 1 & BT b hef(,‘ht@
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BT Terminology: Complete vs. Full BTs

h=3 A dz0 h=3 A
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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<i2M! - l
~ R R A T
For_example, say h = G T 2+ | L e

Minimum # of nodes Maximum # of nodes

T ? h=3

\

NS A
¢ ;\\*’/({j

¢
Oeh




BT Properties: Bounding Height of Tree

Given a binary tree with n nodes, the height h is bounded as:
log(n+1) - ﬂs h<n-1

Minimum height 1 Maximum height
T H nales =
,P‘;\ h@- g v(,,Jes g N wooles
P Py, JCTEDE = P b (4>

\ «P“ ,,ah vt+l Ml 7, Cg
2| NGyt * (g trspa bl &
vegles 0 e fy A6~




BT Properties: Bounding # of External Nodes

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

nodes@is bounded as:
e 1k ng < 2"
For example, say h = (3
Minimum # of Maximum # of
External Nodes External Nodes
cé% ]
h=> A




BT Properties: Bounding_# of Internal Nodes

Given a binary tree with height h, the number of internal
nodes@s bounded as:

\A‘S— hSn/@

For example, say h = 3

Minimum # of Maximum # of % ,gol?( 0
Internal Nodes Internal Nodes 3 (,9«;\ y
h:% 0 ,d\(fs ;h 0wle‘ | A
4ot
@) ﬁ: )\ ﬂ‘wm] k zk‘lz
é 1-2 [ ZA () 2%/\




Lecture 19 -
Makeup for WrittenTest2

(=~ 90 minutes)



Lecture
Recursion: Part II (continued)

Merge Sort



Merge Sort in Java

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

Lo Co®S

o
/IIS‘

&
//\T

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

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

1

new ArrayList<>(); }

e

I A |
i;,.t,vew«dg,

else {
int middle =
List<Integer>
List<Integer>
List<Integer>
List<Integer>
sortedList =

}

return sortedList;

/ 2;
list.subList (0, middle);
list.subList (middle,
sort (left) ;
sort (right) ;

list.size()
left =
right =
sortedLeft =
sortedRight =
merge (sortedLeft,

else {
int i = 0; (A)#
0 1 2 3 0o int j = 0; HM Mfﬂ!égﬂ 22 Z
while (i < L.size() && 7 < R.size())
IeFf 124 45. 63 85 Z if (L.get (i) <= R.get(j)) { merge. add(L.get(l)), i ++;
Z M "wd else { merge.add(R.get(7)); J ++; }
0 1 2 3 }
x If i >= L.size(), then this for loo
r|ghf 17 31 50 96 for(int k = i; k < L.size(); k ++) {
/* If j >= R.size(), then this for Ilqop is %1(3}@51
for(int k = j; k < R.size(); k ++) {|lmerge.add(R.get(k

sortedRight) ;

merae 1112

sob(C_ 2 Dwt(_ % 1)

1 vesids 7 o sorel - et
A | [ SK |

Lisi.slzef])s | wote two st sublsts
| ot '

/* Assumption: L and R are both already sorted */

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); }

{

570

zecuen nezoe () ) # Hontins
AW« () = Ls@ts+ Ry




Merge Sort: Tracing — > merge




public List<Integer> sort(List<Integer> list)
I, ist<Integer> sortedList;
if(list.size() == 0) |{ sortedList = new ArrayList
else 1f([/ist.size() == 1)] {

sortedList = new ArrayList<>(); 4a‘t

P sortedList.add(list.get(0)); {%}
}
else { / / 40‘

int middle = list.size() / 2;J a
List<Integer> left = list.subList(ff, middle); 174 I)
List<Integer> right = list.subListj(middle, list.size())
List<Integer> sortedLeft = sort(left)

Llst<Integer> sortedRight = sort(ri ht a/'
sortedList = merge (sortedLeft, sortedRJ.ght) )

{

}

return sortedList;

Merge Sort: Running Time g«ys%

Height Time per level

O(n)

Running Time as a
Recurrence Relation




Running Time: Unfolding Recurrence Relation

T(0) = 1
T(1) =1

T(n) =2 - T(n/2) + n
T = 2.[T(2) + 1

l__yl_: V] N=&
=T 2‘%8‘=8

- 22T+ 0 [8T6yr @]
= 2 (2-@THH+L +n [8T<@3+3M]

: pak] _zl

!

Aa»'l/l v/l+M3/l ﬁ

O(V‘ 4,(7 ) WORK OUT




Lecture
Recursion: Part II (continued)

Quick Sort
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Quick Sort: Ideas PLANNING
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Quick Sort in Java

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

List<Integer> sortedList;

list »th ?pat

Lmemsar

if(list.size( { sortedLlst =

else if(list.size
Arra 1st<> );

new ArrayList<>(

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

104

Aﬂébww

—

al dpmerts > pret

sortedList = new
list.size() - 1;

else {
int plvotIndex =
int plvotvalue list.get (pivotIndex) ;
List<Integer> left =
1;ist<1nteger> right =
List<Integer> sortedLeft =

sort (left);

allLessThanOrEqualTo (pivotIndex,
allLargerThan (pivotIndex,

Fi ) ol R

)y O atl

J btsteantp

ot )

1list);
list);

~ /. Best 0

List<Integer> sortedRight -

sort (right)

sortedList = new ArrayList<

>();

M

s st.

fmt

sortedList.

sortedList.

addAll (sortedLeft) ;
add (pivotValue) ;

% IR - .

ye
eqnt

sortedList.addAll (sortedRight) ;

} s ILl<<

return sortedList;

} o |RI L
. \( U/

24| 63145 31196 \50

17

2924
QM:Llst<Integer> allLessThanOrEqualTo(int _pivotIndex, List<Integer> llSt)

——" 0N

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)
}
return sublist;
-} L ]
PList<Integer> alllargerThan(int_pivotIndex, List<Integer> list) ({
List<Integer> sublist = new ArrayList<>();

{ sublist.add(v); }

Gl g ] 1

3

int pivotValue = list.get(pivotIndex);
for(int i = 0; i < list.size(); 1 ++) {
int v = list.get(1);

agin 145| B b |

0w

if(i != pivotIndex && v > pivotValue)
}
return sublist;

}

{ sublist.add(v); }




: —> split
Quick Sort: Tracing J_dohdatenate
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Quick Sort: Worst-Case Running Time

Running Time as a
Recurrence Relation

.9

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

eif(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; OLA)

int pivotValue = list.get (pivotIndex);

List<Integer> left = allLessThanOrEqualTo (pivotIndex, 1list)

List<Integer> right = alllLargerThan (pivotIndex, Jlist);
List<Integer> sortedLeft = sort(left);

List<Integer> sortedRight = sort(right);

sortedList = new ArrayList<>();

sortedList.addAll (sortedLeft) ; 1. Split using pivot x x
sortedList.add(pivotValue) ; T O l
sortedList.addAll (sortedRight) ; s — ( ) -

} ([ E=» ]

return sortedList; T( l) l

{

}

2. Recur 2.Recur ||

1 g | Ea/\) |

oA Y Treare: e L wal
oo S 2

3. Concatenate .




Quick Sort: Best-Case Running Time
v \] unning Time as a

{

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

List<Integer> sortedList; ')
if(list.size() == 0) { sortedList = new ArrayList<>(); } Recurrence Relaflon
else if(list.size() == 1) { IEI _-—I

sortedList = new ArrayList<>(); sortedList.add(list.get(0));
else {
int pivotIndex = list.size() - 1;
int pivotValue = list.get (pivotIndex);
List<Integer> left = allLessThanOrEqualTo (pivotIndex, 1list)

List<Integer> right = allLargerThan (pivotIndex, list);
LIS TTINCEgeY > SO LeULEIt = SOIC IerC)

List<Integer> sortedRight = sort (right) ; ‘( “ ( ," i m

sortedList = new ArrayList<>();

sortedList.addAll (sortedLeft) ; 1. Split using pivot x x

sortedList.add(pivotValue) ;

sortedList.addAll (sortedRight) ; _ =
} ([ E=»

return sortedList;

} 2.Recur

w34

N/ j— A ’&g é'mtz/fzﬂf
g5 e B i |55

e | ey =
i Concuenzie ____§ LED " wz»mgm plly




Lecture 20 - Wednesday, March 22



Announcements

o W'/riH'enTesz results to be released by FRI, March 24
e |Assignment 3/ ProgTest2

/\% Makeup Lecture for WrittenTest2

+ Expected to complete by: Exam Day
g’
o



Lecture
Binary Trees ADT

Definition, Terminology, Properties
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Lecture
Binary Trees ADT

Applications



Applications of Binary Trees: Infix Notation

Q. Is the binary tree necessarily proper? /’Y\
ID

pnei Fe @ + 4



Lecture
Binary Trees ADT

Tree Traversals
Pre-Order, In-Order, Post-Order



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

) P ’ s
i Pre-Ordea Traversal Post-Order| Traversal

from the Root from the Root
pee-ords (V) { b o i Yx{«od& (Voatd)
dcla 0~ @ _
Thtd  Teito an R0 ol bwtsto 5 . ¥ Ve

Spo(Emes) ?o'C lhrt<) ' PO (Bearsod JoC Oy =



TRAVEL THE WORLD

Binary Tree Traversals o5 b
o .\'v

. Pre-Order Traversal

E@/* +3’>’+"?5’2ﬁ*>—74é\
' 1A, poct)

- In-Order Traversal

_\ii' | % @?-‘S-l- 2@%*7_@#

\

\Posf-Order)Traversal Yﬁ\&( MU‘"

1r29gs-2 - 20074 —*b1-]




Lecture 21 - Monday, March 27



l
Announcements gg
C Assignmend soon
o|ProgTest2|guide & practice questions released
e Makeup Lecture for WrittenTest2

+ Expected to complete by: Exam Day




Lecture
Binary Search Tree (BST)

Definition and Property



- external node
=51 |l - internal node
+ LST

is such that
key(n) > key(p)

is such that
key(n) < key(p)






Binary Search Trees: Sorting Property

- BST: Non-Linear Structure
- In-Order Traversal
14»«(!3"

fuen o T #ets 4 BY[:

| Pavch . sefrstnl
[ M- b’@"wc' a[smfsm

Node p stores
—7 | (key(p), value(p))

is such that
key(n) > key(p)

is such that
key(n) < key(p)




Lecture
Binary Search Tree (BST)

Implementing a Generic BST in Java
Tree Construction and Traversal



Generic, Binary Tree Nodes

public class BSTNode @
private int key; /* key */
private E value; /+ value #*/
private BSTNode<E> parent; /+* unique parent node */
private BSTNode<E> left; /+ left child node #*/
private BSTNode<E> right; /* right child node x/

public|BSTNode() { ... } .[o Maﬁa t&f mdis
public|BSTNode (in ey, value bc.
#

public boolean isExternal() { 7

return this.getLeft () == null && this.getRight() == null;
; ook
public boolean isInternal() ({ % °

return !this.isExternal();

b . a0l wai] ‘!
public int getKey() { ... } ';Ck,‘l) ﬂezf gﬂfw

public void setKey(int key) { ...

public E getvValue() { ... } wlz il
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) { ... e/ + prev ref.
public BSTNode<E> getRight () { ... }

public void setRight (BSTNode<E> right) { ... + next ref.

in a DLN.




import java.util.ArrayList; ffe_o[ D
public class BSTUtilities<E> {

public ArraylList<BSTNode<E>> inOrderTraversal(BSTNode<E> {
7z | sSt<BSTNode<E>> result = null;
\ isInternal()) {
result = new ArrayList<>(); g’

if (root.getLeft () .isInternal) ({
result (@@dAIN (inOrderTraversal {root.getLeft ()

}

;| B2
risult .(root) g%

if (root.getRight () .isInternal) {
result — (inOrderTraversal \root.getRight )

Dxec® | gSTAodkce> ] F'@’“”‘j’i
9 SLUNalR< BSTAb 7> st/



Tracing: Constructing and Traversing a BST

@Test

public void test inaryv search trees construction(
BSTNode<String>¥h28 = new BSTNode<> (28, "alan");
BSTNode<String>9n2] = new BSTNode<>(2l, "mark");
BSTNbde<Strinq;7£2§ = new BSTNode<> (35, "tom");
BSTNode<String>gpextN1 = new BSTNode<>();
BSTNode<String§;extN2 = new BSTNode<>();
BSTNode<String>gextN3 new BSTNode<>();
BSTNbde<String3!extN4 = new BSTNode<>();
n28.setLeft (nZl); n2l.setParent (n28);
n28.setRightTn35); "n35.setParent(n28);
n2l.setLeft (extN1l); 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 (ipQrderList.size() == 3);
inOrderList.get (0) .getKey());

assertEquals|2;
assertEquals drk", inOrderList.get(0).getValue());

assertEquals|(28) inOrderList.get (1) .getKey());
assertEquals an", inOrderList.get(l).getValue());
assertEquals inOrderList.get (2) .getKey());
assertEquals om", inOrderList.get(2).getValue());

key 2% [value 47

right- j

parent

N |key 9&] value -

'If left ; |right _}



Lecture 22 - Wednesday, March 29



Announcements

e Bonus Opportunity - Course Evaluation
e ProgTest1: Jackie (Office Hour)
J released, ProgTest2
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Lecture
Binary Search Tree (BST)

Implementing a Generic BST in Java
Searching



BST OpEratnS
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BST Operation: Searching a Key

ez
Qe'd\y Ly gat. x:‘l&
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Search key 68
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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>‘££;'= new BSTNode<> (21, "mark");
BSTNode<String> n35‘=.new BSTNode<> (35, "tom");
BSTNode<String> EEEN1,= new BSTNode<> () ;
BSTNode<String> extN2°= new BSTNode<> () ;
BSTNode<String> extN3*= new BSTNode<> () ;
BSTNode<String> extN4 °= new BSTNode<> ()
n28.setLeft(n2l1); 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(n28, 28));

assertTrue (n21 ==, u.search(n28, 21));

assertTrue (n35 == u.search(n28, 39));

/* search non-existing keys =*/

assertTrue (extN1 == u.search(n28, H *17+ < 21
assertTrue (extN2 z==_u.search(n28, H 21 < #23%
assertTrue (extN3(== u.search(ggg, S 28 < *33«%
assertTrue (extN4 == u.search(n28, : 35 < *x38+«




* Roststt : aﬂm nodes ,

Running Time: Search on a BST-Q-- S —e7
witernal or extamal

public (BSTNode<E> search(BSTNode<E> p, int! k)
BSTNode<E> result = null; .
if (p.isExternal()) { | 4ad s bd ﬁ QG'M

result = p; /#* unsuccessful search §/
else if (p.getKey() wa&fé'
result —‘ p,’/* successful search #*/ P)

else ifi(k)< p.getKey . ) .
result =|\search|p(getLeft)), k); Height 4 — Time per level

[ - 0(1)

{

}
else ifl(k)> p.getKey()) {

result =\searchl(p.getRight k) ;
: (p.g ght (), k); Tree T:

return result;

N QAN J N

oril’ ek ‘;’"\ / /
w("\ V‘E VkL

R 7 gP\

Total time: O(h)



Binary Search: Non-Linear vs. Linear Structures
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Lecture
Binary Search Tree (BST)

Implementing a Generic BST in Java
Insertion



Visualizing BST Operahon Inserhon




Lecture
Binary Search Tree (BST)

Implementing a Generic BST in Java
Deletion



Visualizing BST Operation: Deletion




Lecture 23 - Wednesday, April 5



Announcements

e ProgTest1: Jackie (Office Hour)
° released
e Exam guide to be released
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Visualizing BST Operation: Deletion -
Eeﬁve .&@fﬁa
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Visualizing BST Operation: Deletion \vf ” A &
Case 4.1: Delete Entry with Key@ W dl”éf 3 dowe,:? an i

[ s 2 l

Case 4.2: Delete Entry with Key 88
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Case 4.2: Delete Entry with Key.
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Lecture
Balanced Binary Search Tree

Motivation and Property



Worst-Case RT: BST with Linear Height

. O

Example 1: Inserted Entries with Keys
<100, 75, 68, 60, 50, 1> /
. ¥ 7S¢
7 BST wy
pul hegbf 0W)
Example 2: Inserted Entries with _Keys fo
<1, 50, 60, 68, 75, 100> /fv
/
Example 3: Inserted Entries with Keys

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



@ velates  hewaht-babuee prop.
|Z2- 4\ > | J T

a node p, the height of the subtree rooted at p is:

Balanced BST: Definition

————— - internal node Give

ight(p) = 0 if p is external
SRR 1+ MAX ({ height(c) | parent (c) =p }) if pis internal

* odd Lo ke veéewt’ o Leloate-

Q. Is the above tree a balanced BST?
@. still a balanced BST after insertin
Q. Still a balanced BST after inserting 632
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Priority Queue

Intro & List-Based Implementations



What is a Priority Queue (PQ)

insert ot hﬁ; rﬂo
\ Eho» o

L
Vit
g/;-méff wt "h Entry with Highest Priority Fﬂ j/

L “'}0}/ ® oo T8 with Fo gaoe
Y( &Q - oi® ™ 0 FiFo Gume

H
W ® Yl 75 VB{MMBd "
&0&& voyéf\”mw W) ~ mters m 2 1A N ﬁ'/‘}"




List-Based Implementations of Priority Queue (PQ)

List Method
PQ Method SORTED LIST UNSORTED LIST
size list.size O(1)
isSEmpty list.isEmpty O(1)
min list.first O(1) search min O(n)
insert insert to “right” spot  O(n) insert to front 0(1)
removeMin list.removeFirst O(1) | search min and remove O(n)

Approach 1: Sorted List

/'\>1I-‘ /"‘q,.,/\_;l ) /’\ql , /-\;ooo/\;l ,

3 g p)

k1, v1) (kijvi)  {Kj)vi) (kn, vn)
Approach 2: Unsorted List

S F~=eee 9 I~ | Aoy |

p)

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



Lecture 24 -
Makeup for ProgTest2



Lecture
Priority Queue

Heaps -
Examples and Properties



Heaps: Relational Properties of Keys

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

Pl by oo vect.
hes o soieol ) of
F2. e mmimum

ess . the
Yoot ew&:f.




Heaps: Structural Properties of Nodes

Property: The tree is a complete Binary Tree
pert) £




,,dgduom l

Example Heaps < < etanO\

Example 1 Example 2 Example 3 Example 4

MAMX;IN ‘0: M/: o\ d( Al
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Example 5 Example 6 Ypf”t
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Lecture
Priority Queue

Heaps -
Insertions



Heap Operations: Insertion

Insert a new entry

(2.T)

sk be
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Heaps -
Deletions



Heap Operations: Deletion &

Delete the root/minimum

. gwt\?\;) M
s
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Lecture
Priority Queue

Heaps -
Top-Down Heap Construction



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 Assdmption: 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/?




Lecture
Priority Queue

Heaps -
Bottom-Up Heap Construction



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 ind 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 |
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Heaps -
Heap Sort Algorithm



Heap Sort:| Ideas it

\7,60

o =
lb«%wt”a mwa(‘
& waagh | £, 00
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Heaps -
Array-Based Implementation



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 Zaef )
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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